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Unlike other antiapoptotic members of the Bcl-2 family, Bfl-1
does not contain a well defined C-terminal transmembrane
domain, and whether the C-terminal tail of Bfl-1 functions as a
membrane anchor is not yet clearly established. The molecular
modeling study of the full-length Bfl-1 performed within this
work suggests that Bfl-1 may co-exist in two distinct conforma-
tional states: one in which its C-terminal helix «9 is inserted in
the hydrophobic groove formed by the BH1-3 domains of Bfl-1
and one with its C terminus. Parallel analysis of the subcellular
localization of Bfl-1 indicates that even if Bfl-1 may co-exist in
two distinct conformational states, most of the endogenous pro-
tein is tightly associated with the mitochondria by its C terminus
in both healthy and apoptotic peripheral blood lymphocytes as
well as in malignant B cell lines. However, the helix a9 of Bfl-1,
and therefore the binding of Bfl-1 to mitochondria, is not abso-
lutely required for the antiapoptotic activity of Bfl-1. A particu-
lar feature of Bfl-1 is the amphipathic character of its C-terminal
helix @9. Our data clearly indicate that this property of helix &9
is required for the anchorage of Bfl-1 to the mitochondria but
also regulates the antiapoptotic function Bfl-1.

Apoptosis is a highly regulated process that plays a key role in
maintaining cellular homeostasis, and a delicate balance
between proapoptotic and antiapoptotic regulators of apopto-
sis pathways ensures the proper survival of cells in a variety of
tissues. Imbalance between proapoptotic and antiapoptotic
proteins occurs in diseases such as cancer, where an overex-
pression of antiapoptotic proteins endows cells with a selective
survival advantage that promotes malignancy. Bcl-2 family
members are essential regulators of the intrinsic apoptotic
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pathway, which act at the level of mitochondria as initiators of
cell death (1). This family comprises nearly 20 proteins divided
into three main groups. Antiapoptotic members such as Bcl-2,
Bcl-x;, Bcl-w, Bfl-1, and Mcl-1 promote cell survival, whereas
proapoptotic members such as Bax and Bak function as death
effectors. The life and death balance is displaced in favor of cell
death by proapoptotic BH3-only proteins such as Bim, Bad, Bid,
Puma, and Noxa, which interact with antiapoptotic proteins
and inactivate their function (2) or directly interact with and
activate the Bax-like proteins (3).

Distinct subcellular localizations of antiapoptotic members
have been reported correlating with the accessibility of their
C-terminal tail. The C-terminal tail of the antiapoptotic pro-
teins Bcl-2, Bcl-x;, and Bcl-w possess a hydrophobic region
known to be a membrane anchor domain. Thus, Bcl-2 localizes
to mitochondria as well as to the endoplasmic reticulum and
nuclear membranes (4, 5, 6), and deletion of its C-terminal
amino acids abrogates its targeting to the outer mitochondrial
membrane (7). In contrast, in healthy cells, Bcl-x; and Bcl-w
localize mainly in the cytosol because their C-terminal tails are
sequestered. Bcl-x; exists as a homodimer through the
exchange of the C-terminal tail bound in the hydrophobic
groove of the reciprocal dimer partner (8), whereas the C-ter-
minal tail of Bcl-w occupies its own hydrophobic groove in the
monomer form (9, 10). It has been proposed that, following
apoptotic stimuli, interaction of the BH3 domain from BH3-
only proteins with the hydrophobic groove of Bcl-w or Bel-x;.
liberates their C-terminal tail and then the two proteins trans-
locate to the mitochondria (8, 11).

Unlike Bcl-2, Bcl-x;, and Bcl-w, Bfl-1 and its murine homo-
log, A1, do not contain a well defined C-terminal transmem-
brane domain (12, 13). C-terminal ends of these two proteins
are similar and contain several hydrophilic residues that inter-
rupt their putative transmembrane hydrophobic domain.
Whether the C-terminal tail of Bfl-1 functions as a membrane
anchor remains to be clarified. Inmunofluorescence analyses
in an earlier study have shown that overexpressed human Bfl-1
is predominantly localized in the endoplasmic/nuclear enve-
lope regions (14). Then, recent independent studies, with Bfl-
1-overexpressing cells, suggested that Bfl-1 localizes to the
mitochondria (15, 16, 17) and that the C-terminal end of Bfl-1 is
important for anchoring Bfl-1 to the mitochondria due to GFP-
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Bfl-1 being associated to the mitochondria, whereas GFP-Bfl-1,
devoid of its C-terminal tail, also localizes in the cytosol (16, 18).
However, localization of endogenous Bfl-1 has never been
investigated. In this study, we present a molecular modeling
study of full-length Bfl-1 (FL-Bfl-1), based on the crystal struc-
ture of a truncated form of Bfl-1 (residues 1-149) in complex
with the BIM-BH3 peptide (Protein Data Bank code 2VM6).*
Our model suggests that Bfl-1 may co-exist in two distinct con-
formational states, the first one with its C-terminal helix a9
(residues 155—175) inserted in the hydrophobic groove formed
by the BH1-3 domain of Bfl-1, and the second one with its
C-terminal tail. Interestingly, helical wheel projection of the
C-terminal helix of Bfl-1 highlights its amphipathic character, a
feature of transmembrane helices or membrane anchors. These
observations incited the reinvestigation of the subcellular local-
ization of Bfl-1 in both malignant B cell lines and peripheral
blood lymphocytes (PBLs).”> We demonstrate here that endog-
enous Bfl-1 is preferentially anchored to the mitochondria in
malignant B cell lines but also in healthy PBLs. Moreover, we
show that both the anchorage of Bfl-1 to the mitochondria and
the anti-apoptotic function of the protein are dependent on the
amphipathic nature of the C-terminal helix.

EXPERIMENTAL PROCEDURES

Molecular Modeling of Bfl-1—Modeling of the three-dimen-
sional structure was carried out with the program MODELLER
9 version 3 (19). The full-length sequence of human Bfl-1 in the
UniProt Database (accession number Q16548) was used as
query sequence. The crystal structure of the human Bcl-2-re-
lated protein Al in complex with the BIM-BH3 peptide (Pro-
tein Data Bank code 2VM6)* was used as a three-dimensional
template for homology modeling. The accuracy of the model
was improved by several iterations with MODELLER alter-
nately with manual corrections of the three-dimensional model
using the graphics program TURBO-FRODO (20). The stereo-
chemical quality of the final model was assessed using the vali-
dation program PROCHECK (21).

Material and Cell Culture—All media and cell culture
reagents were purchased from Invitrogen. IM9, BP3, and PBLs
were cultured in RPMI complete medium supplemented with
10% fetal bovine serum, 2 mm glutamine, 10 mm Hepes, and 40
png/ml gentamycin. GPE, HeLa 293T, and NIH-3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mm glutamine, 10 mm Hepes,
and 40 ug/ml gentamycin. PBLs were collected from healthy
donors (Etablissement Francais du Sang). Separation of PBLs
was obtained by standard Ficoll/Percoll density gradient cen-
trifugation. After two washes in phosphate-buffered saline,
PBLs were activated with interleukin-2 (50 units/ml) and phy-
tohemagglutinin (5 pug/ml) for 4 days. Dead cells were removed
by centrifugation on a layer of Ficoll and washed twice in phos-
phate-buffered saline. Viable cells were then cultured at 1 X
10°/ml.

4M. D. Herman, T. Nyman, M. Welin, L. Lehti®, S. Flodin, L. Trésaugues, T.
Kotenyova, A. Flores, and P. Nordlund, unpublished data.

° The abbreviations used are: PBL, peripheral blood lymphocytes; FACS, fluo-
rescence-activated cell sorter; GFP, green fluorescent protein; GST, gluta-
thione S-transferase; FL, full-length; aa, amino acid(s).
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Plasmid Constructions—Human FLAG-FL-Bfl-1 cloned in
pEGZ vector was a gift from Ingolf Berberich (University of
Wiirzburg, Wiirzburg, Germany) and human FLAG-A«a9-Bfl-
1-(1-151) was amplified by PCR from a FLAG-FL-Bfl-1 tem-
plate and inserted into EcoR1-BamH1 sites of the pEGZ vector.
Mutant forms of FL-Bfl-1 (mut-FL-Bfl-1 and mutant HR7-FL-
Bfl-1) were amplified by PCR from FL-Bfl-1 template with
primers containing mutated sites and inserted into EcoR1-
BamH1 sites of the pEGZ vector. Mutant forms of FL-Bfl-1
were inserted into EcoR1-BamHI1 sites of the pMIG vector
(kind gift of Dr. Janet Maryanski). pEYFP-N1 Bax was a gift
from Junying Yuan (Harvard Medical School, Boston, MA).
The molecular identity of all constructs was confirmed by
sequencing (Genome express).

Generation of Stably Transfected Cell Lines—GPE packaging
cells were transfected with an empty pMIG vector, a pMIG
vector expressing FL-Bfl-1 or mutated FL-Bfl-1 constructs, or
pEGZ vector expressing Aa9-Bfl-1. 48 h after transfection, cells
were harvested and FACS-sorted according to GFP expression
using the FACSVantage SE Option Diva (digital system, Becton
Dickinson). GPE viral supernatant was added to NIH-3T3 cells.
2 days after infection, NIH-3T3 cells were FACS-sorted accord-
ing to GFP expression. Stability of infection was checked with
GEP expression.

Apoptosis Assays—NIH-3T3 cells were cultured overnight in
24-well plates with 1 X 10° cells/well in complete medium.
Then, cells were washed twice with phosphate-buffered saline
and cultured in a serum-lacking medium for the indicated time.
Cell death was evaluated by propidium iodide staining and ana-
lyzed by FACS with the CellQuest software (Becton Dickinson).

Rescue assays—HeLa cells were plated in 24 well plate with
1,25.10° cells/well in complete medium and transfected with
pECFP-N1-Bax alone or with different Bfl-1 constructs
expressed in pEGZ vector. Transfections were performed using
Jet-PEI reagent (Polyplus transfection) according to manufac-
turer instructions. 48 h following transfection, cell death was
evaluated by propidium iodide staining and analyzed by FACS
with the CellQuest Software (Becton Dickinson).

Subcellular Fractionation—5 X 107 cells were harvested,
washed in phosphate-buffered saline, pH 7.2, and centrifuged.
Cells were permeabilized for 5 min on ice at a density of 5 X 107
cells/ml in cytosolic extraction buffer (250 mm sucrose, 70 mm
KClI, 137 mm NaCl, 4.3 mm Na,HPO,, pH 7.2, protease inhibi-
tor (Sigma) and 25 or 200 ug/ml digitonin for PBLs or other
cells, respectively). Plasma membrane permeabilization was
confirmed by staining with 0.2% Trypan Blue solution. Cells
were centrifuged at 10,000 X g for 10 min at 4 °C, the superna-
tants (cytosolic fractions) were saved, and the pellets were sol-
ubilized in the same volume of mitochondrial lysis buffer (50
mM Tris, pH 7.4, 150 mm NaCl, 2 mMm EDTA, 2 mMm EGTA, 0.2%
Triton X-100, 0.3% Nonidet P-40, and protease inhibitors
(Sigma)) and incubated for 20 min on ice. The mitochondria-
enriched fractions were then centrifuged at 10,000 X g for 10
min at4 °C, and the supernatant from high speed centrifugation
was used as the mitochondrial fraction.

Western Blot Analysis—Protein extracts (25 or 50 ug) were
analyzed by Western blot as described previously (22) using the
following antibodies: anti-Bfl-1 serum (gift from J. Borst, The
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Netherlands Cancer Institute, The Netherlands), anti-Bcl-2
(Bcl-2 oncoprotein, Dako), anti-Bcl-x; (BD Pharmingen), anti-
Bax (R&D Systems), and anti-FLAG M2 monoclonal antibody
F3165 (Sigma). Anti-actin antibody Acl5 (Sigma) or rabbit
polyclonal anti-human Mn-SOD antibody (Stressgen) were
used as a loading or a mitochondrial fraction controls.

In Vitro Mitochondrion Assays—[**S]Met proteins FL-Bfl-1
and Aa9-Bfl-1 were synthesized from cDNAs of FLAG-Bfl-1-
pEGZ vector using the TNT-coupled transcription/translation
system (Promega). Plasmid (2 ug) was transcribed and then
translated using T7 polymerase and Flexi® rabbit reticulocyte
lysate by incubation at 30 °C for 2 h. Then, 4 fmol of the
[**S]Met protein was incubated in the presence of 100 ug of rat
liver mitochondria or bovine serum albumin for 60 min at 30 °C
and centrifuged for 15 min at 8,000 X gat 4 °C. The association
with the mitochondria was analyzed by an alkaline treatment of
the mitochondria (incubation of mitochondrial pellet in 100
mM Na,CO,, 300 mm sucrose, pH 11.3, for 30 min on ice),
which removes proteins that are associated with mitochondrial
membranes but not inserted into the membrane. The superna-
tant and mitochondrial pellets were analyzed by SDS-PAGE
followed by exposition in a Phosphorlmager.

Protein Purification—GST fusion proteins containing Aa9-
Bfl-1, FL-Bfl-1, or mut-FL-Bfl-1 were expressed from pGEX
4T-1 plasmid in XL1-Blue cells (Stratagene). The cells were
grown in 1 liter of TY media (1.6% (w/v) tryptone, 1% (w/v)
yeast extract, and 85 mm NaCl) with 50 ug/ml ampicillin at
37 °Ctoan Ay, ,m of 0.8 followed by the addition of isopropyl-
B-D-thiogalactopyranoside (0.4 mMm) and incubated at 25 °C for
7 h. The cells were recovered in 10 ml lysis buffer (50 mm Tris-
HCI, pH 8.0, 150 mm NaCl, 1% Tween 20, 0.1% 2-3-mercapto-
ethanol supplemented with protease inhibitor mixture (Roche
Diagnostics), 0.5 mg/ml lysozyme and benzonase (250 units/
wl)) 30 min at 30 °C, followed by three freezing cycles. The
cellular debris were removed by centrifugation at 6,000 X g for
20 min, and the resulting supernatants were incubated with 2
ml of glutathione-Sepharose (GE Healthcare) at 4 °C for 3 h.
The resin was washed three times with buffer (20 mm Tris-HCI,
pH 8.0, 150 mm NaCl, 0.1% Tween 20, and 0.1% 2-3-mercapto-
ethanol) followed by elution of GST fusion proteins in 5 mm of
reduced glutathione dissolved in 50 mm Tris-HCI, pH 8.0.

Fluorescence Polarization Assays—Fluorescence polarization
assays were done using recombinant GST-Aa9-Bfl-1 and fluo-
rescein isothiocyanate-conjugated Bim BH3 (fluorescein iso-
thiocyanate-DMRPEIWIAQELRRIGDEFNAYYAR). Various
concentrations of recombinant proteins were incubated with
15 nM fluorescein isothiocyanate-conjugated Bim or Bak-BH3
peptide in the dark. Fluorescence polarization was measured
using a Fusion™ Packard equipment. IC,, determinations
were performed using GraphPad Prism software (GraphPad,
Inc., San Diego, CA).

RESULTS

Molecular Modeling of FL-Bfl-1—Modeling of the three-di-
mensional structure of FL-Bfl-1 was done based on the crystal
structure of the human Bcl-2-related protein Al in complex
with the BIM-BH3 peptide (Protein Data Bank code 2VM6).*
The latter only comprises residues 1-149. The remaining resi-
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FIGURE 1. Three-dimensional model of full-length human Bfl-1. g, ribbon
representations of Bfl-1 in its compact form with helix a9 placed in the hydro-
phobic BH3-binding cleft. b, Bfl-1 in its extended form with helix a9 protrud-
ing from the globular core. a-helices are colored sequentially from N- to C-ter-
minal ends as follows: yellow, a1 (aa 2-21); orange, a2 (aa 32-51); red, a3 (aa
53-58); purple, a4 (aa 64-79); green, o5 (aa 86-106); blue, a6 (aa 116-130);
pink, a7 (aa 132-136); magenta, a8 (aa 139-148); and cyan, a9 (aa 155-173).
The 3,,-helix (aa 113-115) is shown in black. The loop connecting a8 and a9
is shown in dark green (aa 149-154). Orientation of the model in b is deduced
from that of a by a 90° clockwise rotation in the plane.

dues (150-175) were deduced and modeled using the coordi-
nates of Ca atoms of the BIM-BH3 peptide bound to the pro-
tein. Finally, disordered residues 25-30 (not present in the
experimental structure) have been modeled as well.

The obtained three-dimensional model includes all 175
amino acid residues forming human FL-Bfl-1. The overall qual-
ity of the model as assessed by a Ramachandran plot was high,
with 96.2% of the residues in most favored regions and no res-
idues in a disallowed region. For main chain bond lengths, bond
angles, and planar groups 98.7, 95, and 100% were within the
allowed limits, respectively. The model of human FL-Bfl-1 dis-
plays a compact globular structure with approximate dimen-
sions of 30 X 30 X 30 A®. The overall structure is mainly made
up of 9 a-helices and a small 3,,-helix (Fig. 1a). Like other
members of the Bcl-2 family, a5, a central hydrophobic a-helix,
was surrounded by a set of amphipathic helices packed against
the latter. Interestingly, the C-terminal helix a9 was located at
the surface of the protein, diagonally to the a5-helix, and was
directly connected to a8 by a loop region defined by residues
149 156 (Fig. 1a). When comparing our model to the structure
of Bcl-x;/Bak (23) or Bcl-x;/Bim (24) complexes, it was
observed that a9 was located at exactly the same position as the
helical fragments of Bak or Bim. This position corresponds to
the surface of the hydrophobic BH3 binding groove previously
described for Bcl-x; and also present in our model. Helices a2,
a3, and a4 formed the two inner sides of the cavity, whereas a5
(and to a lower extent a2) defined its base (Fig. 1a). However,
due to the presence of a9, this cavity was not accessible. The
present model displayed a small number of interactions

JOURNAL OF BIOLOGICAL CHEMISTRY 30259



Regulation of Bfl-1 Localization and Function

FIGURE 2. Helical wheel projection showing the amphipathic character of
helix a9 (amino acids 155-173). Hydrophobic residues are shown by black
circles, hydrophilic residues are shown by white circles, and other residues are
presented by gray circles.

between a9 and the BH3-binding cleft. Only one hydrogen
bond (GIn-73-0 to Lys-172-NZ) was predicted. In addition,
several hydrophobic interactions were possible, implicating
residues Phe-157, Leu-158, Gly-162, Ile-164, Cys-165, Glu-166,
Leu-168, Ser-169, Leu-171, and Lys-172 from helix @9 and 13
residues from the hydrophobic cleft, namely Ser-43, Val-44,
Glu-47, Val-48, Asn-51, Leu-52, Val-74, Lys-77, Glu-78, Arg-
88, Thr-91, Lys-147, and Phe-148. These interactions were
mainly located in the C-terminal half of the helix. We therefore
hypothesized that at least the first half of helix a9 has a rela-
tively low affinity for the hydrophobic cleft and that its presence
at this location may be fluctuating. Moreover, the length of the
loop, which links a8 to «9, is sufficient (six residues) for allow-
ing a9 to shift in and out of the cleft (Fig. 1, 2 and b). Inspection
of the helical wheel projection of a9 clearly shows its
amphipathic character (Fig. 2). One side of the helix pointing
toward a2 and a3 (left face on Fig. 2) contains mainly hydro-
philic amino acids against a majority of hydrophobic residues
(pointing toward o4 and a5, right face on Fig. 2) on the other
side. Hydrophobic residues are Phe-157, Val-160, Ile-164, Met-
167, Leu-168, Leu-170, and Leu-171. a-Helices of amphipathic
character are known to potentially interact with biological
membranes and to constitute transmembrane helices or mem-
brane anchors. The Bfl-1 model presented here seems ideal for
interacting with the biological membrane because 9 is located
in the C terminus of Bfl-1.

Endogenous Bfl-1 Is Localized at the Mitochondria—Because
our model suggests that Bfl-1 may co-exist in two different con-
formations and that helix a9 may regulate the interaction of
Bfl-1 with biological membranes, we investigated subcellular
localization of endogenous Bfl-1 in healthy and etoposide-
treated PBLs as well as in two malignant B cell lines. Localiza-
tion of Bfl-1 was assessed by Western blot analysis following a
cell fractionation assay. Endogenous Bfl-1 was found in the
mitochondrial pellet in both healthy and apoptotic PBLs and in
the two B cell lymphoma cell lines BP3 and IM9 (Fig. 3). In
healthy PBLs, Bfl-1 localization was therefore different from
that of Bcl-x;, which was present in both cytosolic and mito-
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FIGURE 3. Subcellular localization of endogenous Bfl-1 in human PBLs
and tumoral cell lines. g, activated PBLs were treated with 0 um (0) or 2 um
etoposide (Eto) for 12 h to induce apoptosis. Cytosolic (C) and mitochondrial
(M) protein extracts were prepared and protein was assessed by Western blot
using anti-Bfl-1, anti-Bcl-x,, and anti-Bax antibodies. Mn-SOD is a marker of
mitochondrial fractions. Data are representative of three independent exper-
iments. b, BP3 and IM9 cells were harvested, and cytosolic and mitochondrial
protein extracts were prepared, and proteins were assessed by Western blot
as in a. Data are representative of three independent experiments.
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FIGURE 4. Importance of helix «9 in the mitochondrial localization of
Bfl-1. FL-Bfl-1 or Aa9-Bfl-1 was translated in vitro in the presence of radioac-
tive methionine and then incubated with purified liver rat mitochondrial.
After separation by centrifugation, supernatant and mitochondrial pellets
were analyzed by SDS-PAGE and quantified using a Phosphorimager. Local-
ization of FL-Bfl-1 was assessed with or without alkali treatment (AT) before
separation. Results are expressed as mean * S.E. of three independent
experiments.

chondrial fractions. As described previously, we observed that
most of the Bcl-x; protein re-localized to the mitochondria
following apoptotic stimuli. Similar to Bcl-x; , Bax was observed
in both cytosolic and mitochondrial fractions in healthy PBLs
and was mostly found at the mitochondria in etoposide-treated
PBLs (Fig. 3a). Of note that in malignant B cell lines Bcl-x; and
Bax were mainly localized at the mitochondria as well as Bfl-1
and Bcl-2 (Fig. 3b).

Helix a9 Mediates Bfl-1 Targeting to the Mitochondria—We
hereafter investigated the role of helix a9 in the association of
Bfl-1 with mitochondria. In a cell-free system, we analyzed the
binding of in vitro-translated FL-Bfl-1 and Aa9-Bfl-1 to puri-
fied rat liver mitochondria. We observed that 80% of the FL-
Bfl-1 associated with mitochondria. This association was not
altered by an alkaline treatment of mitochondria pellets, indi-
cating that FL-Bfl-1 is strongly inserted into mitochondria.
Deletion of helix a9 abolished the association of Bfl-1 with
mitochondria, indicating that this helix mediates Bfl-1 target-
ing to the mitochondria (Fig. 4).

The Amphipathic Character of the C-terminal Helix a9 Is
Required for Mitochondrial Localization of Bfl-1—One spe-
cial feature of the C-terminal helix a9 is its amphipathic
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nature (Fig. 2), a feature already stressed by Ko et al. (25).
Amphipathic helices are known to potentially interact with
biological membranes and to constitute transmembrane hel-
ices or membrane anchors (26). We therefore tested whether
the amphiphathic character of the C-terminal helix a9 was
required for Bfl-1 anchorage to the mitochondria. Bfl-1
localization was tested, by subcellular fractionation and
Western blot analysis, in 293T cells expressing either FL-
Bfl-1, Aa9-Bfl-1 proteins, or a mut-FL-Bfl-1 variant that
contains the triple mutation 1164N/L168E/L171E. This lat-
ter triple mutant annihilates the amphipathic nature of the
C-terminal helix @9 (Fig. 5a). We observed that when over-
expressed in 293T cells, FL-Bfl-1 was localized in both cyto-
solic and mitochondrial fractions. In agreement with our
previous data obtained in the cell-free system, Aa9-Bfl-1 is
predominantly localized in the cytosolic fraction (Fig. 5b).
Interestingly, the triple mutation 1164N/L168E/L171E abro-
gated mitochondrial localization of Bfl-1. Altogether, these
data indicate that when overexpressed in 293T cells, and in
contrast to endogenous protein (Fig. 3), FL-Bfl-1 is localized
both in the cytosol and at the mitochondria. Furthermore,
our data also indicate that the C-terminal helix a9 and espe-
cially its amphipathic character is required for Bfl-1 anchor-
age to the mitochondria.

The Amphipathic Character of the C-terminal Helix a9 Is
Required for Prosurvival Activity of Bfl-1—Because deletion of
the helix a9 or loss of its amphipathic character affected Bfl-1
mitochondrial localization, we tested, in two experimental
models, whether such deletion or mutations have an effect on
the prosurvival activity of Bfl-1. First, we analyzed survival of
NIH-3T3 cells stably expressing either FLAG-tagged FL-, Aa9-,
or mut-FL-Bfl-1 proteins in response to serum withdrawal. We
found that both FL- and Aa9-Bfl-1 proteins efficiently pro-
tected cells from apoptosis 72 h after serum deprivation (Fig.
6a). In contrast, our data clearly indicated that the triple 164N/
L168E/L171E mutation in helix «9 dramatically reduced pro-
survival activity of the Bfl-1 protein. Hereafter, the capacity of
FL-, Aa9-, or mut-FL-Bfl-1 proteins to rescue Bax-mediated
apoptosis in Hela cells was tested. We observed that both FL-
and Aa9-Bfl-1 proteins efficiently rescued Hela cells from Bax-
mediated apoptosis enabling survival of 50 — 60% of cells at 48 h.
However, and in agreement with results obtained in NIH-3T3
cells, the mut-FL-Bfl-1 variant showed diminished antiapopto-
tic activity (Fig. 6b). These data support the idea that helix a9
and therefore the binding of Bfl-1 to mitochondria, is not abso-
lutely required for the antiapoptotic activity of Bfl-1. Nonethe-
less, these results clearly indicate that the amphipathic charac-
ter of the C-terminal helix a9 regulates the prosurvival function
of Bfl-1.

As suggested by our molecular modeling (Fig. 1), when the
FL-Bfl-1 protein is not attached to the mitochondria, its C-ter-
minal helix &9 may be located to the surface of the hydrophobic
groove, thus limiting the access for binding of pro-apoptotic
BH3-only proteins and therefore its antiapoptotic activity. To
validate this hypothesis, we evaluated binding affinity of the
Bim- or Bak-BH3 peptide toward recombinant FL-Bfl-1, mut-
FL-Bfl-1, or Aa9-Bfl-1 proteins using a fluorescence polariza-
tion assay. As expected, Bim- and Bak-BH3 bound to recombi-
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FIGURE 5. Role of the amphipathic helix «9 for Bfl-1 subcellular localiza-
tion. g, helical wheel projection showing the mutated-Bfl-1 «9-helix. An
asterisk indicates mutated residues. Hydrophobic residues are shown by
black circles, hydrophilic residues are shown by white circles, and other resi-
dues are presented by gray circles. b, cytosolic (C) and mitochondrial (M) pro-
tein extracts were prepared from transiently transduced 293T cells with
FLAG-Aa9-Bfl-1pEGZ, FLAG-FL-Bfl-1pEGZ, or FLAG-mut-FL-Bfl-1pEGZ. Bfl-1
proteins were assessed by Western blot using anti-FLAG antibody. Mn-SOD is
a marker of mitochondrial fractions. ¢, cytosolic and mitochondrial protein
extracts were prepared from stably transduced NIH-3T3 cells with FLAG-A«9-
Bfl-1pEGZ, FLAG-FL-Bfl-1pMIG, or FLAG-mut-FL-Bfl-1pMIG. Bfl-1 proteins
were assessed by Western blot using anti-FLAG antibody.

nant Aa9-Bfl-1 protein with an EC,, of 66 and 167 nm,
respectively (Table 1). On the contrary, we could not detect any
binding of these peptides either with FL-Bfl-1 or mut-FL-Bfl-1.
These results suggest that when FL-Bfl-1 protein (either wild-
type or mutant) is not anchored to the mitochondrial mem-
brane, it adopts a conformation in which helix a9 is located
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TABLE 1

Fluorescence Polarization Assay analysis of Bfl-1 proteins binding to
BH3 peptides

Various concentrations of GST-Aa9-Bfl-1, GST-FL-Bfl-1, and GST-mut-FL-Bfl-1
proteins were incubated with 15 nm fluorescein isothiocyanate-conjugated pep-
tides. Fluorescence polarization was measured after 10 min. The concentrations to
achieve 50% maximal binding (EC,,) were calculated from the data and are pre-
sented in Table 1. These data are representative of three independent experiments.

-
a 5 I3
A £ g 3
100 + Flag-Bfl-1 [
? 80 - Actine j
Py
© 60 4
13}
2
|
20 -
O -
ci Ao9- FL- mut-FL-
Bfl-1 Bfl-1 Bfl-1
b AN
70
60 -

Living cells (%)

Bax +Aa9- Bax +FL- Bax +mut-
Bfl-1 Bfl-1 FL-Bfl-1

FIGURE 6. Role of the amphipathic helix a9 for Bfl-1 anti-apoptotic activ-
ity.a, NIH3T3 cells were stably transduced with empty vector (Ct/), FLAG-A«9-
Bfl-1pEGZ, FLAG-FL-Bfl-1pMIG, or FLAG-mut-FL-Bfl-1pMIG. Apoptosis was
induced by serum deprivation. Cell death was measured by propidium iodide
staining and FACS analysis 72 h following serum withdrawal. Data are repre-
sentative of three independent experiments. Expression of FL-, mut-, and
Aa9-Bfl-1 proteins was controlled by Western blot using anti-FLAG antibody
and is shown in the inset. b, HelLa cells were transiently transfected with Bax-
pEGFP-N1 vector (Bax), Bax-pEGFP-N1 + FLAG-A«a9-Bfl-1pEGZ (Aa9-Bfl-1),
Bax-pEGFP-N1 + FLAG-FL-Bfl-1pEGZ (FL-Bfl-1) or Bax-pEGFP-N1 + FLAG-
mut-FL-Bfl-1pEGZ (mut-FL-Bfl-1). Cell death was measured by propidium
iodide staining at 48 h. Data are presented as percent of living cells among
GFP-positive cells. Data are presented as a mean of five (Bax, FL-Bfl-1, and
mut-FL-Bfl-1) or two (Aa9-Bfl-1) independent experiments.

Bax

within the hydrophobic pocket and thereby limits the access
BH3 domains of proapoptotic proteins.

Altogether, results obtained by fluorescence polarization
assays of offer a rationale for the observation that both FL- and
Aa9-Bfl-1 are efficient in protecting NIH-3T3 cells from apo-
ptosis. The hydrophobic groove is indeed fully accessible in
Aa9-Bfl-1, but it is also accessible in the FL-Bfl-1 that is
anchored to mitochondria membrane through its C-terminal
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Protein Bim-BH3 Bak-BH3
Aa9-Bfl-1 66 nM 167 nm
FL-Bfl-1 <1 puMm <1 uMm
mut-FL-Bfl-1 <1 um <1 uMm

domain. On the contrary, mut-FL-Bfl-1 does not interact with
the mitochondria and may adopt a conformation with its helix
a9 localized within the hydrophobic groove and therefore pre-
vent its prosurvival property.

DISCUSSION

Structural studies of Bcl-2 family members showing a
remarkably similar fold despite an overall divergence in amino
acid sequence and function (proapoptotic versus antiapopto-
tic), have provided important insights into their molecular
reaction mechanisms. Molecular modeling of FL-Bfl-1 pre-
sented herein indicates that the C-terminal helix 9 may inter-
act with the hydrophobic groove. Similar observations were
previously made for the human prosurvival protein Bcl-w (9,
10) and for the proapoptotic protein Bax (27). In accordance
with the Bcl-w structure, it has been reported that both endog-
enous and overexpressed Bcl-w were found in the cytosolic
fraction of healthy cell lysates and become inserted into the
mitochondrial fraction in response to various apoptotic stimuli
(10, 11), following displacement of the C-terminal region by
BH3-only proteins. For Bax, it has been demonstrated that its C
terminus is not implicated in its mitochondrial localization but
plays a role in the dimerization process (28).

In the case of Bfl-1, our model indicates that helix a9 may
adopt two distinct conformational states. One is with helix a9
located in the hydrophobic binding groove giving rise to a com-
pact molecule and where it may play a regulatory role by limit-
ing the access to the hydrophobic BH3-binding cleft. In a sec-
ond model, the molecule is more extended, with helix a9
protruding from the globular core of the protein and therefore
potentially involved in interactions with membranes. Interest-
ingly, helical wheel projection of helix a9 brings to the fore its
amphipathic character, a characteristic of transmembrane hel-
ices or membrane anchors. We demonstrated here that endog-
enous Bfl-1, in healthy and etoposide-treated PBLs but also in
malignant B cell lines, is localized to the mitochondria. Rein-
forcing this observation, we showed that in cell-free assays, the
majority of FL-Bfl-1 is associated with mitochondria and that
this association resists an alkaline treatment, thereby indicating
a strong insertion of Bfl-1 into the mitochondria. In contrast to
FL-Bfl-1, Aa9-Bfl-1 does not associate with mitochondria,
demonstrating that helix a9 is absolutely required for Bfl-1 tar-
geting to the mitochondria. Furthermore, as opposed to what
has been described for Bax (28) and Bcl-x; (8), the C-terminal
tails are not required for dimerization of Bfl-1 (data not shown).

A particular feature of Bfl-1 is the amphipathic character of
helix @9. Our results clearly indicate that this property is
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required for the localization of Bfl-1 to the mitochondria but
also for the prosurvival activity of Bfl-1. This amphipathic char-
acter was suggested earlier by Ko et al. (25). These authors
showed that a peptide corresponding to the C-terminal resi-
dues of Bfl-1 (residues 147-175) localizes to the mitochondria
and induces mitochondrial permeability transition and cell
death, supporting previous reports suggesting that proteolysis
or N-terminal deletion of Bfl-1 converts this molecule from an
antiapoptotic into a proapoptotic protein (16, 18, 29). Ko et al.
(25) suggested that the amphipathic nature of the peptide is
essential for its proapoptotic function but not for its localiza-
tion to the mitochondria. They rather proposed that lysine res-
idues 147 and 151, located within the loop connecting helices
a8and a9, and lysine 172, located in helix a9 (Fig. 1), are critical
for targeting of the Bfl-1 C-terminal to the mitochondria. As
reported by Ko et al. (25), we confirmed that the triple mutation
(E159Q/K163L/E166Q) within helix a9 does not affect mito-
chondrial localization of Bfl-1. However, we expected this
result, as our analysis indicated that these mutations did not
affect the amphipathic character of the C-terminal tail of Bfl-1
(supplemental Fig. 1, a and b). Finally, when introduced in the
full-length form of the protein, these mutations did not either
affect the antiapoptotic function of Bfl-1 (supplemental Fig. 1c¢).
These data suggest that even though Bfl-1 may co-exist in
two distinct conformational states, most of the endogenous
Bfl-1 seems to be tightly associated with the mitochondria via
its C-terminal end and that the amphipathic nature of helix a9
is critical for that localization. Therefore, Bfl-1 behaves differ-
ently from Bcl-w (11) but also behaves differently from Bcl-x;
(8) and Mcl-1 (30) that partially exist in the cytosol and also
attached to the mitochondria. Following apoptotic stimuli,
cytosolic Bcl-w and Bcl-x; are translocated to the mitochon-
dria, whereas Mcl-1 is rapidly degraded by the proteasome.
An interesting observation is that whereas both Aa9-Bfl-1
and mut-FL-Bfl-1 localize in the cytosol, they display different
activities. In agreement with previous data, we observe that
Aa9-Bfl-1 remains functional (16), but in contrast that mut-FL-
Bfl-1 loses its antiapoptotic property. These findings suggest
that mut-FL-Bfl-1 putatively adopts a conformation in which
helix a9 is located in the hydrophobic binding groove and
thereby limits the access. Indeed, when looking at the three-
dimensional model of mut-FL-Bfl-1 (results not shown) it
appears that the triple mutation 1164N/L168E/L171E induces
the loss of a few hydrophobic interactions between helix «9 and
the groove. However, this loss is largely compensated by the
formation of four additional hydrogen bonds located in the
C-terminal half of helix a9 and implicating the following resi-
dues: Asn-164/Arg-88, Asn-164/Glu-78, Glu-168/Glu-78, and
Glu-171/Lys-77. Moreover, due to subtle rearrangements of
side chains neighboring the three mutated residues, new hydro-
phobic contacts could be formed in the N-terminal half of 9.
All of these newly established interactions are in favor of helix
a9 being more stabilized in the hydrophobic binding groove
rather than in an open conformation of mut-FL-Bfl-1, which
seems more unlikely. This model is reinforced by fluorescence
polarization assays showing that BH3 peptides cannot bind to
mut-FL-Bfl-1 or FL-Bfl-1 proteins, suggesting that the hydro-
phobic groove is not fully accessible in these constructs.
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