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  Physiological and pathological cell death have been 
classifi ed according to morphological criteria into at least 
three categories: type I cell death or apoptosis; type II 
cell death or autophagic cell death; and type III cell death 
or necrosis ( 1, 2 ). Lysosomes were known to be involved 
in autophagy ( 3, 4 ) and, after the massive rupture of lyso-
somes, in necrosis ( 5 ). In response to lethal stimuli, par-
tial and selective lysosomal membrane permeabilization 
(LMP) occurs in certain lysosomes ( 6 ), and the redistrib-
uted lysosomal proteases induce apoptosis ( 7 ). Several 
lysosomal cathepsins (e.g., cathepsin B, D, L, etc.) have 
been implicated in apoptosis ( 8, 9 ). Recently, we found 
that, besides being a digestive enzyme, chymotrypsin is a 
novel member of lysosomal proteases ( 10 ). Chymotrypsin 
release as a consequence of LMP in a small proportion of 
lysosomes appears to play an important role in cell apo-
ptosis, irrespective of whether the apoptosis is triggered by 
extrinsic or intrinsic mediators ( 11 ). Further investiga-
tion indicated that, during the initiation of apoptosis, 
both the activation of caspase 8 and the existence of Bid 
are necessary for the induction of LMP, but the precise 
mechanism of LMP remains to be elucidated. 

      Abstract   Upon apoptotic stimuli, lysosomal proteases, 
including cathepsins and chymotrypsin, are released into 
cytosol due to lysosomal membrane permeabilization (LMP), 
where they trigger apoptosis via the lysosomal-mitochondrial 
pathway of apoptosis. Herein, the mechanism of LMP was 
investigated. We found that caspase 8-cleaved Bid (tBid) 
could result in LMP directly. Although Bax or Bak might 
modestly enhance   tBid-triggered LMP, they are not neces-
sary for LMP. To study this further, large unilamellar vesicles 
(LUVs), model membranes mimicking the lipid constitution 
of lysosomes, were used to reconstitute the membrane 
permeabilization process in vitro. We found that phospha-
tidic acid (PA), one of the major acidic phospholipids found 
in lysosome membrane, is essential for tBid-induced LMP. 
PA facilitates the insertion of tBid deeply into lipid bilayers, 
where it undergoes homo-oligomerization and triggers the 
formation of highly curved nonbilayer lipid phases. These 
events induce LMP via pore formation mechanisms because 
encapsulated fl uorescein-conjugated dextran (FD)-20 was 
released more significantly than FD-70 or FD-250 from 
LUVs due to its smaller molecular size.   On the basis of 
these data, we proposed tBid-PA interactions in the lyso-
somal membranes form lipidic pores and result in LMP. 
We further noted that chymotrypsin-cleaved Bid is more 
potent than tBid at binding to PA, inserting into the lipid 
bilayer, and promoting LMP. This amplifi cation mechanism 
likely contributes to the culmination of apoptotic signaling.  —
Zhao, K., H. Zhou, X. Zhao, D. W. Wolff, Y. Tu, H. Liu, T. Wei, 
and F. Yang.  Phosphatidic acid mediates the targeting of 
tBid to induce lysosomal membrane permeabilization and 
apoptosis.  J. Lipid Res . 2012.  53:  2102–2114.   

 Supplementary key words Bid • chymotrypsin • lysosome • 
enzymology 

 This work is supported by National Basic Research Program of China grants 
2010CB833701 and 2012CB934003 and by National Natural Science Foundation 
of China grants 31070736 and 31100595. 

 Manuscript received 18 April 2012 and in revised form 26 June 2012. 

  Published, JLR Papers in Press, July 3, 2012  
 DOI 10.1194/jlr.M027557  

 Phosphatidic acid mediates the targeting of tBid to 
induce lysosomal membrane permeabilization 
and apoptosis  

  Kai   Zhao ,  1, *   Hejiang   Zhou ,  1, * ,†    Xingyu   Zhao , *   Dennis W.   Wolff ,  §    Yaping   Tu , * ,§    Huili   Liu , **  
 Taotao   Wei ,  2, *  and  Fuyu   Yang   2, *  

 National Laboratory of Biomacromolecules,* Institute of Biophysics,  Chinese Academy of Sciences , 
Chaoyang District, Beijing 100101,  China ;  Graduate University of Chinese Academy of Sciences , †  
Shijingshan District, Beijing 100049,  China ; Department of Pharmacology, §   Creighton University School 
of Medicine , Omaha,  NE  68178; and State Key Laboratory of Magnetic Resonance and Atomic and 
Molecular Physics,** Wuhan Centre for Magnetic Resonance, Wuhan Institute of Physics and Mathematics, 
 Chinese Academy of Sciences , Wuhan 430071,  China  

 Abbreviations: AO, acridine orange; chymBid, chymotrypsin-cleaved 
Bid; CHAPS, 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propane 
sulfonate; FD, fl uorescein-conjugated dextran; LMP, lysosomal mem-
brane permeabilization; LUV, large unilamellar vesicle; MEF, mouse 
embryonic fi broblast; MOMP, mitochondrial outer membrane perme-
abilization; PA, phosphatidic acid; PC, phosphotidylcholine; PE, 
phosphotidylethanolamine; PG, phosphotidylglycerol; PI, phosphoti-
dylinositol; PIPES, piperazine-1,4-bis(2-ethanesulfonic acid); PM, 
N-(1-pyrenyl)maleimide; PS, phosphatidylserine; Sulfo-BSOCOES, 
bis(2-(3-sulfo-N-succinimidyloxycarbonyloxy)ethyl)sulfone; tBid, caspase 
8-cleaved Bid. 

  1  These authors contributed equally to this work. 
  2  To whom correspondence should be addressed.  
  e-mail: yangfy@sun5.ibp.ac.cn; weitt@moon.ibp.ac.cn. 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of one fi gure. 



Phosphatidic acid targets tBid to lysosomes during apoptosis 2103

(San Diego, CA). 3-[(3-cholamidopropyl)-dimethyl-ammonio]
1-propane sulfonate (CHAPS) was purchased from J. T. Baker 
Inc. (Princeton, NJ). Antibodies against Bid, cathepsin B, COX 
IV, and GAPDH were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). Antibody against cytochrome  c  was purchased 
from BD Bioscience (Sparks, MD). Antibody against LAMP-1 
was purchased from Cell Signaling Technology (Danvers, MA). 
Other reagents were manufactured in China and were of ana-
lytical grade. 

 Expression and labeling of recombinant proteins 
 Recombinant full-length murine Bid with an N-terminal His 6  

tag and recombinant human activated caspase 8 were obtained as 
we described previously ( 16 ). Recombinant human chymotrypsin 
was obtained and activated as we described previously ( 11 ).Trun-
cated Bid processed by caspase 8 (tBid; includes N-terminal frag-
ment 1–59 and C-terminal fragment 60–195) was obtained by 
adding caspase 8 to the full-length Bid and then incubating over-
night at 4°C ( 10 ). chymBid, which includes C-terminal frag-
ment 68–195 only (the N-terminal fragment is degraded during 
chymotrypsin treatment), was obtained by adding chymotrypsin 
to the full-length Bid and then incubating at 30°C for 2 h ( 11 ). In 
some experiments, tBid was labeled with fl uorescent probe 
N-(1-pyremyl)maleimide (PM) ( 18 ). Before labeling, tBid was dia-
lyzed exhaustively against Tris buffer (20 mM Tris-HCl [pH 7.5] 
and 50 mM NaCl) and then labeled with PM dye (3 mol of PM to 
1 mol of tBid) in the same buffer with rotation at 30°C for 2 h in 
the dark. After the reaction, the protein sample was dialyzed 
against Tris buffer (20 mM Tris-HCl [pH 7.5] and 50 mM NaCl). 

 Recombinant full-length human Bax with no additional 
amino acid residues was expressed in  Escherichia coli  and purifi ed 
as an intein/chitin-binding domain fusion as described previ-
ously ( 19 ). The plasmid pTYB1-Bax was kindly provided by Prof. 
Yigong Shi (Tsinghua University, China). Lysis of  E. coli  was 
achieved by ultrasonication, and at no point was the protein 
exposed to detergents that alter the native Bax conformation. 
After affi nity chromatography with a chitin column (New England 
Biolabs, Ipswich, MA), intein self-cleavage and release of Bax 
from its fusion partner was initiated by incubation with buffer 
containing 100 mM 2-mercaptoethanol for 36 h. Then full-length 
human Bax was further purifi ed by an ion-exchange chromatog-
raphy on a mono-Q column (Amersham Pharmacia Biotech, 
Piscataway, NJ). 

 Analysis of phospholipids of lysosomal membranes 
 Lysosomes were purifi ed from the livers of Sprague-Dawley 

rats according to a method described previously ( 20 ) with minor 
modifi cations. All steps were carried out at 4°C unless otherwise 
noted. Briefl y, several livers were minced, rinsed with sucrose/
PIPES buffer (250 mM sucrose, 20 mM PIPES [pH 7.2]), resus-
pended in 10 volumes of sucrose/PIPES buffer, and homoge-
nized by two brief pulses from a Brinkman Polytron homogenizer. 
The homogenate was centrifuged for 10 min at 540  g  to remove 
nuclei and particulates. CaCl 2  (fi nal concentration, 1 mM) was 
added to the supernatant, followed by incubation for 5 min at 
37°C to disrupt the mitochondria. The supernatant was centri-
fuged for 10 min at 18,000  g , and the heavy membrane pellet was 
retained and resuspended in sucrose/PIPES buffer, centrifuged 
again for 10 min at 18,000  g , and resuspended in Percoll (40% w/v) 
in sucrose/PIPES. The Percoll solution was centrifuged for 30 min 
at 44,000  g  to form a gradient, and 1-ml fractions were collected 
from the bottom of the tube and assayed for mitochondrial con-
tamination by using the lysosomal and mitochondrial enzyme 
markers as described below. The lysosomal fractions were pooled, 
diluted in sucrose/PIPES (1:10 v/v) to decrease the Percoll, and 

 The activation of caspase 8 leads to the proteolysis of 
Bid and the formation of caspase 8-cleaved Bid (tBid), 
which induces mitochondrial outer membrane permeabi-
lization (MOMP) and results in the amplifi cation of apo-
ptotic signaling ( 12, 13 ). The mechanism of MOMP has been 
studied extensively ( 14 ). Mitochondrial membranes are 
enriched with cardiolipin, an acidic phospholipid that 
provides specifi city for the targeting of tBid to mitochondria, 
leading to MOMP and ultimately to apoptosis ( 15 ). Whether 
there are similar mechanisms underlying tBid-dependent 
LMP during apoptosis remains unclear. 

 To reveal the precise mechanisms of tBid-dependent 
LMP, we began the present study by analyzing the phos-
pholipid composition of lysosomal membrane. Besides 
sphingolipids and cholesterol, these membranes are rich 
in acidic phospholipids, especially phosphatidic acid (PA), 
phosphatidylserine (PS), and phosphatidylinositol (PI), 
but without cardiolipin. We demonstrated that tBid alone 
is suffi cient to induce LMP in intact cells or in isolated 
lysosomes. Bax might cause an enhancement of tBid-
induced LMP, but neither Bax nor Bak is crucial for this 
LMP. By using a cell-free model that involved large unila-
mellar vesicles (LUVs) mimicking the phospholipid com-
position of lysosomes, we found that tBid interacts with 
PA, which facilitates its insertion into model membrane 
and causes its conformation change. Size-exclusion chro-
matography and cross-linking assay indicated that tBid 
forms homo-oligomers in PA-containing membranes.  31 P-
NMR analysis showed that tBid promotes the formation of 
highly curved nonbilayer lipid phases via its interaction 
with PA. On the basis of these data and our previous 
reports ( 16, 17 ), we proposed that tBid-PA interactions in 
the lysosomal membranes formed “lipidic pores,” which 
lead to the permeabilization of lysosomal or lysosomal-like 
membranes. As a result of LMP, lysosomal proteases are 
redistributed into the cytosol. We also found that chymBid, 
the proteolytic product of Bid by chymotrypsin released 
from lysosomes, exhibits more potent activity than that 
of tBid in binding with PA, inserting into the lipid bi-
layer, and promoting effi cient leakage from lysosomal 
membranes. These events may play an important signal 
amplifi cation role during the culmination of the mito-
chondrial-lysosomal apoptotic pathway. 

 MATERIALS AND METHODS 

 Chemicals and antibodies 
 1,2-Dioleoyl-sn-glycero-3-phosphate (PA), 1,2-dioleoyl-snglycero-

3-[phospho-rac-(1-glycerol)] (PG), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (PE), 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(PC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS), and 1,2-
dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol) (PI) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). N-(1-pyrenyl)
maleimide (PM) and acridine orange (AO) were from Invitrogen 
(Eugene, OR). Fluorescein-conjugated dextran (FD)-20, FD-70, 
or FD-250 and Thesit were from Sigma-Aldrich (St. Louis, MO). 
Bis(2-(3-sulfo-N-succinimidyloxycarbonyloxy)ethyl)sulfone (Sulfo-
BSOCOES) was purchased from Pierce (Rockford, IL). Bio-
PORTER protein delivery reagent was purchased from Genlantis 
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out, and 350  � l HEPES buffer containing 0.1% Thesit was added 
to the remainder (R) in the centrifugation tube to dilute and 
dissolve the sample pellets. The control followed the same proce-
dure except for the addition of buffer instead of protein. The 
FITC-dextran contained in each of these solutions was quantifi ed 
using a Hitachi F-4500 spectrofl uorometer with 5 nm bandwidths 
centered at 497 and 620 nm for excitation and emission, respec-
tively. Fluorescent intensity was corrected for self-quenching 
according to a standard curve of fl uorescence versus FITC-dextran 
concentration. The percentage of leakage was determined by 

 
Leakage %   2S/ S  R  –  B   100

 

 where B is the extent of leakage by the control. 

 Assay for protein-lipid interactions 
 The interaction between tBid and phospholipids was studied 

by surface plasmon resonance ( 22 ). The analysis was performed 
at 25°C using a BIAcore 2000 instrument equipped with a CM5 
research-grade sensor chip. tBid proteins were immobilized on 
the sensor chip surface of one fl ow cell, and that of the second 
fl ow cell was left unmodifi ed and served as a control. The lipids 
were suspended in buffer (10 mM HEPES [pH 7.4], 50 mM NaCl, 
0.2 mM EDTA), and the kinetics of binding responses in this 
buffer were recorded as the lipids were injected and flowed 
across the two cells. 

 Insertion of tBid into monolayers and bilayers 
 Detection of the insertion of tBid into monolayers containing 

phosphatidic acid was performed by methods we described previ-
ously ( 17 ). Briefl y, 3 ml HEPES buffer was added into the mini-
trough as a subphase followed by dropping the phospholipids on 
the buffer surface to form a monomolecular lipid layer, and the 
surface pressure was measured with a fi lm balance. After the 
initial surface pressure stabilized at its plateau value, the appropri-
ate amount of protein was injected to the mixing chamber with a 
magnetic stir bar through a 0.7 cm 2  hole in the edge from where 
it rapidly diffused into the monolayer-spreading disk to cause an 
increase in surface pressure. All measurements were performed 
at room temperature. 

 Fluorescence measurements were used to analyze the binding 
of tBid to LUV bilayer membranes ( 17, 18 ). tBid was labeled with 
PM to form PM-labeled tBid and then incubated with PC/PE 
LUVs (PC, 80%; PE, 20%) or PA-containing LUVs (PC, 70%; PE, 
20%; PA, 10%) in HEPES buffer (10 mM HEPES [pH 7.4], 
50 mM NaCl, and 0.2 mM EDTA) at 30°C for 30 min. Fluores-
cence measurements were performed with a Hitachi F-4500 fl uores-
cence spectrometer set to 340 nm excitation and 376 nm emission 
with 2.5 nm slit widths. 

 Assay of tBid oligomerization �  
 The oligomerization of tBid was measured by size-exclusion 

chromatography. Experiments were performed in a Superdex-200 
(1.5 × 45 cm) column equilibrated with 100 mM KCl, 10 mM 
HEPES, and 0.2 mM EDTA (pH 7.0) with or without 2% (w/v) 
CHAPS (J. T. Baker Inc.) at a 1 ml/min fl ow rate. The column 
was calibrated using protein gel fi ltration standards (Bio-Rad). 
Samples of 300  � l were loaded onto the column followed by 
collection of 2-ml elution fractions. Aliquots of individual frac-
tions were subjected to SDS-PAGE in 15% Tris-glycine gels, fol-
lowed by visualization of tBid using anti-Bid antibody. 

 The oligomerization of tBid was further confi rmed by a cross-
linking assay. tBid was incubated with LUVs in buffer containing 
20 mM HEPES (pH 7.0), 0.5 M NaCl, and 1 mM EDTA at 37°C 

pelleted by centrifugation at 17,000  g  for 10 min. The lysosomes 
were washed, resuspended in an equal volume of sucrose/PIPES, 
and used immediately. Because the purity of lysosomes was crucial 
in this study, we analyzed the isolated lysosomes by immunoblotting 
with antibodies against LAMP1 (lysosomal marker), COX IV 
(mitochondrial marker), and GAPDH (cytosolic marker) to 
determine the mitochondrial or cytosolic contaminations. Only 
lysosomes without any detectable mitochondrial or cytosolic markers 
were used in the following experiments. 

 Total lipids were obtained from lysosomal membranes by a 
two-step lipid extraction protocol ( 21 ), dried by evaporation 
under nitrogen, and stored dry at –20°C. Before analysis, the 
samples were diluted with hexane-isopropanol (3: 1, V/V). Sample 
aliquots (20 µl) were injected on an Astec Diol 5 mm diol-bonded 
silica normal-phase spherical HPLC column (250 × 4.6 mm), 
separated with a mobile phase of acetonitrile-methanol-85% 
phosphoric acid (100: 10: 0.8, V/V) fl owing at 1.0 ml/min, and 
measured with a DAD detector at 205 nm. 

 Analysis of tBid-induced lysosomal 
membrane permeabilization 

 Purifi ed rat liver lysosomes were suspended in buffer containing 
250 mM sucrose and 20 mM HEPES (pH 7.2) and then incubated 
with the indicated concentrations of tBid for 30 min, followed 
by centrifugation at 18,000  g  for 10 min. The pellets (lysosomes) 
were subjected to immunoblot analysis to detect the binding 
of tBid to lysosomal membranes. The supernatant was subjected to 
immunoblot analysis to assess the release of lysosomal contents. 
The percentage of cathepsin B released into the supernatant was 
used as an index of lysosomal membrane permeabilization 
(LMP). In some experiments, lysosomes were preincubated with 
1  � g/ � l PA or PC for 15 min before measuring the binding of 
tBid to lysosomal membranes and the tBid-induced LMP. 

 Analysis of tBid-induced mitochondrial 
outer membrane permeabilization 

 Mitochondria were purifi ed from the livers of Sprague-Dawley 
rats according to a method described previously ( 12 ) with minor 
modifi cations. Mitochondria were suspended in buffer containing 
400 mM mannitol, 5 mM succinate, 10 mM KH 2 PO 4 , and 50 mM 
Tris-HCl (pH 7.2) and then incubated with the indicated concen-
trations of tBid for 30 min, followed by centrifugation at 12,000  g  
for 10 min. The supernatant and the pellets (mitochondria) were 
subjected to immunoblotting analysis to detect the release of 
mitochondrial cytochrome  c  ( 10 ). 

 Assay for liposomal membrane permeabilization 
 Lipids were mixed in the appropriate ratio from stocks dis-

solved in chloroform. The organic solvent was removed by evapo-
ration under a stream of nitrogen gas, followed by incubation for 
2 h in a vacuum to ensure complete solvent removal. Lipid fi lms 
were resuspended in HEPES buffer (10 mM HEPES [pH 7.4], 
50 mM NaCl, and 0.2 mM EDTA) and subjected to 10 freeze-
thaw cycles. Large unilamellar vesicles (LUVs) were then formed 
by extrusion through 100-nm Nucleopore polycarbonate mem-
branes. To prepare FITC-dextran (FD)-containing liposomes, 
5 mg/ml of FITC-labeled FD-20, FD-70, or FD-250 (numbers = mol. 
wt. of dextran /1,000) was added to the HEPES buffer, and non-
entrapped fl uorophores were removed by centrifugation at 
100,000  g  for 30 min with a Beckman TL-100.3 ultracentrifuge. 

 The leakage assay was performed as described previously ( 16 ). 
After incubation of increasing amounts of tBid with LUVs (phos-
pholipids concentration, 100  � M) in 100  � l of HEPES buffer 
at 30°C for 30 min, the vesicles were sedimented by centrifugation 
(25 min, 35,000 rpm, 4°C). Half of the supernatant (S) was sampled 
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purity was assessed by Western blotting (Supplementary 
Fig. I). Lysosomes without detectable mitochondrial or 
cytosolic contaminations were incubated with tBid and 
the LMP was quantifi ed by analyzing the percentage of the 
lysosomal cathepsin B (a well-accepted marker enzyme 
of lysosomes) that was released into the supernatant. Incu-
bation of tBid with lysosomes caused its signifi cant translo-
cation to the lysosomal membranes and resulted in the 
loss of lysosomal membrane integrity in a dose-dependent 
manner ( Fig. 1A ).  In contrast, uncleaved Bid could not 
bind to lysosomes and showed no LMP-inducing effects. 
The addition of Bax could potentiate the LMP induced 
by tBid, but Bax by itself could not induce signifi cant 
LMP ( Fig. 1B ). 

 We further investigated whether tBid is capable of 
inducing LMP in intact cells. We introduced the recombi-
nant tBid protein into MEFs with BioPORTER reagent 
by methods we described previously ( 10 ). With the help 
of BioPORTER reagent, recombinant tBid could be up-
taken into cells via endocytosis and then partially released 
from the endosomes into the cytosol, where they interact 
with intracellular structures and molecules. The lysosomo-
tropic fl uorophore AO was used to determine the degree 
of LMP. AO is a cell-permeable dye that gives rise to red 
fl uorescence at high concentrations and green fl uores-
cence at low concentrations. AO accumulates by proton 
trapping in intact lysosomes because it becomes positively 
charged in the acidic lysosomal milieu. After LMP, AO is 
released from lysosomes into the cytosol, where it emits 
enhanced green fl uorescence that can be monitored by 
fl uorescence microscopy. After delivery of tBid into wild-
type MEFs, a clear reduction of red fl uorescence with a 
concomitant increase in green fl uorescence could be ob-
served, suggesting that tBid induced LMP at the cellular 
level (Fig. 1C, left panel). To further explore whether 
tBid induced LMP independent of Bax or Bak, two proapop-
totic Bcl-2 proteins that are essential for tBid-induced 
MOMP, the effect of tBid on LMP in Bax  � / �  /Bak  � / �   MEF 
cells was measured. Albeit slightly attenuated, a similar de-
crease in red fl uorescence and increase in green fl uores-
cence were also observed in Bax  � / �  /Bak  � / �   MEF cells 
(Fig. 1C, right panel). These data indicated that tBid is 
suffi cient to trigger LMP at the cellular level. Similar results 
were obtained by fl ow cytometry ( Fig. 1D) . Although Bax 
and Bak might enhance the role of tBid to some extent, 
they are not necessary for the induction of LMP. 

 tBid induces the permeabilization of model membranes, 
mimicking the phospholipid composition 
of lysosomal membranes 

 Because the above results demonstrated that tBid could 
interact with lysosomes and induce the permeabilization 
of lysosomal membrane without Bax or Bak, we used a 
model membrane system (large unilamellar vesicles [LUVs]) 
mimicking the phospholipid composition of lysosomal 
membranes (  Table 1  )  to examine the interaction be-
tween tBid and lysosomal membrane lipids. tBid induced 
the leakage of FITC-dextrans from LUVs, mimicking the 
phospholipid composition of lysosomal membranes in a 

for 30 min. At the end of the incubation, the samples were centri-
fuged at 35,000  g  under cold, and the pellets and supernants 
were collected. Sulfo-BSOCOES (in dimethyl sulfoxide) was added 
to the pellets and the supernatants separately from a 10-fold stock 
solution to a fi nal concentration of 10 mM. After incubation for 
30 min at room temperature, the cross-linker was quenched by 
the addition of 1 M Tris-HCl (pH 7.5) to a fi nal concentration 
of 20 mM. Then the samples were lysed and subjected to SDS-
PAGE. Western blotting was performed to analyze the oligomer-
ization of tBid. 

  31 P-NMR analysis 
  31 P-NMR was used to detect the formation of nonbilayer mi-

crodomains of phospholipids ( 23 ). Liposomes containing PC 
and PA were incubated with different concentrations of tBid 
or chymBid for 30 min. NMR spectra were recorded at 25°C 
on a Varian Inova 600 MHz NMR spectrometer equipped with 
an indirect detection probe. The proton resonance frequency 
was 599.82 MHz, and that for  31 P was 242.80 MHz. A standard 
single pulse sequence was used with composite pulse decou-
pling operating on protons during the acquisition period. 
Typical parameters used were: spectral width, 4.8 kHz; time 
domain data points, 16,000; recycle delay, 1.2 s; number of scans, 
10,000. All free induction decays were multiplied by an expo-
nential function with a 100 (200) Hz line broadening factor 
before Fourier transformation. 

 Delivery of tBid into cells and analysis 
of lysosomal membrane permeabilization 

 Wild-type and Bax  � / �  /Bak  � / �   mouse embryonic fi broblasts 
(MEFs) were generous gifts from Prof. Quan Chen (Institute of 
Zoology, CAS) and were maintained in DMEM supplemented with 
2 mM L-glutamine, 100 U/ml penicillin, 100  � g/ml streptomycin, 
and 10% heat-inactivated FBS (v/v). Recombinant tBid was deliv-
ered into MEFs by using the BioPORTER protein delivery kit 
(Sigma) according to the manufacturer’s instructions. Briefl y, 
50  � l of tBid solution (1  � M) or a PBS control was used to hydrate 
the dried BioPORTER. The solution was pipetted up and down 
and incubated at room temperature for 5 min. Finally, the volume 
of the complexes was brought to 0.5 ml with serum-free medium 
and then transferred directly into the MEFs. After incubation for 
5 h, 2 ml of serum-containing medium was added. The cells were 
incubated overnight and then subjected to the LMP assays. 

 Lysosomal permeabilization was determined in intact healthy or 
apoptotic cells by staining with 5  � g/ml AO for 15 min. AO-emitted 
red (lysosomal) and green (nuclear and cytosolic) fl uorescence 
was analyzed with an inverted laser scanning confocal microscope 
(model FV500; Olympus, Tokyo, Japan) or a fl ow cytometer 
(FACSCalibur; BD, Mountain View, CA). 

 Data analysis 
 All data are expressed as the mean ± SD unless otherwise indi-

cated. Differences between groups were compared by ANOVA 
followed by post hoc Bonferroni tests to correct for multiple com-
parisons. Differences were considered to be statistically signifi cant 
at  p  < 0.05. 

 RESULTS 

 tBid binds to lysosomal membranes and induces LMP 
directly 

 We fi rst measured the ability of tBid to induce LMP in a cell-
free system. Lysosomes were isolated from rat livers, and the 
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membrane permeabilization in a concentration-dependent 
manner. Combinations of PA with PS or PI could not 
further potentiate the tBid-induced membrane permeabi-
lization ( Fig. 2C ), suggesting that PA is the key molecule 
that bridges tBid and membrane permeabilization in 
LUVs mimicking the phospholipid composition of lyso-
somal membranes. 

 We next investigated the infl uence of PA on tBid-induced 
LMP in isolated lysosomes. Lysosomes from rat liver were 
incubated with different phospholipids, such as PC or PA, to 
a fi nal concentration of 1  � g/ � l, and spontaneous diffusion 

dose-dependent manner ( Fig. 2A ).  Because the lysosomal 
membranes were rich in acidic phospholipids, including 
phosphatidic acid (PA, 6.3%), phosphatidylserine (PS, 5.4%), 
and phosphatidylinositol (PI, 6.1%) ( Table 1 ) but without 
cardiolipin, we further investigated the infl uence of lyso-
somal membrane-enriched acidic phospholipids (PA, PS, 
and PI) on the permeabilization of model membranes. We 
found that only PA increased the tBid-induced membrane 
permeabilization signifi cantly. PS, PI, or their combinations 
showed no effect on the tBid-induced membrane permea-
bilization ( Fig. 2B ), whereas PA increased tBid-induced 

  Fig.   1.  tBid binds to lysosomal membranes and induces LMP directly. A: tBid, but not full-length Bid, binds 
to lysosomal membranes and induces LMP directly. Indicated concentrations of tBid (Bid cleaved with cas-
pase 8) or full-length Bid was incubated with rat liver lysosomes in buffer containing 250 mM sucrose and 
20 mM HEPES (pH 7.2) at 37°C for 30 min. The binding of Bid to lysosomal membranes and the release of 
lysosomal cathepsin B (a marker of LMP) was detected by immunoblotting. B: Bax potentiates LMP induced 
by tBid. Indicated concentrations of tBid and Bax were incubated with rat liver lysosomes, and the release of 
lysosomal cathepsin B was detected by immunoblotting. C: tBid induces LMP in intact cells. Recombinant 
tBid protein was introduced into wild-type and Bax  � / �  /Bak  � / �   mouse embryonic fi broblasts with Bio-
PORTER reagent, and the redistribution of lysosomotropic fl uorophore AO was observed with laser confo-
cal scanning microscopy. D: tBid induces LMP in intact cells. Recombinant tBid protein was introduced into 
wild-type and Bax  � / �  /Bak  � / �   mouse embryonic fi broblasts with BioPORTER reagent, and alterations in AO 
fl uorescence were analyzed with fl ow cytometry.   

 TABLE 1. Analysis of phospholipids of rat liver lysosomal membranes 

Phospholipid PC PE PA PS PI

% 57.5 24.7 6.3 5.4 6.1
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membranes, mediates the targeting of tBid to mitochondria 
by providing a unique structure of the membrane ( 15 ). 
We therefore asked if tBid binds to lysosomal membranes 
via interacting with certain lipid molecules, such as PA. We 
used a sensitive BIAcore assay to investigate the direct 
interaction between tBid and the different phospholipids 
that are present in lysosomal membranes. Results showed 
that all three kinds of acidic phospholipids enriched in 
lysosomal membranes can directly interact with tBid; 
among them, PA shows the strongest interaction capacity 
(  Fig. 3A  ).  In contrast, no signifi cant interaction between 
tBid and uncharged PC and PE was observed. Sphingolipids, 
another type of lipids that are enriched in lysosomal mem-
branes, also did not interact with tBid. 

 Next, we investigated whether tBid can insert into model 
membrane systems. Usually, an increase in surface pres-
sure is observed when a protein inserts into a phospholipid 

of the phospholipids into the lysosomes then occurred. 
This spontaneous lipid transfer from aqueous solution 
to lysosomal membranes usually reached near equilibrium 
within 15 min ( 24 ). The binding of tBid to lysosomes was 
analyzed, and the occurrence of LMP was measured. The 
addition of PA could enhance the translocation of tBid 
onto the lysosomes and potentiate the occurrence of LMP 
(Fig. 2D). In contrast, the uncharged (neutral) phospholipid 
PC slightly inhibits the binding of tBid to lysosomal mem-
branes and decreased the LMP, probably by reducing 
the PA ratio in lysosomal membrane. 

 tBid interacts with PA and inserts into model membranes 
 Although the above data show that PA plays an impor-

tant role in tBid-induced LMP, the underlying mechanism 
remained to be elucidated. It has been well accepted that 
cardiolipin, which is present exclusively in mitochondrial 

  Fig.   2.  PA plays an essential role in tBid-induced permeabilization of model membranes. A: tBid induces 
the permeabilization of model membranes, mimicking the phospholipid composition of lysosomal mem-
branes. FD-20 containing LUVs mimicking the phospholipid composition of lysosomal membranes (PC, 
66%; PE, 16.2%; PA, 6.3%; PS, 5.4%; PI, 6.1%) or FD-20 containing PC/PE LUVs (PC, 80%; PE, 20%) were 
incubated with indicated concentrations of tBid in HEPES buffer (10 mM HEPES [pH 7.4], 50 mM NaCl, 
and 0.2 mM EDTA) at 30°C for 30 min. The release of encapsulated FD-20 (an index of membrane permea-
bilization) was determined. *  P  < 0.01. B: PA is necessary for the tBid-induced permeabilization of model 
membranes. FD-20 containing LUVs were prepared with PC (74%), PE (20%) and PA (6%), PS (6%), PI 
(6%), or a combination of PS (3%) and PI (3%), respectively, and the tBid-induced membrane permeabili-
zation was determined. *  P  < 0.01. C: PA potentiates tBid-induced permeabilization of model membranes in 
a dose-dependent manner. FD-20 containing LUVs were prepared with PC (75, 70, or 60%, respectively), PE 
(20%), and the indicated concentrations of PA, PI, or PS, and the tBid-induced membrane permeabilization 
was determined. D: PA potentiates tBid-induced LMP. Rat liver lysosomes were incubated with PC or PA at 
37°C for 15 min and then incubated with tBid at 37°C for 30 min. The binding of Bid to lysosomal mem-
branes and the release of lysosomal cathepsin B were detected by immunoblotting.   



2108 Journal of Lipid Research Volume 53, 2012

indicating that tBid forms oligomeric complexes with mo-
lecular weight as high as 400 kDa in the presence of PA. 

 The homo-oligomerization of tBid on PA-containing 
liposomes was further confi rmed by a cross-linking assay. 
tBid was incubated with liposomes composed of PC or PC/
PA, followed by centrifugation to separate the membranous 
fraction from the soluble fraction. Both fractions were 
treated with the sulfo-BSOCOES cross-linker and analyzed 
by SDS-PAGE and immunoblotting. After adding tBid to 
PA-containing liposomes, a substantial amount of tBid was 
incorporated into the liposomal membrane ( Fig. 4B , lane 4). 
Once tBid appeared in the membrane, the 14 kDa (mono-
mer), the 28 kDa (dimer), the 42 kDa (trimer), the 56 kDa 
(tetramer), and the higher-molecular-weight band (homo-
oligomers) cross-linked complexes also appeared. Signifi -
cantly less tBid was incorporated into the liposomal 
membrane containing PC only, a result that is consistent 
with those obtained in the fi lm balance and BIAcore 
assays. Meanwhile, as more tBid incorporated into the 
membrane, the intensity of the homooligomer band 
increased. The cross-linked bands that appear in the mem-
branous fractions were not detected in soluble fractions 
( Fig. 4B , lanes 5 and 6). 

 It has been well accepted that PA forms nonbilayer struc-
tures in certain conditions ( 25 ), so we next questioned 
whether there is any change in lipid polymorphism during 
LMP as a consequence of tBid-PA interaction. The shape 
of the  31 P NMR spectrum is known to be different for 

monolayer. The  �  c  of tBid in PA monolayers was 39 mN/m, 
which was much greater than the equivalence pressure, indi-
cating that tBid could insert into PA monolayers (Fig. 3B). 
In contrast, tBid could not insert into PC monolayers. 

 The insertion of tBid to bilayer membranes of PA-
containing LUVs was measured by fl uorescence measure-
ments.  Fig. 3C  indicates that tBid had more potential to 
insert into PA-containing phospholipid bilayers but not 
neutral PC bilayers, and this result is consistent with the 
results obtained in studies of the phospholipid monolayer. 

 tBid forms homo-oligomers, triggers the formation 
of nonbilayer lipid phases, and induces membrane 
permeabilization via pore formation 

 The above data provided direct evidence that tBid can 
insert into membranes containing PA. We next studied 
the oligomeric status of membrane-bound tBid by size-
exclusion chromatography assays on Superdex 200. After 
incubation of tBid with liposomes containing PA, lipid-
containing and lipid-free fractions were separated by 
centrifugation, and the amounts and pattern of liposome-
bound tBid (pellet) and free tBid (supernatant) were ana-
lyzed by SDS-PAGE and immunoblotting. All samples were 
treated with 2% (w/v) CHAPS to allow for membrane 
solubilization. Free tBid (supernatant) eluted close to its 
calculated monomeric mass ( Fig. 4A ).  However, liposome-
bound tBid (pellet) shifted the elution profi le of the 
majority of the protein to high-molecular-weight fractions, 

  Fig.   3.  tBid interacts with PA and inserts into PA-containing lipid membranes. A: Quantitative determina-
tion of interaction between tBid and phospholipids. tBid was immobilized on a CM5 chip, and the lipids 
were suspended in buffer containing 10 mM HEPES (pH 7.4), 50 mM NaCl, and 0.2 mM EDTA. The kinetics 
of binding responses were recorded at 25°C using a BIAcore 2000 instrument. B: tBid inserts into PA mono-
layer model membrane systems. Detection of the insertion of tBid into PA or PC monolayers was performed 
with a fi lm balance. C: Fluorescence measurements of tBid-PA interactions. tBid was labeled with PM to form 
PM-labeled tBid and then incubated with PC/PE LUVs (PC, 80%; PE, 20%) or PA-containing LUVs (PC, 
70%; PE, 20%; PA, 10%) in HEPES buffer (10 mM HEPES [pH 7.4], 50 mM NaCl, and 0.2 mM EDTA) at 
30°C for 30 min. Fluorescence measurements was performed with a Hitachi F-4500 fl uorescence spectrom-
eter set to 340 nm excitation and 376 nm emission with 2.5 nm slit widths. *  P  < 0.01.   
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  Fig.   4.  tBid forms homooligomers, triggers the formation of nonbilayer lipid phase, and induces mem-
brane permeabilization via pore formation. A: Size-exclusion chromatography of tBid homo-oligomers in 
PA-containing LUVs. LUVs (PC, 70%; PE, 20%; PA, 10%) were incubated with tBid in buffer containing 20 mM 
HEPES (pH 7.0), 0.5 M NaCl, and 1 mM EDTA at 37°C for 30 min and subjected to centrifugation at 35,000  g  
under cold. The supernatant and pellet were analyzed for tBid homooligomers with a Superdex-200 (1.5 × 
45 cm) column equilibrated with 100 mM KCl, 10 mM HEPES, and 0.2 mM EDTA (pH 7.0) at a 1 ml/min 
fl ow rate. B: Immunoblotting analysis of tBid homo-oligomers in PA-containing LUVs. tBid was incubated 
with PA-containing LUVs (PC, 70%; PE, 20%; PA, 10%) or control PC/PE LUVs (PC, 80%; PE, 20%) in buf-
fer containing 20 mM HEPES (pH 7.0), 0.5 M NaCl, and 1 mM EDTA at 37°C for 30 min and subjected to 
centrifugation at 35,000  g  under cold. The supernatant and pellet was cross-linked with Sulfo-BSOCOES, 
and the oligomerization of tBid was analyzed by immunoblotting. C: tBid induces the formation of nonbi-
layer lipid phase. LUVs (PC, 80%; PA, 20%) were incubated with different concentrations of tBid for 30 min. 
 31 P NMR spectra were recorded at 25°C on a Varian Inova 600 MHz NMR spectrometer equipped with an 
indirect detection probe. D: Pore formation induced by tBid in PA-containing membranes. FD-20, FD-70, or 
FD-250 (numbers = mol. wt. of dextran /1,000) was encapsulated in PA-containing LUVs (PC, 70%; PE, 18%; 
PA, 10%), and the tBid-induced release of LUV contents was measured. *  P  < 0.05.   
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that chymBid, after its binding with PA, is more potent 
in triggering the permeabilization of lysosomal mem-
branes than tBid. 

 DISCUSSION 

 The initiation of LMP is one of the crucial steps leading 
to cell death. Complete disruption of lysosomes leads to 
uncontrolled necrotic cell death; in contrast, partial and 
selective LMP induces apoptotic cell death. The multitude 
of parallel pathways make the lysosome-dependent apo-
ptosis a highly complex process, and thus the precise mech-
anisms of LMP in apoptosis are poorly understood. Based 
on our previous fi ndings that caspase 8 activation and Bid 
expression are necessary for the induction of LMP ( 11 ), 
and inspired by the similarities between tBid-dependent 
LMP and MOMP, we studied the process of LMP in a rela-
tively simplifi ed experimental system with purifi ed lyso-
somes and artifi cial model membrane systems mimicking 
the lysosomal membranes. The results of the present 
investigation indicated that PA, one of the major acidic 
phospholipids enriched in lysosomal membrane, is essen-
tial for tBid-induced permeabilization of lysosomal and 
lysosomal-like membranes. PA facilitates the targeting and 
insertion of tBid into lipid bilayers, where it changes con-
formation, forms homooligomers, and triggers the forma-
tion of nonbilayer lipid phases (hexagonal lipid phases). 
These events lead to the formation of lipidic pores and the 
induction of LMP. 

 PA is an anionic lipid consisting of a negatively 
charged phosphomonoester headgroup attached to a 
hydrophobic diacylglycerol backbone. It is present in all 
organisms and serves as a key intermediate in the syn-
thesis of neutral lipids and glycerophospholipids, in-
cluding PS, PE, PC, and PI. In addition, PA is emerging 
as an important signaling lipid ( 27, 28 ). By binding its 
effector proteins such as RGS4 ( 29 ), Son of sevenless 
(Sos) ( 30 ), Raf-1 ( 31 ), and mammalian target of ra-
pamycin (mTOR) ( 32, 33 ), PA recruits them to mem-
branes and regulates their activity in different cellular 
pathways ( 34 ). It has been proposed that the binding of 
proteins to PA is generally specifi ed through nonspe-
cifi c electrostatic interactions between clusters of posi-
tively charged amino acids in the protein and the 
negatively charged headgroup of PA. However, rarely 
do PA effectors also bind other abundant anionic lipids. 
Our results indicated that PA accounts for the targeting 
of tBid to lysosomal membranes. This specifi city for PA 
might be due to its unique structure. PA contains a 
phosphomonoester headgroup rather than the phos-
phodiesters in other phospholipids. With evidence pro-
vided by  31 P-NMR, Kooijman et al. (35) proposed a 
model in which hydrogen bonding of the effector pro-
tein to the phosphomonoester of PA enables it to carry 
a greater negative charge at physiological range pH. 
Thus, PA effectors favor binding to PA over other anionic 
lipids because of the higher negative charge of PA and 
the stronger electrostatic interactions. 

lipids in the bilayer phase and in nonbilayer phases, 
such as the inverted hexagonal phase ( 23 ). A typical 
polymorphic transition of phospholipids (PC-PA, 4:1) 
could be induced after the addition of tBid (Fig. 4C). In 
the absence of protein, the  31 P NMR spectrum had a 
peak upfi eld of PA, which was set to 0 ppm. By adding 
tBid into the lipidic mixture, the major peak shifted 
downfi eld below the chemical shift of PA. Moreover, at 
lower tBid concentration, there was still signifi cant in-
tensity in the power pattern of the pure lipid mixture 
above 0 ppm that disappeared at higher tBid concentra-
tions. The spectra indicated that there is a gradual shift-
ing in the lipid layer from bilayer to hexagonal phase as 
the tBid concentration increased. In other words, in 
conjunction with the formation of tBid homo-oligomers 
in liposomes as a consequence of tBid-PA interaction, a 
change of the lipid polymorphism also occurred in the 
lipid bilayer of this model system. 

 To clarify whether the oligomerization of tBid and the 
formation of nonbilayer lipid phases result in the forma-
tion of “pores,” we studied the leakage induced by tBid 
from the LUVs encapsulated with FITC-dextrans of differ-
ent molecular weights. The tBid-induced leakage of FD-20, 
FD-70, and FD-250 separately encapsulated in LUVs com-
posed of PA and PC was assayed. The results revealed that 
the leakage extent of FD-20 was higher than that of FD-70 
or FD-250 ( Fig. 4D ). These results suggest that leakage 
occurred due to the formation of discrete pores rather 
than a channel (fi ssure) mechanism because the leakage 
effi ciency of markers with different molecular weights 
would be the same in the latter case. 

 chymBid is more potent than tBid in triggering the 
permeabilization of membranes 

 We previously reported that chymotrypsin is not just a 
digestive enzyme but is also stored in lysosomes and in-
volved in apoptosis ( 10 ). Chymotrypsin cleaves Bid rap-
idly to form chymBid, which is capable of inducing 
MOMP and causing apoptosis. Further study indicated 
that Bid activation initiated by caspase-8 might be rein-
forced by chymotrypsin as a consequence of LMP, 
thereby causing a positive feedback loop leading to an 
accumulation of cleaved Bid that resulted in MOMP 
( 11 ). The structural difference between tBid and chym-
Bid is clear in that the former still contains the N-terminal 
fragment ( 23, 26 ), whereas this fragment has been cleaved 
in the latter case. We compared the ability of tBid and 
chymBid to trigger the permeablization of various mem-
branes. chymBid bound to PA-containing liposomes much 
more strongly than tBid ( Fig. 5A )  and was more effi cient 
at promoting the leakage of FITC-dextrans from LUVs 
( Fig. 5B) .  31 P-NMR indicated that chymBid shifted the 
lipid layer from a bilayer to hexagonal phase much more 
readily than tBid ( Fig. 5C ). The effects of chymBid or 
tBid on the induction of LMP and MOMP were also inves-
tigated, and chymBid was found to be more effective in 
inducing the release of cathepsin B from lysosomes and 
cytochrome  c  from mitochondria in comparison with 
tBid ( Fig. 5D ). Taken together, these results indicated 
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 � -helices. A 33 amino acid domain, encompassing  � 6 and 
 � 7, behaved as the minimum domain in tBid that was suf-
fi cient for its membrane binding ( 45 ). Moreover,  � 8 is 
complementary with helix  � 6– � 7 because it provides an 
increasing positive charge ( 46, 47 ). Taken together, the 
 � 6– � 8 fragment of tBid is a good candidate for its binding 
to mitochondrial outer membranes through electrostatic 
interactions. In the case of LMP, PA mediates the targeting of 
tBid to lysosomes and induces Bax- and Bak-independent 
membrane permeabilization. However, the precise mecha-
nisms remain elusive. 

 By using solid-state  1 H/ 15 N NMR, Gong et al. (48) reported 
that all  � -helices of tBid appear to interact with the mem-
brane in a parallel fashion. By Monte Carlo simulations, 
Veresov et al. (49) reported that upon association with the 

 During MOMP, cardiolipin, which is present in mito-
chondrial membranes, mediates the targeting of tBid to 
mitochondria ( 15, 36 ), where tBid can promote the oligo-
merization of Bak ( 37–39 ) or Bax ( 26, 39 ), which is a 
key step in membrane permeabilization. tBid also elicits 
the conformational alteration of membrane-bound Bcl-2 
( 40, 41 ) and Bcl-xl ( 42 ) and thus regulates MOMP. tBid 
binds to mitochondrial outer membranes through electro-
static interactions. The  � -helices 4, 5, and 6 (amino acids 
103–162) of tBid were initially proposed to be its mem-
brane-binding domain ( 15 ). However, it has been more 
recently proved that  � -helix 6 ( � 6) of tBid is necessary, albeit 
not suffi cient, for membrane binding ( 43, 44 ). This helix, 
together with helix  � 7, forms an antiparallel hairpin struc-
ture that is surrounded by the other six amphipathic 

  Fig.   5.  chymBid is more potent than tBid in triggering the permeabilization of membranes. A: chymBid 
shows stronger interaction with PA. chymBid or tBid was immobilized on a CM5 chip, and binding responses 
were recorded at 25°C using a BIAcore 2000 instrument. B: chymBid and tBid induce the permeabilization 
of model membranes containing PA. LUVs containing FD-20 (PC, 70%; PE, 20%; PA, 10%) were incubated 
with the indicated concentrations of chymBid or tBid at 30°C for 30 min, and the membrane permeabili-
zation was determined. *  P  < 0.05. C: chymBid and tBid induces the formation of nonbilayer lipid phase. 
LUVs (PC, 80%; PA, 20%) were incubated with chymBid or tBid for 30 min, and  31 P NMR spectra were 
recorded at 25°C. D: chymBid and tBid induce the permeabilization of lysosomal and mitochondrial 
membranes. Rat liver lysosomes or mitochondria were incubated with the indicated concentrations of 
chymBid and tBid at 37°C for 30 min, and the release of lysosomal cathepsin B or mitochondrial cytochrome 
 c  was detected by immunoblotting.   
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pore” formed by tBid/Bax during MOMP ( 14, 23, 54–56 ), 
this tBid- and PA-dependent “lipidic pore” accounts for 
the tBid-induced permeabilization of lysosomal or lyso-
some-like membranes. 

 After the induction of LMP by tBid, several lysosomal 
proteases, including cathepsins and chymotrypsin, were 
relocated into the cytosol, where they process Bid rap-
idly. In our previous report, we demonstrated that chy-
motrypsin, but not cathepsins, account for the rapid 
processing of Bid in neutral pH conditions ( 11 ). We 
found in the present investigation that chymBid was 
more potent than tBid at binding to PA, inserting into 
the lipid bilayer, and promoting the membrane permea-
bilization of lysosomal or mitochondrial membranes. 
This amplifi cation mechanism likely contributes to the 
induction of LMP and the culmination of apoptotic sig-
naling. To investigate the difference between tBid and 
chymBid, we analyzed and compared the processing of 
full-length Bid by caspase 8 or chymotrypsin. The trun-
cated carboxyl-terminal fragment of tBid (amino acids 
60–195) harboring the full apoptogenicity of the mole-
cule remains associated with the N-terminal inert frag-
ment (amino acids 1–59) after cleavage by caspase 8. 
Dissociation of fragment 60–195 from fragment 1–59 oc-
curs during targeting of tBid to mitochondria. The dis-
sociation of fragment 60–195 from fragments 1–59 is 
essential for tBid-induced mitochondrial damage be-
cause fragment 1–59 inhibits the membrane destabiliz-
ing effect of tBid ( 57, 58 ). This dissociation is likely to 
occur during targeting of the tBid 60–195 fragment to 
mitochondria and may be driven by the electrostatic in-
teractions between fragment 60–195 and the acidic phos-
pholipids (especially cardiolipin) in the mitochondrial 
membranes ( 43 ). However, when Bid was proteolytically 
cleaved by chymotrypsin to form chymBid, only a carboxyl-
terminal fragment (fragment 68–195) was generated. The 
amino terminal fragment that might inhibit the carboxyl-
terminal fragments of Bid was degraded during the 
chymotrypsin-mediated proteolytic process. The greater 
effi cacy of chymBid in interacting with PA, binding to 
membranes, and permeabilizing the membranes might be 
due to the specifi c Bid processing caused by chymotrypsin. 

 One of the primary questions remaining to be addressed 
is how to achieve a partial, selective permeabilization of 
lysosomes that allows for the translocation of only a moderate 
amount of lysosomal enzyme to the cytosol to culminate 
apoptosis rather than the complete breakdown of lyso-
somes, as seen with induction of a necrotic process. Due to 
the heterogeneous nature of lysosomes, only a small pro-
portion of lysosomes underwent LMP after proapoptotic 
stimulation ( 10, 11 ). Larger lysosomes were reported to be 
more prone to LMP than smaller lysosomes ( 6 ), but the 
basis for this observation is unknown. Do phospholipase 
D signaling and PA dynamics determine the fate of lyso-
somes? Related studies are in progress. 

 In summary, we herein hypothesized a novel mecha-
nism underlying the occurrence of LMP during apoptosis. 
Our data suggested that PA, an acidic phospholipid 
enriched in lysosomal membranes, is essential for LMP. 

membrane, signifi cant conformational changes occurs 
in tBid primarily due to rotations within the loops be-
tween helices. Garcia-Saez et al. (46) reported that tBid 
evolves into a membrane-inserted species upon apoptotic 
signal triggering and that the hairpin-forming domains 
of tBid (H6-H7) showed pore activity. We herein provide 
evidence that membrane permeabilization occurred as a 
result of the insertion of tBid into PA-containing model 
membranes, probably via a “pore-formation” mechanisms 
because the smaller encapsulated contents were more 
prone to tBid-induced leakage ( 17 ) when the leakage ef-
fi ciency of encapsulated contents with different molecu-
lar weights would be the same if the release were due to 
the channel mechanism. 

 We then examined the nature of the “pore” formed by 
tBid. A membrane pore is traditionally presumed to be 
composed by protein complexes. Pore-forming proteins 
have been classifi ed into two distinct classes. One class, 
whose secondary structures are predominantly  � -sheets, 
forms crystallizable porin-like transmembrane  � -barrel 
pores. Another class, whose secondary structures are pre-
dominantly  � -helical segments, forms pores without a 
crystallizable protein assembly. Proapoptotic Bcl-2 family 
proteins Bax and Bak belong to the  � -pore-forming pro-
teins. Their  � -helical segments form a transmembrane 
barrel-stave assembly stabilized by hydrophobic interac-
tions. We have tried to detect the “pore structure” framed 
by tBid homooligomers in PA-containing membranes by 
cryoelectron microscopy but have been unsuccessful. 
tBid forms homooligomers in model membranes in the 
presence of PA ( Fig. 4A, B ) or cardiolipin ( 50 ) and causes 
the permeabilization of lysosomal and lysosome-like 
membranes, but it is not an  � -pore-forming protein be-
cause no transmembrane helix insertion occurred during 
its binding to membranes ( 48, 49 ). We therefore pro-
posed that, instead of framing “proteinaceous pores,” tBid 
homo-oligomers might induce the formation of “lipidic 
pores” to cause permeabilization of PA-containing mem-
branes. Lipidic pores are pores whose walls were partially 
lined by lipid headgroups. Lipid membranes act as barri-
ers that separate compartments in aqueous solvents. Their 
structure corresponds to a lamellar bilayer, which self-
organizes due to the hydrophobic effect. However, certain 
proteins or peptides can disrupt the bilayer structure of 
the membrane by forming nonbilayer (nonlamellar) lipid 
structures, leading to the membrane permeabilization via 
“lipidic pores” ( 51 ). By  31 P NMR mea surement, we found 
that tBid-PA interaction promotes the formation of nonbi-
layer lipid phases (hexagonal lipid phases). PA is a typical 
nonbilayer lipid; the small cross-sectional area of its head-
group gives it a cone-shaped structure ( 52, 53 ), which pre-
vents tight packing of PA’s headgroup with the headgroups 
of neighboring lipids and exposes the hydrophobic acyl 
layer of the bilayer surrounding PA. This loose packing 
provides an excellent site for insertion of helices of tBid. 
The interaction between tBid and PA disrupted the lipid 
bilayer order by causing the formation of highly curved 
nonbilayer phases, and, as a result of this membrane re-
modeling, “lipidic pores” formed. Similar to the “lipidic 
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