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Abstract

Caspase-8-cleaved Bid (cBid) associates with mitochondria and promotes the activation of BAX, leading to mitochondria
outer membrane permeabilization (MOMP) and apoptosis. However, current structural models of cBid are largely based on
studies using membrane vesicles and detergent micelles. Here we employ spin-label ESR and site-directed PEGylation
methods to identify conformations of cBid at real mitochondrial membranes, revealing stepwise mechanisms in the
activation process. Upon the binding of cBid to mitochondria, its structure is reorganized to expose the BH3 domain while
leaving the structural integrity only slightly altered. The mitochondria-bound cBid is in association with Mtch2 and it
remains in the primed state until interacting with BAX. The interaction subsequently triggers the fragmentation of cBid,
causes large conformational changes, and promotes BAX-mediated MOMP. Our results reveal structural differences of cBid
between mitochondria and other lipid-like environments and, moreover, highlight the role of the membrane binding in

modifying cBid structure and assisting the inactive-to-active transition in function.

Introduction

The BCL-2 family of proteins govern critical pathways to
apoptosis by regulating mitochondrial outer membrane
permeabilization (MOMP) [1, 2]. The protein family can be
divided into anti- and pro-apoptotic classes according to
their function and the BCL-2 homology (BH) motifs. The
class of pro-apoptotic proteins can be further categorized
into the multi-BH motif proteins (such as BAX and BAK)
and the BH3-only proteins (such as Bim, PUMA, Bad, and
Bid). The BH3-only proteins use the BH3 domain to engage
and neutralize the anti-apoptotic members and probably also
to promote regulated cell death by activating the critical
effectors BAX and BAK, which causes MOMP and cell
death. Among the BCL-2 family, Bid is the only member
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that bridges the crosstalk between extrinsic and intrinsic
pathways of apoptosis [3-5]. Due to the crucial role of
BH3-only proteins in apoptosis, it is not surprising that
much effort has been made to develop BH3-mimetic drugs
as novel anti-cancer agents [6, 7].

Unlike other BH3-only proteins that are intrinsically
unstructured [8], Bid has a defined structure similar to many
multi-BH members [9-11]. Under apoptotic stress, cyto-
solic Bid is post-translationally cleaved at site D59 (Fig. 1a)
by caspase-8 to produce cleaved Bid (cBid) comprising two
domains, p7 and truncated Bid (tBid, also known as p15),
but the overall structure of Bid is preserved after the clea-
vage (Supplementary Fig. 1a) [9]. Previous in vivo studies
reported that only when associating with mitochondrial
membranes can cBid become active [12—14] to initiate the
BAX/BAK-mediated MOMP [15-18]. Structure-based
evidence supported that Bid adopts an extended con-
formation in lipid-like environments and the conformation
is critical for association with other pro-apoptotic proteins
[19, 20]. Using fluorescence technique, Gahl et al. reported
the intermolecular contacts between cBid and BAX at the
onset of apoptosis and proposed the formation of tBid/BAX
networked oligomers in live cells [19]. Recently, Lan et al.
[21] provided a more specific description that the canonical
and trigger grooves (TGs) [22, 23] of BAX are involved in
the engagements with cBid during BAX-mediated MOMP.
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Fig. 1 Bid structure and study strategy. a Sequence of mouse Bid
protein. D59 is the caspase-8 cleavage site. Red boxes indicate the
residues mutated to cysteine for spin-labeling and PEGylation studies.
The BH3 domain is highlighted in purple color. b Cartoon models
displaying full-length Bid structure (PDB: 1DDB; see also Supple-
mentary Fig. la). Helices are colored according to (a). ¢ Cartoons
illustrating the spin-labeling strategy of the present study. Spin-
labeling sites can be categorized into three groups as indicated. d This

Although Bid activation has been extensively studied,
the current structural models of Bid are established pri-
marily based on the results of model membranes. The

126/190, 126/144,
144/172, 144/160

2 3 4 5

study focuses on identifying the conformations of cBid in the three
states indicated. e Assays for cytochrome c release from isolated
mouse mitochondria. Concentrations of cBid and BAX were 20
and 100 nM, respectively. After an incubation for 30 min at 37 °C,
cytochrome c release was detected by IB analysis of the supernatants.
Error bars represent the mean + SE from five independent experiments.
(See also Supplementary Figs. 1-3.).

conformational changes in cBid during the association with
real mitochondrial membranes have not been sufficiently
characterized. Without the use of real mitochondria, the
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possible contributions of other factors that affect the reg-
ulation of Bid could be overlooked.

The present study aims to investigate the conformational
changes of cBid during the process of cBid-induced BAX
oligomerization and MOMP using techniques including
spin-label electron spin resonance (ESR) and PEGylation-
based gel shift assay. The double electron-electron reso-
nance (DEER) ESR technique has recently been demon-
strated as a powerful tool for determining protein structure
and topology in a complex membrane environment [24-28].
The DEER data provide interspin distance distributions in
the range of 1.5-8 nm and the distance constraints (from the
following study strategy) that can be used to determine
assembly and individual structures of protein subunits. We
thus perform DEER to identify the conformational changes
in cBid and also explore the interactions of Bid with the
mitochondrial carrier homolog 2 (Mtch2), a key protein
known to play a role in facilitating the recruitment of tBid to
mitochondria [29-31].

Various single-/double-/triple-cysteine variants of Bid
are prepared (Fig. 1b) for spin-label ESR as well as
PEGylation studies. Triply spin-labeled samples (Fig. 1c)
are used to study the structural integrity of cBid during the
cBid-induced BAX activation. Doubly spin-labeled cBid
samples can be further divided into two groups: p7/tBid-
breakup and intra-tBid groups (Fig. 1c); samples of the
former allow one to explore when the breakup of cBid (i.e.,
p7/tBid) occur, and samples of the latter can be used to
identify the conformational changes in the tBid fragment.
As the cBid-induced BAX activation occurs primarily in
mitochondria, this study focuses on investigating the con-
formations of cBid and categorizes them into three states
(Fig. 1d): cBid in solution (state I), mitochondria-associated
cBid (state II), and mitochondria/BAX-associated cBid
(state IIT). States IT and III correspond to samples in the
pellet fraction of a given incubation (see Methods). The
incubation of cBid with BAX in the absence of mitochon-
dria is not studied as BAX remains inactive and monomeric
in such a lipid-free incubation (Supplementary Fig. 1b).
Moreover, we perform site-directed PEGylation-based
assays [18, 21, 32-34] to reveal the membrane association
profiles of individual helices of cBid. New insights into the
details of cBid-induced BAX activation at real mitochon-
drial membranes are thus revealed in this study.

Results

This study categorizes the conformations of cBid in the
event of cBid-induced BAX activation into three states
(Fig. 1d). To demonstrate the biological significance of the
categories, we performed assays for cytochrome c release
from isolated mouse liver mitochondria. Cleaved Bid (cBid)
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was obtained by incubating Bid with caspase-8. Lanes 4 and
5 (Fig. le) correspond to states II and III, respectively. The
results (Fig. le) show that a relatively large amount of
cytochrome ¢ was released from mitochondria only when
cBid was incubated with wild-type BAX (wt). (Supple-
mentary Fig. 2 shows more supporting results performed
with mitochondria isolated from the BAX '"BAK ™'~ DKO
HCT116 cells. Supplementary Fig. 3 presents more control
experiments showing both the supernatant and pellet frac-
tions of mitochondria.)

Structural integrity of cBid is altered upon the
association with mitochondria

To investigate the conformations of cBid, we performed
DEER measurements (Fig. 2a) on the triple-labeled cBid
samples, which provide information of cBid integrity, and
the double-labeled cBid samples belonging to the p7/tBid-
breakup group. Spin-labeled cBid 144/160 is regarded as a
control as the two spin-labeled sites are within the same
helix a6 and the helical conformation is expected to change
little between the states. The time-domain traces of DEER
measurements (Fig. 2a) showed that except for the control
144/160, the amplitude of modulation depth (denoted by V,
in Fig. 2a) for state I is clearly greater than those for state
III. Careful analysis of the modulation depths can yield
information on the number of spins per cluster (<N> as
shown in Fig. 2b; details given in Methods) reporting an
average of interacting spins per objects (or per sphere of ~6
nm radius in the ensemble) [35, 36]. <N> values in state I
are well consistent with our expectation: close to 2 and 3 for
double- and triple-labeled cBid, respectively. In state II,
<N> values were slightly affected due to the membrane
associations of cBid, which complicate the DEER signals,
but they remained close to those of state I, supporting that
cBid in state II retains its overall integrity and its subunits
do not collapse. In state III, we observed a drastic decrease
in <N>, indicating the breakdown of the integrity and the
separation of cBid into the p7 and tBid fragments. (Sup-
plementary Fig. 4 shows more results confirming that the
breakup of p7/tBid occurs in IIL.) A cartoon illustration is
provided (Fig. 2¢) to show how V,, is related to the average
of interacting spins per objects (<N>) calculated using the
equations given in Methods.

The corresponding interspin distance distributions
(Fig. 2d), extracted from the time-domain DEER data
(Fig. 2a) using Tikhonov-based methods [37-39], revealed
molecular details of the cBid conformations. All of the dis-
tance distributions obtained for state I are consistent with the
predictions simulated from the NMR-based structure of Bid
(PDB:1DDB [40]; see also Supplementary Fig. 1) using the
MtsslWizard program [41]. There are some small but marked
differences when comparing the distance distributions
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Fig. 2 DEER data of cBid. a Experimental time-domain DEER data
of spin-labeled cBid. Fits to the DEER background signals are shown
in gray (as detailed in Methods). As indicated, the modulation depth
V,, can be directly obtained from the DEER data. b V,,, values can be
used to calculate the number of spins per cluster, <N>. 144/160 is a
control demonstrating that <N> remains close to 2 in the three states.
Error estimates were obtained from the data analysis using the

between states I and II (i.e., red versus blue lines in Fig. 2d).
These differences support that cBid adopts somewhat
different conformations upon the transition from state I to
the membrane-associated state II. However, the structural
integrity is only slightly altered as the distance peaks of the
triple-labeled samples remain distinguishable in both I and II.
(More details about the induced structural changes in state IT
will be discussed later.) In state III, except for the 144/160

DeerAnalysis software package. ¢ Cartoon to illustrate how V,, is
related to <N>. d Distance distributions extracted from the DEER data.
Predictions simulated from the solution structure of Bid are shown in
gray histograms, consistent with I. Conformational integrities of cBid
in I and II are only slightly different. Shaded bands are estimates of
uncertainty in the DEER distance distributions. See also Supplemen-
tary Table 1.

result (a control), the modulation depths were too weak to
allow a reliable recovery of distance distributions from the
DEER data (Supplementary Fig. 5). The DEER data of state
IIT were dominated by an exponential decay, indicating an
ensemble of broadly and homogeneously distributed spins
(see also black line in Fig. 2c). The broad distribution of spins
can be attributed to partial unfolding and increased flexibility
in state III after the interaction with BAX at mitochondria.

SPRINGER NATURE
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Fig. 3 DEER data of tBid. a The number of spins per cluster cal-
culated from the modulation depth of the DEER data for samples of
the intra-tBid group. Error estimates were obtained from the data
analysis using the DeerAnalysis. b Distance distributions extracted
from the DEER data (Supplementary Fig. 5). Distances appear to
distribute broadly in the mitochondria-bound state II. Predictions
simulated from the structure of state I and the proposed model of state

The tBid fragment adopts multiple extended
conformations at mitochondria

To identify the conformational changes of tBid (which has
more biological significance than p7), we performed DEER
measurements (Fig. 3) on samples of the intra-tBid group.
The analysis (Fig. 3a) of the modulation depths yielded

SPRINGER NATURE

II are reasonably consistent with the DEER results. Shaded bands are
estimates of uncertainty in the DEER distance distributions. ¢ Cartoon
models highlighting the conformational differences of tBid between
states I and II. The major rearrangements occur in helices a6 and a8.
d Strong hydrophobic interactions occur at the interface between the
p7 (al-a2) and o7 of tBid in the cBid structure of state II.

<N> values showing that except for 82/126, <N> largely
decreased upon the association with mitochondria. (The
exception case will be discussed in the next paragraph.) As
spin labels were attached to tBid rather than the leaving
fragment p7, the reduction in <N> suggested that tBid
structure is extended with a great disorder such that the
number of specifically interacting spin pairs is decreased.
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Our DEER results showed that the distance distributions
of double-labeled tBid (Fig. 3b) are clearly different (except
82/126) between states I and II, partially consistent with the
previous results [42]. The distance distributions of state I
are compatible with the predictions simulated from the
NMR-based structure of state I. Results of state II displayed
a much broader distance distribution than state I, suggesting
that tBid adopts some conformational changes, character-
ized by extended and relatively disordered structural fea-
tures, to stay in the membrane-associated state II. It
suggests that the major changes between I and II occur in
helices a6—a8. It is thus reasonable to observe that the
distance distribution of 82/126 (a3/a5) changes little
between I and II. Also, we observed that while the 82/126
(a3/a5) distance distribution remains largely the same, the
distance distributions of 82/160 (a3/a6) and 126/144 (aS/
a6) widen in state II. As a6 sits between a3 and o5 in the
hydrophobic core of cBid, one would predict (as demon-
strated in a later section) that the increased flexibility in a6
is related to the association with mitochondrial membranes.
We also measured interspin distances of the samples in state
IIT (Supplementary Fig. 5), but most of the data were
characterized by small modulation depths and thus their
distance distributions could not be reliably extracted.

Based on the distance distributions, we modeled the
conformation of cBid in II (Fig. 3c) and simulated distance
distributions (yellow histograms in Fig. 3b) from the
derived model using the MtssIWizard. The simulations are
consistent with the dominant peaks of the DEER distance
distributions, and thus are considered to be a representative
of the conformations. The DEER distance distributions are
clearly greater in distribution width than the simulations,
suggesting a large variation in the ensemble of tBid con-
formations in state II. The structure of tBid in state II is
more disordered and flexible as compared to that in state I.

p7 and tBid remain held together in state I,
primarily by hydrophobic interactions

Together, our DEER results (Figs. 2 and 3) indicate that
the p7 fragment remain in contact with tBid until the
presence of BAX that promotes the transition from II
to III. To provide more support for this finding, we per-
formed calculations using the protein interaction calcu-
lator (PIC) [43] and the Arpeggio program [44] to
evaluate the hydrophobic interactions at the p7/tBid
interface (Fig. 3d). This analysis relied on the hydro-
phobic interaction defined in the Arpeggio program to
extract nearest-neighbor atoms within a 0.5 nm radial
cutoff. We carried out the calculation for residues 16-38
of the p7 fragment in the modeled cBid structure of state
IL, as these residues are at the p7/tBid interface. We found
that there are 129 inter-atomic hydrophobic contacts

(green dashed line) at the interface, which totally con-
tribute about 30 kcal/mol to stabilizing the p7/tBid com-
plex. Particularly, the apolar residues L167, V170, F171,
V175 and 1178 (blue) form a large hydrophobic surface
and face toward the apolar residues of the p7 fragment
(red). These calculations suggest that the p7 and tBid
fragments are held tightly together via hydrophobic
interactions in state II.

PEGylation studies reveal changes in the local
environment of individual helices

Next, we performed PEGylation gel shift assays on single-
cysteine variants of cBid to investigate the change in the
local environment of individual helices during the activa-
tion. Briefly, cBid mutants were incubated in a desired state
for 30 min, followed by a 1h incubation at room tempera-
tures with/without cysteine-reactive 2 kDa PEG-maleimide.
The gel shift profiles were visualized by running on
SDS-PAGE, followed by immunoblotting (IB) to obtain
quantitative descriptions for PEG-labeling efficiency (see
Methods). To demonstrate this approach, we carried out the
experiments on two solvent-exposed sites (128 and 188)
and one buried site (134) of cBid in state I. The solvent-
exposed sites were clearly shifted in the results (Fig. 4a),
confirming the feasibility of the PEGylation assay to study
the local environment of cBid. A site with PEG-labeling
efficiency less than half of the maximum obtained (~37% as
indicated by yellow dashed line in Fig. 4a) is considered to
be a buried or less buried site in this study. Specifically, we
categorized the data into four groups: solvent exposed
(>47%), less exposed (37-47%), less buried (27-37%), and
buried (<27%). The PEG-labeling efficiency increases with
increasing local solvent accessibility.

BH3 domain of a3 is exposed to solvent upon the
association with mitochondria

We performed the PEGylation assays to explore the change
in the local environment of o3 (Fig. 4b). In state I, site 82
was clearly solvent-exposed as compared to other three sites
(87, 91, and 97), consistent with the expectation for the
structure of state I (Fig. 4c). In state II, all of the four sites
were found to become solvent-exposed, revealing a drastic
change in the local solvent accessibility of o3. In state III,
the four sites retained a similar (or less) solvent accessibility
as state II. Our results provided quantitative descriptions for
the local changes and thus revealed (Fig. 4c) molecular
details about the local environment of 3. We found that o3,
which comprises the important BH3 domain (as denoted in
Fig. 1a), is buried within cBid structure in state I, whereas it
becomes largely exposed to solvent in both II and III.
The BH3 domain is exposed and free to interact with either

SPRINGER NATURE
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Fig. 4 PEG-labeling study of a3. a Locations of sites 128, 134, and
188 in Bid (state I). The PEGylation-based gel shift assays allow us to
evaluate the local environment of individual sites by the PEG-labeling
efficiency. Concentration of cBid was 10 uM. PEG-labeling efficiency
greater (or less) than 37% is considered to indicate a solvent-exposed
(or buried) environment in the present study. b Results of the

pro-survival or multi-BH-domain pro-apoptotic proteins in
states II and III.

Drastic changes in a6-a8 occur during the
membrane associations

We also performed the PEGylation assays to explore
changes in the local environments of a6—a8 (Fig. 5a). For

a6, site 144 was highly exposed in state I, but it became
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state |

residues
82-99

Buried in
protein
structure

states Il and lll
Exposed to

solvent

residues
82-99

PEGylation assay and the PEG-labeling efficiency for o3. Drastic
changes in the local environment of 87, 91, and 97 were observed
between I and II. Error bars represent the mean+SE from three
independent experiments. ¢ Cartoon models illustrating the changes in
the local environment of 3.

clearly buried in states II and III. Other two sites 156 and
160 of a6 were observed to remain in a relatively buried
environment, with minor variations over the three states. As
our DEER results supported that tBid adopts an extended
conformation in state III, we can thus reasonably attribute
the low PEG-labeling efficiency of these sites in III to the
association with mitochondrial membranes.

As for a7, sites 167, 169, and 172 behaved similarly over
the three states: they were highly solvent-exposed in I,
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clearly buried in II, and reverted to being exposed (or less
exposed) in III. On the contrary, site 174 («7) remained
buried over the three states. As for a8, four sites 186, 188,
190, and 192 were studied. The first three sites were
observed to behave similarly over the states: they were less
buried in IT and exposed (or less exposed) in I and III. Site
192 (a8) remained solvent-exposed over the states.

These quantitative data allowed us to reveal the local
changes of a6—a8. The local solvent accessibility in state I

differences of a6—a8 between states I and II. Except for site 192, all of
the studied sites in state II were in a buried or less buried environment,
as suggested from the PEGylation results. d Profiles of local PEG-
labeling efficiency for a6—a8 in state III. The local solvent accessi-
bility in (¢ and d) is colored according to (b).

are well consistent with the expectation from the state I
structure (Fig. 5b). In state II (Fig. 5c¢), all of the studied
sites except 192 were buried, experiencing a distinct
reduction in the solvent accessibility as opposed to state I.
The reduction is likely caused by the association with
mitochondrial membranes in state II that promotes the
burial of the residues in the membranes. In state III
(Fig. 5d), tBid adopts a highly extended conformation
at mitochondrial membrane. Although the extended
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Fig. 6 Interaction between cBid and BAX. a Cartoon illustration of
the binding grooves in BAX and the cBid/BAX interaction. b Eva-
luation of the ability of BAX mutants (with/without PEG-labeling) to
induce cytochrome c release from mitochondria. Grooves TG and CG
of BAX are important in associating with cBid at mitochondria. Error
bars represent the mean + SE from three independent experiments.
¢ Time-domain DEER data of triple-labeled cBid 30/82/126. A large
reduction in the modulation depth of DEER signals, which indicates
the breakup of cBid, was only observed in the presence of BAX wt.

conformation of tBid was not determined here, the local
environments of individual helices in state IIT were revealed
in this study. A large portion of helices a7 and a8 became
solvent-exposed in state IIL

Membrane-associated c¢Bid interacts with BAX and
Mtch2 to induce MOMP

Our results presented above support a view (Fig. 6a) that
cBid associates with BAX at mitochondrial membranes and

the association is critical to cause the large structural
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d Distance distributions of the triple-labeled cBid. They are colored
according to (c¢). Shaded bands are estimates of uncertainty in the
DEER distance distributions. e Time-domain DEER data of single-
labeled cBid. They show primarily exponential decay (gray lines),
suggesting a homogeneous dispersion of cBid at mitochondria. The
decay of the data changes little with states, indicating no sign
of networked aggregations of cBid in real mitochondria. See also
Supplementary Fig. 6.

changes of tBid, leading to the dissociation of p7 from cBid.
Below, we performed more experiments to validate the
suggested molecular association.

Previous reports have identified two distinct grooves in
BAX that regulate BAX activation by BH3-derived peptides
or cBid. The two key grooves are (Fig. 6a) the C-terminal
canonical binding groove (CG; also known as the canonical
BH3 binding groove) comprising a2-a5, and the distinct TG
located between al and a6 of BAX [11, 21-23]. It was
demonstrated that when either of the grooves is blocked by
site-directed PEGylation from interacting with activators,
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BAX remains inactive and loses the ability to cause MOMP
[21]. Following the experimental strategy [21], we prepared
two single-cysteine variants of BAX, A24C and Y164C,
which are located in TG and CG grooves, respectively, and
performed cytochrome c release assays. Our results (Fig. 6b)
confirmed that when either of the grooves is shielded by
PEG-labeling, BAX cannot be activated by cBid to cause
MOMP. (Supplementary Fig. 2b shows more supporting
results performed with the BAX/"BAK ™~ DKO cells.)

Next, we investigated how the conformation of cBid is
changed in response to different BAX, including wt, 24-
PEG, and 164-PEG. We performed DEER measurements
on a triply spin-labeled cBid (30/82/126) in the presence
of mitochondria together with different BAX variants.
The DEER traces (Fig. 6¢) of the triple-labeled cBid with
either BAX 24-PEG or 164-PEG displayed high similarity
to that obtained in the absence of BAX, all of which are
characterized by distinct dipolar signals and high ampli-
tudes of modulation depth. It was only when BAX wt was
used that we observed a clear decrease in the modulation
depth of the DEER trace (black trace in Fig. 6¢). The
decrease indicates the separation of p7 from tBid and the
formation of an extended conformation of tBid at mito-
chondrial membrane.

The corresponding distance distributions (Fig. 6d)
support our observations above. Distance distributions
obtained without BAX and with PEGylated BAX
(24-PEG or 164-PEG) are similar to each other, featured
by three distinct distance peaks corresponding to the three
interspin pairs in cBid 30/82/126. When BAX wt was
added that would interact with cBid and induce MOMP,
the resultant distances appeared broadly distributed, sup-
porting an extended conformation of tBid at mitochondria
in state III. Besides, this study also investigated whether
the reported cBid model for state II is related to a state
cBid bound to Mtch2 in mitochondria. Using the mito-
chondria isolated from Mtch2 ™'~ knockout HCT116 cells,
our results (Supplementary Fig. 6) showed that Mtch2
plays a role in the reported cBid model in state II, and
that the presence of Mitch2 (together with BAX) is
also critical to promoting the extended conformation of
tBid in state III. Together, our results support that the
interactions among cBid, BAX, and Mtch2 in mitochon-
drial membranes seem imperative and might be the driv-
ing force for the conformational transition of cBid from
states II to III.

No sign of tBid aggregates on mitochondria
in state Il

We also performed DEER measurements on singly spin-
labeled cBid to investigate whether tBid proteins form a
networked aggregate (or oligomer) on mitochondria. If

cBid proteins form a specific pattern of assembly, we
expect to see a noticeable increase in the modulation
depth (caused by intermolecular distances among the
aggregates of single-labeled cBid) and a site-dependent
change in the slope of DEER signals (due to different
interspin distances in the aggregate that affect local spin
concentrations). Our DEER data (Fig. 6e) showed that the
signals are dominated by a similar background decay
regardless of the incubated state (II or III) and spin-
labeling site. We thus concluded that the cBid samples are
being homogeneously dispersed on the membrane and
they do not form any specific patterns of aggregate at
mitochondrial membranes.

Discussion

Conformation of ¢Bid in real mitochondria is unclear
from previous studies

It has been generally accepted that the tBid fragment can
induce BAX activation in a lipid environment that leads
to membrane pores [45]. As such, plenty of studies have
only focused on exploring the conformation of tBid in
lipid membranes. Using fluorescence techniques, tBid
was reported to undergo multiple structural rearrange-
ments into a superficially membrane-bound state on
mitochondria-like membrane vesicles or supported lipid
bilayers [42, 46]. Oh et al. studied tBid conformations in
vesicles resembling the lipid composition of the mito-
chondrial outer membrane contact sites and reported that
tBid is partially unfolded with only one side of a6—a8
buried in the lipid bilayers at shallow depths, without
spanning the bilayer [47]. NMR studies of the purified
tBid fragment showed that tBid in detergent micelles
adopts an extended configuration rather than a compact
fold and that its BH3-containing a3 is associated with the
micelles, suggesting an “on the membrane” binding mode
for tBid interaction with BAX [20]. Using live-cell
quantitative FRET-imaging, Gahl et al. showed that the
p7 fragment is free to diffuse away after caspase-8 clea-
vage and that tBid and BAX can form a self-propagating
network at the initiation of staurosporin-induced apop-
tosis [19]. An emerging picture consistent with these
previous results is that p7 is separated from tBid after the
initial binding of cBid to the membrane (or detergents)
and then tBid acquires an extended conformation pivotal
for promoting intermolecular contacts with BAX. How-
ever, molecular details about how the individual helices
of cBid (i.e., the p7/tBid complex) interact with real
mitochondrial membranes as well as BAX during the
activation process are unclear from these previous
studies.

SPRINGER NATURE
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The inactive-to-active transition of cBid occurs at
mitochondrial membranes

This study has investigated the conformational changes of
cBid during its association with BAX at real mitochondrial
membranes that leads to BAX-mediated MOMP. Mito-
chondria used in this study were isolated from either mouse
liver or the BAX'"BAK '~ DKO HCTI16 cells. We
provide new perspectives regarding the Bid activation by
dividing the process into three distinct states and investi-
gating the activation in a stepwise manner.

Cleaved Bid was found to retain a compact structure
highly similar to its native, un-cleaved structures (Supple-
mentary Fig. 1) [40]. Upon association with mitochondrial
membranes, cBid adopts an altered conformation, readily
accessible for the engagement with pro-apoptotic BAX
protein. Our results reveal that the cBid conformation in this
membrane-associated state (i.e., state II) is characterized by
major helical rearrangement in helices a6—a8, which ren-
ders the three helices largely buried, and a sharp increase in
the solvent accessibility of BH3-containing a3, while the
structural integrity of cBid is basically preserved. The
exposure of the BH3 domain is believed to be critical to the
subsequent BAX/BAK activation. An improved picture of
the mitochondria-associated cBid is thus uncovered in the
present study.

After incubating the membrane-bound cBid with BAX
(state III), we found that the p7 fragment is largely
separated from the membrane-bound complex and the tBid
fragment is induced by the association with BAX to
develop an ensemble of highly extended conformations.
The extended conformation of tBid is consistent with
the previous results obtained in the mitochondrial-like
vesicles or detergent micelles [19, 20, 42]. However,
our results support that the extended conformation of
tBid results from the association with BAX, Mtch2, and
mitochondrial membrane, rather than with membrane
alone. Moreover, we show no sign of formation of tBid
aggregates on real mitochondrial membranes.

In conclusion, we reveal molecular details of the Bid
activation at real mitochondrial membranes in a stepwise
manner. The association of cBid with membranes and
Mtch?2 initiates structural rearrangements that unmask the
BH3 domain, priming it for engagement with BAX to
induce BAX-mediated MOMP. It is the interactions among
cBid, BAX, and Mtch2 at mitochondrial membranes that
further trigger the fragmentation of cBid and drive the
conformation of tBid from a compact ensemble to an
ensemble of highly extended conformations. However, the
activated tBid fragments do not assemble into an aggregate
in mitochondrial membranes. This study provides a better
understanding of the cBid-induced BAX activation and the
refined model might lead to an effective treatment that can
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specifically target different functional states of Bid to sup-
press the cBid-induced BAX activation.

Materials and methods
Recombinant protein preparation
Bid expression and purification

Full-length mouse Bid was cloned into Ndel/Xhol site of
pET28a vector (New England Biolabs, Inc.). Wild-type (wt)
Bid has two native cysteine residues (C30 and C126).
Cysteine-free construct (C30S/C126S) was used to prepare
single- or multiple-cysteine variants of Bid mutant for spin-
labeling and PEGylation studies. Point mutations of
recombinant Bid were generated using the QuikChange
site-directed mutagenesis kit (Stratagene) and verified by
DNA sequencing. The recombinant pET28a vector was
transformed into the E. coli BL21(DE3) expression strain
(Novagen). Recombinant proteins fused with six histidines
at the N-terminal of Bid were expressed and purified by an
affinity Ni-column, as previously described [48]. Briefly,
bacterial culture was grown at 37 °C in Luria—Bertani (LB)
medium containing kanamycin (30 ug/mL) until OD600
reached 0.6-0.8. Protein expression was induced by addi-
tion of 1 mM IPTG (isopropyl 1-thio-p-D-galactopyrano-
side) at 30 °C for 4-6 h. The cell pellet was collected by
centrifugation and resuspended in ice-cold lysis buffer (20
mM Tris, pH 7.4, 100 mM NaCl, 20 mM imidazole and
protease inhibitor tablet (cOmplete)). The resuspended
pellet was sonicated on ice for 5 min, followed by cen-
trifugation at 13000 g for 40 min. The supernatant was fil-
trated through a 0.22 pm filter and then loaded onto an
affinity Ni column using HisTrap HP (GE Healthcare) at a
flow rate about 1 mL/min. The column was washed with 10
column volumes (CV) of wash buffer (50 mM Tris, pH 7.4,
500 mM NaCl and 40 mM imidazole). Bid fraction was
eluted with 10 CV of elution buffer-1 (20 mM Tris, pH 7.4,
100 mM NaCl and 100 mM imidazole) and elution buffer-2
(20 mM Tris, pH 7.4, 100 mM NaCl and 500 mM imida-
zole). Purified protein was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
with Coomassie blue staining. Imidazole was removed
using a PD-10 desalting column (GE Healthcare) equili-
brated with storage buffer (20 mM Tris, pH 7.4, and 100
mM NaCl), and protein concentration was estimated via
absorption spectroscopy at 280 nm.

Caspase-8 expression and purification

The truncated human caspase-8 (ADEDs-Casp-8, amino
acids 217-496) was cloned into Ndel/BamHI site of
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pET15b vector (New England Biolabs, Inc.), as previously
reported [48]. The recombinant pET15b vector was trans-
formed into the E. coli BL21(DE3) pLysS expression strain
(Novagen). Recombinant proteins fused with six histidines
at the N-terminal of caspase-8 were expressed and purified
by an affinity Ni-column followed by size exclusion chro-
matography (SEC). Bacterial culture was grown at 37 °C in
2xYT medium containing 100 pg/mL ampicillin (Amp)
until OD600 reached 0.6-0.8. Protein expression was
induced by addition of 0.2 mM of IPTG at 37 °C for 4-6 h.
Cells were harvested by centrifugation and resuspended in
ice-cold lysis buffer (50 mM Tris, pH 7.4, 100 mM NacCl,
20mM imidazole, and 1 mM PMSF). The resuspended
pellet was sonicated on ice for 5 min, followed by cen-
trifugation at 13000 g for 40 min. The supernatant was fil-
trated through a 0.22 pm filter and then loaded onto an
affinity Ni-column using HisTrap HP (GE Healthcare) at a
flow rate about 1 mL/ min. Unbound proteins were removed
with 10 CV of wash buffer (50 mM Tris, pH 7.4, 500 mM
NaCl and 40 mM imidazole). Caspase-8 fraction was eluted
with elution buffer (50 mM Tris, pH 7.4, 100 mM NaCl and
500 mM imidazole). Protein was then further purified with
storage buffer (20 mM Tris, pH 7.4, and 100 mM NaCl) by
SEC using a HilLoad 16/60 Superdex 75 column (GE
Healthcare). The purified caspase-8 was confirmed by SDS-
PAGE with Coomassie blue staining. Protein concentration
was estimated via absorption spectroscopy at 280 nm.

BAX expression and purification

Full-length BAX and mutants were prepared as previously
described [17]. Mouse BAX was cloned into pTYB1 vector
(New England Biolabs, Inc.), resulting pTYB1-BAX con-
struct. The pTYB1-BAX construct encoding a fusion pro-
tein of BAX with chitin binding peptide was separated by a
self-cleavable intein tag to obtain a full-length BAX. Wild-
type (wt) BAX has two native cysteine residues at 62 and
126. Cysteine-free construct (C62S/C126S) was used to
prepare single-cysteine variants of BAX, A24C and Y164C.
Point mutations of recombinant BAX were generated using
a QuikChange mutagenesis kit and verified by DNA
sequencing. Proteins were expressed in E. coli (ER2566)
strain (New England Biolabs, Inc.) and purified without
detergent. Bacterial cultures were grown at 37 °C in LB
medium containing 0.1 g/L. Amp to reach an OD600 of 1.0.
Protein expression was induced by addition of 0.3 mM
IPTG at 30 °C for 6-8 h. The cells were harvested by cen-
trifugation and resuspended in ice-cold lysis buffer (20 mM
Tris-HCI, pH 7.4, 500 mM NaCl, and 1 mM PMSF). The
resuspended pellet was sonicated on ice for 30 min, fol-
lowed by centrifugation at 13000 g for 50 min. The soluble
fraction was loaded onto chitin affinity resin column at the
flow rate about 0.5 mL/min, and unbound proteins were

washed with lysis buffer. The resin was incubated in a
equilibrated buffer (20 mM sodium phosphate, pH 8.0,
100 mM NaCl, and 60 mM dithiothreitol (DTT)) for 48 h.
Proteins were eluted from column and further purified
by a SEC using a HiLoad 16/60 Superdex 75 column
(GE Healthcare) in PB buffer (20 mM sodium phosphate,
pH 7.4, 100 mM NaCl). Purified proteins were confirmed
by SDS-PAGE with Coomassie blue staining. Protein
concentration was determined using absorption spectro-
scopy at 280 nm.

To generate PEGylated BAX, purified BAX mutants
A24C and Y164C were incubated in the presence of five-
fold excess of 2kDa Poly(ethylene glycol) methyl ether
maleimide (mPEG-mal) in PB buffer overnight at room
temperature. To remove residual mPEG-mal and unmodi-
fied BAX mutants, 5SmL HiTrap Q HP anion exchange
chromatography column (Q-column) (GE Healthcare) was
used. Sample was loaded onto Q-column pre-equilibrated in
20 mM Tris (pH 7.4) and eluted by an NaCl step gradient
with an elution buffer (20 mM Tris, pH 7.4, 1 M NaCl).
Flow rate for binding and elution was set to 5 mL/min.
PEGylated BAX mutants were confirmed by SDS-PAGE
with Coomassie blue staining.

Activation of BAX by cBid

BAX monomer was incubated in PB buffer (20 mM sodium
phosphate, pH 7.4, 100 mM NacCl), with cBid in PB buffer,
and with cBid in PB buffer containing 0.5% mild detergent
CHAPS at room T for 12 h. The concentrations of BAX and
cBid are both 25uM during incubations. The final incu-
bated volume was adjusted to 500 uL. The oligomerization
of BAX were then verified by SEC using a Hil.oad 16/60
Superdex 75 column (GE Healthcare) with PB buffer. The
chromatogram (Supplementary Fig. 1b) demonstrated
monomeric fractions at 80 mL and oligomeric fractions
approximately within 50 ml. The molecular weight of the
oligomer is ~440 kDa, consistent with the previous studies
[21, 24].

Mitochondria isolation and cytochrome c release
assays

Mouse liver tissue (0.2 mg) was ground using a douce
homogenizer with 15-20 strokes, and the mitochondria
were separated using centrifugation according to Mito-
chondria Isolation Kit (Thermo Scientific). The mitochon-
dria were then washed with Mitochondria Assay Buffer A
(MAB A: 200mM mannitol, 68 mM sucrose, 10 mM
HEPES-KOH pH 7.4, 110 mM KCl, 1 mM EDTA, 1 mM
EGTA, 0.1% bovine serum albumin, protease inhibitor) and
centrifuged at 12000 g, and the supernatant was removed.
The pellet was resuspended using enough MAB B (i.e.,
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MAB A without 0.1% BSA) and then quantified by Brad-
ford assay (Bio-Rad) to yield a final protein content of
mitochondrial fraction was 3 mg/mL. The final mitochon-
dria fraction was placed on ice for further downstream
processing or stored at —80 °C with additional 300 mM
trehalose for future use [49]. For the cytochrome c release
assay, 10 uL of mitochondria fraction (100 ug of protein)
were incubated with recombinant cBid (20 nM), BAX or
PEGylated BAX mutants (100 nM) at 37 °C for 30 min.
cBid was prepared by simultaneously incubating full-length
Bid (20nM), caspase-8 (20nM) and DTT (1 mM) in the
mitochondria solution. The final volume was adjusted to 30
puL. The sample was then centrifuged at 12000 g for 5 min
separating the supernatant and pellet fractions. The super-
natant was subjected to subsequent IB. Quantification of
immunoblots was done using Image] software (version
1.49, NIH). The fraction of cytochrome c released (%) is
calculated by (I-Iy)/(Ijnax—Ip) X 100%, where 1,,.,x and I, are
the analyzed intensities of cytochrome c¢ obtained in the
presence and absence of activated BAX.

It is noteworthy that the results of the present study are
primarily based on the use of cBid, BAX, and mitochondria,
all of which are from mouse. Experiments with mitochon-
dria isolated from the BAX""BAK '~ DKO HCT116 cells
were also performed to ensure that the presence of trace
amounts of BAX and BAK in mouse mitochondrial outer
membranes makes no difference to the trend observed in the
results with mouse mitochondria.

Cell culture and mitochondria isolation from
BAX /"BAK '~ double knockout HCT116 cells
and Mtch2 '~ knockout HCT116 cells

BAX/"BAK ™~ double knockout (DKO) HCT116 cells
were kindly given by Dr. R. Youle [50] (NIH, Bethesda,
MD). Cells were cultured in 5% CO, at 37 °C and grown in
McCoy’s 5A medium supplemented with 4 mM L-gluta-
mine, 1mM non-essential amino acids, 10% heat-
inactivated FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. Mitochondria from DKO cells were isolated
using the method previously described [51]. Approximately
90% confluent cells from five 75 cm® flasks were washed
once with phosphate-buffered saline (PBS), detached by
trypsinization and gentle pipetting, and spun down in a table
centrifuge at room temperature (1500 g, 5 min). The pellet
was washed twice with cold PBS and resuspended in
mitochondrial isolation buffer (MIB: 200 mM D-mannitol,
68 mM sucrose, 10mM HEPES, pH 7.4, 10mM KCI,
1 mM EDTA, 1 mM EGTA, 0.1% BSA, protease inhibitor).
The cell suspension was incubated on ice for 15 min and
homogenized using a 2mL dounce homogenizer with
50 strokes. The homogenate was centrifuged at 1000 g for
10min at 4°C, and the supernatant was collected and
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centrifuged again using the same conditions to ensure that
no unlysed cells or nuclei were present. The resulting
supernatant was centrifuged at 8000 g at for 10 min at 4 °C.
The pellet was collected as the heavy membrane (i.e.,
mitochondrial) fraction. The mitochondrial fraction was
resuspended using enough MIB (~100 pL) to yield final
OD600 of 6. Following the previously established protocol
[17], we measured the release of cytochrome c¢ caused by
BAX A24C and Y164C with and without the PEGylation
treatment. The results with the mitochondria of DKO cells
(Supplementary Fig. 2b) are consistent with the results with
mitochondria of mouse livers presented in Fig. 6.

Mtch2 ™'~ knockout (KO) HCT116 cells were kindly
given by Dr. David C. S. Huang (WEHI, Australia) [52].
Mtch2™/~ KO cells were cultured in 5% CO, at 37°C
and grown in RPMI1640 medium supplemented with L-
glutamine, 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. Mitochondria from Mtch2 ™~ KO cells were
isolated following the same protocol used for the isolation
of mitochondria from the BAX/"BAK '~ DKO cells. The
mitochondrial fraction was resuspended using enough MIB
(ca. 100 uL) to yield final OD600 of 6. The mitochondrial
suspension (200 uL. MIB with OD600 of 6) were cen-
trifuged and collected as heavy membrane (mitochondrial)
fraction for further study.

Immunoblotting

Samples were resolved by 15% SDS-PAGE and electro-
blotted onto a 0.45 um PVDF membrane (GE Healthcare).
Primary antibodies used were anti-mouse Bid cleavage (59/
60) site (Millipore) and mouse anti-cytochrome ¢ antibodies
(clone 7H8.2C12, Millipore). Detection was achieved using
donkey anti-rabbit IgG HRP (GE Healthcare) and sheep anti-
mouse IgG HRP (GE Healthcare) secondary antibodies.
Proteins were visualized by 4CN Plus Chromogenic Substrate
(PerkinElmer). Quantification of partition of tBid was per-
formed using the ImagelJ software (version 1.49, NIH).

PEGylation-based gel shift assay

For PEGylation assays of cBid in states II or III, purified
single-cysteine variants of cBid mutant (15uM) were
incubated with isolated mouse mitochondria fraction
(100 pg of proteins) in the absence (state II) or presence
(state IIT) of BAX wt (7.5uM) at 37 °C for 30 min. The
final volume was adjusted to 30 uL. After incubation, the
sample was centrifuged at 17000 g for 10 min to pellet the
mitochondria fraction. The pellet fraction was separated
from supernatant and washed by ice-cold TBS buffer to
remove peripherally attached cBid, followed by an extra
centrifugation procedure at 17000 g for 10 min to obtained
cBid-bound pellet fraction. The pellet fractions were then
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resuspended with 10 uL. TBS buffer (20 mM Tris, pH 7.0,
100 mM NaCl) and reacted with or without 2 kDa mPEG-
mal (500 uM) in TBS buffer at room temperature for 1h.
For PEGylation assays of cBid in state I, purified cBid
proteins (10 uM) in TBS buffer were reacted with or with-
out tenfold excess of 2 kDa mPEG-mal (100 uM) at room
temperatures for 1 h. The reaction volume was adjusted to
20 pL. After reaction, the samples were quenched with DTT
(25 mM) and solubilized in 1% (w/v) SDS. The samples
were electrophoresed on SDS-PAGE (for state I) and
immunoblotted (for states II and III) with anti-mouse Bid
cleavage (59/60) site antibody, which specifically recog-
nizes tBid fragment.

To calculate the cysteine accessibility to 2 kDa mPEG-
mal, the fractions of tBid (blue triangles in Figs. 4, 5) in
SDS-PAGE or IB were quantified using Image] software.
The PEGylation efficiency (%) is calculated by (Ip—I)/Iyx
100%, where I and I are the band intensities (blue triangles
in Figs. 4, 5) with and without the reaction of mPEG-mal,
respectively. The bands of tBid-PEG (red triangles) were
not used in the analysis because the conjugation of PEG
affects the recognition of antibody.

Continuous wave (cw)-ESR spectroscopy and
preparation of spin-labeled cBid

To generate cBid, purified cysteine variants of Bid proteins
(1 mg/mL) were incubated with recombinant caspase-8
(25 pg/mL) in the presence of 10 mM DTT for more than
16 h at room temperatures. The cleavage efficiency was
checked by SDS-PAGE with Coomassie blue staining,
and DTT was removed using a PD-10 desalting column
equilibrated with storage buffer. Purified cBid proteins
were then labeled with a tenfold excess of (1-oxy-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate
spin label (MTSSL) (Alexis Biochemicals, San Diego, CA)
per cysteine residue overnight in the dark at 4 °C. PD-10
desalting column pre-equilibrated with storage buffer was
used to remove free MTSSL.

To prepare samples in state I, spin-labeled variants of
cBid were concentrated by centrifugation, followed by the
addition of glycerol to yield ~40 pLL solution volume (con-
taining 30% (v/v) glycerol as a cryoprotectant). To prepare
cBid samples in states II and III, isolated mitochondria
fraction (2500 pug of proteins) from mouse liver was incu-
bated with spin-labeled cBid (400 ug) in the absence (state
IT) or presence (state IIT) of BAX wt in a molar ratio of
cBid:BAX 2:1 at 37 °C for 30 min. The final volume of the
incubated mixture was adjusted to 133 uL by storage buffer.
After incubation, the sample was centrifuged at 17000 g for
30 min to pellet the mitochondria fraction. The pellet frac-
tion was separated from supernatant and then resuspended
by ice-cooled storage buffer (>1 mL) to remove peripherally

attached cBid proteins on mitochondrial membranes, fol-
lowed by an extra centrifugation procedure at 17000 g for
30 min to collect the mitochondrial pellet fraction. Finally,
glycerol was added to yield a solution volume of 30puL
(containing 20% (v/v) glycerol as a cryoprotectant) in a
quartz ESR tube. The final concentration of cBid was
~0.3mM. A Bruker ELEXSYS E580 cw/pulsed spectro-
meter was used. Cw-ESR experiment was performed at an
operating frequency of 9.4 GHz with incident microwave
power 1.5 mW. Each spectrum was recorded with a mag-
netic width of 150G, 1024 points, and 20—40 scans at 300K.

DEER distance measurements and molecular
modeling

For DEER experiments, d8-glycerol were used as cryopro-
tectant for the preparation of cBid samples. All buffers in the
DEER experiments were deuterated. The concentration of
cBid in the DEER measurements was ~0.3 mM. The samples
were loaded into the quartz ESR tube (i.d. 3 mm) and plunge-
cooled in liquid nitrogen before DEER measurement. A
Bruker ELEXSYS ES580-400 pulsed spectrometer, with a
split-ring resonator (EN4118X-MS3) and a helium gas flow
system (4118CF and 4112HV), was used. ESR probe head
(ER4118X-MS3) was precooled to 80 K using a helium flow
system prior to the transfer of the ESR sample tube into the
cavity. DEER experiments were carried out by using the
typical four-pulse constant-time DEER sequence as pre-
viously described [17, 24, 25]. The detection pulses were set
to 32 and 16ns for n and /2 pulses, respectively, and the
pump frequency was set to ~70 MHz lower than the detection
pulse frequency. The pulse amplitudes were chosen to opti-
mize the refocused echo. The n/2-pulse was employed with
+x/—x phase cycles to eliminate receiver offsets. The dura-
tion of the pumping pulse was about 32 ns, and its frequency
was coupled into the microwave bridge by a commercially
available setup (E580-400U) from Bruker. All pulses were
amplified via a pulsed traveling wave tube amplifier (E580-
1030). The field was adjusted such that the pump pulse is
applied to the maximum of the nitroxide-based MTSSL
spectrum. The accumulation time for each set of data was
about 12h at a temperature of 80 K.

The determination of interspin distance distribution of
the DEER spectroscopy was performed using time-domain
analysis by Tikhonov regularization based on the L-curve
method, followed by a data refinement process using the
maximum entropy method (MEM) to obtain non-negative
distance distributions [37, 38]. The recovered distance dis-
tributions were checked against modeled distances for spin-
label rotamers attached to protein structures. The modeled
distances were obtained using the program MtsslWizard
[41], which operates as a plugin of the PyMol. MtssIWizard
searches for ensembles of possible MTSSL rotamers that do
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not clash with a static model of the protein. This program
has been evaluated in a number of challenging studies and
demonstrated that it is useful to predict experimental data
rather well. The benefits of the program are its accuracy and
simplicity. There are 20 NMR models for full-length Bid
structure (PDB: 1DDB). All structural models of ¢Bid in
this study started from models 13 because it was determined
to be one of the most representative models using the
Olderado program [53]. To model the conformations of
cBid in states I and II, we assumed that (1) the helical
segments are rigid, (2) and the linker regions are flexible.

Calculation of the number of spins per cluster from
DEER data

The modulation depth (V) of time-domain DEER data can
be analyzed to estimate the number of coupled spins <N> in
cBid using the previously developed method [36]. <N> is
calculated by <N>=1+In(1 — V,,)/In(1 — A), where A is a
scalar value representing the fraction of the spins (in the
sensitive distance range of DEER, ~6nm in the present
study) that is excited by the pump pulse. Sample cBid 144/
160, whose <N> is close to 2 over the three states, was used
as a reference to evaluate A values of other samples. For
cBid mutants in state I, averages of A values are ~0.29
(triply labeled cBid) and 0.30 (doubly labeled cBid). In
states II and III, A values are slightly affected due to the
complexity of lipid environment and thus reduced to ~0.20
(II) and 0.22 (III). One fast and convenient way to obtain
the information of the modulation depth and background
function is to analyze the raw DEER experimental data
using the DeerAnalysis software package [39].

Statistics and reproducibility

The statistical analyses were based on a one-way ANOVA
test ("Sp>0.05; *p<0.05; **p<0.01; ***p<0.001). The
exact p values are indicated either directly in the figure or in
the legend. The exact sample size is given in the legend of
each figure. The mean + standard error (SE) is displayed,
unless otherwise stated. The standard deviation is not dis-
played if it is smaller than the corresponding symbol.
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