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ABSTRACT: A central question in cell biology is how cells respond to stress signals and biochemically regulate
apoptosis.Onecriticalpathwayinvolves the changeofmitochondrial functionand releaseof cytochrome c to initiate
apoptosis. In response to apoptotic stimuli, we found that maspin—a noninhibitorymember of the serine protease
inhibitor superfamily—translocates from the cytosol to mitochondria and binds to cardiolipin in the inner mito-
chondrial membrane. Biolayer interferometry assay revealed that recombinant maspin binds cardiolipin with an
apparent Kd,of ∼15.8 mM and competes with cytochrome c (apparent Kd of ∼1.31 mM) for binding to cardiolipin-
enrichedmembranes. A hydrophobic, lysine-rich domain inmaspin consists of 27 aa, is located at position 268–294,
and is responsible for the interaction of this protein with cardiolipin. Depletion of cardiolipin in cells significantly
preventsmaspin binding to the inner mitochondrial membrane and decreases cytochrome c release and apoptosis.
Alteration tomaspin’s cardiolipinbindingdomain changes its ability tobindcardiolipin, and tumor cells expressing
this mutant have a low frequency of apoptosis. We propose a model of apoptosis in which maspin binds to
cardiolipin, displaces cytochrome c from the membrane, and facilitates its release to the cytoplasm.—Mahajan, N.,
Hoover, B., Rajendram, M., Shi, H. Y., Kawasaki, K., Weibel, D. B., Zhang, M. Maspin binds to cardiolipin in
mitochondria and triggers apoptosis. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Many signals lead to programmed cell death; however,
there is a single biochemical pathway for this process,
which occurs in themitochondria andmakes this organelle
the central executioner of apoptosis (1). Several major steps
are involved in mitochondria-mediated programmed cell

death: 1) the permeability of the outer mitochondrial mem-
brane tomolecular transport is increased;2) cytochrome c is
released from the outer mitochondrial membrane; and
3) the caspase family of cysteine-aspartic proteases is acti-
vatedanddegrades cellular organelles (2, 3). Themolecular
mechanism or mechanisms involved in regulating the
release of cytochrome c from mitochondrial membranes
remain poorly understood, and consequently the bio-
chemistry of programmed cell death is still emerging.

Maspin is a noninhibitory member of the serine pro-
tease inhibitor superfamily and has been characterized as
a tumor suppressor gene in various cancer types (1, 4).
Since its discovery 2 decades ago (5), maspin has been
established as a participant in different cellular process-
es, including apoptosis (6, 7), embryonic development (8),
tumor suppression (6, 9, 10), and oxidative stress (11, 12).
Previously, we demonstrated that under a variety of
apoptosis-stimulating conditions, maspin translocates
from the cytosol to mitochondria and is accompanied by
dissipation of the transmembrane potential, release of cy-
tochrome c, and caspase activation or modulation of ex-
pression of B-cell lymphoma 2 (Bcl-2) family members (7,
13, 14). Suppression of maspin overexpression by RNA
interference in mammary tumor cells that had been
modified to overexpress maspin desensitized cells to
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apoptosis (7). Subcellular fractionation experiments dem-
onstrated thatmaspinmigrates to the innermitochondrial
membrane (IMM) after the induction of apoptosis (7).
However, the biochemical role of maspin in the mito-
chondria remains unknown.

Our search for maspin binding partners among the
mitochondrial proteomeusingayeast 2-hybrid screenwas
unsuccessful (unpublished results).We instead turnedour
attention to its interaction with mitochondrial phospho-
lipids, which participate in a broad range of processes (15,
16). For example, the dianionic phospholipid cardiolipin
(CL) is essential inmitochondria and uniquely found only
in mitochondrial and bacterial membranes (17). CL is
concentrated in the IMM (;10220% of total phospho-
lipids) (18), is required for the formation of the cristae
structure of the IMM, maintains the activity of several es-
sential IMM proteins, and plays a central role in the exe-
cution of apoptosis and modulation of the proapoptotic
action of caspase-truncated Bcl-2 homology domain 3
interacting-domain death agonist (Bid) with Bcl-2–
associated X protein or Bcl-2 homologous antagonist-
killer (19). Cytochrome c is bound to CL through electro-
static interactions (20), and thedisruptionof this complex is
hypothesized to form an “apoptotic trigger” in which re-
lease of cytochrome c activates downstream biochemical
processes that lead to programmed cell death (21).

In thepresent study,wedemonstrate thatmaspinbinds
CL located in the mitochondria through a CL binding
domain (CLBD), competes with cytochrome c for CL
binding in the mitochondria, and activates apoptosis.
Maspin is more abundant than cytochrome c in some
maspin-expressing mammary tumor cells, thereby en-
abling it to compete effectively with cytochrome c for
binding toCL, despite its lower affinity. The results lay the
foundation for unraveling the mechanism of maspin ac-
tions inmitochondria and apoptosis and offer the basis for
developing novel therapy targeting maspin-mediated
apoptosis in cancer and a variety of other cells.

MATERIALS AND METHODS

Reagents

Phosphatidylethanolamine (MilliporeSigma, Burlington, MA,
USA), phosphatidylcholine (PC) (MilliporeSigma), lysophospha-
tidylcholine (Avanti Polar Lipids, Alabaster, AL, USA), CL
(Avanti Polar Lipids), and phosphatidic acid (MilliporeSigma)
werepurchasedandusedwithout furtherpurification.Antibodies
used for Western blot analysis were as follows: rabbit polyclonal
anti-maspin antibody (9), anti–glutathione S-transferase (GST)
antibody (Santa Cruz Biotechnology, Dallas, TX, USA), anti-actin
antibody (MilliporeSigma), anti-cytochrome c (Cell Signaling
Technology, Danvers, MA, USA), anti–cytochrome c oxidase
subunit IV (COX IV) (Cell Signaling Technology), and anti–
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Milli-
poreSigma). Horseradish peroxidase–labeled goat anti-rabbit
pAb or anti-mouse antibody was used as secondary antibody as
required and purchased from MilliporeSigma. Proteasomal in-
hibitors [i.e., MG132 (MilliporeSigma), lactacystin (Cayman
Chemicals, Ann Arbor, MI, USA)] and lysosomal inhibitors, such
as NH4Cl (MilliporeSigma) and chloroquine (MilliporeSigma),
were purchased and used without additional purification.

Plasmid constructs and cell culture

AGST-containing fusionprotein to full-length,wild-typemaspin
(MpWT), Arg-Ala point mutation (Mp*340), maspin mutants
containing truncations in aa 1–139 (Mp-N) and aa 1–225 (Mp-
BglII), and His-tagged maspin have been previously described
(9). R340A is a mutation of the P1 position of the reactive center
loop that has differentially been described to be involved in
various functions of maspin (12, 22). To generate a mutant ver-
sion ofmaspin (MpPS) inwhich the lysine-rich region is swapped
with the corresponding region inplasminogenactivator inhibitor
1 (PAI-1; PS comes from PAI-1 swap), we introduced a HindIII
site in maspin cDNA by site-directed mutagenesis at position
C323 as previously described (11). A PCR amplicon was ampli-
fied from PAI-1 cDNA using the following primers: sense: 59-
GGGGCCATGGCCAGGCTGCCCCGCCT-39; antisense: 59-
GGGGAAGCTTACTTTCTGCAGCGC-39. The PCR amplicon
was ligated inbetweenNcoI andHindIII inmaspin, swapping the
region from MpWT with the region from PAI-1. The fusion pro-
teins were induced with isopropyl b-D-1-thiogalactopyranoside
(1mM)andpurifiedusingglutathioneagarose (MilliporeSigma).
The fusion proteinswere eluted using 50mMTris buffer (pH7.5)
containing 10 mM reduced glutathione. The size and purity of
proteins were confirmed by SDS-PAGE and Western blot
analysis.

We used a temperature-sensitive Chinese hamster ovary
(CHO-K1) cell line (named PGS-S) that exhibits diminished
phosphatidylglycerophosphate synthase (PGS) activity, which is
a key enzyme in CL synthesis. Incubation of PGS-S cells at 40°C
for 4–5 d resulted in a 2–3-fold reduction in CLwithout affecting
the concentration of other major phospholipids (23). We used
cell line PGS-S/cPGS1, which is stably transfected with a
cDNA encoding PGS as a control (24). PGS-S and PGS-S/
cPGS1 cells were transfectedwith pEF-IRIS-puro-h.maspin or
empty vector (puro, used to clone human maspin) using
Effectene (Qiagen, Germantown, MD, USA). To avoid clonal
selection–caused bias, we chose to pool stable transfectants
and selected themwith puromycin medium (10 mg/ml) for 14
d. We then confirmed overexpression of maspin in these cells
by Western blot analysis. Unless otherwise indicated, all
CHO-K1 cell mutants and transfectants were grown in Ham’s
F-12 medium supplemented with 10% (v/v) bovine serum,
penicillin G (100 units/ml), and streptomycin sulfate
(100 mg/ml), under 5% CO2 atmosphere at 100% humidity at
either 40, 37, or 33°C.

Murine mammary tumor TM40D cells were used and main-
tainedasdescribedpreviously (25).TM40Dcellswere transfected
with pEF-IRIS-neo-h.maspinwild type (MpWT), pEF-IRIS-neo-h.
maspin–Pai-1 swap (MpPS), or control vector alone (Neo) using
Effectene (Qiagen). The stable transfectantswere pooled together
to avoid clonal bias and selectedwithG418medium (600mg/ml)
for 14 d, and expression of maspin was determined by Western
blot analysis.

Staurosporine (STS) (LC Laboratories, Woburn, MA, USA) is
a potent inhibitor of a wide range of protein kinases—such as
PKC and tyrosine protein kinases—and was used to induce ap-
optosis as described previously (7, 26).

Western blot analysis

Cell lysates were prepared in RIPA buffer with protease cocktail
inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). Cellu-
lar debriswas cleared from lysates by centrifugation, andprotein
concentrations were determined using a Bicinchoninic Acid
Protein Assay Kit (Pierce, Rockford, IL, USA). Samples were
separated on SDS-PAGE and transferred to a membrane
(Hybond-P; GE Healthcare, Waukesha, WI, USA), and proteins
were visualized using ECL (Pierce). Quantification of Western
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blots was performed using ImageJ v.64 software (National In-
stitutes of Health, Bethesda, MD, USA). Levels were calculated
by normalizing the band intensities of the test gene to that of
loading control and presented as arbitrary units. GAPDH and
COX IV were used as loading controls for cytosolic and mito-
chondrial fractions, respectively.

Protein lipid overlay assay

To assess the lipid binding properties of GST-fused proteins, a
protein lipid overlay assay was performed as previously de-
scribed (27). Lipids were dissolved in a solution of methanol:
chloroform:water (2:1:0.8) and were spotted on Hybond-P
membrane (GE Healthcare) at a concentration of 20 nmol
per spot and dried at 25°C for 1 h, or stored at 4°C and used
within 10 d. The membrane was blocked with 3% fatty acid
free bovine serum albumin (MilliporeSigma) in Tris–buffered
saline (20 mM Tris, 150 mM NaCl, pH 8.0) containing 0.1%
Tween 20 for 1 h at 25°C followed by overnight incubation
with indicated protein (5 mg/ml) at 4°C. The next day, we
washed themembrane 5 times for 10min each in Tris-buffered
saline containing Tween 20 and incubated with either maspin
orGST antibody for 3 h at 25°C. Themembranewaswashed as
before, and then incubated with horseradish peroxidase–
conjugated antibody for 1 h at 25°C. Finally, proteins bound to
the membrane—through interaction with lipids—were de-
tected by ECL.

Modified gel mobility shift assay

Toevaluatemaspinbinding to lipids in solution,weusedanother
approach based on the principle that tight binding to lipids may
induce changes in the electrophoretic mobility of proteins under
nondenaturing conditions. To test this hypothesis,weperformed
PAGE without SDS followed by standard Western blotting
(PAGE-Western) (28, 29) Protein (20 ng) and lipids (2 mM) were
mixed in PBS containing 1 mM DTT to a final volume of 20 ml.
Samples were incubated for 1 h at 25°C, and the reaction was
terminated by addition of sample buffer (20% glycerol, 0.1 M
Tris-HCl at pH6.8, and 0.01%bromophenol blue). Sampleswere
separated on 8% native gels, and Western blot analysis was
performed.

Preparation of CL liposomes

We used lipids from Avanti Polar Lipids, including 1,2-
di-(9Z-octadecenoyl)-sn-glycero-D-phosphocholine (DOPC;
herein referred to as PC) and 1,19,2,29-tetra-(9Z-octadecenoyl)
(herein referred to as CL). To create liposomes, we dried ali-
quots of the mixtures of the lipids dissolved in chloroform in
a glass vial under argon and removed traces of solvent by in-
cubating in a vacuum chamber for 12–15 h at 25°C. We
resuspended the dried lipid fractions in 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at
pH 7.4 (Thermo Fisher Scientific) and sonicated (Branson 2510
bath sonicator) the suspensions for 8 min. We immersed the
vials containing the lipids in liquid nitrogen for ;2 min. We
repeated the sonication and liquid nitrogen step 5 times. To
prepare liposomes of the lipid mixtures, we extruded soni-
cated suspensions of lipids (Avanti Polar Lipid Mini Ex-
truder) through a membrane containing 0.1-mm-diameter
pores 21 times on a hot plate heated to 60°C. To confirm the
homogeneity of our liposome preparations,we used dynamic
light scattering (Zetasizer Systems, Malvern Panalytical,
Malvern, United Kingdom) to quantify their size and dis-
persity (Supplemental Fig. S1).

Biolayer interferometry assays of maspin and
cytochrome binding to bilayer membranes
consisting of CL and PC

WeusedanOctetRed96biolayer interferometry(BLI) instrument
(ForteBio, Pall, PortWashington, NY, USA) operating in kinetics
mode to monitor the competitive binding of maspin and cyto-
chrome c to PC and CL liposomes. All wash steps, baseline de-
termination, and loading of liposomes and protein were carried
out in 25mMHEPES pH 7.4 in Costar 96-well black polystyrene
plates at 30°C. After prewetting aminopropylsilane (APS)–
coated biosensors (Pall) for 10 min, we established a baseline by
dipping tips into wells containing buffer for 300 s. Biosensors
were equilibrated against PC:CL liposomes (50:50 M concentra-
tion) at a concentration of 200 mM until saturation was reached
(7500 s). Tipswerewashed inbuffer andequilibrated for300 s in a
solutionof 0.1%bovine serumalbumin (MilliporeSigma) toblock
unbound hydrophobic sites (30). Following a 120-s wash in
buffer, we established a second baseline for 300 s.We performed
2 types of experiments to measure the competitive protein asso-
ciation step. In the first experiment, we fixed the total protein
concentration at 5 mM in each well and monitored the competi-
tive binding of cytochrome c and maspin at a range of molar
ratios for 9000 s. In the second experiment, 5 mM cytochrome c
(MilliporeSigma) was initially equilibrated with surface immo-
bilized vesicles for 2000 s before dipping biosensors into wells
containing 5 mM cytochrome cwith varying molar ratios of pu-
rified maspin for 9000 s. We recorded the dissociation of protein
from the liposomes for 9000 s after returning the tips to buffer.
The protein association and dissociation steps were maintained
at a plate agitation speed of 1000 rpm, and the loading of lipo-
somes was maintained at 100 rpm. For all other steps, the agita-
tion speed was fixed at 600 rpm.

Octet data acquisition and analysis software v.8.01 was used
aspreviouslydescribed (31).Acquired rawdatawereanalyzed in
MatLab (MathWorks, Natick, MA, USA). To determine the ap-
parent association constant Ka for cytochrome c and maspin, the
same program template and buffers as the competitive binding
protein assay were used. For cytochrome c, the protein concen-
trationwasvarieduntil saturationof the equilibriumwavelength
shift was reached (;100 mM). For maspin, we were unable to
reach saturationbecauseof the largequantity of protein required.
We provide ameasurement for the apparentKa for cytochrome c
and an estimate for maspin fitting with a 1:1 binding model
(Eq. 1).

Req ¼ KaRmax½P�
1þ Ka½P� (1)

Req represents the equilibrium wavelength shift, Rmax the maxi-
mal value of wavelength shift, and [P] the total concentration of
protein in solution.

We determined the dissociation of protein from liposomes by
fitting the data to Eq. 2.

yðtÞ ¼ Ae20:01t þ Be2kofft þ C (2)

In this equation,y is thewavelength shift,AandBare integers, t is
time, koff is the dissociation rate constant, and C is a baseline
coefficient.

Translocation of maspin to mitochondria and
release of cytochrome c

STS has previously been shown to induce apoptosis in CHO-K1
cells at a concentration of 1 mm for 4 h (26). Mitochondrial and
cytosolic fractions were isolated from ;5 3 107 cells after STS
treatment using a Mitochondrial-Cytosolic Factionation Kit
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(BioVision, Milpitas, CA, USA). We used a Bicinchoninic Acid
Protein Assay Kit (Pierce) to determine the concentration of total
protein. Release of cytochrome c to the cytosol and translocation
of maspin to mitochondria was determined by Western blot
analysis. GAPDH andCOX IVwere used as loading controls for
cytosolic and mitochondrial fractions, respectively.

Measurements of caspase 3 activity

One hundred micrograms of maspin protein were used to mea-
sure the caspase 3 activity in the absence or presence of STS
(1mM) for 4h in cellsusinga commercially availableColorimetric
Assay Kit (BioVision).

Import assay to determine binding of maspin to CL
and release of CL-bound cytochrome c

Mitochondria fromPGS-S andPGS-S/cPGS1 cells grownat 40°C
for 4–5 d were isolated as described above, and an import assay
was performed as previously described (7). Atractyloside (ATR,
5 mM) (MilliporeSigma) was added to open the permeability
transition pore in the membrane. Two hundred micrograms of
isolatedmitochondriawere incubatedwithATR (5mM) in250ml
of PBS for 15 min. Following this step, we added 100 ng of GST
fused with MpWT (GST.MpWT) (from a 100 ng/ml stock) to the
reaction mixture and incubated for 30 min. Mitochondria were
washed twicewith 1ml of cold PBS to remove unboundmaspin.
The pellet containing mitochondria were lysed in mitochondria
extraction buffer provided with the kit (BioVision), andWestern
blot analysis was performed formaspin andCOX IV (as loading
control). To determine whether the binding of maspin to CL in
the IMM is correlated to the release of CL-bound cytochrome c,
we isolated mitochondria from mouse liver (32) and added
500mgofATR-treatedmitochondria (aspreviouslydescribed)with
an equal amount of GST or GST.MpWT (Supplemental Fig. S4).
Release of CL-bound cytochrome c was determined by Western
blot analysis; treatment with ATR led to the release of most of the
cytochrome c (;80%of total cytochrome c inmitochondria)present
in the intermitochondrial membrane space (Supplemental Fig. S4).

Protein Abundance (Pax) Database

Pax database (https://pax-db.org/) is used to compare the abun-
dance of maspin and cytochrome c in human epithelial-derived
cells in this study.

Statistical analysis

Quantification of Western blots was performed using ImageJ.
Statistical analysis (2-tailed Student’s t test or ANOVA) was
based on a minimum of 3 replicates using Prism 5 for Mac sta-
tistical software (v.5; Graphpad Software, La Jolla, CA, USA).
Results were shown as means6 SD. The difference is considered
significant if P, 0.05.

RESULTS

Maspin binds to CL tightly

We initially used 2 different in vitro approaches to de-
termine the interaction of maspin with phospholipids:
protein lipid overlay assays and protein mobility shift

assays. The protein lipid overlay assay revealed that
recombinant maspin interacted with CL but not with the
other phospholipids, including the anionic phospholipid
phosphatidic acid (Fig. 1A); we did not assess other an-
ionic phospholipids suchas phosphatidylglycerol because
of their low abundance (;1% of total phospholipids)
compared with the more predominate phospholipids (PC
and CL,;40 and 20% of total phospholipids respectively)
in mitochondrial membranes (33, 34). To confirm this in-
teraction, we performed gel mobility shift assays and
found that incubating recombinant maspin with CL

Figure 1. Maspin binds to CL. A) A protein-lipid overlay assay
demonstrating the interaction between maspin and various
lipids [phospholipids (PL), phosphatidylethanolamine (PE), PC,
CL, phosphatidic acid (PA), BSA (Mock)]. Wild-type maspin
(GST.MpWT) binds specifically to CL and not to the other lipids
tested. GST protein (as control) did not bind to the lipids. B)
Binding of maspin to CL was determined by retardation of protein
mobility in a PAGE–Western blot (WB). T20, Tween 20. Incubation
of GST.MpWT with CL reduced the mobility of the protein in
contrast to the other lipids. GST was used as a control. C)
Dependence of the equilibrium and maximal wavelength shift (Req
and Rmax) on protein concentration. Liposomes (50:50 PC:CL by
molar concentration) were immobilized on the surface of APS
biosensor tips. The interaction between vesicles, cytochrome c (solid
line), andmaspin (dotted line) was monitored until equilibrium was
reached in 25 mMHEPES pH 7.4. Fit to Eq. 1 yielded the apparent
association constants (Ka) of 6.93 1053M21 and 6.33 1043M21

for cytochrome c and maspin, respectively. All data points represent
means 6 SD (n = 3). Representative figures are shown of
experiments completed a minimum of 6 times.
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retarded its mobility in PAGE (Fig. 1B). As a negative
control,we tested the binding ofGST and found that it did
not bind to any phospholipids in these assays. We con-
firmed these results by quantitatively measuring the in-
teraction of cytochrome c and maspin to phospholipid
bilayers containing a 50:50 M ratio of CL to PC using BLI.
We selected a high CL concentration to ensure saturation
of the available binding sites on cytochrome c. Kinetic as-
says have demonstrated that a higher anionic phospho-
lipid content (from increasing CL) correlates with tighter
cytochrome c binding (31). BLI is a biophysicalmethod for
measuring the binding kinetics of proteins to the surface of
fiber optic biosensors that are modified to display specific
molecules (in this case, phospholipid bilayers); absorption
of protein on the surface changes its optical thickness and
can be measured spectrometrically (31). We immobilized
PC:CL liposomes (containing 50:50 PC:CL) on the surface
of APS-terminated biosensor surfaces. We analyzed the
homogeneity and dispersity of PC:CL liposome prepara-
tions using DLS and found that liposome quality and ho-
mogeneity is preservedathighmolar concentrations ofCL
(see Supplemental Fig. S1). We then measured the in-
teraction between cytochrome c and CL-containing bila-
yers by quantifying the equilibrium wavelength shift, Req
(Fig. 1C). Thesemeasurements yielded a Ka value of;73
105M21 and koff value of;3.313 10243 s21 thatwe used
to calculate an apparent dissociation constant,Kd, of;1.31
6 0.4 mM for cytochrome c binding to CL, which is in
agreement with values measured using surface plasmon
resonance and BLI-based techniques (see Supplemental
Table S1) (31, 35, 36). Using a similar approach to analyze
the interaction ofmaspinwith CL-containingmembranes,
we estimated a Ka of 6.33 104 3M21 and a koff of 1.083
1025 3 s21, which yields an apparent Kd of ;15.8 mM.
These data suggest that the binding affinity of maspin for
CL is;1 order of magnitude weaker than for cytochrome
c, making it reasonable that these 2 proteins compete for
binding to CL in the IMM.

Maspin contains a CLBD

CL binding proteins, including caspase-truncated Bid (37),
p53 (38), cytochrome c (20), andb2glycoprotein I (39), share
a common structural feature: the presence of positively
charged, Lys-rich regions that are also hydrophobic and
thus attractive to anionic phospholipids such as CL; these
regions have been referred to as CLBDs (14). We closely
examined theprotein sequenceofmaspin anddiscovered3
putative CLBDs that are positively charged, Lys-rich re-
gions of the protein (Fig. 2A). To identify the protein do-
main responsible for the binding of maspin to CL, we
created various maspin mutants with truncations high-
lighted in Fig. 2A and tested their ability to bind to phos-
pholipids in a protein lipid overlay assay.Maspinmutants
containing aa 1–139 and 1–225 lost their ability to bind CL
(Fig. 2B).

Our deletion analysis suggested that the region located
after aa226 inmaspinmight represent aCLBD.This region
of aa 268–294 has a noticeable concentration of hydro-
phobic residuesandcontains 7Lys residues.Ananalysisof

the structure of maspin (Protein Data Bank ID: 1XU8;
https://www.wwpdb.org/) indicates that all of these Lys
residues are located in a groove or along a face of the
protein that may be suitable for binding to CL-rich mem-
branes (Fig. 2C, D). To confirm the role of this CLBD, we

Figure 2. Maspin binds CL through a CLBD. A) A schematic
representing 6 different putative CLBDs (highlighted with
blue, yellow, and red bars) in full-length maspin and truncated
mutants containing protein sequences rich in hydrophobic
amino acids and Lys residues. B) Comparison of the binding of
different constructs of maspin to CL using a protein-lipid
overlay assay. Only MpWT bound to CL. C) A schematic
depicting a maspin construct in which the 7 Lys residues in the
CLBD (region highlighted in red) were swapped with the
corresponding sequence from the serpin family member, PAI-
1 (pink box). A sequence alignment of maspin (AAA18957.1)
and PAI-1 (AAA60009.1) demonstrates the homology of these
2 domains in which 7 Lys residues are present in this region of
maspin (red box, aa 268–294) and 2 Lys residues in PAI-1
(pink box, aa 298–324). D) Three-dimensional structure of
maspin (Protein Data Bank ID: 1XU8) highlighting the CLBD
(depicted in black) and Lys residues (depicted in purple)
using Internal Coordinate Mechanics (ICM) Pro v.3.48
software. E) A comparison of binding of GST.MpWT and
GST.MpPS with various lipids [phospholipids (PL), phosphati-
dylethanolamine (PE), PC, CL, phosphatidic acid (PA), BSA
(mock)] demonstrates the importance of the CLBD in maspin
for binding CL. F) PAGE-Western blots demonstrate that CL
causes a gel shift of wild-type maspin (GST.MpWT). Represen-
tative figures are shown of experiments completed a minimum
of 6 times.
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swapped this region ofmaspinwith a region fromPAI-1, a
protein that is functionally homologous tomaspin, has not
been reported to bind tomembranes, anddoes not contain
a characteristically hydrophobic and positively charged
region (Fig. 2C). We tested the resulting mutant protein,
GST fused with MpPS (GST.MpPS) in the protein lipid
overlay assay and protein mobility shift assay and found
that the mutant was unable to bind CL in both assays,
confirming this region as a CLBD (Fig. 2E, F).

Maspin binds CL, enhances cytochrome c
release from mitochondria, and increases
cell apoptosis

Guided by these in vitro experiments, we studied the
maspin-CL interaction in live mammalian cells. We first
manipulated the CL content in cells and analyzed its im-
pact on maspin binding and the induction of apoptosis.
For these experiments, we used the CL-deficient cell line
PGS-S, which is a Chinese hamster ovary–derivedmutant
cell line that synthesizes 2–3-fold less CL than wild-type
cells at a nonpermissive temperature, and PGS-S/cPGS1
cell line,which is stably transfectedwith a cDNAencoding
PGSas a control (24).Weobserved that PGS-S andPGS-S/
cPGS1 cells express a low level of maspin; therefore, we
transfected a maspin expression plasmid into these cells
and established stable clones overexpressing maspin
(PGS-SMp and PGS-S/cPGS1Mp) (Supplemental Fig. S2).
Tomeasure the translocationofmaspin from the cytosol to
mitochondria inPGS-SMp cells,we treated cellswithSTS to
broadly inhibit protein kinases and induce apoptosis, and
we subsequently fractionated their mitochondria and cy-
tosol. We observed that maspin translocated from the
cytosol to mitochondria in both PGS-S/cPGS1Mp cells
and PGS-S mutant cells (Fig. 3A), which indicates that
maspin translocation is not obviously dependent on the

concentration of CL in the membrane. Because maspin
does not contain a mitochondrial-targeting peptide se-
quence, these data suggest that its mitochondrial trans-
location might be facilitated by interactions with other
chaperon proteins, as reported for p53 transportation to
mitochondria (40).

Release of cytochrome c from mitochondria to the cy-
tosol activates caspase3and induces cell apoptosis (41, 42).
We next determined whether translocated maspin affects
the activation of apoptosis in cells treated with STS by
quantifying caspase 3 activity. We observed a significant
reduction of caspase 3 activity in PGS-SMp cells that have
2–3-fold less CL compared with the activity present in the
wild-type PGS-S/cPGS1Mp cells (Fig. 3B).We also found a
significant decrease in the amount of cytochrome c re-
leased from mitochondria to the cytosol in PGS-SMp cells
compared with PGS-S/cPGS1Mp control cells (Fig. 3C).
Following the translocation of maspin into mitochondria
in response to an apoptotic stimulus, its influence on ap-
optosis and cytochrome c release in PGS-SMp cells was
attenuated because of a reduced concentration of CL.

Maspin binds CL in the mitochondria and
competes with cytochrome c

We performed a mitochondrial import assay to provide
further support for the binding of maspin to CL after its
translocation into the mitochondria. We harvested mito-
chondria from wild-type PGS-S/cPGS1 cells and CL-
deficient PGS-S cells. Previously, we demonstrated that
maspin translocated into mitochondria and associated
with the IMM using a mitochondria import assay and by
detecting maspin in different mitochondria fractions (7).
We performed an import assay using isolated mitochon-
dria that were pretreated with ATR to open the perme-
ability transition pore in the membrane, considering the

Figure 3. The cellular CL concentration does not affect maspin translocation into mitochondria; however, it affects cytochrome c
release and the activation of caspase 3. A) A plot comparing maspin translocated into mitochondria in PGS-S/cPGS1Mp and PGS-
SMp cells after STS treatment. The amount of CL does not obviously increase the translocation of maspin into cells. COX IV was
used as mitochondrial loading control. B) A plot comparing caspase 3 activity [optical density at 405 nm (OD405)] in PGS-S/
cPGS1Mp and PGS-SMp cell lysates in the absence and presence of STS using a colorimetric assay. The data indicate that a 2–3-fold
reduction in cellular CL reduces the caspase activity by ;50%. C) A plot comparing cytochrome c (Cyt C) release in PGS-S/
cPGS1Mp and PGS-SMp cells after apoptosis induction indicates that reduction in CL leads to a large decrease in cytochrome c in
the cytosol.
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size of themaspin (43, 44).We then incubatedATR-treated
mitochondria with recombinant maspin proteins. After
washing the organelles thoroughly, we found a high level
of recombinantGST-taggedmaspin (GST.MpWT) retained
in mitochondria isolated from wild-type PGS-S/cPGS1
cells and an ;50% lower amount of GST.MpWT from mi-
tochondria of CL-deficient PGS-S cells (Fig. 4A). Critically,
the maspin mutant GST.MpPS lacking the CLBD was not
retained in the mitochondria of wild-type PGS-S/cPGS1
cells (Supplemental Fig. S3), which we hypothesize is due

to the absence of its ability to bindCL tightly. These results
confirm the interaction of maspin with CL in the
mitochondria.

Cytochrome c is present in both the intermitochondrial
membrane space and in the IMM. At least 15–20% of the
cytochrome c in the IMM is bound to CL under normal
cellular conditions (45, 46). Our hypothesis is that during
the induction of apoptosis, maspin is translocated into
mitochondria and competes with cytochrome c for bind-
ing to CL-rich regions of the IMM. To test this hypothesis,
we isolated mitochondria from mouse liver, treated them
with ATR, incubated the organelles with GST.MpWT or
GST (negative control), and measured cytochrome c re-
lease from the IMM (Supplemental Fig. S4A, B). Mito-
chondria treatedwithATRreleased cytochrome c from the
IMM (Fig. 4B). Incubation of recombinant maspin (GST.
MpWT) with ATR-treated mitochondria released signifi-
cantly more cytochrome c from the IMM than the GST
protein control (Fig. 4C). Consequently, we observed a
significant reduction in the concentration of cytochrome c
in the IMM of mitochondria treated with GST.MpWT

comparedwith theGST-treatedorganelles (Fig. 4D). These
experiments are consistent with the binding of maspin to
CL in the mitochondria, which competes for binding sites
with cytochrome c and displaces it from the membrane.

Maspin competes with cytochrome c for
binding to CL in vitro

To confirm that the competition of maspin for CL reduces
the interactionof cytochrome cwith the IMM,wedesigned
a competitive binding assay using BLI. We immobilized
liposomes containing a mixture of 50:50 PC:CL on the
surface of APS-terminated BLI biosensors and monitored
the equilibrium wavelength shift, Req, for the binding of
protein. To monitor the direct competition between
recombinant maspin and cytochrome c binding to CL-
containing membranes, we dipped biosensors into wells
containing a fixed concentration of total protein (set at 5
mM) and different molar ratios of cytochrome c and mas-
pin.Figure 5Ademonstrates the slower bindingofmaspin
to CL-containing membranes compared to cytochrome c.
We found that increasing the molar ratio of maspin to
cytochrome c reducesReqmonotonically (e.g., adding;1%
maspin was sufficient to reduce Req by ;25%). At a
threshold concentration of ;2:1 cytochrome c to maspin,
we observed kinetic profiles for protein binding to CL-
containing membranes that resembled the binding of
maspin, and large values of Req at time scales that were
longer than for cytochrome c alone, suggesting a slower
approach to equilibrium binding. These results were
consistent with the kon values (The rate constant for the
proteinbinding to themembranes) thatwemeasured from
the apparent Kd and koff values of the individual proteins.
Maspin has a slower kon of ;0.68 M/s compared with a
rate of;252.6 M/s for cytochrome c. These kinetic values
suggest that cytochrome cbindsCL faster andmore tightly
thanmaspin,which is consistentwithour observation that
cytochrome c reaches saturation binding to membranes
more rapidly than maspin.

Figure 4. Maspin binds CL in the mitochondria and displaces
CL-bound cytochrome c (Cyt C). A) A plot comparing the
amount of maspin retained in mitochondria isolated from
PGS-S/cPGS1 and PGS-S cells; COX IV was used as a
mitochondrial loading control. The data indicate that a
reduction in cellular CL reduces the concentration of mito-
chondrial maspin. B) A plot comparing cytochrome c (from
the intermitochondrial membrane space) released after ATR
treatment of mitochondria isolated from mouse liver. The
supernatants were concentrated in a MicroVac and loaded on
SDS-PAGE to determine the relative concentration of cyto-
chrome c. ATR treatment led to a large increase in cytochrome
c. C) A plot of the amount of cytochrome c released from ATR-
treated mitochondria incubated with GST.MpWT compared
with GST. The supernatants were concentrated in a MicroVac
and loaded on SDS-PAGE to determine the relative concen-
tration of cytochrome c; GST was used as a negative control. D)
A plot comparing IMM-bound cytochrome c in mitochon-
drial pellets after incubating organelles with either GST or
GST.MpWT.
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The significance of the 2:1 cytochrome c to maspin
stoichiometry thatweobservedmaybe connected to the in
vivo concentration of maspin required to displace cyto-
chrome c from themembrane and inhibit its reassociation.
Strikingly, the results from the competitive binding assay
diverge from what would be expected based on a com-
parison of the apparent Kd. The apparent Kd for maspin
estimated from the binding isotherm suggests that it is a

weaker binder by a factor of 10 compared with cyto-
chrome c. Consequently, it is surprising that maspin can
significantly compete for binding and displace cyto-
chrome c from CL-containing membranes at a concentra-
tion as low as 1% of the total protein. However, the data
from our competition experiments between maspin and
cytochrome c indicate that maspin monotonically de-
creases Req and inhibits the fast reassociation of cyto-
chrome c with CL in the membrane. To interpret this
reduction inReqwith increasingmaspin concentration,we
estimated the volume occupied by a molecule of cyto-
chrome c andmaspin at thebiosensor surface byassuming
spherical geometry. We used the reported value of the
Stokes radius of cytochrome c of 17 Å (47) to estimate a
volumeof;20nm3.Althoughhydrodynamic data are not
available for maspin, we estimated the protein to have a
minimummolecular volume of;50 nm3 based on itsMW;
weexpect that its volume in solution is likely largerbecause
of hydration and irregularities in the protein surface (48).
This simple model estimates that maspin occupies ;2.5
times more volume at a membrane compared with cyto-
chrome c, and each maspin molecule occludes ;3 mole-
cules of cytochrome, which is compatible with the datawe
observed (Fig. 5A). An alternative explanation that is also
consistent with our results is that maspin binds to CL co-
operatively and decreases the affinity of cytochrome c for
the membrane. We were unable to measure cooperativity
because of the large quantity of protein required to reach
saturation with this assay, and this hypothesis requires
further investigation to test how the cooperativity of mas-
pin may be connected to apoptotic signaling.

To studymaspin competing directlywith cytochrome c
for binding to CL in the membrane, we adsorbed lipo-
somes (50:50 PC:CL) on BLI biosensors and incubated
them in a solution of 5mMcytochrome cuntilweobserved
binding reach equilibrium (Fig. 5B). We subsequently
transferred the sensors containing cytochrome c bound to
bilayermembranes intowells containing different relative
concentrations of maspin and cytochrome c. We hypoth-
esized that introducing maspin to membrane-bound cy-
tochrome c would decrease Req because of a reduction in
the amount of protein on the membrane. To test this hy-
pothesis, we transferred biosensors equilibrated with
5mMcytochrome c intowells containingcytochrome cand
increasing concentrations of maspin. When cytochrome
c–bound sensors were placed in wells containing 5 mM
cytochrome c and 2 mM maspin, we observed a sharp
decrease in sensor response and reduced binding of cyto-
chrome c that correlated to an increase in maspin concen-
tration (Fig. 5B). The results of our in vitro experiments
indicate thatmaspin bindsCL, competeswith cytochrome
c for binding to the membrane, and displaces it from the
membrane, thereby corroborating our in vivo results.

A search of the Protein Abundance (Pax) Database en-
abled us to compare the abundance of maspin and cyto-
chrome c in human epithelial-derived tumor cells, including
those frommammary, prostate, and Hela cell lines (49, 50).
As shown in Supplemental Table S2, the concentration of
maspin and cytochrome c is similar in these tumor cells. In
this current study and our previous reports (7, 25), we used
maspin-overexpressing TM40D cells (TM40DMp) in which

Figure 5. Maspin (mas) occludes and displaces cytochrome c
(Cyt c) from binding to PC and CL liposomes. A) To measure
the competition of cytochrome c and maspin at membranes,
we dipped APS-coated BLI biosensors containing adsorbed
PC:CL liposomes (50:50 by molar concentration) into wells
containing varying ratios of cytochrome c and maspin and a
total protein concentration of 5 mM. We measured the
competition of protein for the membrane surface for 4200 s.
Cytochrome c and maspin (5 mM) are shown in black and dark
blue, respectively. Decreasing concentrations of maspin
(cytochrome c:maspin molar ratios of 1:1, 2:1, 4:1, and 8:1)
are indicated by the color gradient (dark to light blue). Lines
indicate the mean wavelength shift values (based on n = 3
measurements), and the shading indicates the the mean 6 SD.
B) To measure the displacement of cytochrome c by maspin,
we equilibrated APS-coated BLI biosensors containing adsorbed
PC:CL liposomes (50:50 by molar concentration) into wells
containing cytochrome c (5 mM) for 2000 s, then dipped into
wells containing 5 mM cytochrome and different concentrations
of maspin. The black curve depicts data for cytochrome c (5
mM) dipped into a well containing 5 mM cytochrome c (as a
control). Increasing concentrations of maspin are indicated by
the color gradient (from light to dark blue). The competition of
maspin and cytochrome c was monitored for 7000 s before
returning tips to baseline wells to monitor dissociation (un-
published results). Lines indicate the means of 6 experiments,
and shading indicates the mean 6 SD (A, B).
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maspin expression level is elevated at least 10-fold higher
than inaparental tumor cell line.Consequently,weestimate
that the concentration of maspin in our TM40DMp tumor
cells is likely 10 times higher than cytochrome c in these
tumor cells, which offsets its;1 order of magnitude lower
binding affinity for CL in the mitochondria.

Tumor cells expressing a mutant maspin with
reduced CL-binding deficiency have a low
frequency of apoptosis

Cancer cells are defective in their response to apoptosis. In
contrast to normal cells, defects in the ability of tumor cells
to activate the death-signaling pathway reduces their fre-
quency of apoptosis (3). Overexpression of maspin in
TM40Dmurine cancer cells induced higher rates of tumor
cell apoptosis in mammary tumors (6, 51). With these
observations inmind, we selected amousemammary cell
line (TM40D) as a model system to determine the effect of
the maspin-CL interaction on cancer cell apoptosis. We
transfected cells with constructs expressing MpWT or
MpPS. We generated stable expression clones from cells
transfected with MpWT (TM40DMp) and mutant MpPS

(TM40DPS) and confirmed the expression level ofmaspin
by Western blot analysis (Supplemental Fig. S5A).

We stimulated TM40DMp and TM40DPS cells with STS
and observed that maspin translocates into the mito-
chondria (Fig. 6A and Supplemental Fig. S5B, C). Al-
though the mutant maspin (TM40DPS) is still able to
translocate to mitochondria, it clearly loses its ability to
affect cell apoptosis. These data also suggest thatmaspin’s
translocation to mitochondria is not dependent on its
CLBDdomain. TM40DPS cells showed an attenuated level
of caspase 3 activity compared with TM40DMp cells (Fig.
6B), indicating that reduced maspin binding to CL de-
creased the cellular apoptotic response. Accordingly, the
release of cytochrome c was attenuated in TM40DPS cells
compared with TM40DMp cells (Fig. 6C). These observa-
tions confirm that maspin binding to CL in the mito-
chondria plays a role in tumor cell apoptosis.

DISCUSSION

Our study addresses the molecular mechanism that un-
derlies the release of cytochrome c frommitochondria and

Figure 6. TM40DPS cells expressing mutant maspin lacking the CLBD translocate to mitochondria and display a low apoptosis
efficiency. A) A plot comparing maspin translocated to mitochondria in TM40DMp (MpWT) and TM40DPS cells (containing the
corresponding sequence from PAI-1 swapped with the CLBD in maspin) after STS treatment; COX IV was used as a
mitochondrial loading control. B) A plot comparing caspase 3 activity [optical density at 405 nm (OD405)] in TM40DMp and
TM40DPS cell lysates in the absence and presence of STS using a Colorimetric Assay Kit. C) A plot comparing cytochrome c (Cyt
C) released into the cytosol was determined in TM40DMp and TM40DPS cells after apoptosis induction. GAPDH was as used as a
cytosolic loading control.

Figure 7. Proposed model for maspin-CL binding in the IMM and release of cytochrome c into the cytoplasm A) Cytochrome c
(Cyt C) is bound to CL (depicted in red) in the IMM. Maspin (Mp) is in the cytosol. B) Apoptosis is induced and maspin
translocated from the cytosol into mitochondria. C) Maspin competes with cytochrome c for binding to CL in the IMM, and
cytochrome c is released from mitochondria and triggers apoptosis.

MASPIN IS A MITOCHONDRIAL, CARDIOLIPIN-BINDING PROTEIN 9

Downloaded from www.fasebj.org by Midwestern University (132.174.254.157) on February 20, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.



induction of apoptosis. Based on the results of our current
andprevious studies (7),weproposeamodel for theaction
of maspin in apoptosis (Fig. 7). Upon induction of apo-
ptosis, maspin translocates to the IMM in a step that is
independent of the amount of CL in mitochondria and
binds to CL through a specific CLBD that contains a seg-
ment of 27 aa enriched in hydrophobic and Lys residues.
Although this CLBD region in maspin is necessary for CL
binding and apoptosis induction, simply incubating a
peptide containing the 27 aa with mammary tumor cells
does not increase tumor cell apoptosis (unpublished re-
sults). This is likely because peptide alone could not hold
the structure required for CL binding. The interaction of
maspin and CL competes for membrane-binding sites in
the IMM and leads to the displacement of cytochrome
c from themembrane in vivo and in vitro, enhances caspase
3 activity in cells, and increases the frequency of cell apo-
ptosis. A significant rearrangement of the membrane
takes place during apoptosis (52–58) that may also con-
tribute to the interaction of maspin with the IMM and its
relationship tomembrane-bound cytochrome c. Results of
this study provide a biochemical and biophysical basis for
the interaction of maspin with the IMM and its effect on
cytochrome c anchoring in the membrane, which has a
direct consequence on the mediation of apoptosis by
mitochondria.
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