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Abstract
BIM is a key apoptotic protein, participating in diverse cellular processes. Interestingly, recent studies have hypothesized that
BIM is associated with the extensive neuronal cell death encountered in protein misfolding diseases, such as Alzheimer’s
disease. Here, we report that the core pro-apoptotic domain of BIM, the BIM-BH3 motif, forms ubiquitous amyloid fibrils.
The BIM-BH3 fibrils exhibit cytotoxicity, disrupt mitochondrial functions, and modulate the structures and dynamics of
mitochondrial membrane mimics. Interestingly, a slightly longer peptide in which BIM-BH3 was flanked by four additional
residues, widely employed as a model of the pro-apoptotic core domain of BIM, did not form fibrils, nor exhibited cell disruptive properties. The experimental data suggest a new mechanistic role for the BIM-BH3 domain, and demonstrate, for
the first time, that an apoptotic peptide forms toxic amyloid fibrils.
Keywords Bcl-2 proteins · BIM · Mitochondria · Apoptosis · Fibrils · Beta-amyloid

Introduction
Apoptosis, a fundamental physiological process of programmed cell death, is critical for development and functions of multicellular organisms [1]. Apoptosis is regulated
by a number of specialized proteins, primary among those
are the B cell lymphoma-2 (Bcl-2) regulatory protein family
which are mostly localized in the mitochondria [2]. Bcl-2
proteins share the distinct Bcl-2 homology (BH) domains
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which are pivotal is homodimer and heterodimer formation
among different Bcl-2 proteins [3]. Scheme 1 depicts the
BH3 motif, shared by several pro-apoptotic Bcl-2 proteins,
which has a prominent role in triggering apoptosis through
docking onto hydrophobic clefts in the Bcl-2 targets [4, 5].
The Bcl-2-interacting mediator of cell death (BIM) protein, which also contains the BH3 domain (Scheme 1), is
expressed by cells of hematopoietic, neuronal, and epithelial
lineage, and it is essential for homeostasis [5]. BIM exhibits
high affinity to almost all anti-apoptotic Bcl-2 proteins [6],
in addition directly activates pro-apoptotic effectors, such
as BAX [7]. Numerous investigations have focused on deciphering the structural and functional features underlining
BIM activity, primarily the contribution of the BIM-BH3
domain (encircled in Scheme 1). The BH3-only proteins are
intrinsically unstructured [8]; however, several studies have
shown that the BH3 domain adopted amphipathic α-helices
upon binding to hydrophobic grooves on the surfaces of
target Bcl-2 proteins [9]. Significant research efforts have
been directed towards mapping the core BIM-BH3 sequence
responsible for protein binding and triggering pro-apoptotic
processes [10].
Importantly, while the roles of BIM in apoptosis is well
established, this protein has been also recently associated
with protein misfolding diseases such as Alzheimer’s disease (AD) [11], Parkinson’s disease [12], and Huntington’s
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disease [13]. For example, there have been studies indicating elevated levels of BIM in AD-afflicted neuronal cells
[14–16]. Protein misfolding diseases are characterized by
aggregation of distinctive amyloidogenic proteins such as
beta-amyloid in AD [17], amylin (type II diabetes, [18]),
and huntingtin (Huntington’s disease, [19]). Intriguingly, it
is becoming increasingly evident that diverse proteins and
peptides adopt amyloid fibril organizations, and that such
fibrillar species exert varied physiological effects, both
adversarial to cells and tissues, but also functionally-important [20, 21].
Here, we demonstrate that the core BIM-BH3 domain
adopts a β-sheet conformation and undergoes rapid, extensive fibrillation. The BIM-BH3 fibrils exhibited cell toxicity,
and exerted significant disruption of mitochondrial functionalities and membrane integrity. Notably, a slightly longer
peptide comprising BIM-BH3 flanked by four additional
residues, which has been often employed in previous studies
as a BIM-BH3 model, did not produce fibrils nor exhibited
cell disruptive properties. The experimental data we present
demonstrate, for the first time, that BIM-BH3, a prominent
pro-apoptotic domain, forms amyloid fibrils, and that the
BIM-BH3 fibrils are toxic and disrupt mitochondrial functions. Interestingly, we also discovered that BIM-BH3 and
Aβ, when mixed, form a pronounced amyloid fibril network,
more extensive than either peptide individually. Overall, this
work may point to yet unrecognized pathological roles for
BIM-BH3 which could be related to its fibrillation propensity. This study may also shed new light on putative links
between apoptotic proteins and the pathological facets of
amyloid diseases.
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instantaneous BIM-BH3 fibril formation upon dissolution
of the peptide in buffer (Figure 1, SI). The representative
confocal fluorescence microscopy image of ThT-labelled
BIM-BH3 in Fig. 1b confirms formation of abundant fibrils
in buffer, stained by the ThT dye. The scanning electron
microscopy (SEM) image in Fig. 1c further illuminates the
network of elongated BIM-BH3 fibrils.
Figure 2 compares the structural properties of BIM-BH3
and the 4-residue extended BIM-BH3 (142–167) peptide
domain (Table 1). BIM-BH3 (142–167) has been perceived
in many studies as the pro-apoptotic BIM-BH3 peptide
model, and utilized for analysis of BIM functionalities and
interactions with other apoptotic proteins in the Bcl-2 family

Results and discussion
The striking observation reported here is the formation of
ubiquitous BIM-BH3 fibrils in aqueous solutions. Figure 1
depicts spectroscopic and microscopic characterization of
the fibrillation phenomenon. Specifically, the thioflavin-T
(ThT) fluorescence assay, widely employed for monitoring β-sheet-containing protein fibrils [22], reveals a direct
correlation between ThT fluorescence and BIM-BH3 concentration (Fig. 1a); ThT measurements showed almost
Scheme 1  The BH3 motif
mapped on several pro-apoptotic Bcl-2 proteins. The conserved leucine (L) and aspartate
(D) residues are highlighted in
yellow. The grey columns correspond to conserved hydrophobic
residues
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Fig. 1  Fibril formation by BIM-BH3. a Thioflavin-T (ThT) fluorescence emission recorded in different BIM-BH3 concentrations.
ThT data were acquired after 10-min incubation of the dye with the
peptide. b Fluorescence microscopy image of Thioflavin-T-stained
BIM-BH3 fibrils. Scale bar corresponds to 2 μm. c Scanning electron
microscopy (SEM) image of 50 μΜ BIM-BH3. Scale bar corresponds
to 500 nm

The pro‑apoptotic domain of BIM protein forms toxic amyloid fibrils	

2147

Fig. 2  Secondary structures and fibril morphologies of BIM-BH3 and BIM-BH3 (142–167). a Circular dichroism (CD) spectra of (i) BIM-BH3;
(ii) BIM-BH3 (142–167) (both 50 μM). b Transmission electron microscopy (TEM) of the samples used in the CD experiments
Table 1  Amino acid sequence of the BIM-BH3 motif, and the 25-residue BIM-BH3 (142–167) sequence employed in previous studies focused
on the pro-apoptotic domain of BIM [4, 6]

[8, 23]. The circular dichroism (CD) results in Fig. 2a reveal
a distinct difference between the secondary structures of
the two peptides. Specifically, BIM-BH3 adopted a β-sheet
conformation almost instantaneously, reflected in the pronounced negative signal at 218 nm and distinctive peak
at 195 nm (Fig. 2a, i). In contrast, BIM-BH3 (142–167)
appeared predominantly α-helical, exemplified in the two
spectral depressions at 208 nm and 222 nm (Fig. 2a, ii).

The pronounced structural difference between the two peptides likely stems from the presence of charged residues in
BIM-BH3 (142–167) (aspartic acid and two arginines) and
concomitant neutral charge of the peptide [9]. Importantly,
CD spectra recorded for the BH3 domains of other Bcl-2
protein family members (e.g., Scheme 1) indicated random secondary structures (Fig. 2, SI), further highlighting
the unique fibrillation of BIM-BH3. Furthermore, shorter
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peptides comprising the conserved LXXXGDE sequence
of BH3 (Scheme 1) also gave rise to random conformations
in aqueous solution (Fig. 3, SI), underscoring the unique
fibrillation observed in case of the core BIM-BH3 domain.
The transmission electron microscopy (TEM) analysis
in Fig. 2b further illuminates the striking differences in
aggregation properties between BIM-BH3 and BIM-BH3
(142–167). The TEM images in Fig. 2b, recorded after
30-min incubation, demonstrate extensive fibrillation of
BIM-BH3, consistent with the ThT fluorescence and microscopy data in Fig. 1. BIM-BH3 (142–167), on the other hand,
did not form fibril morphologies, instead producing small
aggregates. The pronounced difference in structural properties and aggregation profiles between the two peptides is
significant, due to the fact that BIM-BH3 (142–167) presumably represents, in almost all published reports, the proapoptotic domain of BIM [24, 25]. As such, the observation

of β-sheet conformation and fibrillation of BIM-BH3, which
is the actual pro-apoptotic core domain of BIM, may point to
distinct and previously unrecognized physiological activity
of this motif.
Fibril formation has been observed in diverse protein
systems, and fibrillation phenomena have been linked to
several pathological conditions and cytotoxic effects [26,
27]. Accordingly, we carried out experiments designed to
assess the cell toxicity profiles of BIM-BH3 and BIM-BH3
(142–167) (Fig. 3). Figure 3a examines the concentrationdependent effects of the two peptides upon SH-SY5Y neuroblastoma cells, often employed as an in vitro model of
neuronal functions, using the XTT cell viability assay. The
bar diagram in Fig. 3a demonstrates that extracellular BIMBH3 exhibited significant dose-dependent cytotoxicity. In
contrast, the XTT analysis in Fig. 3a indicates that the longer
sequence BIM-BH3 (142–167) had only a minor adverse

Fig. 3  Cell toxicity of BIM-BH3 fibrils. a Cytotoxicity profile of
BIM-BH3 determined by the XTT assay. SH-SY5Y cells were incubated with medium containing BIM-BH3 (50 µM) or BIM-BH3
(142–167) (50 µM) for 24 h, followed by addition of the XTT reagent. The control corresponds to SH-SY5Y cells not treated with
either peptide. b Apoptotic activity monitored by annexin V and
SYTOX green staining flow cytometry. (i) Control SH-SY5Y cells
(not treated by the peptides); (ii) non-filtered 50 μM BIM-BH3; (iii)
filtered 50 μM BIM-BH3; (iv) non-filtered 50 μM BIM-BH3 (142–

167). c Viability of SH-ST5Y cells, determined by the XTT assay,
upon cell transfection with constructs expressing only the cDNA,
full length BIM, or BIM-BH3 domain (SH-SY5Y cells transiently
expressing either pCMV6-BIM-MYC or pCDNA 3.1-HA-BIM-BH3
as analyzed by confocal microscopy shown in Fig. 4, SI). Results are
presented as mean ± standard error of the mean (SEM) of three replicates. *p < 0.05 and **p < 0.001 are compared to the control of each
particular experiment
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effect upon cell viability, even at 50 μM, the highest concentration utilized. This result is significant, since both peptides
consist of the same core BIM domain; as such, cytotoxicity
of BIM-BH3, manifested in Fig. 3a, may be primarily related
to the fibrillar organization of the peptide, which is absent in
BIM-BH3 (142–167) (e.g., Fig. 2b).
To complement the XTT cell viability assay we performed a fluorescence-activated cell sorting (FACS)
experiment using annexin V and SYTOX green staining
for apoptosis detection, designed to assess the impact of
extracellular BIM-BH3 and BIM-BH3 (142–167) upon
cell death processes (utilizing the SH-SY5Y cell model).
The experiments were carried out at peptide concentrations
of 50 μM, which gave rise to the highest cell mortality by
BIM-BH3 according to the XTT cell viability assay (e.g.,
Fig. 3a). Notably, Fig. 3b reveals that BIM-BH3 induced
significant apoptosis, giving rise to 26% apoptotic cell population (Fig. 3b, ii). Crucially, when the BIM-BH3 suspension
was passed through a 0.22 μm filter prior to addition to the
SH-SY5Y cells—thereby effectively removing the fibrils—
no apoptotic effect was apparent (Fig. 3b, iii). This result
demonstrates that the primary toxic species in the BIM-BH3
suspension were fibrils, rather than smaller monomeric or
oligomeric species, often considered to be the pathogenic
factors in amyloidogenic systems [28, 29]. The flow cytometry experiment in Fig. 3b, iv shows that the longer BIMBH3 (142–167) peptide domain (unfiltered sample) did not
induce apoptosis, echoing the XTT cell viability assay result
in Fig. 3a and further attesting to the remarkable difference
between the physiological impacts of the two peptides.
In addition to toxicity of purified BIM-BH3 fibrils
applied extracellularly, we also tested intracellular BIMBH3-induced toxicity, by comparing the viability of cells
expressing BIM-BH3 domain to that of cells expressing
the full length BIM, where SH-ST5Y cells expressing only
the cDNA served as control (Fig. 3c). Intracellular amyloid
fibril accumulation appears to be an early event in varied
pathological diseases, and may be a source for extracellular
deposits as the disease progresses [30]. Indeed, the XTT
assay results in Fig. 3c demonstrate that SH-SY5Y cells
expressing BIM-BH3 exhibited significantly lower (~ 30%)
viability compared to cells expressing the empty vector, and
even compared to cells expressing the full BIM protein.
To further investigate the effects of BIM-BH3 and BIMBH3 (142–167) upon fundamental cellular processes, we
evaluated the consequences of peptide addition upon mitochondrial functions (Fig. 4). Disruption of mitochondrial
functionalities has been observed in varied amyloid pathologies [31, 32]. Blocking mitochondrial activity and respiration have been reported in case of amyloid proteins such
as Aβ and prion protein [33, 34]. Amyloid–mitochondria
interactions have been implicated in increased free radicals and reactive oxidative species (ROS) production [35],
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irregularities of the mitochondrial key enzyme functions
[33], mitochondrial calcium release [36], and apoptosis
[31]. Amyloid peptides have been also shown to permeabilize mitochondrial membranes [37, 38]. The confocal
fluorescence microscopy experiments, utilizing fluorescently-labelled BIM-BH3, confirm cell internalization
and mitochondrial uptake of the peptide. Specifically, the
fluorescence microscopy images in Fig. 4a demonstrate
colocalization of the labelled BIM-BH3 (green) and the
mitochondrial dye MitoTracker Orange™ (red), indicating
mitochondrial targeting by the peptide.
To assess the effects of BIM-BH3 on mitochondria functionality in living cells we quantified intracellular calcium
levels in SH-SY5Y cells incubated with the peptide. Previous studies have shown that amyloid proteins gave rise to
elevated levels of intracellular calcium, ascribed to disruption of mitochondria calcium influx [39]. Indeed, the bar diagram in Fig. 4b reveals that intracellular calcium concentrations increased in correlation with BIM-BH3 concentrations.
Importantly, treatment of the cells with BIM-BH3 (142–167)
did not affect intracellular calcium levels, suggesting that
this variant did not disrupt mitochondria functions.
While intracellular calcium levels lead to mitochondrial
dysfunction and later to apoptosis [40], an important question one needs to address concerns the effect of BIM-BH3mediated mitochondrial damage. Figure 4c presents analysis
of mitochondrial membrane potential, a common assay for
mitochondrial activity. In the experiments, mitochondrial
membrane potential depolarization in SH-SY5Y cells was
monitored through staining with tetramethylrhodamine ethyl
ester (TMRE) [41]. The bar diagram in Fig. 4c indicates that
upon addition of 50 μM BIM-BH3, the mitochondrial membrane potential was significantly reduced compared to the
untreated control (SH-SY5Y cells without peptide addition).
This result is consistent with the flow cytometry experiments
in Fig. 3c, showing the apoptotic effect induced by the peptide. Notably, Fig. 4c shows that both the filtered sample
of BIM-BH3, and BIM-BH3 (142–167) (50 µM), and did
not alter the mitochondrial membrane potential, furnishing
additional evidence that the BIM-BH3 fibrils constitute the
mitochondrial disruptive species.
To further evaluate the cellular effect of BIM-BH3, we
tested its effect of mitochondrial reactive oxygen species
(ROS) production as measured using MitoSOX Red™,
a mitochondrial superoxide indicator [42]. As shown in
Fig. 4d, exposure of SH-SY5Y cells to BIM-BH3 dramatically increased mitochondrial ROS levels. In contrast, the
longer peptide domain BIM-BH3 (142–167) had no effect on
mitochondrial ROS levels, even at, the highest concentration
examined of 50 μM.
Figure 4e illuminates the effects of BIM-BH3 and
BIM-BH3 (142–167) upon the activity of the complex IV
enzyme-cytochrome c oxidase (COX), which plays a crucial
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role in mitochondrial functions [43]. Numerous studies have
shown that COX activity is reduced in the presence of mitochondria-disrupting substances, including amyloidogenic
peptides [44, 45]. In the experiments presented in Fig. 4e,
isolated mitochondria from SH-SY5Y cells were ultrasonicated, forming an inside-out oriented submitochondrial
particles (SMPs) in which the inner-mitochondrial membrane is exposed to the medium [46]. Subsequently, COX
activity was evaluated in the SMP solution by measuring
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the absorbance (in 550 nm) of a ferrocytochrome c substrate
solution. The bar diagram in Fig. 4e demonstrates that COX
activity in the isolated SMPs was inversely proportional to
BIM-BH3 concentrations, significantly blocked when 50 µM
BIM-BH3 was added to the SMPs. In contrast, BIM-BH3
(142–167) did not reduce COX activity, echoing the lack of
cell toxicity (Fig. 3), and low disruption of mitochondrial
membrane potential (Fig. 4b) recorded for this peptide.

The pro‑apoptotic domain of BIM protein forms toxic amyloid fibrils	
◂Fig. 4  Disruption of mitochondrial functionality by BIM-BH3. a

Confocal microscopy analysis of 10 µM BIM-BH3-488 in SH-SY5Y
cells. DAPI was used to stain the nuclei and MitoTracker Orange™
was employed to stain mitochondria. Colocalization of BIM-BH3
with the mitochondria is assessed by overlapping of red (mitochondria) and green (BIM-BH3) fluorescence in the merged image. Scale
bar corresponds to 10 µm. b BIM-BH3-mediated elevation in intracellular calcium levels in SH-SY5Y cells. The cells were incubated
with the tested peptides, BIM-BH3 (50–5 µM) or BIM-BH3 (142–
167) (50 µM), followed by determination of calcium levels using a
direct calcium assay (Fluo-4 direct assay kit). c Mitochondrial membrane potential depolarization affected by BIM-BH3 in SH-SY5Y
cells. Carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP)
served as a control for depolarization of the mitochondrial membrane potential. Y axis represents the mitochondrial membrane potential (ΔΨm). d Mitochondrial reactive oxidative species (ROS) levels
were assessed using MitSOX red and flow cytometry. e Cytochrome
c oxidase (COX) activity measured using submitochondrial particles
(SMPs) extracted from SH-SY5Y cells. Values in the Y axis represent the COX activity ratio in which Activity(i) is the COX activity
in SMPs mixed with the tested peptides, BIM-BH3 (50–5 µM) or
BIM-BH3 (142–167) (50 µM), and Activity(0) is the control (COX
activity in SMPs without peptides added). Results are presented as
mean ± SEM of three replicates. *p < 0.05 and **p < 0.001 are compared to control of each experiment

The functional assays in Fig. 4 attest to significant disruption of mitochondrial membrane functionalities by BIMBH3. Accordingly, we further examined the effect of the
peptide upon the mitochondrial membrane organization and
functionality which is the main cellular compartment hosting BIM-BH3 peptides (Fig. 5). Figure 5 presents electron
spin resonance (ESR) analysis of SMPs prepared from SHSY5Y cells, doped with the radical probes N-tempoyl palmitamide (N-TEMPO) or 10-doxyl nonadecane, following
incubation with the BIM-BH3 or BIM-BH3 (142–167).
N-TEMPO is localized at the surface of the bilayer [47],
while the doxyl radical, linked to carbon in position 10 of
the acyl chain, constitutes a sensitive probe of the hydrophobic core of lipid bilayers [48]. The bar diagram in Fig. 5
𝜏
displays the rotation correlation time ratio ( 𝜏 c(i) ) calculated
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[prepared from dioleylphosphatidylcholine (DOPC) and cardiolipin (CL)], featured similar membrane effects of BIMBH3 (Fig. 7, SI). This result likely corresponds to the high
energy barrier for insertion of the bulky BIM-BH3 fibrils
into the bilayer.
Enhanced bilayer fluidity has been previously associated with membrane disruption and cytotoxicity of amyloidogenic peptides [49, 50]. Accordingly, the ESR data
in Fig. 5 furnish a possible mechanistic insight linking the
apoptotic effects (Fig. 3) and disruption of mitochondrial
functions (Fig. 4) to membrane interactions and bilayer reorganization induced by BIM-BH3. Importantly, however, the
prominence of BIM-BH3 fibrils in membrane interactions
is noteworthy, since in the large majority of amyloid protein
systems studied, peptide–membrane interactions (and concomitant toxic effects) have been traced to pre-fibril, oligomeric or monomer assemblies [51–53].
In contrast to the pronounced bilayer effects induced by
BIM-BH3, the ESR experiments in Fig. 5 demonstrate that
the non-fibril-forming BIM-BH3 (142–167) variant did not
affect the rotation correlation times of neither N-TEMPO
nor 10-doxyl nonadecane embedded within the SMPs. These
results echo the data shown in Figs. 3 and 4, likely accounting for the lack of disruptive cellular effects induced by
BIM-BH3 (142–167). Indeed, several studies have indicated
that when the BH3 (142–167) variant is bound to its cognate
receptor targets, it adopted a α-helical secondary structure
[9]. This structural feature stands in contrast to the β-sheet,
fibrillar structure of BIM-BH3, linked to the toxic effects of
this core protein domain.

c(0)

from the ESR spectra (shown in Fig. 6, SI), in which 𝜏c(i)
represents the rotation correlation time of the spin probe
measured in vesicles incubated with the peptides, and 𝜏c(0)
corresponds to the correlation time recorded in the control
vesicles, prior to peptide addition.
The ESR data in Fig. 5 reveal that BIM-BH3 fibrils
exhibited significant interactions with the SMPs, affecting
the dynamical features of the embedded spin probes. In the
SMPs system containing N-TEMPO, addition of BIM-BH3
fibrils resulted in a concentration-dependent decrease of
the rotation correlation time, reflecting a more fluid character of the bilayer. This finding, indicating that the fibrils
were primarily localized at the SMPs surface, exhibiting
lesser penetration into the bilayer. Importantly, ESR data
of bilayer vesicles mimicking the mitochondrial membrane

Fig. 5  Effects of the pro-apoptotic domains on the fluidity of mitochondrial membranes. Rotation correlation times 𝜏c extracted from
electron spin resonance (ESR) spectra of TEMPO and 10-doxyl
spin probes, respectively, incubated with submitochondrial particles (SMPs) extracted from SH-SY5Y cells. The rotation correlation
times were measured following addition of different BIM-BH3 concentrations (50–5 µM), or 50 μM BIM-BH3 (142–167), to the SMPs.
Results are presented as mean ± SEM of three replicates
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Fig. 6  BIM-BH3 interactions with other proteins. a Interactions of
BAX-BH3 domain (10 μM) with BIM-BH3 (50 μM) (i) or BIM-BH3
(142–167) (50 μM) (ii). BAX-BH3 alone (black spectra); BIM-BH3
(solid blue); BIM-BH3 + BAX-BH3 (blue dots). BIM-BH3 (142–167)
(solid red); BIM-BH3 + BAX-BH3 (red dots). b Interactions of BAXBH3 domain with BIM-BH3 (MIX I) or BIM-BH3 (142–167) (MIX
II) with membrane vesicles. Effects of the peptides on bilayer dynam-
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ics probed using fluorescence anisotropy measurements. Shown are
the fluorescence anisotropy values of DPH embedded in DOPC/
cardiolipin vesicles (0.96:0.04 mol ratio). c Co-fibrillation of BIMBH3 and Aβ42. TEM images recorded from solutions of 10 μM Aβ42
alone, 20 μM BIM-BH3 alone, and mixture of Aβ42 (10 μM) and
BIM-BH3 (20 μM). Scale bars correspond to 0.2 μm

The pro‑apoptotic domain of BIM protein forms toxic amyloid fibrils	

The remarkable fibrillation of BIM-BH3 raises intriguing questions as to the biological significance of this phenomenon. Accordingly, we investigated the interactions of
BIM-BH3 with the BH3 domain of BAX protein (BAXBH3), one of the important protein targets of BIM-BH3
for triggering apoptosis [8, 24] (Fig. 6a). Indeed, the CD
data in Fig. 6a, i reveal significant mutual conformational
effects upon co-incubating BIM-BH3 and BAX-BH3. Specifically, BAX-BH3 alone features double minima at 206
and 225 nm [54, 55], while BIM-BH3 in aqueous solution
adopted a β-sheet conformation (Fig. 6a, i). Notably, when
BIM-BH3 and BAX-BH3 were co-incubated, acceleration of
β-sheet assembly was apparent (Fig. 6a, i blue dotted spectrum). In contrast, insignificant conformational change was
observed when BAX-BH3 was co-incubated with the nonfibrillar, helical BIM-BH3 (142–167) peptide (Fig. 6a, ii). In
that peptide mixture, the helical conformation of BIM-BH3
(142–167) was retained (Fig. 6a, ii, dotted red spectrum).
Previous studies indeed reported weak binding and low affinity exist between BIM-BH3 (142–167) and BAX-BH3 [56].
To further probe the interactions between BIM-BH3 and
BAX-BH3, we studied the effect of BAX-BH3 upon membrane interactions of the BIM-BH3 fibrils, as the fibrils were
shown to significantly affect bilayer dynamics (e.g., Fig. 5).
Figure 6b depicts the fluorescence anisotropy values of the
fluorescent dye diphenylhexatriene (DPH) embedded within
DOPC/CL bilayer vesicles, mimicking the mitochondrial
membrane. DPH has been widely employed as a sensitive
probe for the effect of membrane-active molecules upon
bilayer fluidity and lipid dynamics [57, 58].
The bar diagram in Fig. 6b shows that addition of
BIM-BH3 fibrils gave rise to higher fluorescence anisotropy—0.153—of the bilayer-embedded DPH compared to
the control vesicles (fluorescence anisotropy of 0.11). This
increase in anisotropy likely reflects insertion of the fibrils
into the bilayer and its concomitant hardening [58, 59].
BAX-BH3, on the other hand, did not induce an experimentally significant change in bilayer fluidity (Fig. 6b). However,
co-incubation of BIM-BH3 and BAX-BH3 affected significantly higher fluorescence anisotropy of DPH (0.18); this
dramatic synergistic effect likely accounts to interactions
between BIM-BH3 and BAX-BH3, and corroborates the CD
results in Fig. 6a. The fluorescence anisotropy experiments
further show that neither BIM-BH3 (147–162) alone, nor
BIM-BH3 (147–162)/BAX-BH3 mixture, had significant
effects upon bilayer fluidity, echoing the CD analysis in
Fig. 6a pointing to the lack of interactions between BIMBH3 (147–162) and BAX-BH3.
A recent report indicated that BIM-BH3 exhibits pronounced effects upon the aggregation properties and cytotoxicity of amyloid-β-42 (Aβ42), the primary constituent of
amyloid plaques in neuronal cells inflicted with Alzheimer’s
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disease [59]. Indeed, several studies have identified colocalization of Aβ42 and Bim protein in mitochondrial environments
[60, 61]. To test whether interactions occur between BIM-BH3
and Aβ42 we incubated the two peptides together for a few
hours and examined the mixture by TEM (Fig. 6). The microscopy results were dramatic, as the BIM-BH3/Aβ42 mixture
yielded extensive fibrillation, giving rise to condensed aligned
fibrils, which were significantly more ubiquitous than samples
of the two peptides separately (TEM images in Fig. 6). The
synergistic fibrillation effect suggests a “cross-talk” between
BIM-BH3 and Aβ42, similar to phenomena reported for Aβ42
with varied amyloidogenic proteins [62, 63]. The TEM data
in Fig. 6 might be physiologically significant, since several
studies have identified Aβ42 aggregates in the mitochondria
[60, 64].

Conclusions
This study demonstrates that BIM-BH3, the major proapoptotic domain of the apoptosis-regulating protein BIM,
assembles into amyloid fibrils. The experimental data reveal
that BIM-BH3 fibrils, rather than monomeric or oligomeric
peptide species, exhibited significant apoptotic activity and
disrupted mitochondrial functions. In contrast, the BIM-BH3
(142–167) peptide, 4-residue longer than the core BIM-BH3
domain which widely employed in previous studies and posited as the sequence representing the pro-apoptotic domain in
BIM, did not form fibrils, nor exhibited cytotoxicity.
The pronounced difference in structural properties and
aggregation profiles between BIM-BH3 and BIM-BH3
(147–162) is significant, as it may point to distinct biological
effects of the core BIM-BH3 motif. Furthermore, the interactions and synergistic effects apparent when BIM-BH3 was coincubated with BAX-BH3, its physiological protein target, may
attest to physiological significance of the BIM-BH3 fibrils.
Furthermore, the extensive co-fibrillation of BIM-BH3 and
Aβ42 may hint at contribution of BIM-BH3 to the cytotoxicity
and extensive neuronal cell death, the hallmark of Alzheimer’s
disease.
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