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ABSTRACT: Galig, a gene embedded within the galectin-3 gene, induces cell death when transfected in
human cells. This death is associated with cell shrinkage, nuclei condensation, and aggregation of
mitochondria. Galig contains two different overlapping open reading frames encoding two unrelated
proteins. Previous observations have shown that one of these proteins, named mitogaligin, binds to
mitochondria and promotes the release of cytochroritowever, the mechanism of action of this cytotoxic
protein remains still obscure. The present study provides evidence that synthetic peptides enclosing the
mitochondrial localization signal of mitogaligin bind to anionic biological membranes leading to membrane
destabilization, aggregation, and content leakage of mitochondria or liposomes. This binding to anionic
phospholipids is the most efficient when cardiolipin, a specific phospholipid of mitochondria, is inserted
in the membranes. Thus, cardiolipin may constitute a target of choice for mitogaligin sorting and membrane
destabilization activity.

Programmed cell death is a crucial process controlling against cytochromerelease, suggesting a common pathway
normal development, cellular homeostasis, tissue renewing,between the cytotoxic activity @falig and the antiapoptotic
and elimination of neoplastic cells. The essential role of activity of Bcl-xL. This antagonism was not observed upon
mitochondria in mediating programmed cell death has now cotransfection of Bcl-2 andalig (5).
been clearly established. Releasing of death-promoting  pyeyious observations have led to the conclusion that
factors from the intermembrane space of mitochondria mitogaligin, one of the proteins encoded gglig, binds to
constitutes a key step, leading subsequently to caspase’syitochondria and promotes the release of cytochrame
cascade activationl¢-3). Members of the Bcl-2 protein  \iiqqajigin is a 97 amino acid protein, highly cationic and
family control mitochondria homeostasis and are the most exceptionally rich in tryptophan residues (12%). Structure

well-o!leflzed regur:ators of the apoptotic ml'gochondbrlal path-h activity relationship experiments showed that the mitochon-
way (4). Among these proteins, proapoptotic members, suc drial addressing of mitogaligin relies on an internal sequence,

astﬁld and rl?lax otthad anthak, glgigzer th'; T')t(?_Ch.oT]qtr)'.?l which is required for the cytosolic release of cytochrome
pathway while Others, such as Bckz or BC-AL, INNOI 5, - \grepver, incubation of isolated mitochondria with
f”‘poptos's in preventing release of soluble protgms frpm the peptides derived from mitogaligin induces cytochrome
!Eirrnnaelml;;in.en fﬁsche'miﬁcegrleﬁ-xvg kr)lgve ;de;tr']f('aed ci?l release. However, the mechanism of action of mitogaligin
:jea:h ingucerl enes #his gne nlar-negalius( ;Iectin-\g leading to mitochondria permeability remains still obscure.
9 ‘ gene, g9 The present results provide evidence that peptides derived

internal gene), contains two different overlapping reading . O .
; from mitogaligin induce membrane aggregation and content
frames and encodes two unrelated protef)sThese proteins - ; TS :
leakage of mitochondria and anionic liposomes. This study

are distinct from galectin-3Galig expression causes mor- supports a model in which mitogaliain would interact. in
phological alterations in human cells, such as cell shrinkage, . bp 9allg '

cytoplasm vacuolization, nuclei condensation, and ultimately VIVO, with .card|oI|p|n, an anionic phospholipid of the
cell death. These alterations are associated with aggregatioﬁmtocr]ondr'aI membrane.

of mitochondria and extramitochondrial release of cyto-
chromec. Although not related to the Bcl-2 family, we have

shown thatgalig coexpression with Bcl-xL is protective Expression Vectors and Cell TransfectiopdG3154-
_ . EGFP is a plasmid encoding amino acids-5# of mito-
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MG-[12-34] (82.5%) and a mixture of scavengers (thioanisole, 5%;
ethanedithiol, 2.5%; phenol, 5%; and water, 5%)). Side

1 MAWRMGEPAC WGRGLPRGFL SWGLPRAGTP chains were protected by 2,2,4,6,7-pentamethyldihydroben-
MG-[35-53] zofuran-5-sulfonyl (Arg) otert-butyl (Ser and Thr) otert-

butyloxycarbonyl (Trp). Peptides were purified to homoge-

[ |
31 RGLSWIGTSR.RLPWSTWSLS RSTCTWSLPR neity by high-performance liquid chromatography using a

MG- [31-53] semiprgparati\{e C18 reverse—_phase column. Identities of the
61 ATORPWGLPT FWTAKCPRSL PCHWPLWRPC synthetic peptides were confirmed by MALDI-TOF mass
spectrometry §).
MG-[55-75] Preparation of Liposomedll liposomes were prepared

by reverse-phase evaporation. Briefly, lipids were dissolved
) o ) _in chloroform. The following ratios were used for zwitteri-
Ficure 1: Sequences of mitogaligin and of derived synthetic

peptides. Substitution of residues in bold (T38 and/or S39) with onic liposomes: 20/1 for phosphatidyicholine (PC) and

glutamate (E) in peptide MG-[3553] generated peptides S39/E ~ cholesterol (Chol), respectively. , ,
and T38S39/EE. Substitution of residues double underlined (R40 Anionic liposomes were prepared with the following
and R41) with alanines (A) generated peptide R40R41/AA. ratio: anionic phospholipid/PC/Chol (10/10/1). Anionic
) o phospholipids used were phosphatidylserine (PS), phosphati-

2) using DNA-poly(ethylenimine) complexes (PE7) as  dylinositol (PI), phosphatidylglycerol (PG), or phosphatidic
described). Twenty-four hours after transfection, cells were  acid (PA). For anionic liposomes containing cardiolipin or
incubated at 37C for 10 min with 0.1ug/mL tetramethyl-  cytidine diphosphate diacylglycerol (CDP-DAG), a ratio of
rhodamine ethyl ester (TMRM; Sigma). This specific mito-  5/10/1 was used. This different ratio is necessary to get the
Chondrial mal’ker iS Sensitive to the pOtential membrane. Ce||S same amount of Charges for an equal Concentration of tota'
were washed with cell culture medium and analyzed by |ipids. Chloroform was evaporated under vacuum. The lipid
fluorescence microscopy using fluorescein filters (excitation fjjm was dissolved in 3 volumes of water-washed ether and
at 488 nm and detection at 520 nm for EGFP) and rhodamine yolume of 100 mM Tris and 136 mM NaCl, pH 7.4. Stable
filters (excitation at 543 nm and detection 590 nm for emyision was obtained by sonication at room temperature.
TMRM). Ether was then evaporated for 20 min at85until obtaining

Release of Cytochrome c into the Cytosol of Transiently 5 gel. Liposomes were formed after thoroughly vortexing
Transfected Hela Cellfwenty-four hours after transfection,  of the gel. Separation of unincorporated lipids and residual
cells were checked by fluorescence microscopy for EGFP ether was performed after dilution of the sample with 100
fusion protein production and localization. Then, cells were yolumes of Tris buffer and ultracentrifugation at 25000 rpm
washed twice with PBS and incubated on ice in 2&00f for 1 h at 4°C. Pelleted liposomes were resuspended in 100
lysis buffer (250 mM sucrose, 10 mM KCI, 1.5 mM Mggl mM Tris and 136 mM NaCl, pH 7.4.
1 mM EDTA, 20 mM HEPES) supplemented with a cocktail  phospholipid QuantificationThe total amount of lipids
of protease inhibitors (Sigma Aldrich) M dithiothreitol, a5 determined upon quantification of the phosphate con-
and 100 mM phenylmethanesulfonyl fluoride for 30 min. centration by malachite greeaq).
After homogenguon in a Dounce homogenlzer, homoge- Binding of Peptides to Liposomesll synthetic peptides
nates were centrifuged at 15@(20( 30 min. The pellgts contain at least one tryptophan residue, allowing monitoring
were incubated for 20 min on ice with:B of 10% saponin  f peptide transfer from the polar buffer to the membrane
and then suspended in 250 of lysis buffer. The suspension  complex interface through the blue shift of fluorescence
was centrifuged at 150@0for 10 min, and the protein  gpectra fa shift) (11). Increasing amounts of liposomes
concentration was estimated by the method of Bradford. Theyere added to a constant concentration of peptidey(DIR
resulting supernatants were analyzed by immunoblotting for jn 100 mMm Tris and 136 mM NacCl, pH 7.4. Tryptophans
detection of cytochrome using a murine monoclonal anti-  \yere excited at 280 nm, and fluorescence emission spectra
cytochromec antibody (1:250) (clone 7H8.2C12; Pharmin-  \yere acquired between 290 and 450 nm on a FluoroMax-2
gen, BD Biosciences, France) followed by horseradish spectrofluorometer (Jobin Yvon-Spex). Quartz cuvettes (5
peroxldase—conjugated .secondary antlbod_y (1:5000). They g mm) and caps were precoated by 1% PEI dyfrh at
protein was detected with the ECL detection system (BM yoom temperature in order to avoid peptide binding to cuvette
chemiluminescence western blotting kit; Roche Diagnostic) y4is. Background due to buffer and liposomes was sub-
according to the manufacturer’s instructions. tracted with ORIGIN 6.0. The maximum emission wave-
~ Synthesis of Mitogaligin-Dered PeptidesPeptides cover-  |ength @,n.,) was plotted as a function of lipid/peptide molar
ing different regions of mitogaligin were synthesized (see ratio. A decrease ifmax (i.e., blue shift) indicates peptide
sequences in Figure 1). A standard 9-fluorenylmethoxycar- binding to liposomes. Binding isotherms and partition
bonyl (Fmoc) solid-phase method was used. Peptides werexgefficients were calculated as describad)(
assembled on an Fmoc-Rink amide aminomethyl resin using  petermination of Partition Coefficientsartition coef-
a Perkin-Elmer Applied Biosystems 431A synthesizer and ficients were calculated as described®) Briefly, binding
subsequently cleaved from the resin with trifluoroacetic acid jsotherms were analyzed as a partition equilibrium ustng
= KpCi, whereX, is the molar ratio of bound peptide per

! Abbreviations: PEI, poly(ethylenimine); Fmoc, 9-fluorenylmethox-  total lipid, K, is the partition coefficient, and; is the
ycarbonyl; PC, phosphatidylcholine; Chol, cholesterol; PS, phosphati- ooncentration of free peptide at equilibrium. The fraction of
dylserine; PIl, phosphatidylinositol; PG, phosphatidylglycerol; PA, . .
phosphatidic acid; CDP-DAG, cytidine diphosphate diacylglycétgl; bound peptide was calculated usiigg= (1 — 4o)/(Ae — Lo).
partition coefficient;Ksy(eff), Stern-Volmer constant. A, Ao, @andZ., are the wavelengths of maximum emission of
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fluorescence of bound peptide, free peptide, and peptide at EGFP TMRM merge
saturation, respectively, was then calculated usirgyfy,
wherePr is the total concentration of peptide and corrected
as described by Beschiaschvill3). X, was plotted as a
function of concentration of free peptid€:}. The partition
coefficient corresponds to the initial slope of the curve.
Acrylamide Fluorescence Quenchinghis method was
used to determine exposure of tryptophans of mitogaligin-
derived peptides to solvent upon interaction with liposomes
(14). Peptides, alone or in the presence of different liposome
preparations, were incubated with increasing concentrations
of acrylamide. Tryptophans were excited at 295 nm, and
fluorescence emission spectra were obtained from 290 to 450
nm. Background related to buffer, acrylamide, and liposomes
was subtracted. The ratio between fluorescence intensity
without quencher Ko) and fluorescence intensity in the
presence of acrylamide quenché) (was plotted against
acrylamide concentration. The Sterdolmer collisional
guenching coefficient was determined as descrithdpysing
the equatiorFo/F = 1 + Ksy(eff)[Q] for collisional quench-
ing, whereKs\(eff) is the Stera-Volmer quenching effective
constant and [Q] is the concentration of the quencher. To
take into account a static contribution to quenching, the
modified Sterr-Volmer equation was applied4): Fy/Fe'd
= 1+ Ksy(eff)[Q], whereV is the static constant.
Peptide-Induced Aggregation of LiposomAggregation
of liposomes in the presence of peptides was measured after
15 min incubation by turbidimetry at 436 nm5) with a
UV —visible Varian Cary spectrometer. The maximum ab-
sorbance value was plotted as a function of peptide/
phospholipid molar ratio.
Peptide-Induced Leakage of Liposome Contdragkage
of liposome contents was monitored by the release of
encapsulated®H]inulin. Three nanomoles of tritiated inulin
([®*H]inulin, 0.63 Ci/mmol; Amersham) was added to the
aqueous phase during liposome preparation. Liposomes were
washed and pelleted as described above. Radioactive lipo-
somes were then incubated with increasing concentrations
of peptides in 100 mM Tris and 136 mM NaCl, pH 7.4, for
1 h at 4°C. Leakage was calculated after ultracentrifugation

(25000 rpm fo 1 h at 4°C) by counting radioactivity Ficure 2: Determination of the mitochondrial-addressing signal
iated with the supernatant and pellet with a liquid of mitogaligin. HeLa cells were transfected with constructs encoding
associa truncated forms of mitogaligin fused to EGFP and analyzed 24 h

scintillation analyzer (Packard, Rungis, France). The leakageater by fluorescence microscopy for EGFP production (column
amount was obtained after normalization with untreated EGFP) or mitochondrial staining with TMRM (column TMRM).

liposomes (0%) or dermaseptin S3-treated liposomes (100%).Colocalization of mitogaligin-derived peptides and mitochondria

: oA was evaluated by merging the pictures (column merge). Vectors
Dermaseptin has been shown to permeabilize liposob®s ( produce EGFP (A), full-length mitogaligin-EGFP (B), mitogaligin-

Mitochondrial AggregationHeLa cells (16) were lysed  [31-54]-EGFP (C), mitogaligin-[3254]EGFP (D), mitogaligin-
in buffer A (220 mM mannitol, 68 mM sucrose, 10 mM  [31—-48]-EGFP (E), mitogaligin-[3t47]-EGFP (F), and mitogaligin-
Hepes-KOH, 70 mM KCI, 1 mM EDTA, 1 mM PMSF, 1 [31-46]-EGFP (G).

mM DTT, pH 7.7) for 30 min at 4°C, dounced, and
centrifuged (400, 5 min). Supernatant was recentrifuged
(1500@, 30 min). Pelleted mitochondria were resuspended
in chilled buffer A and incubated with peptides at 62.5, 125,
and 250uM (30 min, 4°C). Aggregation of mitochondria
was measured by turbidimetry at 436 nm.

more precisely this signal, cells were transfected with vectors
encoding sequential deletions of this fragment fused to EGFP.
Deletions were performed at the N- or C-terminal ends of
the 31-54 sequence. Fluorescence microscopy observations
of transfected cells show that the minimal mitochondrial
targeting sequence of mitogaligin extends from arginine 31
RESULTS to t.ryptopha.n_47 (Figure 2). Indeed, further deletions qf
residue arginine 31 or tryptophan 47 lead to cytosolic
Delineation of the Mitogaligin Mitochondrial Targeting localization of the fusion protein. TMRM staining indicated
Signal Previous experiments have shown that the mitochon- that transfected and nontransfected cells displayed no major
drial localization sequence of mitogaligin is contained differences in the morphology of their mitochondria. How-
between amino acids 31 and 58).(In order to delineate  ever, TMRM labeling is often weaker and sometimes
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Ficure 3: Release of mitochondrial cytochrormepon transfection

of plasmids encoding the mitochondrial targeting domain of
mitogaligin. Cells were transfected with vectors encoding deleted
forms of mitogaligin-EGFP containing a functional (lanes5) or
nonfunctional mitochondrial localization signal (lanes&). Ac-
cumulation of cytosolic cytochrome was analyzed by western
blotting. Expression vectors produce intact mitogaligin (lane 1),
mitogaligin-[31-54] (lane 2), mitogaligin-[3%47] (lane 3), mi-
togaligin-[31—48] (lane 4), mitogaligin-[3+49] (lane 5), mito-
galigin-[32—54] (lane 6), mitogaligin-[31-46] (lane 7), and EGFP
(lane 8). Lane M is horse cytochromeand lane S is supernatant
from mitochondria treated with saponin.
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Ficure 4: Titration of peptide MG-[3153] by anionic liposomes.
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Ficure 5: Titration of mitogaligin-derived peptides by cardiolipin-
containing liposomes. PC/Chol/cardiolipin liposomes were incu-
bated with (A) peptides MG-[3153] (), MG-[12—34] (@), and
MG-[55 75] (©) and (B) peptide MG-[3553] (d) and three

Measurements were realized by adding increasing amounts ofanalogues of MG-[3553]: S39/E {), T38S39/EE 4), and

phospholipids (L) to constant peptide concentration (200 nM) (P).
The Amax Value of fluorescence was plotted against the L/P ratio.
Liposomes were made of PC/Chol and anionic phospholipids,
cardiolipin (x), PG @), CDP-DAG (@), PA (@), Pl (¥), or PS
().

R40R41/AA (x) (see Figure 1 for peptide sequences). Thex
value of fluorescence was plotted against the lipid to peptide ratio
(L/P) for P = 200 nM.

shifts were recorded upon titration with liposomes containing
different anionic phospholipids. The highest affinity was

abolished in cells expressing peptides addressed to mito-observed for cardiolipin-containing liposomes (partition

chondria, indicating a decrease in the mitochondrial mem-

brane potential.

Transfection of Vectors Encoding the Mitogaligin Mito-
chondrial-Targeting Signal Induces Cytochrome ¢ Release
In order to know whether mitochondrial destabilization is
directly linked to the mitochondrial targeting sequence,
accumulation of cytosolic cytochrontewas assayed upon
transfection with vectors encoding deleted forms of mito-
galigin-EGFP fusions (Figure 3). Prior to preparation of cell

extracts, cells were checked by fluorescence microscopy for

expression and correct localization of the hybrid proteins.
Cytochromec release was observed only when plasmids

coefficient,K, = 10"® M~1). PI conferred much lower affinity
than cardiolipin-containing liposome{ = 1.3 x 107/
M~1). The phospholipids structurally related to cardiolipin
(PG,Kp = 1.8 x 10" ML, CDP-DAG,K, = 3.4 x 107/
M1, and PAK,= 2.9 x 107 M~?) displayed intermediate
affinities. Since the experiments were realized using lipid
compositions that maintain the same amount of negative
charges, these differences in affinities are not entirely related
to electrostatic contribution.

Two other mitogaligin-derived peptides were also tested
for binding to cardiolipin-containing vesicles (Figure 5A).
These peptides, MG-[1234] and MG-[55-75], which did

encoding a functional mitochondrial targeting sequence werenot include the mitochondrial targeting signal underwent a

used. Fusions of EGFP to 354 mitogaligin or 3146
mitogaligin did not induce significant cytochromeelease.

significant blue shift fluorescence emission. However, bind-
ing saturation of MG-[31+53] was reached for a much lower

These results indicate that a complete signal is required tolipid to peptide (L/P) ratio, revealing a higher binding affinity

induce mitochondrial damage.
Preferential Binding of Mitogaligin-Deried Peptides to
Lipid Vesicles Containing CardiolipinMG-[31-53], a

for this peptide containing the mitochondrial targeting signal.
Indeed,K, for MG-[31—53], MG-[12—34], and MG-[55-
75] are 10°%, 0.26 x 1075, and 0.16x 10°% M1, respec-

synthetic peptide encompassing the mitochondrial targetingtively.
sequence of mitogaligin (Figure 1), was assayed for binding Electrostatic Contribution to Binding of Mitogaligin-

to liposomes by tryptophan fluorescence titratibf) (\When

Derived Peptides to LiposomeBeptide-membrane interac-

increasing amounts of zwitterionic liposomes (PC/Chol) were tions frequently result from a balance between electrostatic
added to 200 nM peptide solutions, no shift of the maximum and hydrophobic interactions. To evaluate the electrostatic
fluorescence emission wavelength of tryptophan was detectedcontribution in the binding of mitogaligin-derived peptides

(data not shown). The same observation was made withto cardiolipin-containing liposomes, peptides, initially de-

anionic liposomes containing PS (Figure 4). These results signed to assess implications of putative phosphorylation sites
reveal that MG-[3%53] has no or very low affinity for these  (S39/E and T38S39/EE), were tested for their capacity to
neutral or negatively charged liposomes. At the contrary, blue interact with synthetic membranes and compared to their
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. . . FGure 7: Aggregation of PC/cardiolipin/Chol liposomes was

FiGure 6: Fluorescence quenching by acrylamide. Increasing followed by measuring absorbance at 436 nm with increasing
amounts of acrylamide were added to a constant concentration ofpeptidelipid ratio (P/L). The lipid concentration was maintained
MG-[31—53] in the absence+() or in the presence of liposomes  constant. Key: peptides MG-[353] (), MG-[12—34] (@), MG-
containing P_C/Ch_O!(), PC_/PS_/ChO|<>), or PC/CardIO|IpIn/ChQ| [55—75] (O), MG-[35—53] (), S39/E (), and T38S39/EEL)

(x). The ratio of lipid/peptide is 100k, = fluorescence intensity  (see Figure 1 for peptide sequences).

without quenchingF = fluorescence intensity in the presence of
acrylamide quencher. 30-

[acrylamide] M

parent peptide, MG-[3553] (K, = 0.47 x 10°¢ M}
(Figure 5B). Substitution of hydroxylated residue S39 with
negatively charged residue (E) led to peptides exhibiting
marked decreases in blue shift, indicating a loss of interaction
with liposomes K, = 0.7 x 1077 M%) (Figure 5B). This
effect was more pronounced for the disubstituted peptide
T38S39/EE since binding was almost abolished. The effect
of the reduction of the global charge of peptide MG-f31
53] was further investigated using the peptide R40R41/AA.
Instead of adding negative charges to the peptide, the two
arginines 40 and 41 were replaced with alanines, leading to O NG[1234] MG[31-53] MG[55-75] MG[35:53] T38S30/EE

a peptide with a net charge &f3. Although this peptide FIGURE 8: Aggregation of isolated mitochondria by peptides derived
has the same global charge as the peptide S39/E, no blugrom mitogaligin. Isolated mitochondria were incubated with
shift or fluorescence emission was detected, indicating a morepeptides at concentrations of 628 (white bars), 125M (gray
drastic inhibition. bars), and 25@M (black bars). Aggregation of mitochondria was

. . . _ followed by measuring absorbance at 436 nm. Y{ais represents
Af:rylamldel Fluorescence _Quenchlng of Mltogallg_ln- the increase of absorbance before and after addition of peptide to
Derived PeptidesThe acrylamide fluorescence quenching the mitochondria preparation.

method was used to further characterize the interaction of
MG-[31—-53] with liposomes (Figure 6). Fluorescence of added on liposomes containing cardiolipin, only two pro-
MG-[31—-53] is very sensitive to quenching when the peptide moted liposome aggregation: MG-[353] and MG-[35-
is in a solution free of liposomeKgy(eff) = 8.1 M™1]. A 53], the latter being less efficient. No significant aggregation
two-phase process can be observed. Quenching is linear fowas observed with peptides MG-[£34] or MG-[55—-75]
low concentrations of acrylamide, which is characteristic of or with the two analogues of MG-[3%3] (S39/E and
collisional quenching X4). Higher concentrations induce T38S39/EE). With anionic liposomes containing phosphati-
upward curvature obtained classically for static quenching dylserine, only a slight aggregation could be observed for
where collision is faster than the process of photon reemis- MG-[31—53] and only at higher peptide/lipid ratios (data
sion. Very similar profiles (Figure 6) and Sterlolmer not shown). Zwitterionic liposomes did not aggregate with
constants were obtained in the presence of zwitterionic any of the peptides (data not shown). As for binding
liposomes Ksy(effy = 8.7 M™!] or anionic liposomes  experiments, liposome aggregation appears to be dependent
containing PS Ksv(eff) = 8.3 M™1]. This result is not  on peptide sequence and lipid composition.
surprising considering that little interaction was detected Aggregation of Isolated Mitochondria by Mitogaligin-
between this peptide and these liposomes. However, whenperiyed PeptidesMitochondria were isolated from HelLa
cardiolipin-containing liposomes are used, quenching is linear cells and incubated with increasing concentrations of the
over the range of acrylamide concentration and the quenchinggifferent peptides. Aggregation was assayed by monitoring
constant decreases largelg{(eff) = 3.5 M™Y. These results the turbidity of mitochondria suspension at 436 nm (Figure
confirm the significant interaction of tryptophan residues of 8) and checked by fluorescence microscopy (data not shown).
MG-[31—53] with the cardiolipin-containing membrane.  Similarly to results obtained with synthetic membranes,
Liposome Aggregation by Mitogaligin-Desd Peptides. mitochondria aggregation was the most efficient with MG-
Becauseyalig expression induces mitochondria aggregation, [31—53]. As expected, peptide MG-[3%53] exhibited less
it was studied whether mitogaligin-derived peptides could aggregation, and its mutant T38S39/EE showed no aggrega-
be directly involved in this process. Aggregation of lipid tion. A very weak aggregating activity was observed with
vesicles was assayed by monitoring the turbidity of liposome MG-[12—34] and was barely visible under microscopy (data
suspension at 436 nm (Figure 7). Among the six peptides not shown). However, MG-[5575] was as efficient as MG-
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Ficure 9: Liposome leakage assay. Permeabilization of PC/
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togaligin fused to EGFP (Figure 2). Arginine 31 and
tryptophan 47 border the minimal targeting sequence. This
sequence has a typical amino acid composition of a mito-
chondrial signal characterized by enrichment in basic,
hydrophobic, and hydroxylated residué3)( Binding assays

of synthetic mitogaligin-derived peptides on liposomes
confirmed that the central region containing the mitochon-
drial-addressing signal of mitogaligin is the major membrane-
interacting sequence. However, the lipid binding activity is
not strictly restricted to the addressing signal. Indeed, peptide
MG-[35—53] lacks residues 3134 and is not expected to
be addressed to mitochondria. However, this peptide still

cardiolipin/Chol liposomes was evaluated by measuring the releasebinds to liposomes containing cardiolipin although less

of entrappedH]inulin for increasing ratios of peptide/lipid (P/L).
L is maintained constant. Key: peptides MG-{333] (W), MG-
[12—34] (@), MG-[55—75] (O), MG-[35-53] (O), S39/E @), and
T38S39/EE 4).

[35—53] in inducing aggregation of isolated mitochondria
while it did not induce liposome aggregation.

Membrane Destabilization Acity of Peptides Detied
from Mitogaligin. Membrane destabilization activity was
evaluated by measuring the radioactivity released frii [
inulin-containing liposomes incubated with increasing con-
centration of peptides (Figure 9). Zwitterionic liposomes did
not leak with any of the peptides (data not shown). At the
contrary, cardiolipin-containing liposomes were efficiently
permeabilized with peptide MG-[3153] and to a lesser
extent with peptide MG-[3553] (Figure 9). As expected
from above data, destabilization was much more reduced
for peptides MG-[12-34] and MG-[55-75]. Once again,
the mono- or disubstituted analogue peptides MG-
[35—53], S39/E and T38S39/EE, exhibited a lower perme-
abilizing activity as compared to their parent peptide MG-
[35—53].

DISCUSSION

Galig expression was previously found to be cytotoxic
when expressed in HeLa or MCF7 celB).(Although the
cell death pathway is not yet defined, typical markers of

efficiently than MG-[3+53] (Figures 5B, 7, and 9). It is
possible that mitogaligin needs a complete functional signal
to be addressed to mitochondria but that interaction with
synthetic lipid vesicles requires a minimum affinity. Indeed,
the partition coefficient of MG-[3553] is lower than that

of MG-[31-53] but is higher than those of MG-[555]

and MG-[12-34], which bind poorly to liposomes. Above
all, binding to liposomes revealed that peptides interact
directly with phospholipid membranes without any protein
involvement (Figures 4 and 5). This binding relies on
electrostatic interaction between cationic peptides and anionic
phospholipids. Indeed, peptide analogues of MG-[35]

with a reduced cationic net charge (T38S39/EE and S39/E)
exhibited a decrease in membrane binding affinity. The
peptide R40R41/AA, with the same global charge as S39/E,
did not interact with liposomes containing cardiolipin,
suggesting that the amino acid composition should also be
taken into account. Consequently, the arginine doublet could
play a critical role in this interaction.

Concerning the lipid partner, the anionic property of the
phospholipid is not the unique feature driving this binding
since PS liposomes do not interact with mitogaligin-derived
peptides (Figure 4). In the same line of evidence, PI, another
anionic phospholipid, showed only low-affinity binding.
These results suggest that, besides the anionic property,
binding requires the particular structural feature of the
phospholipid. In that regard, it should be noted that phos-

apoptosis can be evidenced such as loss of plasma membrangholipids promoting high-affinity binding are structurally and

asymmetry, nucleic acid condensation, and cell shrinkage.
It is now well established that disruption of mitochondria
integrity constitutes frequently a key step of cell dedth (

4, 16). In this context, we have proposed that mitochondria
play also a central role during the procesgafig-induced

cell death. Indeed, besides tlyaig encodes a mitochondrial
protein named mitogaligin, the pivotal role of mitochondria
in galig cytotoxicity is supported by the facts thgalig

metabolically related to cardiolipin, a phospholipid implicated
in numerous vital functions such as respiration, ATP
synthesis, mitochondrial protein impoft§—21), and mito-
chondria-mediated cell deat@2—24). Cardiolipin and its
precursors are particularly concentrated at junctions between
outer and inner mitochondrial membranes which might
constitute anchor points for mitogaligin bindin25( 26). In

fact, cardiolipin and several anionic phospholipids have been

expression promoted the release of mitochondrial cytochromeshown to mediate binding of tBid, a proapoptotic member

c and that Bcl-XL, a member of Bcl-2 family, inhibiteyhlig
induced cell deaths). Because mitogaligin is located at the
mitochondria, we have undertaken the present study to
evaluate the possible effects of mitogaligin on destabilization
of the mitochondrial membrane.

The Mitochondrial-Targeting Sequence of Mitogaligin
Binds to Anionic Phospholipids Related to Cardiolipin.
Previous structureactivity relationship studies showed that
the mitochondrial addressing of mitogaligin relies on an
internal sequence bearing cytotoxicig).(In this paper, the
mitochondrial localization signal of mitogaligin has been
precisely delineated by expressing truncated forms of mi-

of the Bcl-2 family, through electrostatic and hydrophobic
interactions 27, 28). Interestingly, the preferential binding
profile of mitogaligin to cardiolipin, PA, PG, and Pl appeared
to be very similar to that of tBidZ7).

While not addressed in this paper, the possible effect of
lipid curvature should also be considered. In the case of tBid,
it has been shown that, in the presence of cardiolipin, leakage
results from induction of negative membrane curvat@a.(
Replacement of cardiolipin with PG, which does not promote
membrane curvature, prevents tBid from initiating leakage.
In this regard, it is interesting to note that BcjsXan
antiapoptotic protein which inhibits tBid activity by reducing



7380 Biochemistry, Vol. 46, No. 25, 2007 Gonzalez et al.

the promotion of nonbilayer phased), interferes also with  vivo and in vitro could be related to the concentration of
cell death induced bgalig expressiong). peptides/protein. The intracellular concentration of peptides
In addition to electrostatic contributions, hydrophobic or protein upon gene transfection may be low when compared
interactions participate to peptide binding as evidenced by to in vitro experiments. Indeed, when peptide MG-{33]
qguenching experiments showing that tryptophans interactis microinjected in the cytosol, aggregation is immediate
significantly with the lipid bilayer (Figure 6). This may while MG-[12—34] has little effect and MG-[5575] has
suggest a possible insertion of the peptide within the no effect §).
membrane but has to be confirmed by NMR. Fluorescence Experiments with liposomes show that direct interaction
quenching is classically used to study the insertion of between anionic lipids and the mitochondrial addressing
polypeptides within a lipid bilayer. However, in the case of peptide of mitogaligin is necessary for aggregation and
tBid, although acrylamide fluorescence quenching suggestsieakage (Figures 7 and 9). However, the precise mechanism
an insertion within the membrane, NMR reveals that the of cytochromec release remains to be elucidated. It should
protein is in a parallel orientation with the membrane lipids be noted that, in vivo, the release of cytochromafter
(30). transfection of the truncated forms of mitogaligin is limited.
The Mitochondrial-Targeting Sequence of Mitogaligin  The major part of cytochrome remains associated with
Induces Aggregation and Leakage of Mitochondria and mitochondria pellets (data not shown). Such an observation
Cardiolipin-Containing VesiclesMG-[31—53], which covers  was also made with the cardiolipin binding domain of tBid
the complete mitochondrial addressing signal, is the mostwhich, by itself, can suppress mitochondrial respiration by
effective peptide in aggregating cardiolipin-containing lip- interaction with cardiolipin. This isolated sequence can also
osomes. This activity is dose-dependent on the peptide toinduce cytochrome release but was much less potent that
lipid ratio (Figure 7). Interestingly, peptides issued from other tBid (39). It has been postulated that this may be related to
regions of mitogaligin were not able to induce aggregation the absence of a BH3 domain. Similarly, it is possible that,
of liposomes. Similarly, MG-[3+53] strongly aggregates in addition to the cardiolipin binding domain of mitogaligin,
isolated mitochondria (Figure 8). This aggregation is associ- other sequences are required to obtain complete dissociation
ated with membrane damages as cytochran®released  and release of cytochrome
from these isolated mitochondri&)( However, it should be As postulated for tBid, mitogaligin, upon binding to
taken into account that the peptide MG-{5B5] and to a  cardiolipin, could dissociate the cardioliphaytochromec
lesser degree MG-[¥234], while having no aggregating  complex also stabilized by electrostatic and hydrophobic
activity on liposomes, are able to promote some aggregationjnteractions 19, 40, 41). This would allow cytochrome
of isolated mitochondria. Consequently, we cannot exclude rglease in the intermembranous space of mitochondgla (
that, in addition to lipids, other factors facilitate aggregation | eakage from mitochondria would concomitantly result from
of the mitochondrial membrane by mitogaligin-derived 3 |ipid phase transition to hexagonal phase Il of cardiolipin
peptides. . . . (29, 43). However, this functional similarity is not related
These results reflect the clustering of mitochondria ob- g a structural homology. The structure of the tBid-cardiolipin
served during cell death induced Igplig expression g). binding domain has been elucidated and consists of three
This aggregating activity is reminiscent of that observed with helices R7, 47). Analysis of the mitogaligin sequence by
proapoptotic effectors such as tBigl( 32) or Bax @33). different prediction programs reveals no secondary structures.
However, our data do not allow to conclude that the release Nevertheless, it is possible that the lipid environment affects
of cytochromec from mitochondria ofjalig transfected cells  fo|ding and that mitogaligin and mitogaligin-derived peptides
(5) and from cells expressing truncated forms of mitogaligin acquired their final structure upon binding to the membrane.
(Figure 3) is a direct consequence of mitochondria aggrega-This study is under current investigation.
tion. Mitochondrial aggregation has been postulated to be  \itogaligin has a structure rich in cationic residues (12%
an essential step for the cytochromeeleas&_a in mitochon- arginine) and in tryptophans (12%). Although no sequence
dria-dependent cell deatB4, 35). However, it is now more homology was found with any other known proteins,
prevalent that other morphological changes such as mito-j . qing proteins from the Bcl-2 family, such amino acid
chondrial fission and cristae remodeling are primary events ., mnqsition is reminiscent of Trp-rich cationic antimicrobial
leading to cytochrome release &6, 37). Further investiga-  pentides such as indolicidin, tritrpticin, and lactoferricin

tion will be necessary to evaluate the possible implication yeriyatives 45-47). Such cytotoxic peptides are known to
of mitogaligin or mitogaligin-derived peptides in these yaogiapilize anionic membranets( 49).

events. S
) . : . . Altogether, the results presented in this paper show that
mis)NZI? tirr:eilnn d\ljlrt::ao %?; irr\]'g:]'g:glhzt pfst'g;"sndei;'vnig fr%rg mitogaligin is a new cell death effector which interacts with
sur ?isir? that no difference in mitggho?]dria ,mor hoylo mitochondrial phospholipids related to cardiolipin and in-
prising o . P 9Y" duces mitochondrial membrane destabilization and leakage
was noticeable in vivo upon cell transfection (Figure 2). of cytochromec. The exact mechanism of cytochrore

?&gﬁ?&bg;en ver?i?:tr:dizss:‘rzgiti%idtroeﬁi?gc;%nrggglcgwoenrgtla,release remains to be elucidated though it could present
9, similarity with that of some antimicrobial peptides.

brane potential38), is often weaker or even abolished, thus
indicating a loss of mitochondrial membrane integrity. A AckNOWLEDGMENT

comparable situation is also observed after transfection of

thegalig gene. Aggregation appears lately several hours after We are grateful to Dr. AgreeDelmas (CNRS, Centre de
production of the protein (reb and unpublished results).  Biophysique Moleulaire, Orlans, France) for guidance on
This difference in the rate of mitochondria aggregation in peptide synthesis.
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