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SUMMARY
Bak is a pore-forming Bcl2 protein that induces apoptosis at the outer mitochondrial membrane, which can
either proceed via Bak oligomerization or be inhibited by anti-apoptotic Bcl2 proteins, such as BclxL. BclxL is
very efficient in inhibiting Bak pore formation, but the mechanistic basis of this preferred interaction has re-
mained enigmatic. Here, we identify Baka1 as a second binding site for BclxL and show that it specifically
interacts with the Bcl2-homology (BH)3 binding groove of BclxL. The affinity between BclxL and Baka1 is
weaker than with Bak-BH3, suggesting that Baka1, being exposed early in the pore-forming trajectory, tran-
siently captures BclxL, which subsequently transitions to the proximal BH3 site. Bak variants where the initial
transient interaction with BclxL ismodulated show amarkedly altered response to BclxL inhibition. This work
contributes to a better mechanistic understanding of the fine-tuned interactions between different players of
the Bcl2 protein family.
INTRODUCTION

The induction of apoptosis at the outer mitochondrial membrane

(OMM) is regulated by the Bcl2 protein family, which controls

OMMpermeability via a fine-tunedprotein interaction network.1–5

Effectors, such as Bak, Bax, and Bok, form large pores in the

OMM to allow for the exit of apoptotic signaling proteins, such

as cytochrome c.6 Bak is largely inactive in healthy cells but under

cellular stress can become readily activated by transient interac-

tion with activators (e.g., cBid)7–11 at the Bak hydrophobic bind-

ing groove at the lipidmembrane surface.12–14 Furthermore, it has

been recently shown that at higher concentrations, Bak can

become auto-active to induce pore formation without stimulation

by an activator.15–17 The pore formation process is nucleated by

Bak homo-oligomerization, leading to membrane permeabiliza-

tion and, ultimately, apoptosis.18–20 Specifically, the Bak core

(a2-5) and latch (a6-8) domains separate upon activation,

exposing the so-called Bcl2-homology (BH)3 and BH4 do-

mains.21,22 Bak then self-assembles into a dimer via the pairwise

interaction between the BH3 domains and the hydrophobic

groove of two Bak molecules,23,24 followed by the formation of

an oligomeric pore in the membrane consisting of multiple dimer

units.25–27 However, in the absence of cellular stress, the Bak-

BH3 domain is readily engaged by anti-apoptotic Bcl2 proteins

such as BclxL via its hydrophobic BH3 binding groove that is ori-

ented toward the membrane surface,28 leading to an inhibition of

Bak dimerization and, consequently, pore formation2,3,5,29 (Fig-

ure 1A). It has been well established that to undergo activation,

Bak residues 1–66 (spanning a1 and the loop region to a2) within
Cell Reports 43, 114526, Aug
This is an open access article under the CC BY-NC-ND
the BH4 domain adopt a flexible random coil structure17,29,30 and

become solvent exposed.13,17,31–33 From this point, the BH3-

mediated homo-dimerization and subsequent pore formation of

Bak is in a direct competition with its inhibition by anti-apoptotic

Bcl2 proteins, such as BclxL, that bind to the Bak-BH3 domain

with high affinity.34 Previous studies have postulated an interac-

tion between BclxL and the N-terminal region of the effector Bcl2

protein Bax,35,36 although the interaction surface and the mech-

anistic implications remained controversial. Furthermore, it has

been suggested that the efficient inhibition of Bak by BclxL might

be caused by the availability of a second binding site.29 Despite

these initial insights, our understanding of the structural and

mechanistic basis of this preferred interaction remains sparse.

Here, we used nuclear magnetic resonance (NMR) spectros-

copy, hydrogen-deuterium exchange mass spectrometry (HDX-

MS), and other biophysicalmethods to identify Baka1 as a second

binding site for BclxL. As probed by NMR chemical shift perturba-

tion (CSP) experiments, Baka1 interacts with the canonical BH3

binding groove in BclxL. Pore-forming assays in liposomes

showed that Baka1 was able to inhibit complex formation be-

tween Bak and BclxL, suggesting a competitive binding scenario.

However, in contrast to Bak-BH3, Baka1 was unable to directly

activate Bak pore formation in liposomes. The binding affinity be-

tween BclxL and Baka1 is markedly weaker than that of the Bak-

BH3 domain, suggesting that the transient Baka1-BclxL interac-

tion is readily dissociated once the BH3 site becomes exposed.

This idea is corroborated with pore-forming assay data using

Bak variants where a1 is either removed or fused with an addi-

tional high-affinity BH3 site, leading to a reduction of the inhibition
ust 27, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Interaction of Bak and BclxL at the

membrane surface probed by HDX-MS and

NMR

(A) Model of Bak conformational changes enabling

pore formation and inhibition by BclxL. Upon

activation of Bak (blue), Baka1 (orange) detaches,

unfolds, and binds to the membrane surface to

stabilize the active Bak intermediate, followed by

homo-dimerization and pore formation. Inhibition

of Bak by BclxL (red) is finally achieved by binding

to the Bak-BH3 domain.

(B) HDX-MS-detected differences in hydrogen

exchange of BakDTM versus BakDTM in the

presence of excess BclxLDTM in liposomes in

technical triplicates. The data are plotted against

the sequence of BakDTM at time points of 10 s

(gray) and 120 min (blue).

(C) Data from (B) color coded onto the structure of

BakDTM for the final time point of 120 min. Resi-

dues in Baka1 show strongly reduced exchange in

the complex with BclxL, implying an interaction

site. The parts of BakDTM that putatively form a

membrane pore are more protected from the sol-

vent without BclxLDTM.

(D) Chemical shift perturbation (CSP) plot ex-

tracted from 2D-[15N, 1H]-TROSY spectra of

BakDTM bound to nanodiscs with or without

BclxLDTMDHis6 after heat-induced activation. The

most significant CSPs (mean value, solid line;

mean value plus standard deviation, broken line)

as well as residues that disappeared upon the

addition of BclxLDTM (CSP set to 0.03 ppm) are

shown in dark blue.

(E) Data from (D) mapped onto the structure of

BakDTM. The affected residues (V34-Y41) align

well with the interaction pattern obtained by HDX-

MS (B and C).

See also Figures S1 and S2.
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by BclxL at equimolar concentrations. This set of data suggests a

sequential bindingmechanismwhere the solvent-accessible a1 of

activated Bak engages in an encounter complex with BclxL, fol-

lowed by a transition to the exposed high-affinity Bak-BH3 site.

This study provides structural evidence for the preferred interac-

tion between Bak and BclxL and explains why, even in the pres-

ence of excess high-affinity BH3-only proteins, BclxL is still able

to partially inhibit Bak.

RESULTS

BclxL interacts with an early Bak activation
intermediate
To probe the interaction between Bak and BclxL at the lipid

bilayer membrane surface, we first used HDX-MS. In these ex-

periments, we attached C-terminally His-tagged soluble do-

mains of Bak and BclxL (BakDTM and BclxLDTM, respectively)
2 Cell Reports 43, 114526, August 27, 2024
to liposomes assembled with an E. coli

polar lipid blend doped with 5% Ni-NTA

lipids to ensure a stable attachment of

both proteins to the membrane surface
in a native-like correct orientation. Since a high concentration

of BakDTM (>500 nM) was used as well as a negatively charged

lipid blend that enhances pore-forming activity,17 its activation

did not require the addition of an activator BH3-only protein.17,37

HDX experiments have been previously used to detect the un-

folding of the Bak N-terminal region upon activation.17,30 Using

this setup, the difference in the degree of deuterium uptake of

BakDTM in the free versus BclxLDTM-bound form were

analyzed at different time points, ranging from 10 s to 120 min

(Figure 1B; Figure S1). At the 10 s exchange time, it can be

readily seen that the relative degree of hydrogen exchange of

residues 26–40 in Baka1 is reduced by around 40% in the pres-

ence of BclxLDTM, indicating a protection of the exchangeable

protons caused by the interaction with BclxLDTM. The degree

of protection by BclxLDTM stays very similar even after 2 h

(blue bars in Figure 1B), with more selective protection at the

C-terminal half (aa 35–40) of Baka1. The difference in deuterium
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uptake at the 2 h time point is color coded on the folded BakDTM

structure in Figure 1C. The very C-terminal end of a1 (aa 40–47)

as well as the short a-helical regions between a1 and the BH3 re-

gion (aa 48–60) are initially more protected in the complex with

BclxLDTM but show higher protection without BclxLDTM after

120 min, presumably due to the involvement of these regions

in the oligomeric and membrane-embedded BakDTM pore

structure. Even though a recent structure of the BakDTM core

homo-dimer (aa 67–147) does not contain this region,23 protec-

tion by membrane proximity of this peptide stretch right next to

the putative pore structure seems very likely. Furthermore, large

parts of BakDTM (including the BH3 domain, aa 74–88, and the

rest of the core dimer up to �aa 140) show a higher protection

without BclxLDTM, which most likely represents the difference

in membrane location where a BakDTM pore is less exposed

than a partly folded BakDTM in complex with BclxLDTM on the

membrane surface. In these experiments, we do not see addi-

tional protection of the BH3 domain by BclxLDTM, which is the

canonical high-affinity binding site, but rather higher protection

without BclxL. A likely explanation for this is the formation of a

Bak homo-dimer where the BH3 domain is an integral part of

the dimerization interface, leading to strong protection. In order

to validate these results at higher resolution, we used NMR

with U-[2H,15N]-labeled BakDTM attached to lipid nanodiscs

via Ni-NTA lipids38,39 alone or in the presence of a 10-fold molar

excess of BclxLDTM without the C-terminal His tag. This setup

was necessary to prevent competition of Bak and BclxL for the

Ni-NTA-binding sites of the nanodisc. Due to the smaller size

and stronger confinement of nanodiscs compared to liposomes,

auto-activation of BakDTM at higher protein concentrations

does not occur but requires the addition of BH3-only activators

such as cBid.17 However, since the presence of excess BH3-

only proteins would also lead to BclxL inhibition,40,41 we instead

used heat (40�C for 30min) to activate BakDTM.42 Subsequently,

2D-[15N, 1H]-TROSY spectra were recorded for both samples.

NMR chemical shift information for the visible N-terminal region

(aa 1–66) of activated BakDTM was reported previously17

(BMRB: 50942). In these experiments, we could detect selective

CSPs in Baka1 induced by the presence of BclxLDTM

(Figures 1D and 1E; Figure S2). In addition, residues F35 and

R36 were broadened beyond detection, which was considered

a strong binding effect (maximum bar heights in Figure 1D). Re-

gions showing CSPs and line broadening are in a peptide stretch

between V34 and Y41 (Figures 1D and 1E), which aligns very well

with the interaction pattern obtained by HDX-MS (Figures 1B

and 1C).

Baka1 specifically binds to the canonical binding site of
BclxL
Next, we validated the interaction between Bak and BclxL in a

simplified setup using Baka1 instead of the entire soluble

domain. For recombinant production of Baka1, we used a fusion

protein of Baka1 (E24-E48) and the protein G B1 domain (GB1).

To obtain interaction information at a per-residue resolution, we

used our previously obtainedNMRchemical shift assignments of

activated BakDTM at the membrane surface17 and additionally

performed a set of 3D triple-resonance experiments (HNCO,

HN(CA)CO, HNCA, and HNCACB) to transfer the published
assignments to the GB1-Baka1 construct used here. The

quality of the 3D NMR spectra was sufficient to assign 84% of

the backbone amide resonances of the peptide, with only two

missing residues at each of the N- and C-terminal ends. We

then monitored binding between the 15N-labeled GB1-Baka1

and BclxLDTM by recording 2D-[15N, 1H]-HSQC NMR spectra

of 110 mM GB1-Baka1 alone or after the addition of a 6-fold

molar excess of unlabeled BclxLDTM (Figure 2A; Figure S3).

The interaction with BclxLDTM caused severe line broadening

in the HSQC spectrum of Baka1 in a continuous peptide stretch

between residues V34 and H43, as indicated in the sequence

(Figure 2A) and structure (Figure 2B) of Baka1. This interaction

site is in good agreement with the NMR and HDX-MS data of

the entire Bak soluble domain (Figure 1). No pronounced spec-

tral perturbations were seen in any resonances originating from

GB1, highlighting the specificity of the interaction. After the suc-

cessful confirmation of the binding site at Baka1, we next per-

formed NMR experiments to probe the binding site for Baka1

on BclxLDTM. For this, we recorded 2D-[15N, 1H]-HSQC spectra

with 250 mM U-[2H,15N]-labeled BclxLDTM in the presence or

absence of a 10-fold molar excess of GB1-Baka1 (Figure 2C;

Figure S4). Using the previously published NMR backbone reso-

nance chemical shift information for BclxLDTM43 (BMRB:

25466), we could assign strong CSPs within BclxLDTM for resi-

dues in the region spanning a2-5 and a8, which cover the BH1,

BH2, and BH3 domains (Figures 2C and 2D) that form the canon-

ical binding site for BH3 peptides.5,28,29,34

Next, we aimed at constructing a structural model of the

BclxL-Baka1 complex based on the CSP data obtained by

NMR andmolecular dynamics (MD) simulations (Figure 3A). After

extracting the structure of Baka1 (residues 24–48) from the pub-

lished Bak crystal structure (PDB: 2IMS44), we first performed a

structural alignment of regions in Baka1 that showed CSPs with

the structure of BclxL bound to Bak-BH3 (PDB: 1BXL34). This

procedure resulted in a reasonable binding pose that is consis-

tent with the NMR data. To further equilibrate that structural

model, we performed an extended 3 msMD simulation, which re-

sulted in a stable structural state (stable root-mean-square devi-

ation [RMSD] relative to the starting structure) after approxi-

mately 2 ms simulation time (Figure 3B, left) and led to the

unfolding of terminal parts of Baka1 that are not in contact with

BclxL, as indicated by a large root-mean-square fluctuation

(RMSF) value. The residues in Baka1 that interact with BclxL

(E32-Q44) remained a-helical in the MD simulation (low RMSF

values), giving rise to an amphipathic a-helix, as also seen in

the BclxL-Bak-BH3 complex34 (Figure 3B, right). As expected

from the NMR data, the docking model shows that Baka1 inter-

acts with the hydrophobic BH3 binding groove of BclxLDTM

(Figure 3C). However, the orientation of the peptide relative to

BclxL could not be defined by these NMR data. To experimen-

tally validate the head-to-head orientation in our docking model,

we next conducted paramagnetic relaxation enhancement (PRE)

NMR experiments, where the spatial proximity of a spin label in

Baka1 in the complex will lead to NMR signal attenuation of

the 1H,15N resonances in BclxL. We designed two individual

Baka1 peptides containing single cysteines at positions 27 or

47 (V27C, Q47C) and attached a PROXYL spin label to each pep-

tide. These two positions are adjacent to, but not within, the
Cell Reports 43, 114526, August 27, 2024 3



Figure 2. Baka1 binds to the hydrophobic

binding groove of BclxL

(A) NMR spectral overlay of Baka1 (gray) and

Baka1 + BclxLDTM (orange) in 2D-[15N, 1H]-HSQC

spectra. NMR backbone resonance assignments

are indicated on the spectral overlay for the most

significant CSPs that are marked in orange in the

primary sequence.

(B) Data from (A) mapped onto the structure of

Baka1. The most significant CSPs are shown as

orange spheres.

(C) CSP plot from 2D-[15N, 1H]-HSQC spectra of

BclxLDTM ± Baka1. The most significant CSPs

(mean value, solid line; plus standard deviation,

broken line) are indicated in red.

(D) Data from (C) mapped onto the structure of

BclxLDTM. The most significant CSPs are shown

as red spheres.

See also Figures S3 and S4A.
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determined binding site (V34-H43) in Baka1, ensuring that the

spin label does not interfere with the interaction. 2D-[15N, 1H]-

HSQC spectra of U-[2H,15N]-BclxLDTM in complex with spin-

labeled Baka1-V27C or Baka1-Q47C were recorded before

and after the addition of an excess of ascorbic acid to quench

the unpaired electron of the spin label. The PRE effect was visu-

alized by the obtained intensity ratio (± ascorbic acid) for each

amino acid in BclxLDTM (Figure S5A). Since position 47 in

Baka1 is closer to the proposed binding site, we could observe

a more pronounced PRE effect on the NMR signals of residues

in BclxL located at the canonical hydrophobic BH3 binding

groove. In addition, PRE effects with Baka1-Q47C also ap-

peared in a8 at the C terminus of BclxLDTM, indicating that the

spin label in Baka1 is near this region. These data suggest that
4 Cell Reports 43, 114526, August 27, 2024
the C terminus of Baka1 is oriented to-

ward the C terminus of BclxLDTM, which

is in line with the canonical binding mode

of BH3 peptides to BclxL.34 Our complex

structural model shows binding of the

amphipathic Baka1 peptide to the hydro-

phobic BH3 binding groove of BclxL, with

charged or polar residues pointing toward

the solvent (Figure 3D, left).

To validate our binding model further,

we mutated Baka1 at residue F35 (F35A),

which is oriented toward the hydrophobic

binding pocket of BclxL and broadened

beyond detection in our NMR titration ex-

periments. In addition, F35 engages in an

anion-p interaction with E129 of BclxL

(Figure 3D, right). Glu-Phe anion-p interac-

tions are reported to be highly abundant in

proteins.45 We determined the binding af-

finity of wild-type (Baka1-wt) or Baka1-

F35A for BclxLDTM using a series of 2D-

[15N, 1H]-HSQC NMR experiments with

350 mMU-[15N]-BclxLDTM in the presence

of increasing concentrations of either
GB1-Baka1 peptide (150–2,000 mM; Figure 3E, left). The CSP

values of selected resonances in the BH3 binding groove of

BclxLDTM (A89, L94, F150) were plotted against the concentra-

tion of Baka1 to obtain a binding isotherm (Figure 3E, right; Fig-

ure S5B), yielding a dissociation constant (KD) of 450 mM for

Baka1-wt and 1.3 mM for Baka1-F35A (Figure 3F), indicating an

almost 3-fold decrease in affinity caused by this single point

mutation.

Baka1 inhibits the anti-pore-forming activity of BclxL in
a lipid environment
To elucidate the interaction of Baka1 and BclxL in a functional

context, we conducted an established liposome permeabilization

assay.46,47 In these experiments, we monitored the pore-forming



Figure 3. Complex structural model of BclxL bound to Baka1

(A) Workflow for the generation of a complex structural model of Baka1 and BclxLDTM using NMR data and computational tools.

(B) Left: root-mean-square deviation (RMSD) of the BclxL-Baka1 complex during the 3 ms MD simulation. After 2 ms, a stable conformation was populated. Right:

root-mean-square fluctuation (RMSF) of Baka1 in the docking model during the 3 ms MD simulation indicating that the binding residues 32–44 remain rigid in the

complex.

(C) Complex structural model of BclxLDTM and Baka1 obtained by the outlined protocol (A). NMR CSPs are indicated by red color on the surface representation

of BclxL.

(legend continued on next page)
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activity of BakDTM under auto-activation conditions (high Bak

concentration of 1 mM) where no activator BH3-only protein was

necessary17,37 (Figure 4A). As expected, BclxLDTM can inhibit

the pore-forming activity of BakDTM even at a sub-stoichiometric

ratio (1 mM BakDTM:500 nM BclxLDTM, Figure 4A). We used this

assay setup to quantify the binding of Baka1 to BclxLDTM, which

would lead to a concentration-dependent restoration of Bak pore

formation due to the dissociation of the Bak-BclxL complex by

competitive binding of Baka1 to the BclxL BH3 site (Figure 4A).

A titration series with up to 100 mM Baka1 yielded an increase in

Bak-mediated pore formation in a concentration-dependent

manner (Figure 4B), characterized by an inhibitory concentration

(IC50) of �67 mM (inset in Figure 4B).

Next, we wondered whether Baka1 might also act as a direct

activator for Bak, such as Bak BH316 or the BH3-only protein

cBid. To investigate this question, we employed a pore-forming

liposome assay at a lower BakDTM concentration (200 nM)

where an activator protein is needed to stimulate pore formation.

As expected, 50 nM of cBid was sufficient to activate BakDTM

and induce pore formation (Figure 4C). In contrast, the addition

of Baka1 (10–200 mM) was not able to stimulate pore formation

(Figure 4C; Figure S6), indicating that Baka1 does not function

as an activator of Bak but rather serves as an interaction site

for anti-apoptotic BclxL.

A sequential binding model explains the preferred
interaction between Bak and BclxL
After having identified and validated a second binding site in Bak

for BclxL, we next wondered how this finding can be rationalized

in a mechanistic manner. To address this question, we deter-

mined the binding affinity of Baka1 for BclxLDTM using a series

of 2D-[15N, 1H]-HSQC NMR experiments with 120 mM U-[15N]-

GB1-Baka1 in the presence of increasing concentrations of

BclxLDTM (60–1,100 mM). The CSPs of resonances in Baka1,

which are in the central binding motif in our complex structural

model were plotted against the concentration of BclxLDTM to

obtain a binding isotherm (Figure 5A), yielding a KD of 114 mM.

This affinity is approximately two times weaker than that deter-

mined in the liposome pore-forming assay (Figures 4A and 4B),

which can be rationalized by the use of membrane-attached pro-

teins in the assay that lead to a high local concentration of the

protein components, which was absent in the NMR titration ex-

periments. The high-affinity residues in Baka1 (F35, Y38) located

at the same side of the a-helix (Figure 3D) are flanked by low-af-

finity (�1 mM) residues (Figure S7), suggesting that these resi-

dues form the core interaction motif in Baka1. To compare the

affinity obtained by NMR for Baka1with Bak-BH3, we performed

a similar NMR titration series with U-[15N]-GB1-Baka1-BH3. The

resulting concentration-dependent CSP values of select reso-
(D) Enlarged interaction site between BclxL and Baka1 showing that Baka1 forms

in Baka1 forms an anion-p interaction with E129 in BclxL.

(E) Left: NMR spectral overlays from NMR titration experiments of BclxLDTM (bl

spectra using Baka1-wt (top) and Baka1-F35A (bottom). Right: CSPs for BclxLD

curve fitting and the extraction of a KD value.

(F) Comparison of KD values for Baka1-wt (black) and Baka1-F35A (blue) upon b

error analysis as technical replicates. Individual data points for each residue are

See also Figures S4B, S5B, and S7.
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nances within Bak-BH3 plotted against the BclxLDTM concen-

tration indicated strong binding (Figure 5B) with an extracted

KD value of �2 mM, which is close to value reported in the litera-

ture.34 In addition, isothermal titration calorimetry (ITC) experi-

ments were conducted with GB1-Baka1-BH3 or GB1-Bak-

BH3 and BclxLDTM. The binding isotherms obtained with both

Bak constructs were nearly identical (KD = �30 nM), suggesting

that the high-affinity BH3 domain dominates the binding process

(Figure S8A). In addition to the ITC experiments, we used 15N-

labeled GB1-Bak constructs (GB1-Baka1 and GB1-Baka1-

BH3) and performed NMR-detected titration experiments with

unlabeled BclxLDTM (Figure S8B). Looking at residues in a1

(V34, Y41, R42), we could see that CSPs were observed with

Baka1 readily upon the addition of BclxL, consistent with a spe-

cific interaction. However, in the Baka1-BH3 construct, marked

CSPs could only be detected for these residues in a1 once the

high-affinity BH3 binding site was saturated by BclxL at the

equivalence point of 350 mM, indicating that BclxL will bind to

Bak-BH3 once it becomes exposed during activation.

To explore the impact of Baka1 on the potency of Bak inhibi-

tion by BclxL in a pore-forming liposome assay, we designed a

construct (BakDTMDa1) where Baka1 could be cleaved off via

an engineered thrombin site in the loop between a1 and a2.

This strategy ensures that BakDTMDa1 can be produced as a

folded protein and readily digested before the assay. Inhibition

of BakDTM (1 mM) by BclxLDTM (125–500 nM) was highly effi-

cient even at 8-fold lower concentrations of BclxLDTM than

BakDTM (125 nM versus 1 mM; Figures 5C and 5E, gray). In

contrast, when a1 was removed from BakDTM by pre-treatment

with thrombin, the sensitivity to inhibition by BclxLDTM was

greatly reduced, with more than 4 times higher BclxLDTM con-

centrations (>500 nM) required for full inhibition than for

BakDTM-WT (Figures 5C and 5E, blue). These results align

very well with our findings that two binding sites on Bak

contribute to the interaction with BclxL. To further rationalize

the notion that high- and low-affinity binding sites in Bak are

indeed necessary for productive inhibition by BclxL, we de-

signed a construct (BakDTM-Bad-BH3) where we added a

high-affinity binding site for BclxL to the N terminus of Bak. Spe-

cifically, the BH3 domain of the BH3-only protein Bad (aa 140–

165) that binds to BclxL with a KD value of �6 nM48 was added.

In this extended BakDTM construct, the Bad BH3 domain is

exposed and accessible for binding to BclxL even without Bak

activation. All Bak variants used for the described pore-forming

assays were properly folded as indicated by circular dichroism

(CD) spectroscopy and size-exclusion chromatography (Fig-

ure S9). In our pore-forming assay, we found that Bak

inhibition by BclxLDTMoccurred only partially up to a 1:1 stoichi-

ometry (Figures 5D–5F, blue). An excess concentration of BclxL
an amphipathic helix and engages in hydrophobic interactions with BclxL. F35

ue; residue L94) and BclxLDTM + Baka1 (green to red) in 2D-[15N, 1H]-HSQC

TM residue L94 were plotted at increasing Baka1 concentrations and used for

inding to BclxLDTM. Three BclxLDTM residues (A89, L94, F150) were used for

shown as black circles.



Figure 4. Baka1 can dissociate the BclxL-

Bak complex as probed by pore formation

assays

(A) Pore formation in liposomes mediated by

BakDTM auto-activation at 1 mM concentration

(orange) or after the addition of BclxLDTM at in-

hibiting concentrations (500 nM, light beige).

Titration of Baka1 (up to 100 mM, light beige to

orange) to the Bak-BclxL complex re-establishes

pore formation in a concentration-dependent

manner. A cartoon model of the mode of action of

the role of Baka1 in the initial activation steps of

Bak is depicted on the right.

(B) Normalized fluorescence intensities of the data

shown in (A) at 5,500 s. Individual data points are

shown as black circles. Data analysis was con-

ducted on three technical replicates unless clear

outliers were removed. These data provided an

IC50 value of �67 mM (inset).

(C) BakDTM pore formation at a concentration of

200 nM requires activation, as seen for the BH3-

only protein cBid (50 nM, black). In contrast, even

200 mM of Baka1 was unable to activate BakDTM

(gray).

See also Figure S6.
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(>1 mM) was required for full inhibition, with maximal inhibition

visible at �1.5 mM for BakDTM-Bad-BH3 versus 0.5 mM for

BakDTM-wt (Figures 5D–5F). This finding clearly shows that

the presence of a second readily accessible high-affinity binding

site in Bak prevents BclxL from interacting with the Bak-BH3

domain that is only exposed upon Bak activation. Thus, the lower

affinity of Baka1 is essential to (1) enhance the affinity between

Bak and BclxL and (2) enable the transition of BclxL to the final

BH3 site to inhibit its oligomerization and, ultimately, pore

formation.

DISCUSSION

It is well established that BH3-only proteins act on effectors such

as Bak in a ‘‘hit-and-run’’ mechanism of activation.7–11 In addi-

tion, Bak activation can be induced by higher Bak concentra-

tions on the membrane surface by auto-activation, as seen in

our liposome permeabilization assay data (Figures 4A, 5C, and

5D; Figure S6) and in previous studies.15–17 Anti-apoptotic pro-

teins are proposed to inhibit apoptosis by way of two mecha-

nisms29,48,49: (1) binding to BH3-only proteins and/or (2) binding

to pro-apoptotic effectors after they are activated. It seems plau-

sible that the latter mechanism ismore efficient since the effector

Bcl2 proteins are captured directly. Thus, it has been suggested

that effector Bcl2 proteins (Bak, Bax) can engage in a preferred

interaction with the anti-apoptotic members, such as BclxL.29

Until now, it has been speculated that the interaction between

the anti-apoptotic proteins and effector proteins extends outside

of the canonical BH3 domain,35,36 potentially explaining the

increased efficiency of direct inhibition.29 Our study now pro-

vides clear structural and functional evidence of a binding site
for BclxL at Baka1 via residues V34-H43 that interact with low af-

finity with the canonical hydrophobic binding groove of BclxL.

These findings are consistent with in vivo data on the other

Bcl2 effector protein Bax, where an antibody recognizing the N

terminus of active Bax was not able to bind in the presence of

BclxL.36 The primary sequence conservation between Bax and

Bak in a1 is not very high, yet is more pronounced than between

Bak and the BH3-activator protein Bid. Our experimental data

also agree with a recent computational study where Baxa1

was shown to interact with BclxL.35 However, in contrast to

this computation study, our experimental data clearly show

that the canonical BH3 binding groove, not the first a-helix of

BclxL, mediates the interaction. Our set of structural and func-

tional data suggests a model (Figure 5G) where the initially

exposed a1 of activated Bak rapidly engages in a dynamic

encounter complex with BclxL. Once captured, BclxL can tran-

sition from the exposed low-affinity Baka1 to the more buried

high-affinity Bak-BH3 site to prevent Bak homo-dimerization

and oligomeric pore formation. By this mechanism, binding of

BclxL to the sterically more shielded BH3 binding site becomes

kinetically favored. These data provide evidence for why, even in

the presence of high-affinity BH3-only proteins,10,50 BclxL is still

able to inhibit Bak. In line with this model, our liposome perme-

abilization data on a Bak construct lacking a1 show a decrease

in BclxL inhibition efficiency (Figures 5C–5E). However, the

encounter complex with a1 apparently needs to be transient

and weak to allow for the transition of BclxL to the final high-af-

finity BH3 site. Our assay results with Bak containing an N-termi-

nally exposed high-affinity Bad-BH3 domain clearly show that

the inhibition of pore formation by BclxL is drastically reduced

if the initial interaction is equally strong (Figures 5D–5F).
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Figure 5. Sequential binding of Bak by BclxL

(A and B) NMR titration analysis to assess binding of

Baka1 and Baka1-BH3 to BclxLDTM. CSPs for

select residues in (A) Baka1 (Y38, black; F35, gray)

and (B) Bak-BH3 (4 individual residues in BH3

domain as technical replicates) were plotted at

increasing BclxLDTM concentrations and used for

data fitting and the extraction of a KD value. The data

for Bak-BH3 residues are represented as the

normalized data height due to severe line broad-

ening in the presence of BclxLDTM.

(C) Pore formation in liposomes mediated by Bak

auto-activation at 1 mM concentration with either

BakDTM (black) or BakDTMDa1 (dark blue). Titration

of BclxLDTM (black to light gray) at inhibiting con-

centrations (up to 500 nM) readily led to inhibition of

BakDTM, whereas inhibition of BakDTMDa1 (dark to

light blue) required a more than 4-fold higher

BclxLDTM concentration. Data analysis was con-

ducted on three technical replicates unless clear

outliers due to experimental artifacts were removed.

(D) Pore formation in liposomes mediated by Bak

auto-activation at 1 mM concentration with either

BakDTM (black) or BakDTM fused with an N-termi-

nal Bad-BH3 domain (BakDTM-Bad-BH3; dark

blue). The addition of BclxLDTM (gray) at inhibiting

concentrations (0.5 mM) readily led to abolished pore

formation of BakDTM, whereas the onset of inhibi-

tion of BakDTM-Bad-BH3 (dark to light blue) only

started at excess concentrations of BclxLDTM. Data

analysis was conducted on three technical repli-

cates unless clear outliers due to experimental arti-

facts were removed.

(E) Normalized fluorescence intensities of the data

shown in (C) at 5,500 s. Individual data points are

shown as black circles.

(F) Normalized fluorescence intensities of the data

shown in (D) at 5,500 s. Individual data points are

shown as black circles.

(G) Sequential binding model of Bak inhibition. Bak

(blue) activation begins with Baka1 (orange) un-

folding and attaching to the membrane surface. The

dynamic Baka1 signals Bak activation and seques-

ters BclxL (red). The C-terminal half of Baka1 (V34-

Q44) transiently captures BclxL at the membrane

surface, where BclxL then transitions to the high-

affinity Bak-BH3 domain to efficiently inhibit Bak.

See also Figures S8 and S9.
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Transient protein-protein interactions are important for many as-

pects of cellular function, although their characterization remains

challenging, especially for in vitro analysis.51 Furthermore,

unfolded regions are especially important in facilitating transient

protein-protein interactions.52 In contrast to its interaction with

BclxL, Baka1 does not activate Bak, which is consistent with

an in vivo proteolytic study showing that Baka1 is not necessary

for inducing pore formation.30 Thus, it can be postulated that

Baka1, once exposed, exclusively facilitates the interaction

with anti-apoptotic Bcl2 proteins to favor the inhibition of pore

formation. This study provides important insights into the

preferred interaction between effector Bcl2 proteins and anti-

apoptotic members. Our findings can inform therapeutic ap-

proaches aimed at selective activation of apoptosis by specif-
8 Cell Reports 43, 114526, August 27, 2024
ically targeting Baka1. One approach could be the use of the

monoclonal antibody 6A7, which has an epitope at the N termi-

nus of the effector Bax.36 In line with our assay data and existing

in vivo data, treatment with this antibody could block the initial

binding of BclxL to the activated effector protein and encourage

apoptosis.36

Limitations of the study
In this study, we did not work with the full-length constructs of

both BclxL and Bak due to challenges in working with proteins

containing transmembrane helices (TMHs), as well as uncon-

trolled membrane insertion of Bak during the longer sample

preparation procedures of the full-length protein by, e.g., Sorta-

seA ligation.28 Therefore, the impact of the TMHs of both BclxL



Report
ll

OPEN ACCESS
and Bak on the interaction described here remain to be investi-

gated. However, it seems unlikely that the TMHs interact, given

that their amino acid sequences are almost identical and oligo-

merization has not been observed for BclxL-TMH.53 Further-

more, a more thorough mutagenesis study with Bak to abolish

the interaction with BclxL is limited because mutations in, e.g.,

Baka1 and BH3 will strongly alter its stability, folding state, and

pore-forming activity in vitro and in vivo.
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E. coli extract polar lipids Avanti Polar Lipids Cat#100600C
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UCSF Chimera University of California https://www.cgl.ucsf.edu/chimera/
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shop/chromatography/software/unicorn-7-

p-05649

BioRender 2024 BioRender https://www.biorender.com/

CcpNmr Analysis 2.4.2 CCPN https://ccpn.ac.uk/software/version-2/

GROMACS Version 2023.3 GROMACS https://manual.gromacs.org/2023.3/index.html

CHARMM-GUI server Lehigh University https://www.charmm-gui.org/?doc=about

VMD University of Illinois https://www.ks.uiuc.edu/Research/vmd/

PLGS 3.0.3 Waters https://www.waters.com/waters/library.htm?

cid=511436&lid=134899946&lcid=134899945

DynamX 3.0 Waters https://www.waters.com/waters/library.htm?

locale=en_US&lid=134832928

Other

HiLoad 16/600 Superdex 75 pg preparative

size exclusion chromatography column

Cytiva Cat#28989334

HiLoad 16/600 Superdex 200 pg preparative

size exclusion chromatography column

Cytiva Cat#28989335

NAP-5 purification columns Cytiva Cat#17085302

Ni Sepharose excel purification resin Cytiva Cat#17371202

ACQUITY UPLC BEH C18 column, 1.7 mm,

2.1 mm 3 100 mm

Waters SKU#176000864

ACQUITY Premier CSH C18 column with

Vanguard FIT, 1.7 mm, 2.1 mm 3 100 mm
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Enzymate protein pepsin column, 5 mm,
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Lead contact
Further information and requests for resources should be directed to the lead contact, Dr. Franz Hagn (franz.hagn@tum.de).

Materials availability
Plasmids used from this study will be available by request with some restrictions (MTA completion).

Data and code availability
d This study did not generate any deposited data.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact (Dr. Franz

Hagn, franz.hagn@tum.de) upon request.

METHOD DETAILS

Protein expression and purification
Plasmid constructs encoding for the soluble domains of Bak (BakDTM) and BclxL (BclxLDTM) were cloned and expressed in E. coli

as previously described.17,28,44,54 A cBid construct was cloned and expressed in E. coli as previously described. In the resulting cBid

protein, a thrombin cleavage site is replacing the original caspase-8 site.17 Purification of BakDTM, BclxLDTM and cBid was done as

described previously.17 A construct where Baka1 can be removed proteolytically (BakDTMDa1) was designed by inserting a

thrombin cleavage site and adjacent linker residues (amino acid residues: EGYDELVPRGSRSSHSRLG) after BakDTM Leu65 and

removing Gln66. Purification of BakDTMDa1 was identical to the procedure for BakDTM. Following size exclusion chromatography

(SEC), thrombin was added (1:40 M ratio) to selected fractions and incubated for 12–14 h at 4�C. Complete cleavage was verified by

SDS-PAGE. A construct of BakDTM with an N-terminally fused Bad-BH3 domain (BakDTM-Bad-BH3) was cloned by introducing

Bad-BH3 residues 103 to 126 (amino acid sequence: N103LWAAQRYGRELRRMSDEFVDSFK126) into BakDTM by replacing BakDTM
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residues Gly4 to Cys14 that are part of the unfolded N-terminal tail of Bak. Purification of BakDTM-Bad-BH3 was identical to the pro-

cedure for BakDTM.

Constructs encoding Bak peptides were cloned into an in-house modified pET vector encoding GB1 with N-terminal His6 tag fol-

lowed by a thrombin site (His6-GB1-thrombin-peptide). We produced the following constructs: Baka1 (residues 24–48), Bak-BH3

(residues 68–88) or Baka1-BH3 (residues 24–90). For the Baka1 construct (residues 24–48) that is also used for the pore forming

assay (see below), we included an additional TEV site in between the His6-tag and GB1 to be able to selectively remove the His6
tag. E. coli BL21(DE3) cells harboring the GB1-Bak peptide constructs were grown at 37�C. Protein expression was induced with

1 mM IPTG at OD600 0.7–0.9 and cells were shaken for a further 4 h at 37�C. Cell pellets were resuspended in lysis buffer (50 mM

Tris pH 8, 200 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA)) supplemented with lysozyme, a tablet of cOmplete

EDTA-free protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell suspension was sonicated for

30 min (1-s pulse, 3-s pause, 30% amplitude) on ice. Following incubation with DNase I and 5 mM MgCl2, cell debris was removed

via centrifugation (18 000 g, 30 min, 4�C) and the supernatant was applied to a 1 mL Ni-NTA gravity flow column equilibrated with

buffer A (20 mM Tris pH 8, 100 mM NaCl, 5 mM b-mercaptoethanol (BME)). The column was washed with 20 CV buffer A and 20

CV of buffer A + 10 mM imidazole followed by elution with 10 CV of buffer A + 400 mM imidazole. 5% glycerol was added to the elute

before concentration for SEC on an ÄKTA Pure system equipped with a HiLoad 16/600 Superdex 75 pg (S75) column equilibrated

with 20 mM NaPi pH 7, 50 mM NaCl, 0.1 mM EDTA and 5 mM BME. EDTA was omitted from the SEC buffer with Baka1 to be

used in the liposome permeabilization assay. Here, following SEC, TEV protease was added (1:40 M ratio) for removal of the His6
tag, followed by reverse Ni-NTA gravity flow affinity chromatography to separate the His6 tag from the GB1-Bak construct. Success-

ful cleavage was verified by SDS-PAGE. To produce U-[2H,15N]-BakDTM and BclxLDTM, E. coli BL21(DE3) cells were grown in M9

medium supplemented with 1 g/L [98% 15N]-NH4Cl and 2 g/L 1H,-glucose in >90% D2O. For the production of U-[15N]-Baka1 and

Baka1-BH3, bacteria were grown in M9 medium supplemented with 1 g/L [98% 15N]-NH4Cl. For the production of U-[13C, 15N]-

Baka1, bacteria were grown in M9 medium supplemented with 1 g/L [98% 15N]-NH4Cl and 2 g/L [98% 13C]-glucose. Site-directed

mutagenesis was performed using the QuikChange lightning kit to introduce the mutations V27C, Q47C or F35A into the Baka1

fusion-peptide.

Preparation of liposomes
The following lipid composition (mass percentage) was used to mimic the outer mitochondrial membrane (OMM).46 The OMM-like

lipids were prepared bymixing 38% L-a-phosphatidylcholine (PC), 25% L-a-phosphatidylethanolamine (PE), 10% L-a-phosphatidy-

linositol (PI), 10% 1,2-dioleyl-sn-glycero-3-phospho-L-serine (DOPS), 7% 1,10,2,20-tetra-(9Z-octadecenoyl)cardiolipin and 10%18:1

DGS-NTA (Ni2+). For the liposome permeabilization assay at low BakDTM concentrations (not auto-active), 5% 18:1 DGS-NTA (Ni2+)

was used, and the mass of PC was adjusted to compensate. The OMM-like lipids were mixed (1–10 mg) in chloroform and dried un-

der nitrogen gas flow. The lipids were resuspended in 0.25–1 mL of respective buffer, sonicated in a sonication bath until homoge-

neous then subjected to five freeze and thaw cycles. Finally, the suspension was extruded using a 100 nm polycarbonate membrane.

Liposomes containing E. coli polar lipids with 5% 18:1 DGS-NTA (Ni2+) used for HDX-MS experiments were prepared identically.

Preparation of phospholipid nanodiscs
Phospholipid nanodiscs were prepared as previously described.38 Here, we used MSP1D1DH5-nanodiscs containing 5% Ni-

lipids. The nanodiscs for binding to BakDTM were prepared with E. coli polar lipids and four 18:1 DGS-NTA (Ni2+) lipids per nano-

disc, with an MSP:lipid ratio of 1:25. Briefly, a 500 mM stock of MSP1D1DH5-nanodiscs were prepared in MSP buffer (20 mM Tris

pH 7.5 and 100 mMNaCl), a 50 mM stock of E. coli polar lipids containing 5%Ni-lipids was prepared in MSP buffer supplemented

with 100 mM sodium cholate. The reaction was assembled in the following order with final concentrations noted in parentheses:

MSP buffer, MSP buffer supplemented with 100 mM sodium cholate (sodium cholate up to 20 mM), E. coli polar lipids (8 mM) and

MSP1D1DH5 (0.15 mM). The reaction was incubated at room temperature for 1 h. Subsequently, sodium cholate was removed by

adding 0.6 g/mL of Bio-Beads-SM2 to the reaction mixture and incubating at 4�C on a rotary shaker for 2 h. Nanodiscs were pu-

rified by SEC on a HiLoad 16/600 Superdex 200 pg (S200) column equilibrated with 20 mM Tris pH 7.5, 100 mM NaCl, and 5 mM

BME. A 100 mM stock solution of BakDTM (0.05 mM final concentration) was added to empty Ni-NTA-nanodiscs to a 1:1 M ratio

(0.05 mM nanodiscs) to produce membrane attached Bak. This complex was concentrated to �100mM and used for further

experiments.

Liposome permeabilization assay
The liposome permeabilization assay was performed at 30�C as previously described.46,47 200 nM BakDTM, 50 nM cBid and 10–

200 mM Baka1 peptide were used for measurements at low BakDTM concentrations, whereas 1 mM BakDTM, BakDTMDa1, or

BakDTM-Bad-BH3 and 0.125–2 mMBclxLDTM were used for measurements under auto-active BakDTM conditions. Baka1 peptide

was titrated into the Bak-BclxL complex from 10 to 100 mMunder auto-active conditions. The liposomes were prepared as described

abovewith the addition of the polyanionic dye 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) and the cationic quencher p-xylene-

bis-pyridinium bromide (DPX) as described.46,47 For experiments at lowBakDTMconcentrations, 0.05mg/mLOMM-like lipids doped

with 5% (w/w) 18:1 DGS-NTA (Ni2+) were used. For measurements under auto-active BakDTM conditions, 0.3 mg/mL OMM-like

lipids doped with 10% (w/w) 18:1 DGS-NTA (Ni2+) were used.
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Hydrogen deuterium exchange mass spectrometry (HDX-MS)
An ACQUITY UPLC M-class system with automated HDX technology was used and HDX kinetics were measured at 20�C with data

points from 0 to 7200 s in technical triplicates. Typically, 4 mg of E. coli polar lipids supplemented with 0.5 mg 18:1 DGS-NTA (Ni2+)

lipid were used. All samples (30 mM BakDTM with or without 30 mM BclxLDTMDHis6) were diluted 1:20 in 99.9% D2O-containing

20 mM NaPi pH 6.8 (or H2O-containing reference buffer) at the respective HDX kinetic data points. The reaction was quenched

by the 1:1 addition of 200 mM KH2PO4, 200 mM Na2HPO4 pH 2.3, 4 M guanidine hydrochloride, and 200 mM tris(2-carboxyethyl)

phosphine (TCEP) at 1�C. 50 mL of sample was applied to an Enzymate BEH pepsin column for on-column peptic digestion at

20�C. The resulting peptides were separated by reversed-phase chromatography using a stepwise gradient of acetonitrile: 5 to

35% in 6 min, 35 to 45% in 1 min, and 40 to 95% in 1 min. A UPLC C18 1.7 mm VanGuard trapping column and a UPLC BEH

C18 1.7 mm separation column were used for peptide separation and the elutes were analyzed using an in-line Synapt G2-S

QTOF HDMS mass spectrometer. Mass spectroscopy data was collected over an m/z range of 100–2000 and peptides were iden-

tified by MSE ramping the collision energy automatically from 20 to 50 V. Data were analyzed using the PLGS 3.0.3 and DynamX 3.0

software packages.

Isothermal titration calorimetry (ITC)
For ITCmeasurements, BclxLDTM,GB1- Baka1-BH3 andGB1-BH3were dialyzed (MWCO3 kDa) against 1 L ITC buffer (20mMNaPi

pH 7, 50mMNaCl, 0.5mMEDTA, 1mMDTT) for 12–14 h at 4�C. Dialyzed samples were diluted with ITC buffer to final concentrations

of 6–7 mMBclxLDTM, 139 mMGB1- Baka1-BH3 and 131 mMGB1-BH3. All ITCmeasurements were performed on aMicroCal PEAQ-

ITC instrument at 25�C. The experimental settings include one 0.4 mL injection followed by 19 2 mL injections with 120 s spacing for

equilibration. Data was analyzed with MicroCal PEAQ-ITC analysis software using the one-set-of-sites binding model. Three tech-

nical replicates were performed for an error estimation.

Circular dichroism (CD) spectroscopy
Measurements were conducted on a Jasco J-715 spectropolarimeter with a 1 mm path-length quartz cuvette. Spectra were

measured at 20�C with concentrations ranging from 10 to 12 mM in SEC buffer (see above, protein expression and purification)

and converted to mean residue (MRW) ellipticity units. Thermal unfolding traces were measured by monitoring the ellipticity at

207 nm with a heating rate of 1 �C/min. The thermal melting curves were presented as normalized ellipticity values at 207 nm [0; 1].

NMR spectroscopy
All NMR experiments were measured in 20 mM NaPi pH 6.5, 50 mM NaCl, 0.1 mM EDTA and 5 mM DTT on Bruker Avance III instru-

ments operating at 600, 800, 900 and 950 MHz proton frequency equipped with cryogenic probes. For experiments involving 18:1

DGS-NTA (Ni2+) lipids, EDTA and DTT were omitted from the buffer.

Nanodisc-attached proteins samples were measured with 2D-[15N, 1H]-TROSY experiments, soluble protein samples were

measured with 2D-[15N, 1H]-HSQC experiments, and titrations were monitored with a series of 2D-[15N, 1H]-HSQC experiments at

303 K in the respective buffers. Typically, we recorded 48 transients per increment with 128 complex points in the indirect 15N dimen-

sion. NMR paramagnetic relaxation enhancement (PRE) experiments55 were conducted with PROXYL-labeled GB1-Baka1 single-

cysteine peptides (V27C or Q47C), where the spin label was located either at theN- or C-terminal end of the peptide. The spin labeling

reaction was done in 20 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA with a 12 mM PROXYL (3-(2-Iodoacetamido)-PROXYL, Merck)

stock solution in acetonitrile added to 100 mM of each protein construct in a 10-fold molar excess and incubated 2 h at room tem-

perature. Excess spin label was removed by dialysis against 20mMTris pH 8, 100mMNaCl, 1mMEDTAwith 3.5MWCO, followed by

S75 SEC purification into NMR buffer. A complex of 150–200 mMU-[2H,15N]-labeled BclxLDTM and a 10-foldmolar excess of each of

the PROXYL-labeled Baka1 peptides (oxidized sample) was used for the acquisition of 2D-[15N,1H]-HSQC experiments at 303K and

950 MHz proton frequency, using 32 transients and 128 complex points in the 15N dimension, and a recycle delay of 2 s. As a refer-

ence, the same experiment was recorded after the addition of 10 mM ascorbic acid to reduce the free radical in the spin label

(reduced sample). The PRE effect was depicted with the intensity ratio of the NMR signals between the oxidized and the reduced

sample. For backbone assignment, we used a 280 mM 13C, 15N-labeled GB1-Baka1 peptide sample in 20 mM NaPi pH 6.0,

50 mMNaCl, 0.1 mM EDTA and 5 mMDTT, 0.02% NaN3, 2 mM PMSF, and recorded a standard set of triple resonance experiments

(HNCO, HNCA, HNCOCA, HNCACB)56 at 303 K and 600 MHz proton frequency. The obtained 13C-chemical shift information was

utilized to obtain sequence specific backbone resonance assignments of Baka1, using the previously published backbone assign-

ments of activated BakDTM in lipid nanodiscs17 as a starting point.

Molecular docking
A structural model of the BclxL-Baka1 complex was constructed by first extracting Baka1 from the crystal structure of the soluble

domain of Bak (residues 24–48 taken fromPDB: 2IMS44). Baka1 was then structurally aligned with the structure of BclxL bound to the

Bak-BH3 helix (PDB: 1BXL34) using Chimera.57 For this, the NMR chemical shift perturbation data with 15N-labeled Baka1 after the

addition of unlabeled BclxL was used to identify the binding site of BclxL in Baka1, which was used for the structural alignment with

Bak-BH3. This structural alignment procedure resulted in a complex structural model that is consistent with the NMR data. To equil-

ibrate the structural model, we subsequently performed an extended (3 ms duration) molecular dynamics simulation at 303K using
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GROMACS Version 2023.358. Input files were generated by the CHARMM-GUI server.58,59 Analysis of the trajectory to extract the

root-mean-square devation (RMSD) of the complex and backbone root-mean-square fluctuation (RMSF) values of Baka1 in the com-

plex was performed with VMD60 and GROMACS.61

QUANTIFICATION AND STATISTICAL ANALYSIS

Liposome permeabilization assay data analysis
The data were averaged from three technical replicates (N = 3), unless there was a clear outlier due to experimental artifacts. Data

analysis was performed by first normalizing to the minimum value for each assay condition. The difference in fluorescence at time

point 5,500 s and 0 s was then calculated and averaged for each technical replicate. The data are represented as relative fluores-

cence with 100% representing the maximum liposome permeabilization observed for the respective conditions compared in

each figure.

ITC data analysis
Data was analyzed with MicroCal PEAQ-ITC analysis software using the one-set-of-sites binding model. Three technical replicates

(N = 3) were performed for an error estimation and the standard deviation (SD) is indicated in the respective figure.

NMR spectroscopy data analysis
Chemical shift perturbations in the direct 1H and indirect 15N dimensions were scaled using the distribution of nucleus-specific chem-

ical shift changes in proteins.54,62 Binding isotherms were fitted using a full binding model accounting for the relatively high protein

concentrations required for NMR studies.63 In cases of severe line broadening, binding isotherms were represented as normalized

data height. Binding affinities from several residues were calculated for an error estimation and the SD is indicated in the respective

figures.
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