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How BAK and BAX induce mitochondrial outer membrane (MOM) permeabilization (MOMP) during apoptosis is incompletely
understood. Here we have used molecular dynamics simulations, surface plasmon resonance, and assays for membrane
permeabilization in vitro and in vivo to assess the structure and function of selected BAK subdomains and their derivatives. Results
of these studies demonstrate that BAK helical regions a5 and a6 bind the MOM lipid cardiolipin. While individual peptides
corresponding to these helical regions lack the full biological activity of BAK, tandem peptides corresponding to a4-a5, a5-a6, or
a6-a7/8 can localize exogenous proteins to mitochondria, permeabilize liposomes composed of MOM lipids, and cause MOMP in
the absence of the remainder of the BAK protein. Importantly, the ability of these tandem helices to induce MOMP under cell-free
conditions is diminished by mutations that disrupt the U-shaped helix-turn-helix structure of the tandem peptides or decrease their
lipid binding. Likewise, BAK-induced apoptosis in intact cells is diminished by CLST gene interruption, which decreases
mitochondrial cardiolipin content, or by BAK mutations that disrupt the U-shaped tandem peptide structure or diminish lipid
binding. Collectively, these results suggest that BAK structural rearrangements during apoptosis might mobilize helices involved in

specific protein-lipid interactions that are critical for MOMP.

Cell Death & Differentiation (2023) 30:794-808; https://doi.org/10.1038/541418-022-01083-z

INTRODUCTION

The pro-apoptotic BCL2 family members BAK and BAX play critical
roles in cellular life and death decisions [1-4]. These two proteins
are present as inactive monomers in healthy cells, with BAK
tethered to the mitochondrial outer membrane (MOM) and BAX in
the cytoplasm [5]. Upon activation by BH3-only proteins or release
from anti-apoptotic BCL2 family members [6-11], BAK and BAX
directly mediate MOM permeabilization (MOMP), thereby releas-
ing cytochrome ¢ and other mitochondrial intermembrane
proteins to trigger caspase activation [12-14]. Despite extensive
study, the structural and functional changes that accompany BAK
or BAX activation and lead to MOMP remain incompletely
understood [15, 16].

Earlier studies demonstrated that BAK and BAX monomers are
globular proteins consisting of a central hydrophobic helix (a5)
surrounded by eight additional helices [17, 18]. Monomeric BAK
consists of five long helices (a1, a2, a3, a4, and a6) that form a
circle around a5 and two short helices (a7 and a8) that join the
rest of the protein to a9, which is thought to span the MOM [17].
The major structural difference between monomeric BAK and BAX
is the orientation of helix a9, which extends away from the
remainder of the globular BAK protein but is buried in a
hydrophobic groove formed by helices a3, a4, and a5 of BAX

[18]. These structural differences are thought to explain why BAK
is constitutively localized to the cytoplasmic surface of the MOM
and BAX resides in cytoplasm until activation is triggered [5, 19].
Importantly, however, BAK does not need to be tethered to the
MOM to permeabilize it. Under cell-free conditions, BAK lacking a9
can permeabilize liposomes or the MOM upon activation
[8, 20-22].

A major unresolved question is how activated BAK and BAX
cause MOMP. At least four models that emphasize different
aspects of BAX/BAK biology have been proposed: i) insertion of
BAX hydrophobic regions into the MOM to form a discrete
channel [23, 24], ii) collapse of BAX or BAK hydrophobic regions
consisting of helices a5 and a6 onto the MOM surface to disrupt
lipid-lipid interactions [25], iii) formation of a clamp-like structure
consisting of a6 peptides from two different BAX monomers in an
activated dimer that pulls lipids away from a central hole to rent
the MOM [26, 27], and iv) aggregation of BAK dimers to form
disordered clusters that rupture the MOM [28].

Several structural studies have provided further insight into BAK
activation and action. First, the structure of BAK bound to the BID
BH3 domain revealed that ligation of the BAK BH3 binding groove
is associated with a structural rearrangement that separates the
a6-08 segment from the a2-a5 core [29]. Second, crystal
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structures of BAK a2-a5 dimers fused to enhanced green
fluorescent protein (EGFP) [29] or alone [PBD accession 4U2V,
see also ref. 30] revealed the presence of symmetric BH3-in-
groove dimers of core regions, consistent with earlier biochemical
analysis [31]. More recently, a detergent-induced BAK a2-a8 dimer
was reported to contain a BH3-in groove dimer of core
subdomains with extended a6-a8 regions [22]. Although this
detergent-induced dimer was able to bind to and permeabilize
the MOM, the mechanistic basis for the MOMP and the role of the
a6-a8 region in this process were not examined.

Here we focus on the functional properties of a fragment
containing four helices in the C-terminal half of BAK (a4, a5, a6,
and the region containing a7 and a8, which we abbreviate “a7/8").
Our binding studies show that two of these BAK helices can bind
cardiolipin (CL), a mitochondrial phospholipid that has previously
been detected at contact sites between the mitochondrial inner
and outer membranes [32] and has been implicated in binding of
truncated BID to the MOM [33, 34]. Moreover, subdomains
containing two of these helices in tandem, i.e.,, a4-a5, a5-a6, or
a6-a7/8, retain critical features of activated BAK, including strong
MOM binding, permeabilization of CL-containing membranes,
release of cytochrome ¢, and cell killing. Conversely, depletion of
CL inhibits BAK-mediated membrane permeabilization under cell-
free conditions and in intact cells, highlighting the potential
importance of BAK/CL interactions to MOMP.

RESULTS

BAK auto-activation in intact cells

Our previous studies indicated that purified, recombinant BAK is
able to bind to itself, leading to multimerization and activation of
its membrane permeabilizing activity at micromolar concentra-
tions in vitro [35]. To further assess the ability of BAK to undergo
autoactivation, we interrupted the genes encoding BAX, BAK,
NOXA, PUMA, BIM, BID, HRK, and BMF in the human T cell
leukemia line Jurkat and then expressed the human BAK cDNA in
a doxycycline-inducible manner (Fig. S1a). As BAK increased, the
percentage of BAK present in oligomers also increased (Fig. S1b).
This oligomerization occurred in the absence of pro-apoptotic
stimuli or expression of known direct activators and was
accompanied by increased binding to MCL1 and BCLX, (Fig. S1c),
release of cytochrome c (cyto ¢) from mitochondria (Fig. S1d) and
binding of annexin V (Fig. S1e), suggesting BAK activation, MOMP,
and induction of apoptosis. Combined with our previous results
obtained under cell-free conditions, these observations provide
the starting point for examining MOMP by various BAK constructs
in vitro and in vivo.

BAKATM-induced MOMP parallels MOM binding

To further study MOMP, we removed BAK a9 to generate a protein
that is soluble in aqueous buffers in the unactivated state
[8, 20, 21] and replaced the two endogenous cysteines with
serines to yield the cysteine-less protein BAK2SATM. Like wildtype
BAK without a9 [35], BAK2SATM released cyto c from isolated
mitochondria whether reducing agent was present or not (Fig. 1a).
We then introduced cysteines in neighboring positions on
adjacent helices and assessed the impact of cross-linking on
ability of BAK2SATM to bind and permeabilize mitochondria from
Bax "~ /Bak '~ MEFs.

Introduction of cysteines at two positions along a6 and
corresponding positions along a1l [36] yielded BAK2SATM 36C/
155C and BAK2SATM 32C/159C (left panels, Fig. 1b, c). When
dithiothreitol was added to reduce spontaneously formed cross-
links, these BAK constructs became stably bound to mitochondria
(bottom panels, Fig. 1b, c) and released cyto c (right panels,
Fig. 1b, ) despite the absence of the classical transmembrane
domain. In contrast, in the absence of reducing agent these
BAK2SATM derivatives exhibited enhanced mobility, consistent
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with a more compact structure (Fig. S2), and failed to stably
bind to mitochondria or induce MOMP. BAK2SATM also failed
to stably bind mitochondria or induce MOMP under
nonreducing conditions when juxtaposed cysteines were used
to tether a6 to a4 or a5 (Fig. 1d, e) or a5 to a2 or a3 (Fig. 1f, g).
These observations raised the possibility that structural
rearrangements accompanying BAK activation might be important
for BAK/MOM interactions that are required for MOMP. This
possibility prompted us to examine BAK/MOM interactions in
greater detail.

Multiple BAK helices are capable of interacting with the MOM
Previous studies have focused extensively on BAK a5 [26, 27] and
BAK a5-a6 [25] as potential MOM binding regions. Our in silico
analysis suggested that the potential lipid binding region of BAK
might be more extensive (Fig. 2a). In addition to the established
transmembrane domain BAK a9 (amino acids 187-211), a second
region encompassing amino acids 115 to 178 also appeared
positive in this analysis (Fig. 2a, top panel). In particular, regions of
BAK a4-a5 (amino acids 105-146) and a5-a6 (amino acids
124-164) were also predicted to interact with membranes (Fig. 2a,
5th and 6th panels). In contrast, other helices such as al and
a2-a3 were not predicted to be membrane-inserting regions
(Fig. 2a).

To test these predictions, we expressed cDNAs encoding helices
al, a2-a3, a4-a5, a5-a6, or a6-a7/8 fused to the C-terminus of
EGFP in Bax’ /Bak~’~ MEFs. Fluorescence microscopy demon-
strated that a4-a5, a5-a6 or a6-a7/8 targeted EGFP to a
compartment that colocalized with Mitotracker red (Figs. 2b and
S3). Moreover, the association was stable enough to permit
recovery of a substantial portion of each fusion protein with
mitochondria during cell fractionation (Fig. 2c, lanes 11, 14/
and 17).

BAK tandem peptides release cyto ¢ and induce cell death
Further experiments examined the structure of individual tandem
helices and their ability to initiate mitochondrial cyto c release.
Synthetic BAK a4-a5, a5-06, and a6-a7/8 employed in these
studies exhibited substantial a-helicity when analyzed by circular
dichroism spectroscopy (Fig. S4). In addition, molecular dynamics
simulations indicated that the most populated or second most
populated conformation predicted for each construct consists of
two helices in a U-shaped helix-turn-helix configuration (Figs. 3
and S5, Table S1). These synthetic peptides induced dose-
dependent cyto c release from Bak/Bax-deficient mitochondria
(Figs. 4a and S6). Moreover, cDNAs encoding the same tandem
helices fused to the C-terminus of EGFP induced caspase-
dependent killing in BAX™"/BAK™~ HCT116 cells and BAK/~
Jurkat cells (Figs. 4b, ¢, S7, S8). Introduction of an EGFP A207K
mutation, which diminishes dimerization seen with wildtype EGFP
[37], had no impact on killing (Fig. S9), suggesting that EGFP-
induced dimerization is not driving the killing by these constructs.
Importantly, the active EGFP fusion proteins became tightly
associated with membranes and, at least in part, resisted release
with 0.1 M sodium carbonate (Fig. 4d, lanes 6, 9" and 12 vs. lane 3').
Collectively, these results suggested that multiple BAK tandem
peptide regions might be able to bind to and permeabilize
mitochondria, thereby inducing apoptosis.

Binding of BAK helices to MOM lipids

To assess the possibility that these BAK peptides might recognize
a feature unique to the mitochondrial surface such as MOM lipids,
we performed surface plasmon resonance (SPR) using peptides
immobilized on sensor chips and MOM lipids in solution
(Figs. 5a—e, S10, S11). In these studies, BAK a5 showed a
preference for CL, a lipid reportedly enriched in the MOM
[38, 39], over POPC or other membrane lipids (Fig. 5a, e). A
similar binding preference was also observed for a6 and the
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Fig. 1 Activation-associated binding of BAKATM to the MOM requires movement of multiple helices. Mitochondria from Bax™’~Bak ™"~
MEFs were incubated at 25°C for 90 min with different BAKATM (BAK 1-186) mutant proteins (a BAK2SATM; b BAK2SATM 36C/155C;
¢ BAK2SATM 32C/159C; d BAK2SATM 108C/157C; e BAK2SATM 142C/150C; f BAK2SATM 86C/130C; g BAK2SATM 94C/137C) at the indicated
concentrations under nonreducing (— DTT) or reducing conditions (+ DTT, pre-incubated with DTT for 2 h). The supernatants and pellets
were then subjected to SDS-PAGE and immunoblotting. Left panels, diagrams of the BAKATM structure showing locations of amino acids (red
or white lettering) that were substituted with cysteines so crosslinks (depicted by red curves) could be introduced under nonreducing

conditions. See also Fig. S2.
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Fig.2 BAK helical fragments other than a9 target mitochondria. a Full length BAK, BAKATM (1-186), and BAK helices a1 (aa 21-51), a2-a3
(aa 70-101), a4-a5 (aa 105-146), a5-a6 (aa 124-164), a7-a8 (aa 165-186) were analyzed using the TMHMM program (www.cbs.dtu.dk/
services/TMHMM/), and the probability of each particular 20 aa sequence being associated with a membrane as a transmembrane sequence
was calculated. BAK a9 (aa 187-210), which is known to form a transmembrane domain [60], served as a positive control in these calculations.
b After cDNAs encoding the indicated BAK helices fused to the C-terminus of EGFP were transfected into Bax "~ Bak™’~ MEFs, cells were
incubated in the presence of Q-VD-OPh and bortezomib, which was added to stabilize the fusion protein as illustrated in Figs. S7 and S8. After
24 h, samples were analyzed by confocal microscopy for colocalization of EGFP and MitoTracker Red. ¢ cDNAs encoding the indicated BAK
peptides fused to the C-terminus of EGFP were transfected into BAX~BAK~~ HCT116 cells. After a 24-h incubation in the presence of Q-VD-
OPh and bortezomib, cytosol and mitochondria (mito) were separated and analyzed along with whole cell lysates (WCL). Gels were loaded
with 50 ug WCL or cytosolic protein and 20 pug mitochondrial protein. Blots that were exposed and probed simultaneously are shown as two
panels because the number of lanes exceeds the capacity to run on a single gel. Lanes 7’-9/, shorter exposure of EGFP blot shown in lanes 7-9.
Lanes 13’-15/, longer exposure of EGFP blot shown in lanes 13-15.
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06-0.7/8

06-0.7/8A12

Fig.3 The first or second most populated conformations of tandem helix peptides and selected variants. Top: Front view of the backbone
conformation in the cartoon model. Middle: Front view of the backbone conformation in the cartoon model with side-chain conformations in
the sphere model. Bottom: Back view of the backbone conformation in the cartoon model with side-chain conformations in the sphere model.
The cartoon model shows two parallel helices (U-shaped conformation), while the sphere model shows the favorable interhelical side-chain
interactions that contribute to the stability of the U-shaped structures. The H, N, and O atoms are colored in white, blue, and red, respectively.
The C atoms in ad4-a5, a5-a5, a5-06, ab6-a7/8, and a6-a7/8A12 are colored in slate, orange, cyan, green, and magenta, respectively. These
populated conformations were identified from 20 distinct and independent molecular dynamics simulations with an aggregated simulation
time of 37.92 microseconds for each peptide. Additional details are found in the Supplementary Methods, Supplementary Results and

Discussion, Table S1 and Fig. S5.

tandem constructs 04-a5, a5-a6, and a6-a7/8 (Fig. 5b, ¢, €). In
contrast, the known transmembrane domain a9 bound all lipids
with limited selectivity; and synthetic a2-a3, a4, and a7/8 bound
lipids poorly in these assays (Fig. 5d, e).

Based on these results, we examined the ability of the a4-a5
and a5-a6 peptides to permeabilize liposomes with different lipid
compositions. Interestingly, the ability of 04-a5 or a5-06 to
permeabilize liposomes composed of MOM lipids was markedly
diminished by omission of CL but not PI (Figs. 5f, S12).

To assess the role of CL in a cellular context, we interrupted
CLS1, the gene encoding cardiolipin synthase, in BAX™~/BAK™~
HCT116 cells. CLS1 depletion (inset, Fig. 5g) and the resulting 83%
decrease in mitochondrial CL content (Fig. 5g) were accompanied
by attenuated cytotoxicity of EGFP fused to BAK a4-a5 or a5-a6
(Fig. 5h). This diminished killing reflected decreased mitochondrial
cyto c release despite trafficking of the EGFP-BAK fragment to
mitochondria (Fig. 5i). Consistent with these results, the ability of

SPRINGER NATURE

full-length BAK to kill HCT116 or Jurkat cells was likewise
diminished by CLS1 depletion (Figs. 5j, S13). Collectively, these
observations raise the possibility that CL binding contributes to
BAK-mediated MOMP.

Modifications to tandem helices modulate MOMP

In an attempt to gain further insight, we mutated selected
residues in the tandem helices (Fig. 6a) and examined the impact
on cytochrome c release (Fig. 6b) and killing (Fig. 6¢, d). Mutation
of the cationic residues to neutral ones had a small but
discernable impact on killing (e.g. the “2A” peptides), whereas
mutation of the hydrophobic residues to anionic ones (the “3E”
peptides) markedly diminished cytochrome c release and cell
killing. These changes reflected distortion of the U-shaped
conformations (Fig. S5), decreased affinity of the 3E peptide for
CL and PI (Fig. 6e), and decreased association of the 3E peptide
with mitochondria, as indicated by increased recovery of the
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fusion protein in cytosol (Fig. 6f, lane 10’ vs. lane 4'). Introduction
of the same 3E mutation into a5 or a6 of the full-length BAK
protein likewise diminished the ability to kill cells (Figs. 6g, S14)
even though this BAK construct contained the a9 helix that
tethers it to mitochondria.
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To further assess the requirements for MOMP, we generated
constructs corresponding to the tandem helices BAK a5-a9 and
BAK a06-09 (Fig. 7a). These peptides failed to permeabilize
mitochondria (Fig. 7b) or kill cells when fused to EGFP (Fig. 7c).
Conversely, even though a5 as a single hydrophobic a helix did
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Fig. 4 BAK tandem helices directly permeabilize the MOM and induce cell death. a After mitochondria from Bax~"~Bak™’~ MEFs were
incubated with BAK peptides a1 (aa 21-51), a2-a3 (aa 70-101), ad-a5 (aa 105-146), a5-a6 (aa 124-164), a6-a7/8 (aa 149-186) at 25 °C for
90 min, the supernatants and pellets were subjected to SDS-PAGE and immunoblotting. Additional assays for mitochondrial cytochrome
release c are shown in Figure S6. b, ¢ After cDNAs encoding BAK peptides fused at their N termini to EGFP were transfected into BAX/~BAK ™/~
HCT116 cells (b) or BAK~~ Jurkat cells (c), cells were incubated in the presence bortezomib without or with Q-VD-OPh for 24 h, stained with
APC-conjugated Annexin V, and subjected to flow microfluorimetry. The percentage EGFP™ cells that were Annexin V' is indicated. Lower
panels in b and ¢, whole cell lysates subjected to immunoblotting. As indicated in the Materials and Methods, error bars in b and c as well as
all subsequent figures represent mean +sp of three independent experiments. *, **, and *** indicate p <0.05, p<0.01, and p<0.001,
respectively, in unpaired two-tailed t tests after correction for multiple comparisons by the method of Scheffé [59]. Asterisks in b and c reflect
comparisons to EGFP-C1 transfected cells. See also Figs. S7-59. d After BAX/"BAK™/~ HCT116 cells were transfected with the indicated
plasmids, cells were incubated for 24 h in the presence of bortezomib and Q-VD-OPh. Following fractionation of cells into cytosol and
mitochondria, mitochondrial fractions were further treated with 0.1 M sodium carbonate (pH 11.5) for 20 min and centrifuged to isolate alkali
extractable (Alkali S) and alkali-insoluble (Alkali P) fractions, which were subjected to immunoblotting. Lanes 1/-3/, shorter exposure of EGFP

blot for lanes 1-3. Lanes 7’-9’, longer exposure of EGFP blot for lanes 7-9.

not induce killing, a BAK a5-a5 head-to-tail pair of helices was able
to permeabilize mitochondria (Fig. 7b) and kill cells (Fig. 7c).
Recognizing that a5-a5 readily adopts a U-shaped conformation
whereas a5-a9 does not (Figs. 3 and S5), additional experiments
examined the impact of altering the orientation of the a-helices.
When prolines were substituted for amino acids in the joint
between the antiparallel helices of a5-a6 (Fig. 7d), the propensity
to adopt a U-shaped conformation decreased (Fig. S5) and the
cytotoxicity of these constructs when introduced into BAX™
~/BAK™~ HCT116 cells at the C-terminus of EGFP diminished
(Fig. 7e). Similar results were observed upon introduction of
prolines into the corresponding locations in a4-a5 and a6-a7/8
(Figs. 7f, g and S5), suggesting that orientation of the tandem
helices might be important for MOMP.

In a final set of experiments, we assessed the impact of
shortening the tandem helices (Figs. 8a and S15a). Two of these
constructs were particularly informative. The a5-a6 A12 construct,
shortened by six amino acids on each helix, bound CL and PI with
affinities similar to those of full-length a5-a6 peptide (Fig. 8b) and
localized EGFP to mitochondria (Fig. 8c). In contrast to a5-a6,
however, a5-a6 A12 exhibited diminished propensity to form a
U-shaped structure (Table S1 and Fig. S5) and decreased ability to
permeabilize mitochondria in vitro (Fig. 8d) or kill transfected cells
(Fig. 8e). Conversely, a6-a7/8 A12, which retains the ability to form
structures with two parallel helices, including a U-shaped structure
(Table S1 and Fig. S5), but has diminished affinity for CL and PI
(Fig. S15b) also exhibits diminished ability to permeabilize
mitochondria (Fig. S15c¢) and diminished ability to kill cells
(Fig. S15d). Collectively, results in Figs. 5-8 and S10-S15 suggest
that CL binding is required for tight MOM association, whereas the
folding of a pair of long helices back on themselves to form a
U-shaped helix-turn-helix structure might play a role in subse-
quent MOMP.

DISCUSSION

Starting with the observation that BAK lacking the classical
C-terminal transmembrane helix becomes stably bound to
mitochondria during MOMP, we have examined the interaction
of various BAK regions with lipids, liposomes, or mitochondria
under cell-free conditions and in intact cells. The results of these
studies provide potentially important new insight into the process
of MOMP.

We initially examined the actions of BAK helical regions, both
individually and in tandem pairs. While it has previously been
reported that BAX a5 is able to permeabilize liposomes in vitro
[40-42], our studies indicate that the BAK a5 peptide alone does
not permeabilize mitochondria. In contrast, when BAK a5 is fused
to a4, another a5, or a6, the resulting constructs target EGFP to
mitochondria, permeabilize mitochondria under cell-free condi-
tions and induce apoptosis in a cellular context (Figs. 2, 4, 7, and
S3). BAK a6 has similar properties when fused to BAK a7/8, but not
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as a single peptide. These observations suggest that the minimal
functional unit for induction of MOMP and cell killing is a tandem
pair of BAK helical peptides.

Further studies using SPR demonstrated that a5 and a6
preferentially bind CL compared to other lipids (Fig. 5e). The
potential importance of CL binding was highlighted by several
observations. First, the ability of tandem peptides to permeabilize
liposomes decreased in the absence of CL (Fig. 5f). Second, CLST
knockout, which diminished mitochondrial CL, diminished the
cytotoxicity of tandem BAK peptides in a cellular context
(Fig. 59, h). Further, CLST knockout diminished the ability of full-
length BAK to release mitochondrial cyto c and trigger apoptosis
in two different cellular contexts (Figs. 5j, S13c).

Although the possibility that MOMP involves CL, a lipid that is
particularly abundant in the mitochondrial inner membrane [43],
might seem counterintuitive, CL has also been detected in small
amounts in highly purified MOMs from various cells [44, 45] and is
concentrated at contact sites between the mitochondrial inner
and outer membranes [32]. Moreover, previous studies have
reported that CL contributes to apoptotic events at the MOM [46],
including recruitment of tBID [33, 34], the ability of tBID to recruit
BAX [47, 48], and enhanced activation of caspase 8 at the
mitochondrial surface during death ligand-induced apoptosis [49].
These observations provide precedent for the present suggestion
that interaction of BAK with CL in the MOM might contribute to
MOMP. On the other hand, we also observed that CLST knockout
did not completely eliminate BAK-induced apoptosis (Figs. 5j,
S13c). While this might reflect incomplete CL depletion (Figs. 59,
S13a) due to alternative synthetic pathways, we cannot eliminate
the possibility that BAK interactions with other MOM lipids also
contribute to MOMP in a cellular context. Likewise, we cannot
completely rule out the possibility that CSL7 knockout impairs
MOMP through a generalized effect on MOM fluidity rather than
disruption of specific BAK-lipid interactions. However, the fact that
CL is concentrated mainly in the mitochondrial inner membrane
and at intermembrane contact sites rather than throughout the
MOM argues against this alternative explanation.

In an attempt to understand why single CL-binding BAK helices
are not able induce MOMP, we examined various derivatives of
BAK tandem helices. A common feature among the tandem
helices that induced MOMP (a4-a5, a5-a5, a5-a6, and a6-a7/8)
was their ability to form a U-shaped structure (Figs. 3, S5 and
Table S1). Importantly, three different types of alterations that
diminished this propensity to assume a U-shaped conformation
(Fig. S5), i.e., substitution of a region that does not form the helix-
helix interactions thought to stabilize this conformation (a5-a9,
Fig. 7), introduction of prolines (Fig. 7), and shortening of the
helices (a5-a6 A12, Fig. 8), concomitantly diminished the ability of
the tandem peptides to permeabilize mitochondria and, when
fused to EGFP, kill cells. The a5-a6 A12 construct is particularly
informative because this tandem peptide retains the ability to
bind CL and traffic to mitochondria but is unable to induce MOMP,
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Fig. 5 Preferential binding of BAK peptides to MOM lipids is essential for MOMP. a-d Representative SPR sensograms of immobilized BAK a5
(a), o4-a5 (b), a6-a7/8 (c), or a9 (d) interacting with a series of cardiolipin (CL, left) or POPC concentrations (right). e Equilibrium dissociation constants
(Kps) of the indicated BAK single helices or tandem helices with MOM lipid components evaluated by SPR. Daggers indicate lack of detectable
binding (Kp > 10,000 uM) to a2-a3, o4, or a7/8 under the conditions of the assay. f After FITC-dextran-containing liposomes with different
compositions [control, lacking CL (No CL), lacking PI (No PI), lacking both CL and Pl (No CL and No PI)] were incubated with the indicated BAK
peptides (10 uM) for 90 min at 37 °C, the percentage of FITC-dextran release was measured. g After knockout of CSLT in BAX ”~BAK~ HCT116 cells,
two clones were assayed for mitochondrial CL content. Inset, whole cell lysates are subjected to immunoblotting. h CSL1~~ cells from panel g were
transfected with the indicated EGFP-tagged plasmids, incubated for 24 h in the presence of bortezomib, stained with APC-Annexin V, and analyzed
by flow microfluorimetry. The percentage of EGFP " cells that were also Annexin V' is indicated. i CLST™~ clone #1 (which is also BAX "~BAK ") was
transfected with EGFP-BAK a5-a6 and incubated with bortezomib and Q-VD-Ph for 24 h. After whole cell lysates, mitochondria and cytosol were
isolated, fractions were subjected to western blotting. j CSLT~~ cells from g were transfected with plasmid encoding full-length BAK fused to the
C-terminus of EGFP, incubated for 24 h, stained with APC-Annexin V, and analyzed by flow microfluorimetry. The percentage of EGFP™ cells that were
also Annexin V' is indicated in the left panel. The right panel shows protein expression in samples where 10 uM Q-VD-OPh was added to prevent
apoptosis-associated cell rupture. Error bars in e-h and j, mean + sp of three independent experiments. Asterisks in g, h, and j reflect comparison to
pooled cells transfected with Cas9 and nontargeting sgRNA (g), these same control cells transfected with the indicated BAK construct (h) or BAK™
“BAX™'~ cells without CSLST gene interruption (j). See also Figs. S10-513.
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Fig. 6 BAK peptide alterations modulate lipid binding and cytochrome c release. a Sequences of peptide variants or EGFP-tagged peptide
variants used in this figure. b After mitochondria from Bax~/~Bak™’~ MEFs were incubated for 90 min at 25 °C with the indicated BAK peptides,
supernatants and pellets were harvested for immunoblotting. ¢, d cDNAs encoding EGFP fused to the indicated BAK peptide variants were
transfected into BAX~/"BAK~/~ HCT116 cells (c) or BAK~~ Jurkat cells (d). After a 24-h incubation in the presence of bortezomib, cells were
stained with APC-Annexin V and subjected to flow microfluorimetry. Lower panels in ¢ and d, after aliquots of cells transfected with the
indicated constructs were incubated with bortezomib + Q-VD-OPh (to prevent caspase-mediated cell rupture) for 24 h, whole cell lysates were
subjected to SDS-PAGE. e Kps of cardiolipin (CL) or phosphatidylinositol (Pl) binding to the indicated peptides by SPR. f cDNAs encoding the
indicated BAK peptides fused to the C-terminus of EGFP were transfected into BAX™~BAK™~ HCT116 cells. After a 24-h incubation in the
presence of Q-VD-OPh and bortezomib, proteins from cytosol (50 ug) and mitochondria (mito, 20 pg) were separated and analyzed together
with whole cell lysates (WCL, 50 ug) by immunoblotting. Lanes 4'-12/, longer exposure of EGFP blot shown in lanes 4-12. g 24 h after BAX /
~BAK™/~ HCT116 cells were transfected with cDNA encoding the indicated full-length BAK protein fused to the C-terminus of EGFP, annexin V
binding was assayed. Inset in g, transfected cells were incubated for 24 h in the presence of Q-VD-OPh before whole cell lysates were
prepared. Asterisks reflect comparison to wildtype peptide sequence (e) or EGFP fused to the corresponding unmutated (WT) sequence
(c, d, g).
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Fig. 7 Effect of a9 or proline insertion on BAK tandem peptide-induced membrane permeablllzatlon and cytotoxicity. a, d Sequence of
peptide variants or EGFP-tagged peptide variants used in this figure. b After mitochondria from Bax/~Bak™~ MEFs were incubated for 90 min
at 25 °C with the indicated BAK peptides, supernatants and peIIets were harvested for immunoblotting. ¢, e-g cDNAs encoding EGFP fused to
the indicated BAK peptide variants were transfected into BAX"BAK~/~ HCT116 cells. After a 24-h incubation in the presence of bortezomib,
cells were stained with APC-Annexin V and subjected to flow microfluorimetry. Inset in ¢ and lower panels in e-g, after aliquots of cells
transfected with the indicated constructs were incubated with bortezomib in the presence of Q-VD-OPh, whole cell lysates were subjected to
SDS-PAGE. Asterisks reflect comparison to cells transfected with EGFP-BAK a5-a6 (c) or cells transfected with EGFP fused to the unmutated
(WT) BAK peptide (e-g).

suggesting the potential importance of a step involving a BAK a5 or a6 alone to permeabilize liposomes or mitochondria.

U-shaped tandem peptide with a membrane-spanning length
after binding of BAK to MOM lipids.

Several models have previously been advanced to explain BAX-
or BAK-induced MOMP. One suggests that a6 helices from two
monomers of BAX form a clamp that pulls MOM lipids away from a
central pore. This model is difficult to reconcile with the inability of

Cell Death & Differentiation (2023) 30:794 - 808

Another model suggests that aggregates of activated BAK
permeabilize the MOM. In contrast, the present results suggest
that a4-a5 and a5-a6 bound to EGFP A207K are acting as
monomers (e.g., Fig. S9b), although we cannot rule out the
possibility that a6-a7/8 acts as a multimer. A third model suggests
that BAK a5 and a6 sit on the surface of the MOM and disrupt the
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lipid bilayer. This model is difficult to reconcile with the apparent
need for tandem peptides to assume a U-shaped conformation in
order to induce MOMP.

One possibility, depicted in Fig. 8f, is that tandem helices
mobilized during BAK activation (e.g., a6-a7/8) bind CL and insert
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EGFP EGFP-BAK EGFP-BAK EGFP-BAK
a5-06 05-06 A6 05-06A12

BAK with
membrane-inserting
a6-a7/8

into the MOM as a hairpin-like structure during MOMP. This model
is consistent with recent studies showing that a region consisting
of a6-a8 separates from the BAK core during activation [22, 29] as
well as earlier observations showing that BAK becomes more
tightly associated with the MOM upon activation [5]. Membrane
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Fig. 8 Effect of helix shortening on MOMP and cell killing. a Sequences of hairpin shortened BAK a5-a6 peptide mutants or EGFP-tagged
peptide mutants used in b-e. b Kps of CL or Pl interacting with the indicated immobilized peptides as evaluated by SPR. 1 indicates
Ko > 10 mM. *, p < 0.05 relative to a5-a6. ¢ After cDNAs encoding the indicated BAK a5-a6 helix shortened helixes fused to the C-terminus of
EGFP were transfected into BAX~"BAK~~ HCT116 cells, cultures were incubated for 24 h in the presence of Q-VD-OPh and bortezomib and
subjected to fractionation. Aliquots containing 50 ug of protein from whole cell lysates (WCL) and 5 ug of protein from mitochondria (mito)
were subjected to SDS-PAGE and immunoblotting. Lanes 4'-6; longer exposure of EGFP blot is shown in lanes 4-6. d After mitochondria from
Bax~’~Bak™’~ MEFs were incubated for 90 min at 25 °C with the indicated hairpin shortened BAK a5-a6 peptides, supernatants and pellets
were subjected to SDS-PAGE and immunoblotting. e cDNAs encoding EGFP-tagged BAK peptide mutants were transfected into BAX " BAK ™/~
HCT116 cells. After a 24-h incubation in the presence of bortezomib + Q-VD-OPh, cells were stained with APC-Annexin V and subjected to flow
microfluorimetry. Asterisks indicate comparison to cells transfected with EGFP-BAK a5-a6. f Model consistent with observations in the present

work. See text for further discussion.

insertion of this hairpin-like structure during MOMP would be
consistent with both the effect of the proline substitutions
(Fig. 7d—g) and the impact of shortening the tandem a-helices
(Fig. 8b—e). While the recently reported structure of the a2-a8 BAK
dimer fails to show the hairpin-like moiety depicted in Fig. 8f, it is
important to note that the crystal structure was determined in the
absence of MOM lipids.

On the other hand, it is possible that the model shown in Fig. 8f
represents an intermediate formed during a series of activation-
associated BAK structural rearrangements. Based on the current
results, we cannot rule out the possibility that a4 and/or a5 also
participate in membrane binding and permeabilization in some
way upon the insertion of a6-a7/8 into the MOM (e.g., Fig. S16).
This possibility would be consistent with a recent report that the
structure of BAK in association with lipid membranes is different
from BAK in aqueous solution [50] as well as an earlier report that
BAX a2-a5 is sufficient to induce apoptosis when targeted to
mitochondria [51].

In summary, the present results highlight a critical role for CL in
BAK action under cell-free conditions and in intact cells. In
addition, they demonstrate that BAK a5 and a6 are capable of
binding CL and, when present as U-shaped tandem helices,
sufficient to bind to mitochondria, induce MOMP and kill cells.
These results not only provide potential new insight into the
proapoptotic action of BAK, but also provide a new series of
peptides that, if targeted selectively to cancer cells, could
potentially be explored for therapeutic efficacy in the absence
of the portions of the BAX and BAK molecules that participate in
sequestration by antiapoptotic BCL2 paralogs.

METHODS AND METHODS

Materials

Reagents were obtained as follows: Ni*"-NTA-agarose from Merck
Biosciences (Burlington, MA); lipids and extruder from Avanti Polar
Lipids (Alabaster, AL); CM5 biosensor chips from GE Healthcare
(Chicago, IL); Q-VD-OPh from SM Biochemicals (Anaheim, CA);
reduced and oxidized glutathione from Millipore-Sigma (St. Louis,
MO); glutathione-agarose from Thermo Scientific (Waltham, MA);
and FITC-labeled dextran 10 from Invitrogen (Carlsbad, CA). BAK
peptides were generated by solid phase synthesis in the Mayo
Clinic Proteomics Research Center (Rochester, MN). Antibodies to
the following antigens were purchased from the indicated
suppliers: Heat shock protein 60 (HSP60, cat # 4870S), glycer-
aldehyde phosphate dehydrogenase (GAPDH, 2118S) and GFP
(2555S) from Cell Signaling Technology (Danvers, MA); cyto-
chrome ¢ (556433) from BD Biosciences (Franklin Lakes, NJ); BAK
(06-536) from Millipore-Sigma (Burlington, MA); B-actin (sc-
376421), TOM20 (sc-17764) and CLS1 (sc-514986) from Santa Cruz
Biotechnology (Dallas, TX).

Cell culture

BAK™~ Jurkat cells were generated using CRISPR-Cas9 [52]. Cells
were maintained at densities below 10° cells mI™" in RPMI 1640
medium containing 10% heat-inactivated fetal bovine serum
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(FBS), 100 units mI™" penicillin G, 100 ug ml™" streptomycin, and
2mM glutamine. Previous studies have shown that these cells
have extremely low levels of BAX [53]. BAX™/"BAK™"~ HCT116 cells
from Richard Youle [54] were propagated in McCoy's 5A medium
containing 10% heat-inactivated FBS along with penicillin,
streptomycin, and glutamine. Bax~'~Bak™~'~ MEFs were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FCS, 250 yM L-asparagine, and 55 uM 2-mercaptoethanol.
Prior to cryopreservation in multiple replicates, cell lines were
authenticated by short tandem repeat profiling in the Mayo Clinic
Cytogenetics Core, examined for absence of the pertinent proteins
by immunoblotting and assayed for mycoplasma contamination.
Fresh aliquots were thawed every 6-12 weeks.

Jurkat cells lacking activator BH3-only proteins as well as BAK and
BAX (Jurkat 8KO cells) were generated from Jurkat 6KO cells (with
interrupted genes encoding BAK, BAX, BIM, PUMA, NOXA, and BID)
[55] by interruption of the BMF and HRK genes using oligonucleo-
tides 5/-GGATGATGTGTTCCAACCAG-3’ and 5/-AGCT
GCACCAGCGCACCATG-3' as guide RNAs to human BMF coding
nucleotides 33-52 (NCBI accession # NM_001003940) and HRK
coding nucleotides 128-147 (NCBI accession # NM_003806),
respectively. In brief, oligonucleotides were synthesized, annealed,
and cloned into the BsmBl site of the lentiCRISPR-v2 plasmid
(Addgene). Viruses were packaged in HEK293T cells using Lipofec-
tamine 2000 with the packaging vector psPAX3, envelope vector
PMD2.G, and lentiCRISPR-v2-BMF or-HRK. A week after transduction
with the resulting viruses, cells were cloned by limiting dilution.
Because BMF and HRK were not detectable by immunoblotting in
the parental cells, clones were assayed for gene interruption by
sequencing genomic DNA across the targeted region.

Full-length CRISPR/Cas9-resistant human BAK [55] was inserted
into the BamHI and EcoRI sites of pRRL.TRE3G.Blast.IRES.TA3
plasmid. After packaging, the construct was transduced into
cloned Jurkat 8KO cells, which were selected with 5pug/ml
blastocidin, cloned by limiting dilution, and assayed by immuno-
blotting to identify clones that expressed BAK in a doxycycline-
inducible manner.

Mammalian expression plasmids, mutations, and transient
transfection

cDNAs encoding the indicated fragments of human BAK (GenBank
BC004431) were cloned into the Xho1 and BamH1 sites of pEGFP-
C1 to yield constructs fused at their N termini to EGFP. All
mutations were generated using a Qiagen QuickChange Il site-
direct mutagenesis kit (Agilent Technologies) and confirmed by
Sanger sequencing. Empty pEGFP-C1 served as a control.

To ensure protein expression, log phase BAX”~BAK~/~ HCT116
cells or BAK™™ Jurkat cells growing in antibiotic-free medium
were transiently transfected with the indicated plasmid using a
BTX 830 square wave electroporator delivering a single pulse at
240 mV for 10 msec. Cells were treated with 50 nM bortezomib
(BAX~/"BAK™'~ HCT116) or 15 nM bortezomib (BAK~~ Jurkat) to
induce fusion protein stabilization (Figs. S7 and S8) and incubated
for 24 h before analysis for apoptosis using APC-coupled annexin
V [35, 56]. All experiments included transfection with empty vector
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to assure that the bortezomib treatment per se did not induce
apoptosis under the indicated conditions.

Fluorescence microscopy

After Bax~’~Bak™’~ MEFs were transfected with the indicated
EGFP-tagged plasmids, cells were grown in the presence of 10 uM
Q-VD-OPh for 24 h and treated for 20 min with 20 nM MitoTracker
red. The cells were then fixed with 4% paraformaldehyde,
permeabilized with 0.15% (w/v) Triton X-100, and labeled with
rabbit anti-GFP-antibody followed by Alexa Fluor 488-labeled
secondary antibody (ThermoFisher). Images were recorded on a
Zeiss Axio Observer fluorescence microscope (Carl Zeiss Inc,
Thornwood, NY) using a Plan-Apochromat 63x/N.A. 1.40 lens. To
assess colocalization, intensity maps of MitoTracker red and Alexa
Fluor 488 were superimposed using Zeiss Zen software.

Cell fractionation

Cells were washed with calcium- and magnesium-free Dulbecco’s
phosphate-buffered saline (PBS), incubated for 20 min in ice-cold
hypotonic buffer [25 mM HEPES (pH 7.5), 5 mM MgCl,, T mM EGTA,
1mM EDTA, 1TmM PMSF, 10pug/ml pepstatin A, 10 pg/ml
leupeptin, 1 mM sodium vanadate, and 20 nM microcystin] and
lysed with 35 strokes in a tight-fitting Dounce homogenizer. After
cell lysis was confirmed by Trypan blue staining, lysates were
sedimented at 800 x g for 15 min to remove the nuclei (pellet).
The supernatant was carefully collected and spun at 4500 x g for
15 min to collect crude mitochondria (pellet) and cytosol (super-
natant), which was spun a second time at 4500 x g to remove any
unsedimented mitochondria.

Sodium carbonate extraction

Mitochondria were incubated in 0.1 M sodium carbonate (pH 11.5)
at 25°C for 20 min and sedimented at 14,000 x g for 15 min.
Supernatants and pellets were then analyzed by immunoblotting.

CL downregulation

CLS1, the gene encoding Cardiolipin Synthase 1, was interrupted
using CRISPR/Cas9 in BAK™/BAX™~ HCT116 cells. In brief,
oligonucleotides (5-GCGTGGCA- CGCGGCTCGTGG-3') guiding to
human CLST nucleotides 14-33 (Genbank accession number
NM_19095) were synthesized, annealed, and cloned into the
BsmBI site of the lentiCRISPR-v2 (Addgene) plasmid. Viruses were
packaged in HEK293T cells by transfecting with the packaging
vector psPAX3, envelope vector pMD2.G, and lentiCRISPR-v2-CLS1
14-33 using Lipofectamine 2000. Two days after transduction with
virus, BAK~~/BAX "~ HCT116 cells were selected with 3 ugml™’
puromicin and cloned by limiting dilution. CLST knockout was
verified by immunoblotting. Similar procedures were utilized to
interrupt the CLST gene in Jurkat cells.

Measurement of CL content

After control or CLST™/~ cells were washed with PBS, mitochondria
were isolated [8]. Aliquots containing 30 ug of mitochondrial
protein (quantified using the bicinchoninic acid method) were
assayed for CL using a BioVision fluorimetric CL detection kit
(Biovision, Milpitas, CA). After a 5min incubation with probe at
25°C, samples and CL standards were examined on a Molecular
Devices Spectramax plate reader with excitation and emission
wavelengths of 340 and 380 nm, respectively.

Protein expression and purification

Plasmid encoding BAKATM (GenBank BC004431, residues 1-186)
in pET29b(+) was a kind gift from Qian Liu and Kalle Gehring
(McGill University, Montreal, Canada). BAK mutants were gener-
ated by site-directed mutagenesis (Agilent Technologies). All
plasmids were subjected to Sanger sequencing to verify the
described alteration and confirm that no additional mutations
were present.
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To obtain BAKATM (WT and mutants), plasmids were trans-
formed into E. coli BL21 (DE3) by heat shock. After bacteria were
grown to an optical density of 0.8, 1 mM IPTG was used to induce
protein expression at 16 °C for 24 h. Sonication was performed on
ice in TS buffer [150 mM NaCl containing 10 mM Tris-HCI (pH 7.4)
and 1 mM PMSF]. After centrifugation, supernatants were applied
to Ni*"-NTA-agarose columns, which were washed with 20
volumes of TS buffer followed by 10 volumes TS buffer containing
40 mM imidazole. Proteins were then eluted with TS buffer
containing 200 mM imidazole.

Cyto c release

BAKATM (wt or mutant) was dialyzed against HK buffer (20 mM
HEPES, 150 mM KCI, 5 mM MgCl,, 1TmM EGTA, pH 7.4). Before
experiments, BAKATM was treated with either 5 mM DTT for 2 h to
ensure a reduced condition or 5mM oxidized GSH to ensure
cysteine cross-linking. Mitochondria purified from Bax™’~Bak™’~
MEFs [57] were incubated with protein or the indicated peptides
at 25°C for 90min. After centrifugation (10,000g, 15 min),
supernatants and pellets were harvested for immunoblotting. To
assess BAKATM stable association with mitochondria, pellets were
washed with HK buffer before lysis in SDS sample buffer.

For cyto c release by synthetic BAK peptides or mutant BAK
peptides, the peptides were dissolved in DMSO (BAKa5, BAKa9) or
H,O (other peptides) and then diluted in HK buffer before
experiments.

Preparation of FITC-dextran lipid vesicles
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-pla-
mitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine  (PE), L-a-
phosphatidyl-inositol (Pl), cardiolipin (CL), and cholesterol (CHOL)
at a weight ratio of 41:22:9:20:8 were dried as thin films in glass
test tubes under nitrogen and then under vacuum for 16 h. The
lipid composition for liposomes designated as “No CL,” “No PL”
and “No CL and PI" are 61:22:9:0:8, 50:22:0:20:8 and 70:22:0:0:8 for
POPC:PE:PI:CL:CHOL, respectively. To encapsulate FITC-labeled
dextran 10 (F-d10), 50 mg lipid in 1 ml of 20 mM HEPES, 150 KCI
(pH 7.0) buffer was mixed with 50 mg F-d10, sonicated and
extruded 15 times through a 400 nm polycarbonate membrane.
Untrapped F-d10 was removed by gel filtration on Sephacryl S-300
HR (GE Healthcare). Phosphate was determined by colorimetric
assay (Abcam, Cambridge, UK).

Liposome permeabilization assay [modified from 21]

Release of F-d10 from large unilamellar vesicles (LUVs) was
monitored by fluorescence dequenching using a fluorimetric plate
reader. After BAK peptides were added to LUVs (final lipid
concentration 10pugml™"), 96 well plates were incubated at
37°C, mixed and assayed (excitation 485 nm, emission 538 nm)
every 20s. F-d10 release was quantified by the equation
((Fsample_Fblank)/(FTriton_Fblank)X100): where Fsamplel Fblankr and
Friton are fluorescence of reagent-, buffer, and 1% Triton-
treated LUVs.

Surface plasmon resonance (SPR)

BAK peptides were immobilized on a CM5 chip using a Biacore T200
biosensor (GE Healthcare). Binding assays were performed at 25 °C
using CHAPS buffer (20 mM HEPES, 150 mM NadCl, 1% CHAPS, pH 7.4).
Lipids were dissolved in CHAPS buffer and injected at 30 pl/min for
120s. Bound lipids were allowed to dissociate in CHAPS buffer at
30 pl/min for 10 min and then desorbed with 2M MgCl,. Binding
kinetics were derived using BIA evaluation software (Biacore, Uppsala,
Sweden). For binding to CL, both Ky and R, values for binding to
CL were calculated using steady-state analysis [58]. For all the other
lipids, the Rax Was estimated based on maximum CL binding (taking
into account differences in lipid molecular weight) and the binding
relative to the Rax Was then used to estimate the Kp using steady
state analysis with constant Rax [58].
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Analytical gel filtration

24 h after transfection with the indicated plasmids, cells were
collected and lysed in buffer consisting of 20 mM HEPES (pH 7.4),
150 mM NaCl, 1% CHAPS, and protease inhibitor mix (Roche, cat
#11836170001). After lysates were sedimented at 14000 x g for
30 min, 200 pl aliquots of supernatant were subjected to FPLC on a
Superdex S200 size exclusion column and 500 ul fractions were
collected. The fractions were then separated by SDS-PAGE and
blotted with anti-GFP antibody. The molecular markers (Millipore
Sigma) in the same buffer were also chromatographed on the
same column.

Statistical analysis

Experiments examining binding affinities, permeabilization of
mitochondria or liposomes, or cell killing were performed at least
three times independently on separate days using different
preparations of purified BAK protein or peptides and different
SPR chips. Graphs were prepared in Prism 9.0.1 (GraphPad
Software, San Diego, CA). Error bars in all figures represent mean
+ sp of 3 independent experiments. *, **, and *** indicate p < 0.05,
p<0.01, and p < 0.001, respectively, in two-tailed unpaired t tests
after correction for multiple comparisons by the method of
Scheffé [59] using StatView (SAS Institute, Cary, NC).

Additional methods

Additional methods, including a description of molecular
dynamics simulations and circular dichroism spectroscopy, as well
as further results and discussion, are found in the Supplementary
Material.
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