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Humanin decreases mitochondrial membrane
permeability by inhibiting the membrane association
and oligomerization of Bax and Bid proteins
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Abstract

Humanin (HN) is a 24-residue peptide identified from the brain of a patient with Alzheimer’s disease (AD). HN has been found to
protect against neuronal insult caused by AB peptides or transfection of familial AD mutant genes. In order to elucidate the molecular
mechanisms of HN neuroprotection, we explored the effects of HN on the association of Bax or Bid with lipid bilayers and their
oligomerization in the membrane. By using single-molecule fluorescence and Forster resonance energy transfer techniques, we
showed that Bax was mainly present as monomers, dimers and tetramers in lipid bilayers, while truncated Bid (tBid) enhanced the
membrane association and tetramerization of Bax. HN (100 nmol/L) inhibited the self-association and tBid-activated association
of Bax with the bilayers, and significantly decreased the proportion of Bax in tetramers. Furthermore, HN inhibited Bid translocation
to lipid bilayers. HN could bind with Bax and Bid either in solution or in the membrane. However, HN could not pull the proteins out
of the membrane. Based on these results, we propose that HN binds to Bax and ¢Bid in solution and inhibits their translocation to
the membrane. Meanwhile, HN interacts with the membrane-bound Bax and tBid, preventing the recruitment of cytosolic Bax and
its oligomerization in the membrane. In this way, HN inhibits Bax pore formation in mitochondrial outer membrane and suppresses

cytochrome c release and mitochondria-dependent apoptosis.
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Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegen-
erative disorder and causes a gradual impairment in memory,
learning, communication and behavioral function. Currently,
the primary therapeutic strategy for AD is to use cholinester-
ase inhibitors (ChEls) or an N-methyl-D-aspartate receptor
(NMDAR) inhibitor to augment cholinergic neurotransmis-
sion. These inhibitors can improve the impaired cognition
and behavioral function of patients. However, they only
delay the progression of AD but are insufficient to reduce the
neuronal damage or reverse the pathology of the disease!".
To establish a novel disease-modifying therapy, much effort
has been focused on elucidating the mechanisms of neuronal
death in AD, which unveiled multiple pathogenic factors such
as the production of aggregation-prone p-amyloid peptides
(ie, AP, APu), the formation of fibrillar tangles of Tau and the
polymorphism of APOE4”. Based on the amyloid hypoth-
esis, chemical drugs to reduce AP production or prevent
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their aggregation as well as antibodies to eliminate AP from
the central nervous system have been developed in the past
yearsPl. Clinical trials on some of these agents have been com-
pleted; however, the outcomes were not encouraging.

Considering that AD pathology may be found in the brains
of older persons without dementia!¥, and the carriers of famil-
ial AD-causative genes do not have any AD symptoms in early
age, there must be endogenous factors capable of rescuing
neuron cells from the death induced by AD-specific insults.
In this regard, Hoshimoto et al identified a novel gene encod-
ing a 24-residue peptide termed humanin (HN) by a death-
trap screening with a cDNA library from an occipital lobe
of an AD-patient®™. HN not only protects neuron cells from
the insult of AP peptides but also suppresses neuronal death
induced by transfection of familial AD mutant genes®”. Con-
sistently, administration of a more potent HN derivative S14G-
HN ameliorated the amnesia caused by scopolamine or Ap in
rodents™*. S14G-HN also improved cognition and reduced
AP accumulation in transgenic AD model mice!.

HN exerts its protective actions through receptors on the
cell membrane and proteins in the cytoplasm. Upon HN bind-
ing, a pertussis toxin (PTX)-sensitive G protein-coupled recep-



tor FPRL-1 has been shown to be activated, which induces

calcium flux and ERK activation!" 2.

HN may also act on a
trimeric receptor complex composed of CNTFR, WSX-1 and
gp130. Stimulation of the receptor complex induces the acti-
vation of STAT3™!. In addition, insulin-like growth factor
(IGF)-binding protein 3 (IGFBP-3) and three of the Bcl-2 family
members (ie, Bax, Bid, Bim) have been shown to bind HN™",
As AP stimulates astrocytes to release IGFBP-3, the protein
level of IGFBP-3 has been shown to be highly up-regulated
in the temporal cortices of AD patients™. Additionally, the
mRNA level of Bax in the rat hippocampus was increased after
AP p-induced neurotoxicity“g]. HN interacts with IGFBP-3 and
these Bcl-2 family proteins to antagonize their pro-apoptotic
activities.

Bcl-2 family proteins are central regulators of mitochondria-
dependent apoptosis and are classified as anti-apoptotic
proteins and pro-apoptotic proteins by their functions. Anti-
apoptotic proteins such as Bcl-2, Bel-x; and Mcl-1 have four
Bcl-2 homology (BH) domains (ie, BH1-BH4). Pro-apoptotic
proteins can be further classified as multi-domain proteins
such as Bax, Bak and Bok (with BH1-BH3 domains), and BH3-
only proteins such as Bid, Bim, Bad and Beclin 1. The integ-
rity of the mitochondrial membrane is controlled primarily
by a balance between the activities of anti-apoptotic and pro-
apoptotic proteins.

Experiments with bax/bak doubly deficient murine embry-
onic fibroblasts showed that Bax and Bak serve as effectors for
mitochondria-dependent apoptosis®!. Most BH3-only pro-
teins function as sensitizers of anti-apoptotic proteins, while
Bid and Bim can also directly activate Bax and Bak. Activation
of Bax and Bak is associated with their homo-oligomerization
and pore formation in the mitochondrial outer membrane
(MOM)?'. Apoptogenic factors such as cytochrome c, AIF and
SMAC/Diablo are released through Bax or Bak pores into the
cytosol, which is followed by caspase activation and cell death.

Since HN was found to bind to Bax, Bid and Bim and
attenuate the Bax-induced cytochrome c release from isolated
mitochondria™, intracellular HN is proposed to prevent the
translocation of Bax to the mitochondrial membrane and thus
suppress apoptosis. However, the inhibitory mechanism of HN
on the association of Bax with the membrane has not been fully
explained. Here, by using total internal reflection fluorescence
(TIRF) and Forster resonance energy transfer (FRET) techniques,
we studied the interaction of HN with Bax and Bid in solution
and in the membrane and how HN affects the translocation and
oligomerization of Bax and Bid in the lipid membrane. Our
study provides mechanistic insights into the neuroprotective
activity of HN, which may help unveil the biological functions
of HN and develop novel drug therapies for AD.

Materials and methods

Protein expression and purification

The expression plasmids for full-length Bax and Bid were
constructed by ligating the cDNA of Bax or Bid between the
Nde 1/ Sap 1 sites of pTYB1 or Nde 1/BamH I sites of pET-15b,
respectively. An intein tag was fused to the C-terminus of
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Bax. A His-tag was fused to the N-terminus of Bid, and the
Tyr54-Asp60 residues of Bid were replaced with a tobacco
etch virus protease (TEV) cleavage site (ie, DENLYFQ). To
label the proteins with Cy3 or Cyb5 fluorescent dye, we con-
structed expression plasmids for Bax (C126S) and Bid (C3S,
C15S, C28S, S76C) mutants. E coli BL21 (DE3) containing the
expression plasmid of Bax, Bax (C126S), Bid or Bid (C3S, C15S,
C28s, S76C) were grown at 37 °C in LB culture medium until
the ODg reached 0.6-0.8. The protein expression of Bax or
its mutant was induced with 0.4 mmol/L isopropyl p-D-1-
thiogalactopyranoside (IPTG) at 30°C for 3 h, whereas the
protein expression of Bid or its mutant was induced with 1
mmol/L IPTG at 16°C for 12 h. Cells were harvested by cen-
trifugation and lysed by sonication on ice in lysis buffer (20
mmol/L Tris, 500 mmol/L NaCl, 1 mmol/L PMSF, pH 8.0).
The cell extract was collected by centrifugation.

Cell extract containing Bax or its mutant Bax (C126S) was
loaded onto chitin affinity resin (New England Biolabs Inc, Cat-
alog No S6651L). The resin was washed with 20 column vol-
umes of storage buffer (20 mmol/L Tris, 500 mmol/L NaCl, pH
8.0). After incubation with 50 mmol/L DTT at 16°C for 40 h,
the intein tag was removed. The protein was eluted with
5 column volumes of storage buffer and further purified by size-
exclusion chromatography with Superdex 75 (GE Healthcare).

Bid or Bid (C3S, C15S, C28S, S76C) was loaded onto Ni-NTA
resin (QIAGEN, Catalog No 30210). The resin was washed
with 20 column volumes of wash buffer (5 mmol/L imidazole,
20 mmol/L Tris, 200 mmol/L NaCl, pH 8.0). The protein was
then eluted with elution buffer (500 mmol/L imidazole, 20
mmol/L Tris, 200 mmol/L NaCl, pH 8.0). Further, Bid was
purified by size-exclusion chromatography (Superdex 75) with
storage buffer.

In apoptotic cells, full-length Bid was cleaved into p7 and
pl5 fragments by caspase-8 at Thr54-Asp60. The p7 and p15
fragments were bound together through a hydrophobic inter-
action to form cBid. To obtain cBid, Bid or the dye-labelled
Bid mutant was cleaved by TEV at room temperature for 12
h, and the product was stored in the storage buffer above.
The purification quality of the proteins was analyzed by SDS-
PAGE (Supplementary Figure S1).

Protein labeling with Cy3 or Cy5 dye

Here, 1 mg/mL Bax (C126S) or Bid (C3S, C15S, C28S, S76C) was
incubated with 100 M excess of TCEP and 10 M excess of Cy3
(GE Healthcare, PA23031) or Cy5 (GE Healthcare, PA25031)
in PBS at 4°C for 12 h. The unconjugated dye was removed
by dialysis and size-exclusion chromatography (Superdex 75)
with the storage buffer. The labeling efficiency (ie, [dye]/[pro-
tein]) was calculated by the absorbances at 280 nm (Ej,.: 39 580
M™'em”, Egq: 9 970 M em™), 550 nm (Ecys: 150 000 M™cm™)
and 649 nm (E¢,s: 250 000 M'cem™). The labeling efficiency for
Bax (C126S) or cBid (C3S, C15S, C28S, S76C) was ~60%.

Preparation of lipid bilayers
Coverslips (Fischer Scientific, Catalog No 12-548-5M) were
cleaned with freshly prepared Piranha solution (3:1 mixture
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of sulfuric acid and 30% hydrogen peroxide) for 1 h at 95°C.
Then, the coverslips were rigorously washed with Milli-Q
water and freeze-dried. A sample chamber was assembled
according to the protocol as described in the reference™.
Lipids consisting of 93% 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) (Avanti Polar Lipids, Catalog No 850355)
and 7% cardiolipin (Sigma-Aldrich, Catalog No C0563) were
prepared in chloroform. After evaporation with nitrogen, the
lipids were hydrated in PBS to 10 mg/mL and treated with
10 cycles of freeze-thaw. Then, 1 pL of lipids was diluted to
400 pL with PBS and incubated in the sample chamber for one
hour. The supported lipid bilayers were formed on the glass
coverslip in the chamber. The sample chamber was washed
with PBS three times to remove the excess lipids.

Single-molecule fluorescence measurement

For one hour, 100, 200, or 400 pmol/L Cy3-labelled Bax
(C126S) or 2, 4, or 8 pmol/L Cy3-labelled cBid (C3S, C15S,
(285, S76C) was incubated with lipid bilayers in PBS contain-
ing 0.1 mg/mL BSA at room temperature. Here, 100 pmol/L
Cy3-Bax (C126S) and 50 and 500 pmol/L cBid were incubated
with lipid bilayers to determine whether cBid affected the
translocation of Bax to the membrane. Then, 100 nmol/L HN
was added to the above experiments to study the effect of
HN on the translocation of Bax or cBid. The sample chamber
was washed three times with PBS to remove the excess pro-
teins. Imaging buffer (2 mmol/L Trolox, 165 U/mL glucose
oxidase, 217 U/mL catalase, 0.4% p-D-glucose, in PBS, pH 7.4)
was injected into the chamber before the single-molecule fluo-
rescence measurement. All experiments were performed on
an inverted microscope (Olympus IX81) with a 100x/1.49 oil
objective (Olympus). The samples were first focused with 2
mW of a 532-nm laser from a laser power supply (CrystaLaser,
CL-2005). Then, the samples were irradiated with 30 mW of
a 532-nm laser, and the images were acquired by an EMCCD
camera (iXonX3 Andor Technology) as described previously®.
Image] (National Institutes of Health, version 1.46)>!
to count the fluorescent spots (Supplementary Figure S2). The

was used

spots were selected with the “find maximal” function. The
number of selected spots was shown with the “ROI manager”
function. For photobleaching experiments, three data sets of
1000 frames (512x512 pixels) were collected with a time reso-
lution of 100 ms per frame. Analysis of the photobleaching
steps was performed using Image] and PIF software (version
1.1.2)"). The fluorescent spots were pre-selected in Image].
Appropriate parameters were chosen in PIF to select a compa-
rable number of spots as in Image] (Supplementary Figure S2).
Spots that were too close to one another or not bleached were
abandoned automatically. As shown in Supplementary Figure
S3, the trajectory of the selected spots was first analyzed by
PIF. Then, the processed images of all the spots were visually
checked, and the steps of the spots were counted manually
(Supplementary Figure 54).

To determine whether HN could pull Bax or tBid out of the
membrane, 100 pmol/L Cy3-Bax (C126S) and 500 pmol/L
¢Bid or 2 pmol/L Cy3-cBid (C3S, C155, C28S, S76C) was incu-
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bated with lipid bilayers in PBS containing 0.1 mg/mL BSA
for one hour at room temperature. The sample chamber was
washed with PBS three times to remove excess proteins. Then,
the lipid bilayers were incubated with 100 nmol/L HN for one
hour at room temperature. The samples were washed and
imaged as above.

Forster resonance energy transfer experiment
For the FRET experiments, the Cy3-labelled protein was the
donor, and the Cy5-labelled protein was the acceptor. Here,
0.5, 1, or 2 nmol/L Cy5-Bax (C126S) or 0.25, 0.5, or 1 nmol/L
Cy5-cBid (C3S, C15S, C28S, S76C) was incubated with 1
nmol/L Cy3-labelled HN or Cy3 dye at 25°C in PBS for 10
min; 0.5, 1, or 2 nmol/L Cy5-Bax (C126S) or 0.25, 0.5, or 1
nmol/L Cy5-cBid (C3S, C15S, C28S, S76C) was incubated with
1 mg/mL liposomes (93% DPPC+7% cardiolipin) at 25 °C in
PBS for 30 min and then incubated with 1 nmol/L Cy3-HN
(Sangon-Peptide Biotech Co, Ltd, China) or Cy3 dye at 25°C
in PBS for 10 min. The FRET efficiency was evaluated by mea-
suring the fluorescence at 600 nm with the excitation at 532 nm
on a microplate reader (TECAN, infinite M200 Pro). The fluo-
rescence intensity of different samples containing the donor
and the acceptor (Fp.,), only donor (Fp), only acceptor (F,) or
without donor/acceptor (ie, Fy) were measured. The FRET
efficiency was evaluated by the values of (Fp.s-F4)/ (Fp-Fo),
wherein (Fp.5-F,) and (Fp-Fy) denote the emission of the donor
with or without the accepter. If FRET exists, the absorption of
the accepter will decrease Fp.s-F, but not Fp-Fy; therefore, high
FRET efficiency corresponds to low values of (Fp.a-F4)/ (Fp-Fy).
Then, 1 nmol/L Cy3-Bax (C126S) was incubated with 0.2 or
5 pmol/L HN, 4 nmol/L Cy5- cBid (C3S, C15S, C28S, S76C)
and 1 mg/mL liposomes (93% DPPC+7% cardiolipin) in PBS
for 4 h. The FRET efficiency was evaluated by measuring the
Cy5 fluorescence at 670 nm with the excitation at 532 nm. If
FRET exists, the fluorescence emission of Cy5 will increase.

Correction of the distribution with protein labeling efficiency

The number of protein molecules in the aggregates was deter-
mined by counting the photobleaching steps of the fluorescent
spots. Ideally, all protein molecules were labelled with Cy3
(ie, the labeling efficiency was 100%). Under the intense irra-
diation of the 532-nm laser beam, one instance of fluorescence
quenching would be observed with one Cy3-labelled mol-
ecule. Therefore, the number of the quenching events would
be the number of molecules at the fluorescent spot. However,
in reality, the Cy3-labeling efficiency is usually lower than
100%, which means that some molecules in the aggregates are
possibly unlabeled (Supplementary Figure S5). Therefore, the
photobleaching steps would not necessarily indicate the num-
ber of protein molecules. In our single-molecule fluorescence
measurement experiments, only Cy3-labelled protein mol-
ecules were quenched by laser beam, whereas unlabeled pro-
tein molecules without fluorescence were ignored. Therefore,
the number of photobleaching was indicative of the actual
number of Cy3-labelled protein molecules. Considering that
the possibility of a N-mer aggregate with m Cy3-labelled mol-



ecules follows a binomial distribution (equation 1).

N

= = m (1—p)(N-m)

f(mIN, p) [mjp (1-p) O
wherein p is the Cy3-labeling efficiency, N is the number of all
molecules in the aggregate, m is the number of Cy3-labelled
molecules in the N-mer aggregate (0<m<N) (please note that
m can be zero because the aggregate may not contain any
labelled molecules), the fractions of protein aggregates should
follow the equation set 2, wherein h’y and h, denote the frac-
tion of aggregates with k Cy3-labelled rglloleculesNand the frac-

tion of k-mer aggregates, respectively (Z he=1, z h.=1)
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If we multiply both sides of equation 2 by the number of all
protein aggregates, equation 3 can be derived, wherein H'y
and H, are the number of aggregates with k Cy3-labelled mol-
ecules and the number of k-mer aggregates, respectlvely The

number of all protein aggregates should be equal to ZHV or
k=0

é Hi . Since through the photobleaching experiments we only
know the number of aggregates with k Cy3-labelled molecules
(H'y, 1<k<N), we may calculate Hy (1<k<N) by fitting H',

(0<k<N) with the equation 3, where H' = ZHk— ZH . There-

k=1
fore, the corrected fraction of m-mer aggregates, h,,, can be

calculated with the equation of hw=Hu/ kZﬂHk (1sm=N). The

calculation was performed with the aid of an in-house com-
puter program (Supplementary Figure S6).

Results
Bax oligomerizes in lipid bilayers, while cBid prompts the process
Bax constantly translocates to mitochondria and back to the

[26]

cytosol in healthy cells*™. In response to apoptotic stimuli,

full-length Bid is cleaved by caspase-8 into cBid, which is

[27]

composed of p7 and p15 fragments”. The two fragments
remain bound together in solution. However, the longer p15
fragment, known as truncated Bid (tBid), is separated from the
p7 fragment upon interaction with the mitochondrial mem-
brane. The membrane-bound tBid recruits cytosolic Bax and
induces a conformational change of Bax, leading to its inser-
tion and oligomerization in the membrane!®

two cysteines, Cys62 and Cys126. As the membrane inser-

. Bax contains

tion regions of Bax are a5, a6 and a9 helices™, labeling of
Cys126 at the ab helix may interfere with Bax insertion in the
membrane. To study the translocation and oligomerization of
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Bax in lipid bilayers with single-molecule fluorescence tech-
niques, Cys126 was mutated to serine whereas Cys62 in the
a2 helix was labelled with Cy3 dye. The circular dichroism
(CD) spectra (Supplementary Figure S7), fluorescence polar-
ization (FP) assays (Supplementary Figure S8) and liposome
permeabilization assays (Supplementary Figure S9) showed
that the mutation did not change the conformation of Bax, its
affinity with HN or its function in liposome permeabilization.
In the absence of cBid, the number of fluorescent spots of Cy3-
labelled Bax (C126S) translocated to lipid bilayers increased in
a concentration-dependent manner (Figure 1A). Bax (C126S)
was mainly present as monomers, dimers and tetramers in the
membrane (Figure 1B). In the presence of cBid, the number of
fluorescent Cy3-Bax (C126S) spots in lipid bilayers increased
along with the concentration of cBid (Figure 1C). Bax (C126S)
was mainly present as dimers and tetramers. At 50 pmol/L
of cBid, the proportion of Bax in dimers increased (P=0.046),
while the tetrameric proportion remained unchanged. Nota-
bly, the proportion of Bax in dimers decreased (P=0.049), but
the tetrameric proportion increased (P=0.0038) in the presence
of 500 pmol/L cBid (Figure 1D). These observations suggest
that the formation of Bax dimers is the rate-limiting step of its
oligomerization. cBid prompts the translocation and oligo-
merization of Bax in the membrane.

HN inhibits the translocation of Bax to the membrane and its
oligomerization

HN binds with Bax and suppresses apoptosis™l. Since the
oligomerization of Bax in MOM leads to cytochrome c release,
we studied the effect of HN on Bax translocation and oligo-
merization in lipid bilayers. In the absence of cBid, HN
decreased the number of Cy3-Bax (C126S) fluorescent spots
translocated to lipid bilayers (P=0.020) (Figure 2A, Supple-
mentary Figure 510), suggesting that HN inhibited the translo-
cation of Bax (C126S). Analysis of the photobleaching steps of
Cy3-Bax (C126S) in lipid bilayers showed that 100 nmol/L HN
appeared to decrease the tetrameric proportion of Bax (C126S)
(P=0.027) (Figure 2B). In the presence of 500 pmol/L cBid, 100
nmol/L HN also decreased the number of 100 pmol/L Cy3-
Bax (C126S) fluorescent spots translocated to lipid bilayers
(P=0.046) (Figure 2C, Supplementary Figure S510). The pro-
portion of tetrameric Bax (C126S) in bilayers was significantly
decreased by HN (P=0.024) (Figure 2D). Most Bax (C126S)
was maintained in the dimeric form. Clearly, these results
demonstrated that HN suppressed Bax translocation to lipid
bilayers in the absence and presence of cBid. Meanwhile, HN
inhibited the oligomerization of Bax in the membrane.

HN inhibits the translocation of tBid to the membrane and its
oligomerization

Membrane-bound tBid interacts with cytosolic Bax and initi-
ates Bax pore formation in the membrane™.. A tBid mutant
that was unable to induce the dimerization of either Bax or
Bak was found to form homotrimers in a variety of cell lines
and induce apoptosis, suggesting that tBid itself can oligomer-
ize in the MOM and induce cytochrome c release®. Thus,
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Figure 1. Translocation and oligomerization of Bax in lipid bilayers with or without cBid. (A) Numbers of fluorescent spots (# of Occurrence) in the im-
ages of 100, 200 and 400 pmol/L Cy3-labelled Bax (C126S) in DPPC lipid bilayers with cardiolipin (93% DPPC and 7% cardiolipin). Error bars indicate
the standard errors, n=6. Data analyzed by an unpaired one-tailed t test. (B) Percentage of occurrence (% Occurrence) of different oligomeric species

in the images (A).

Error bars indicate the standard errors, n=3. (C) Numbers of fluorescent spots (# of Occurrence) in the images of 100 pmol/L Cy3-

labelled Bax (C126S) with 50 and 500 pmol/L cBid in DPPC lipid bilayers with cardiolipin (93% DPPC and 7% cardiolipin). Error bars indicate the stan-
dard errors, n=6. Data analyzed by an unpaired one-tailed t test. (D) Percentage of occurrence (% Occurrence) of different oligomeric species in the
images (C). Error bars indicate the standard errors, n=3. Data analyzed by an unpaired one-tailed t test.

we further explored the effect of HN on the translocation
and oligomerization of tBid in lipid bilayers. Wild-type cBid
contains three cysteines at the p7 fragment (ie, Cys3, Cys15
and Cys28). As the membrane insertion regions of cBid are

a4-a7 helices at the p15 fragment"!

, mutations of Cys3, Cys15
and Cys28 to serine and Ser76 to cysteine at the a2-a3 loop of
the p15 fragment should not interfere with tBid insertion in
the membrane. Therefore, the residues of Cys3, Cys15 and
Cys28 were mutated to serine. Ser76 at the p15 fragment was
mutated to cysteine so that it could be labelled with the Cy3
dye. The CD spectra (Supplementary Figure S7), FP assays
(Supplementary Figure S8) and liposome permeabilization
assays (Supplementary Figure S9) showed that the mutations
did not change the conformation of Bid, its affinity with HN
or its function in liposome permeabilization. In the absence of
HN, the number of Cy3-labelled cBid (C3S, C15S, C28S, S76C)
fluorescent spots translocated to lipid bilayers increased in a
concentration-dependent manner (Figure 3A, Supplementary
Figure S11). cBid (C3S, C15S, C28S, S76C) was present as
monomers, dimers, trimers and tetramers in the membrane
(Figure 3B). HN at 100 nmol/L decreased the number of 2
pmol/L Cy3-cBid (C3S, C15S, C28S, S76C) fluorescent spots
in lipid bilayers (P=0.0067) (Figure 3C, Supplementary Figure
S11). The proportion of tBid monomers in lipid bilayers was
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increased by HN (P=0.061) (Figure 3D). These data revealed
that HN inhibits the translocation of cBid and its oligomeriza-
tion in the membrane.

HN binds to Bax and cBid in solution and in the membrane

Previous fluorescence polarization (FP) assays showed that
HN binds Bax or Bid in solution* "\ To verify the interac-
tions by using the FRET technique, we labelled HN with Cy3
dye. The amino acid sequence of HN is MAPRGFSCLLLLT-
SEIDLPVKRRA. As the Pro3-Prol9 residues are the neuropro-
tective core domain, and Cys8 is critical for its interaction with
Bax or Bid" >, the only lysine at the C-terminus of HN (i,
Lys21) was labelled with Cy3. Cy5-Bax (C126S) was incubated
with Cy3-labelled HN in the absence of liposomes. Consistent
with the FP assay, we observed the FRET between Cy5-Bax
(C126S) and Cy3-HN. (Fp.s-Fa)/ (Fp-Fo) decreased along with
the increasing concentration of Cy5-Bax (C126S) (Figure 4A).
This result also proved that the Lys21 labeling did not affect
the interaction of HN with Bax. Similarly, Cy5-labelled cBid
(€3S, C15S, C28S, S76C) was incubated with Cy3-HN in the
absence of liposomes. We observed the FRET between Cyb5-
cBid (C3S, C15S, C28S, S76C) and Cy3-HN as well. (Fp.a-Fa)/
(Fp-Fy) decreased along with the increasing concentration of
Cy5-cBid (C3S, C15S, C28S, S76C) (Figure 4B). Furthermore,
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Figure 2. HN inhibits the translocation and oligomerization of Bax incubated with or without cBid. (A) Numbers of fluorescent spots (# of Occurrence)
in the images of 400 pmol/L Cy3-labelled Bax (C126S) incubated with 100 nmol/L HN in DPPC lipid bilayers with cardiolipin (93% DPPC and 7% cardio-
lipin). Error bars indicate the standard errors, n=6. Data analyzed by an unpaired one-tailed t test. (B) Percentage of occurrence (% Occurrence) of dif-

ferent oligomeric species in the images (A).

Error bars indicate the standard errors, n=3. Data analyzed by an unpaired one-tailed t test. (C) Numbers

of fluorescent spots (# of Occurrence) in the images of 100 pmol/L Cy3-labelled Bax (C126S) with 500 pmol/L c¢Bid and 100 nmol/L HN in DPPC lipid
bilayers with cardiolipin (93% DPPC and 7% cardiolipin). Error bars indicate the standard errors, n=6. Data analyzed by an unpaired one-tailed t test. (D)
Percentage of occurrence (% Occurrence) of different oligomeric species in the images (C). Error bars indicate the standard errors, n=3. Data analyzed

by an unpaired one-tailed t test.

we examined the binding activity of HN to the membrane-
bound Bax or tBid. In vitro, Bax may associate with liposomes
in the presence of cardiolipin™!. Flotation assays showed
that liposomes alone do not cause the membrane insertion of
Bax®. In contrast, the interaction of cBid with liposomes trig-
gers the separation of p15 (tBid) and p7 fragments. tBid fully
binds to liposomes and inserts into membranes®™. To ensure
the membrane-bound efficiency of Bax or c¢Bid, 2 nmol/L Cy5-
Bax (C126S) or Cy5-cBid (C3S, C155, C28S, S76C) was incu-
bated with 1 mg/mL liposomes. The solution was separated
from the liposomes by ultrafiltration. We measured the fluo-
rescence of the liposomes and the filtrate at 670 nm (ie, the Cy5
fluorescence) and found that the membrane-bound efficiency
was ~99% (Supplementary Figure S12). This proved that Cy5-
Bax (C126S) and Cy5-cBid (C3S, C15S, C28S, S76C) associate
with the liposomes at this concentration. After that, 1 nmol/L
of Cy3-HN was incubated with various concentrations of
Cy5-Bax (C126S) or Cyb-labelled tBid-bound liposomes. The
samples were irradiated with 532 nm of light. (Fp.s-Fa)/(Fp-
Fy) decreased with the increasing concentrations of the Cy5-
labelled proteins (Figure 4A, 4B), showing that HN also binds

Bax or tBid in liposomes. To further confirm that the FRET
between HN and Bax or tBid was due to the specific interac-
tion of HN with Bax or tBid, we used 1 nmol/L of the Cy3
dye instead of Cy3-HN as the control. We incubated Cy5-Bax
(C126S) or Cy5-cBid (C3S, C15S, C28S, S76C) with the Cy3 dye
in the absence or presence of liposomes. We did not observe
FRET between Cy5-Bax (C126S) and the Cy3 dye nor between
Cy5-cBid (C3S, C15S, C28S, S76C) and the Cy3 dye. Clearly,
this demonstrated that the FRET between HN and Bax or tBid
truly reflects a specific interaction of HN with the proteins.

HN prevents the interaction of tBid and Bax in liposomes

Membrane-bound tBid can recruit cytosolic Bax to the MOM.
As shown above, HN binds with Bax and tBid in solution and
in the membrane. Naturally, we asked whether HN can affect
the interaction of Bax by being recruited and activated by tBid
and Bax. To answer this question, we incubated 1 nmol/L
Cy3- Bax (C126S) with 1 mg/mL and 4 nmol/L Cy5-cBid (C3S,
C15S, C28S, S76C) liposomes in the absence or presence of
HN. The samples were irradiated with Cy3 excitation light at
532 nm. If Cy5-cBid (C3S, C15S, C28S, S76C) binds with Cy3-
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Figure 3. HN inhibits the translocation and oligomerization of cBid in lipid bilayers. (A) Numbers of fluorescent spots (# of Occurrence) in the images of
2, 4 and 8 pmol/L Cy3-labelled cBid (C3S, C15S, C28S, S76C) in DPPC lipid bilayers with cardiolipin (93% DPPC and 7% cardiolipin). Error bars indicate
the standard errors, n=6. Data analyzed by an unpaired one-tailed t test. (B) Percentage of occurrence (% Occurrence) of different oligomeric species
in the images (A). Error bars indicate the standard errors, n=3. (C) Numbers of fluorescent spots (# of Occurrence) in the images of 2 pmol/L Cy3-
labelled cBid (C3S, C15S, C28S, S76C) with 100 nmol/L HN in DPPC lipid bilayers with cardiolipin (93% DPPC and 7% cardiolipin). Error bars indicate
the standard errors, n=6. Data analyzed by an unpaired one-tailed t test. (D) Percentage of occurrence (% Occurrence) of different oligomeric species
in the images (C). Error bars indicate the standard errors, n=3. Data analyzed by an unpaired one-tailed t test.

Bax (C126S), we would observe the fluorescence emission of
Cy5 at 670 nm due to the FRET between Cy3-Cy5. As shown
in Figure 4C, cBid (C3S, C15S, C28S, S76C) did not bind with
Bax (C126S) in the absence of liposomes. The addition of lipo-
somes significantly increased the Cy5 fluorescence (P=0.0003),
indicating that cBid (C3S, C15S, C28S, S76C) binds with Bax
(C126S) in the membrane. In contrast, the Cy5 fluorescence
decreased with increasing concentrations of HN (P=0.015).
These results revealed that HN prevents the interaction of Bax
and tBid in liposomes.

HN cannot pull Bax or tBid out of the membrane

Bcl-x, is an anti-apoptotic protein that can retrotranslocate Bax
from the mitochondria into the cytosol®!. Consistently, our
previous studies showed that Bcl-x; may translocate Bax from
lipid bilayers to solution®!. Subburaj et al also demonstrated
that Bel-x; is able to disassemble Bax oligomers and decrease
the proportion of Bax tetramer in the lipid bilayers®™. As HN
interacts with Bax and tBid in the membrane (Figure 4A, 4B),
we further investigated whether, similar to Bcl-x;, HN could
pull Bax or cBid out of the lipid bilayers. Here, 100 pmol/L
Cy3-Bax (C126S) and 500 pmol/L cBid or 2 pmol/L Cy3-cBid
(C3S, C15S, C28S, S76C) was incubated with lipid bilayers.
Then, the membrane-bound protein was incubated with or
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without 100 nmol/L HN. As shown in Figure 4D, the number
of Cy3-Bax (C126S) or Cy3-cBid (C3S, C15S, C28S, S76C) fluo-
rescent spots with or without HN was not significantly dif-
ferent, indicating that HN cannot pull Bax and tBid out of the
membrane.

Discussion

HN is an endogenous cytosolic peptide that is able to pro-
tect neuron cells from death induced by AP peptide insult or
transfection of familial AD mutant genes. Co-immunopre-
cipitation (co-IP) experiments and fluorescence polarization
assays showed that HN binds Bax or Bid. HN suppressed the
cytochrome c release induced by Bax but not by Bak!l. To
investigate the Bax-related neuroprotection mechanism of HN,
we simulated the mitochondrial membrane environment with
lipid bilayers consisting of 93% DPPC and 7% cardiolipin. By
using single-molecule fluorescence techniques, we studied the
effects of HN on the association of Bax or Bid with lipid bilay-
ers and their oligomerization in the membrane.

Bax is a key regulator of apoptosis that presents mainly
in the cytosol of healthy cells™. It dynamically translocates
to the MOM and back to the cytosol. tBid initiates Bax pore
formation in the MOM of apoptotic cells. Our photobleach-
ing experiments showed that Bax presents as monomers,
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Figure 4. HN interacts with membrane-bound Bax or tBid and inhibits the interaction between Bax and tBid in the membrane. (A) Cy5-labelled Bax
(C126S) at 0.5, 1, or 2 nmol/L or membrane-bound Cy5-labelled Bax (C126S) was incubated with 1 nmol/L Cy3-labelled HN or Cy3 dye. In the pres-
ence of Cy3-labelled HN or Cy3 dye, Fy.x and F, denote the fluorescence of Cy3 at 600 nm with or without Cy5-Bax (C126S). In the absence of Cy3-
labelled HN or Cy3 dye, F, and F, denote the fluorescence of the background at 600 nm with or without Cy5-Bax (C1268S). (Fp.a-Fa) and (Fp-Fy) denote
the emission of Cy3-labelled HN or Cy3 dye at 600 nm with or without Cy5-Bax (C126S). The samples in the buffer were labelled with (B), whereas the
samples in liposomes were labelled with (L). Error bars indicate the standard errors, n=3. (B) Cy5-labelled cBid (C3S, C15S, C28S, S76C) at 0.25, 0.5,
or 1 nmol/L or membrane-bound Cy5-labelled cBid (C3S, C15S, C28S, S76C) was incubated with 1 nmol/L Cy3-labelled HN or Cy3 dye. In the presence
of Cy3-labelled HN or Cy3 dye, Fp., and Fy denote the fluorescence of Cy3 at 600 nm with or without Cy5-labelled cBid (C3S, C15S, C28S, S76C). In the
absence of Cy3-labelled HN or Cy3 dye, F, and F, denote the fluorescence of the background at 600 nm with or without Cy5-Bax (C126S). (Fp.a-Fa) and
(Fo-Fo) denote the emission of Cy3-labelled HN or Cy3 dye at 600 nm with or without Cy5-labelled cBid (C3S, C15S, C28S, S76C). The samples in the
buffer were labelled with (B), whereas the samples in liposomes were labelled with (L). Error bars indicate the standard errors, n=3. (C) Cy3-labelled
Bax (C126S) at 1 nmol/L was incubated with 0.2 or 5 pmol/L HN, 4 nmol/L Cy5-labelled ¢Bid (C3S, C15S, C28S, S76C) and 1 mg/mL liposomes (93%
DPPC and 7% cardiolipin). The fluorescence was measure at the Cy3 excitation wavelength of 532 nm and the Cy5 emission wavelength of 670 nm.
Error bars indicate the standard errors, n=3. Data analyzed by an unpaired one-tailed t test. (D) Numbers of fluorescent spots (# of Occurrence) in the
images of 100 pmol/L Cy3-labelled Bax (C126S) and 500 pmol/L cBid or 2 pmol/L Cy3-labelled cBid (C3S, C15S, C28S, S76C) in DPPC lipid bilayers
with cardiolipin (93% DPPC and 7% cardiolipin) with or without incubation with 100 nmol/L HN. Error bars indicate the standard errors, n=6.

dimers and tetramers in lipid bilayers, while tBid enhances 8 pmol/L Cy3-cBid fluorescent spots in lipid bilayers than

its membrane association and tetramerization. The distribu- 400 pmol/L Cy3-Bax spots (Figure 1A, 3A), suggesting that

tion of Bax oligomers revealed by our studies coincides with
the double electron-electron resonance (DEER) experiments
showing that membrane-embedded Bax is organized as

assemblies of dimers®

We also found that HN suppressed
the self-association and tBid-activated association of Bax with
lipid bilayers. Meanwhile, the proportion of Bax tetramer
in the bilayers was reduced by HN. Consistently, previous
studies proved that most of the Bax protein remained in the
cytosol of SF268 cells, which contain high levels of endog-
enous HN. When the expression of HN was knocked down,
staurosporine-induced Bax translocation to the membrane was
enhanced, indicating that HN suppresses the translocation of
Bax to mitochondria!™*.

In addition, our results showed that there were more

tBid bound to the lipid membrane more efficiently than Bax.
Since tBid is separated from the p7 fragment of cBid upon
interaction with the lipid membrane and can interact with Bax
and activate its translocation to the membrane, the easy associ-
ation of tBid with the membrane should facilitate the activation
of Bax. tBid at such concentrations presented as monomers,
dimers, trimers and tetramers in the bilayers. Previous confo-
cal experiments showed that the mobile species of tBid on the
membrane were monomers to trimers, whereas the membrane-
inserted tBid was mainly distributed as tetramers and higher
oligomers™. Our experiments showed that HN inhibited cBid
translocation to lipid bilayers. HN increased the monomeric
proportion of tBid, suggesting that HN inhibits the oligomer-
ization and insertion of tBid in the membrane.
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The inhibitory effect of HN on the oligomerization of Bax
and tBid revealed by our single-molecule studies is also in
line with previous Western-blot and co-IP experiment results.
Zhai et al incubated tBid, Bax, and HN with isolated mitochon-
dria™!. The mitochondrial membranes were then solubilized
in 2% CHAPS. The oligomerization of Bax in membranes
was analyzed by gel-sieve chromatography and Western-blot,
showing that tBid promotes Bax oligomerization, whereas HN
inhibits the tBid-induced oligomerization as well as the self-
oligomerization of Bax. In addition, GFP or GFP-fused HN
were expressed together with myc-tagged Bid or myc-tagged
tBid in HEK293T cells. The Co-IP results showed that GFP-
fused HN bound to both Bid and tBid, and the interaction
inhibited the self-oligomerization of tBid.

In addition, consistent with previous FP assays™ ", our
FRET experiments showed that HN bound Bax and cBid in
solution. The binding of HN with Bax or cBid should con-
M and suppress
their association with the membrane. In addition, we found

strain the proteins to latent conformations

that HN bound to Bax or tBid in the membrane. However,
HN could not pull the proteins out of the membrane.

Based on the above results, we propose a mechanism by
which HN suppresses the Bax-induced cytochrome c release
(Figure 5). In apoptotic cells, Bid is truncated by caspase-8
into cBid, which can readily translocate to the MOM. The BH3
domain of tBid in membrane-bound conformations remains
accessible to aqueous solution, whereas the a4-a7 helices are
inserted into membrane®™. The a2-a5 helices of membrane-
bound Bax, which contain the BH3 domain, are also above

B71 The BH3 domain of membrane-bound

[39-42]

the membrane
tBid or Bax may interact with cytosolic Bax™ ", inducing its
conformational change and association with the membrane.
Our experiments and the FP assays showed that HN binds to
Bax or Bid in solution. NMR chemical shift mapping experi-
ments demonstrated that HN-derived peptides bind to a
region at the surface of Bid, which includes residues from
the BH3 domain™’. Such interactions should restrain cBid
or Bax to inactive conformations and prevent their associa-

tion with the membrane. In addition, HN also interacts with

Figure 5. Inhibitory mechanism of HN on Bax-induced cytochrome ¢ release.
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membrane-bound Bax and tBid. As HN not only inhibits the
self-oligomerization but also the tBid-activated oligomeriza-
tion of Bax in the membrane and the BH3 domain, and the a9
helix of membrane-bound Bax are two interfaces for its homo-
oligomerization™ ¥ **! HN likely binds at the BH3 domains
of Bax and tBid to prevent the recruitment and assembly
of Bax in the membrane. In summary, HN suppresses Bax
pore formation through two mechanisms. On one hand, HN
directly binds to Bax and c¢Bid in solution and inhibits their
conformational change and translocation to the membrane.
On the other hand, HN interacts with membrane-bound Bax
and tBid, preventing the recruitment of cytosolic Bax and its
oligomerization in the membrane.
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