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The release of cytochrome c from mitochondria, which leads
to activation of the intrinsic apoptotic pathway, is regulated by
interactions of Bax and Bak with antiapoptotic Bcl-2 family
members. The factors that regulate these interactions are, at the
present time, incompletely understood. Recent studies showing
preferences in binding between synthetic Bcl-2 homology
domain 3 and antiapoptotic Bcl-2 family members in vitro have
suggested that the antiapoptotic proteins Mcl-1 and Bcl-xL, but
not Bcl-2, restrain proapoptotic Bak from inducing mitochon-
drial membrane permeabilization and apoptosis. Here we show
that Bak protein has a much higher affinity than the 26-amino
acidBakBcl-2homologydomain3 forBcl-2, that somenaturally
occurring Bcl-2 allelic variants have an affinity for full-length
Bak that is only 3-fold lower than that ofMcl-1, and that endog-
enous levels of theseBcl-2 variants (which are asmuchas 40-fold
more abundant than Mcl-1) restrain part of the Bak in intact
lymphoid cells. In addition, we demonstrate that Bcl-2 variants
can, depending on their affinity for Bak, substitute for Mcl-1 in
protecting cells. Thus, the ability of Bcl-2 to protect cells from
activated Bak depends on two important contextual variables,
the identity of the Bcl-2 present and the amount expressed.

The release of cytochrome c from mitochondria, which
leads to activation of the intrinsic apoptotic pathway, is reg-
ulated by Bcl-2 family members (1–5). This group of proteins
consists of three subgroups: Bax and Bak, which oligomerize
upon death stimulation to form a putative pore in the outer
mitochondrial membrane, thereby allowing efflux of cyto-
chrome c and other mitochondrial intermembrane space
components; Bcl-2, Bcl-xL, Mcl-1, and other antiapoptotic
homologs, which antagonize the effects of Bax and Bak; and
BH3-only proteins2 such as Bim, Bid, and Puma, which are
proapoptotic Bcl-2 family members that share only limited

homology with the other two groups in a single 15-amino
acid domain (the BH3 domain, see Ref. 6). Although it is
clear that BH3-only proteins serve as molecular sensors of
various stresses and, when activated, trigger apoptosis (3,
6–11), the mechanism by which they do so remains incom-
pletely understood. One current model suggests that BH3-
only proteins trigger apoptosis solely by binding and neutral-
izing antiapoptotic Bcl-2 family members, thereby causing
them to release the activated Bax and Bak that are bound
(reviewed in Refs. 9 and 10; see also Refs. 12 and 13), whereas
another current model suggests that certain BH3-only pro-
teins also directly bind to and activate Bax (reviewed in Ref.
3; see also Refs. 14–17). Whichever model turns out to be
correct, both models agree that certain antiapoptotic Bcl-2
family members can inhibit apoptosis, at least in part, by
binding and neutralizing activated Bax and Bak before they
permeabilize the outer mitochondrial membrane (13,
18, 19).
Much of the information about the interactions between

pro- and antiapoptotic Bcl-2 family members has been derived
from the study of synthetic peptides corresponding to BH3
domains. In particular, these synthetic peptides have been uti-
lized as surrogates for the full-length proapoptotic proteins
during structure determinations (20–22) as well as in func-
tional studies exploring the effect of purified BH3 domains on
isolatedmitochondria (14, 23) and on Bax-mediated permeabi-
lization of lipid vesicles (15).
Recent studies using these same peptides have suggested that

interactions of the BH3 domains of Bax, Bak, and the BH3-only
proteins with the “BH3 receptors” of the antiapoptotic Bcl-2
family members are not all equivalent. Surface plasmon reso-
nance, a technique that is widely used to examine the interac-
tions of biomolecules under cell-free conditions (24–26), has
demonstrated that synthetic BH3 peptides of some BH3-only
family members show striking preferences, with the Bad BH3
peptide binding to Bcl-2 and Bcl-xL but not Mcl-1, and the
Noxa BH3 peptide binding to Mcl-1 but not Bcl-2 or Bcl-xL
(27). Likewise, the Bak BH3 peptide exhibits selectivity, with
high affinity for Bcl-xL and Mcl-1 but not Bcl-2 (12). The latter
results have led to a model in which Bcl-xL and Mcl-1 restrain
Bak and inhibit Bak-dependent apoptosis, whereas Bcl-2 does
not (10).
Because the Bak protein contains multiple recognizable

domains in addition to its BH3motif (28, 29), we compared the
binding of Bak BH3 peptide and Bak protein to Bcl-2. Surface
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plasmon resonance demonstrated that Bcl-2 binds Bak protein
with much higher affinity than the Bak 26-mer BH3 peptide.
Further experiments demonstrated that the KD for Bak differs
among naturally occurring Bcl-2 sequence variants but is only
3-fold higher than that of Mcl-1 in some cases. In light of pre-
vious reports that Bcl-2 overexpression contributes to neoplas-
tic transformation (30–33) and drug resistance (34–36) in
lymphoid cells, we also examined Bcl-2 expression and Bak
binding in a panel of neoplastic lymphoid cell lines. Results of
these experiments demonstrated that Bcl-2 expression varies
among different lymphoid cell lines but is up to 40-fold more
abundant than Mcl-1. In lymphoid cell lines with abundant
Bcl-2, Bak is detected in Bcl-2 as well asMcl-1 immunoprecipi-
tates; and Bak-dependent apoptosis induced by Mcl-1 down-
regulation can be prevented by Bcl-2 overexpression. Collec-
tively, these observations shed new light on the role of Bcl-2 in
binding and neutralizing Bak.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following sup-
pliers: the broad spectrum caspase inhibitor Q-VD-OPhe from
Biomol (PlymouthMeeting, MA); polysorbate 20 from Biacore
AB (Uppsala, Sweden); CM5 biosensor chips from GE Health-
care; glutathione and dimethyl pimelimidate from Sigma; and
APC-conjugated annexin V fromPharmingen. The 26-mer Bak
peptide (12) was produced by solid phase synthesis in theMayo
Clinic Protein Chemistry Shared Resource. All other reagents
were obtained as described previously (37, 38).
Antibodies for immunoblotting or flow cytometry were

obtained from the following suppliers: murine monoclonal
antibodies that recognize Mcl-1 or Bcl-2 from BD Biosciences;
murine Ab-1 monoclonal antibody to active Bak from Calbio-
chem; murine monoclonal anti-Bcl-2 from Dako (Carpinteria,
CA); goat anti-actin from Santa Cruz Biotechnology (Santa
Cruz, CA); rabbit anti-Bak and anti-Bax from Millipore (Dan-
vers, MA); rabbit anti-Puma from ProSci (San Diego, CA); and
rabbit antibodies toMcl-1, Bcl-xL, and Bim fromCell Signaling
Technology (Beverly, MA). Antibodies to poly(ADP-ribose)
polymerase and Hsp90 were kind gifts from Guy Poirier (Laval
University, Ste.-Foy, Quebec) and David Toft (Mayo Clinic,
Rochester, MN), respectively.
Protein Expression and Purification—cDNAs encoding

Bcl-2, Bcl-xL, or Bax lacking the transmembrane domain were
cloned in-frame with GST in pGEX-4T-1. cDNA encoding
Mcl-1 lacking the transmembrane domain was cloned into
pET29b(�) to yield an S peptide-tagged construct. Plasmid
encoding Bak�TM in pET29b(�) (22) was a kind gift from
Qian Liu and Kalle Gehring (McGill University, Montreal,
Canada). Plasmid encoding Bak N85A/I86A�TMwas gener-
ated from Bak�TM using site-directed mutagenesis. All
plasmids were subjected to automated sequencing to verify
the described alteration and confirm that no additional
mutations were present.
Plasmids were transformed into Rosetta cells (Bax�TM, Bcl-

2�TM, Bcl-xL�TM, and Mcl-1�TM) or BL21 (Bak�TM and
Bak N85AI86A�TM) by heat shock. After cells were grown to
an optical density of 0.6, isopropyl 1-thio-�-D-galactopyrano-
side was added to 1 mM, and incubation was continued for 24 h

at 16 °C (Bcl-2�TM) or 4 h at 37 °C (Bcl-xL�TM, Mcl-1�TM,
Bax�TM, Bak�TM, and Bak N85AI86A�TM). Bacteria were
then washed and sonicated intermittently on ice in calcium-
and magnesium-free Dulbecco’s phosphate-buffered saline
(PBS) containing 1mM PMSF (GST-tagged proteins and S pep-
tide-Mcl-1�TM) or TS buffer (150mMNaCl containing 10mM

Tris-HCl (pH 7.4) and 1 mM PMSF, His6-tagged Bak�TM, and
Bak N85AI86A�TM). All further steps were performed at 4 °C.
AfterHis6-tagged proteinswere applied toNi2�-nitrilotriacetic
acid-agarose (Novagen, La Jolla, CA), columns were washed
with 20 volumes of TS buffer followed by 10 volumes of TS
buffer containing 40 mM imidazole and then eluted with TS
buffer containing 200 mM imidazole. His6-Bak�TM and Bak
N85AI86A�TM were further purified by fast protein liquid
chromatography on a Superdex S200 size exclusion column
and concentrated by ultrafiltration.
S peptide-tagged Mcl-1�TM was incubated with S protein-

agarose for 4 h at 4 °C. After beads were washed twice with 10
volumes of PBS containing 1mMPMSF, bound polypeptidewas
eluted with PBS containing 3 M MgCl2. After GST-tagged pro-
teins were incubated with GSH-agarose for 4 h at 4 °C, GSH-
agarose resinwaswashed twicewith 20–25 volumes of PBS and
eluted with PBS containing 20 mM reduced glutathione for 30
min at 4 °C.
All eluted polypeptides were concentrated using Centricon

YM-10 centrifugal concentrators (Millipore) and dialyzed
against Biacore running buffer consisting of 10mMHEPES (pH
7.4), 150 mM NaCl, 0.05 mM EDTA and 0.005% (w/v) Polysor-
bate 20. Polypeptides were stored at 4 °C for �48 h before use.
Affinity Measurements by Surface Plasmon Resonance—

Measurements were performed at 25 °C on a Biacore 3000 bio-
sensor (Biacore, Uppsala, Sweden). Bak�TM, Bak BH3 peptide,
or GST-Bcl-2 was immobilized onto a CM5 sensorchip as
instructed by the supplier. After washing with Biacore running
buffer,Mcl-1�TM,GST/Bcl-2�TM,GST/Bcl-xL�TM, or GST
was injected at 30 �l/min for 1 min. Bound polypeptide was
allowed to dissociate by injection of protein-free Biacore run-
ning buffer at 30 �l/min for 15 min. Residual bound proteins
were desorbed with 150 mM NaCl containing 10 mM glycine
(pH2.0). Binding kineticswere derived from sensorgrams using
BIAevaluation software (Biacore, Uppsala, Sweden). The bind-
ing of Bak�TM or Bak N85AI86A�TM to immobilized GST-
Bcl-2 was analyzed in the same fashion.
Cell Culture—Cell lines were obtained from the following

sources: Jurkat (T cell acute lymphocytic leukemia) from Paul
Leibson (Mayo Clinic, Rochester, MN); RL (B cell lymphoma)
fromThomasWitzig (MayoClinic, Rochester,MN);Molt3 and
CCFR-CEM (both T cell acute lymphocytic leukemia) from
American Type Culture Collection (Manassas, VA); and Daudi
(Burkitt B cell lymphoma) from Adele Fielding (Mayo Clinic).
All lines were maintained at densities below 106 cells/ml in
RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum, 100 units/ml penicillin G, 100 �g/ml streptomy-
cin, and 2 mM glutamine.
Quantitation of Bak Binding to Endogenous Antiapoptotic

Bcl-2 FamilyMembers—Log phase cells were washedwith PBS,
lysed in lysis buffer consisting of 1% (w/v) CHAPS, 20 mM

HEPES (pH 7.4), 150 mM NaCl, 1% (v/v) glycerol, 1 mM PMSF,
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10 �g/ml leupeptin, 10 �g/ml pepstatin, 100 mM NaF, 10 mM

sodium pyrophosphate, 1 mM sodium vanadate, and 20 nM
microcystin. After centrifugation at 14,000 � g for 15 min to
sediment insolublematerial, lysates were precleared by incuba-
tion for 1 h at 4 °C with protein A/G-agarose beads followed by
sedimentation. Aliquots containing 200 �g of precleared
extract were incubated for 1 h with anti-Bcl-2, anti-Mcl-1, or
anti-Bcl-xL that was precoupled to protein A/G-agarose using
dimethyl pimelimidate (39, 40). After sedimentation at 8000 �
g for 2 min, beads were rapidly washed four times with wash
buffer consisting of 1% CHAPS, 20 mM HEPES (pH 7.4), 150
mM NaCl, 1% (v/v) glycerol, 1 mM PMSF, 100 units/ml aproti-
nin, 100 mM NaF, 10 mM sodium pyrophosphate, and 1 mM

sodium vanadate. Polypeptides bound to the beads were
released by heating for 20 min at 65 °C in SDS sample buffer
consisting of 4 M urea, 2% (w/v) SDS, 62.5 mM Tris-HCl (pH
6.8), 1 mM EDTA and 5% (v/v) 2-mercaptoethanol. Immuno-
precipitated Bcl-2 family members and serial dilutions of pre-
cleared cell lysate were subjected to SDS-PAGE, transferred to
nitrocellulose, and probed with antibodies to Bak, Bcl-2,Mcl-1,
and Bcl-xL as indicated in the figure legends. Films from three
independent experiments were scanned on a Hewlett Packard
Scanjet 4C scanner and quantified using ImageJ software
(//rsb.info.nih.gov).
siRNA—Short oligonucleotides targeting Bax (nucleotides

271–289, GenBankTM accession number NM_138761), Bak
(nucleotides 913–931, GenBankTM accession number
NM_001188), Bim (nucleotides 325–343, GenBankTM acces-
sion number NM_138621), and Puma (nucleotides 1222–1240,
GenBankTM accession number NM_001127242) were from
Dharmacon (Boulder, CO). On day 1 log phase Jurkat cells sus-
pended in 400 �l of cytomix (41) containing 1000 nM final oli-
gonucleotide concentration and plasmid encoding EBFP were
subjected to electroporation using a BTX 830 square wave elec-
troporator (BTX, San Diego, CA) delivering a single pulse at
280 mV for 10 ms. On day 3 cells were transfected with
pCMS5A plasmids as described below. 48 h after transfection
with empty pCMS5Avector or constructs to knock downBcl-2,
cells were reactedwithAPC-conjugated annexinV as described
(42) and analyzed on an LSRII flow cytometer (BD Biosciences)
using the following lasers and filters: EBFP, 407 nm laser,
450/50 filter; EGFP, 488 nm laser, 530/30 filter; APC, 633 nm
laser, 660/20 filter. After collection of 40,000 events, APC-an-
nexin V binding was determined on cells that were positive for
both EGFP and EBFP.
Mammalian Expression Plasmids and Transfection—Plas-

mid encoding S peptide-tagged Bcl-2 was constructed by
inserting cDNA containing nucleotides 4–720 of the human
Bcl-2 open reading frame (GenBankTM accession number
X06487) into the KpnI and EcoRI sites of pSPN (43). shRNA
experiments were performed using the plasmids pCMS5A and
pCMS5C. pCMS5A, which was derived from pCMS4.eGFP
(44), contains an H1P promoter for shRNA silencing, a cyto-
megalovirus promoter for driving the expression of shRNA-
resistant cDNAs, and an additional SV40 promoter for driving
the expression of histoneH2B fused to EGFP. This plasmid was
modified to contain shRNA targeting nucleotides 907–925 of
the Mcl-1 open reading frame or nucleotides 526–546 (Bcl-2

shRNA 1) or nucleotides 1–21 (Bcl-2 shRNA 2) of the Bcl-2
open reading frame. Rather than an empty multiple cloning
site, rescue constructs contained the previously described
shRNA-resistant Mcl-1 cDNA (45), full-length Bcl-xL, full-
length Bcl-2 (variant 1) (46, 47), or full-length Bcl-2 mutated to
TGGATGACAGAATATTTAAC at nucleotides 526–546
(underlined nucleotides represent silent mutations rendering
cDNA resistant to Bcl-2 shRNA1). Plasmids encoding different
Bcl-2 variants weremade by putting full-length Bcl-2 (variant 1,
2, or 3) behind the cytomegalovirus promoter of pCMS5A.
Plasmid pCMS5C was derived from pCMS5A by site-directed
mutagenesis. Two amino acid substitutions (Y66H and Y145F)
were inserted to convert EGFP to EBFP. Once again, all plas-
mids were sequenced to verify the integrity of inserted shRNA
and rescue constructs.
Log phase cells growing in antibiotic-freemediumwere tran-

siently transfected with the indicated plasmid using a BTX 830
square wave electroporator delivering a single pulse at 280 mV
for 10 ms. Cells were incubated for 48 h and analyzed for apo-
ptosis using APC-coupled annexin V as described previously
(42, 45). After 20,000 events (EGFP gating) or 40,000 events
(EBFP and EGFP gating) were collected on a FACSCalibur (BD
Biosciences) flow cytometer, data were analyzed by gating on
EGFP-histone H2B� cells (typically 60–70% of transfected Jur-
kat cells) or EGFP-histone H2B�/EBFP-histone H2B� (typi-
cally 40–50%of transfected cells) and assessingAPC-annexinV
binding. Alternatively, after transfection, cells were incubated
for 48 h and assayed for active Bak as described below.
Assays for Bak Activation—48 h after transfection with

siRNA constructs as indicated in the individual figures, cells
were stained with anti-active Bak Ab-1 and examined by flow
cytometry as described previously (45). Alternatively, as
described above for other immunoprecipitations, cells were
washed with PBS and lysed in isotonic lysis buffer containing
1% CHAPS. After lysates were precleared, immunoprecipita-
tions were performed for 1 h at 4 °C using aliquots containing
200 �g of lysate protein and 5 �g of anti-active Bak Ab-1 that
was precoupled to protein A/G-agarose beads using dimethyl
pimelimidate. Following four washes with isotonic wash buffer
containing 1% CHAPS, bound polypeptides were solubilized in
SDS sample buffer, subjected to SDS-PAGE, and probed with
antibodies that recognize total Bak.
Immunoprecipitation—Log phase cells growing in anti-

biotic-free medium were transiently transfected with the indi-
cated plasmid. 48 h after transfection, cells were washed and
lysed in CHAPS lysis buffer. After centrifugation, 200 �g of
precleared extract was incubated for 1 h with anti-Bcl-2, or
anti-Mcl-1 that was precoupled to protein A/G-agarose (39,
40). After sedimentation at 8000 � g for 2 min, beads were
rapidly washed four times with wash buffer. Polypeptides
bound to the beads were released by heating for 20min at 65 °C
in SDS sample buffer. Immunoprecipitated Bcl-2 family mem-
bers and one-fifth of the precleared cell lysate were subjected to
SDS-PAGE, transferred to nitrocellulose, and probedwith anti-
bodies to Bak, Bax, Bim, Puma, Bcl-2, andMcl-1 as indicated in
the figure legends.
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RESULTS

Bak Protein Binds to Bcl-2 More Tightly than to Bcl-xL—
Models suggesting that Bcl-2 fails to bind Bak are based exten-
sively on affinitymeasurements performed using a 26-mer pep-
tide corresponding to the Bak BH3 domain. In this study, we
immobilized this 26-mer peptide or Bak protein lacking the
transmembrane domain (Bak�TM) and examined the binding
of Bcl-2, as well as Mcl-1 and Bcl-xL, by surface plasmon reso-
nance. Initial experiments utilized Bcl-2 variant 1 (Fig. 1A, orig-
inally described in Ref. 46), a Bcl-2 sequence variant that has
been widely used in the past to study Bcl-2 function.
Consistent with previously reported results (12), binding of

Mcl-1�TM (supplemental Fig. S1A) or Bcl-xL�TM (supple-
mental Fig. 1B) to the Bak 26-mer peptide was readily detected.
Further analysis demonstrated dissociation constants (KD val-
ues) of 8 and 80 nM, respectively (Fig. 1E). In contrast, Bcl-
2�TMdisplayed a much lower affinity for this peptide (supple-

mental Fig. S1,C andD, and Fig. 1E),
again confirming previous results.
A different picture emergedwhen

binding to Bak�TM protein was
analyzed using the same method.
Binding of Bcl-2�TM was readily
observed (Fig. 1B), with aKD of�70
nM (Fig. 1E, variant 1). This binding
appeared qualitatively similar to
that observed when Mcl-1�TM
(Fig. 1C) or Bcl-xL�TM (supple-
mental Fig. S2A) bound to
Bak�TM. Indeed, the binding of
Bak�TM to Bcl-2�TM was 2-fold
tighter than the binding of Bak�TM
to Bcl-xL�TM (KD �200 nM; sup-
plemental Fig. S2, A and B, and Fig.
1E). Direct comparison revealed
that Bcl-2 bound Bak more rapidly
(Fig. 1D) and more avidly (Fig. 1E)
than Bcl-xL did.

Because of concern that these
observations might differ from ear-
lier studies as a result of sequence
variation in Bcl-2 (48, 49), we exam-
ined not only Bcl-2 variant 1, but
also the Bcl-2 variant endogenously
expressed by many of our lymphoid
cell lines (Fig. 1A, variant 2) and the
Bcl-2 variant used in previous affin-
ity measurements (variant 3, see
Refs. 12, 13). Although the three
Bcl-2 variants displayed differences
in affinity for Bak�TM, in each case
the Bcl-2 variant bound to Bak pro-
tein more tightly than to Bak
26-mer BH3 peptide (Fig. 1E). In
addition, the Bcl-2 variant ex-
pressed in many of our cell lines
(variant 2), like variant 1, bound Bak
more tightly than Bcl-xL did (Fig.

1E). In contrast, variant 3 showed a 7-fold lower affinity for Bak.
Binding of BakMutant to Bcl-2—A previous study suggested

that mutation of Ile-82 and Asn-83 in the BH3 domain of
murine Bak to alanine abolishes binding to Bcl-xL and Mcl-1
(50). After the corresponding mutations were introduced into
human Bak, purified wild type andmutant Bak constructs were
assayed for their ability to bind Bcl-2 variant 2. As indicated in
supplemental Fig. S3A, binding of the mutant Bak�TM
polypeptide to Bcl-2 was readily detected, although the affinity
was 2-fold lower than that of the wild type construct (supple-
mental Fig. S3, B and C).
Recovery of Bak with Endogenous Bcl-2 from Jurkat Cells—

Based on the preceding results, which suggest that Bak protein
can bind to Bcl-2 under cell-free conditions, further experi-
ments sought evidence that Bak and Bcl-2 interact in intact
cells.When Jurkat cells transfected with S peptide-tagged Bcl-2
were lysed, �20% of the total cellular Bak was recovered in the

FIGURE 1. Affinities of Bak for different Bcl-2 variants, Mcl-1, and Bcl-xL in vitro. A, different Bcl-2 variants
used in this study, with GenBankTM accession numbers and original citations. Amino acids that differ among
the variants are shown. Our sequencing demonstrated that Jurkat, CEM, and Molt3 all express variant 2. B, sur-
face plasmon resonance (relative units) observed when immobilized Bak�TM was exposed to different Bcl-2
(variant 1) concentrations. C, response of the same chip to different concentrations of Mcl-1. D, using the same
chip as in B, responses of Bcl-2 (variant 1) and Bcl-xL at a saturating concentration of 2400 nM. E, based on the
surface plasmon resonance assay, the affinities of Bak protein (B and C) and Bak BH3 peptide (Fig. S1, A–C) for
different anti-apoptotic Bcl-2 family proteins were determined. Results are mean � S.D. of three independent
experiments using different chips and different protein batches. †, KD �1000 nM. GB, GenBankTM.
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Bcl-2 pulldowns (Fig. 2A). Because of concern that these results
might result from tagging or overexpression of Bcl-2, further
experiments examined the recovery of Bak when endogenous
Bcl-2, Bcl-xL, andMcl-1were immunoprecipitated from lysates
of untransfected cells. To provide an opportunity for quantita-
tion, the amounts of antiapoptotic Bcl-2 family members as
well as Bak in the immunoprecipitates were compared with
serial dilutions of lysates on the same blots. This analysis (Fig. 2,
B andC) demonstrated that, after correction for recovery of the
antiapoptotic Bcl-2 family members, �7% of the total cellular
Bak was recovered with endogenous Bcl-2, 26%with Bcl-xL and
17% with Mcl-1. As discussed below, we were able to account
for �50% of the total cellular Bak in this manner, possibly
reflecting the binding and neutralization of the remainder of

the Bak by other polypeptides such as VDAC2 (51). Additional
experiments indicated that recovery of Bak with endogenous
Bcl-2 was similar after extensive versus limited washing of the
immunoprecipitates and after immunoprecipitation for 12 h
rather than 1 h.3
Bcl-2 Rescues Cells from Mcl-1 Knockdown—To assess the

potential biological significance of the Bcl-2/Bak binding, fur-
ther experiments examined the effect of Bcl-2 overexpression
onBak-dependent apoptosis. These studies utilized Jurkat cells,
which express �7-fold more Bak than Bax (see Fig. 6, A and B).
To avoid the use of pharmacological agents, which could acti-
vate multiple BH3-only family members, apoptosis was trig-
gered by down-regulating Mcl-1, a change that has previously
been reported to induce apoptosis in human leukemia cells (52)
and in normal murine lymphohematopoietic cells (53). The
externalization of phosphatidylserine, a hallmark feature of
apoptotic cells (54, 55), was examined as an indicator of cellular
response in these experiments.
When Jurkat cells were transfected with Mcl-1 shRNA (45)

and examined 48 h later, annexin V binding to phosphatidyl-
serine was readily detected (Fig. 3,A and B). This apoptosis was
accompanied by Bak activation as assessed by flow cytometry
after staining with a previously described (56) conformation-
sensitive Bak antibody (Fig. 3, C and D) or by immunoprecipi-
tation with the same antibody (supplemental Fig. S4). Consist-
ent with the predominant expression of Bak in this cell line, the
Mcl-1 shRNA-induced apoptosis was prevented by Bak down-
regulation but not by Bax down-regulation (Fig. 3E). This apo-
ptosis was not diminished by down-regulation of the potent
and promiscuous BH3-only proteins Bim and/or Puma (Fig. 3F)
even though these same constructs inhibited apoptosis induced
by various anticancer drugs,4 suggesting that the apoptosis is
triggered by release of Bak rather than release of Bim and/or
Puma. Consistent with this conclusion, we observed displace-
ment of Bak upon Mcl-1 down-regulation (Fig. 3G). Bim was
also displaced to Bcl-2 (Fig. 3G), although the shRNA result
(Fig. 3F) did not suggest a critical role for this displacement.
Further analysis demonstrated that expression of shRNA-
resistant Mcl-1 (Mcl-1*, Fig. 3, A and B) or wild type Bcl-xL
(Fig. 3H) abrogated the apoptosis resulting from Mcl-1
down-regulation. Importantly, expression of wild type Bcl-2
also rescued Jurkat cells from Mcl-1 shRNA-induced apo-
ptosis (Fig. 3H), indicating that Bcl-2 can substitute
for Mcl-1.
Apoptosis Induced by Bcl-2 Down-regulation Is Bak-depend-

ent but not Bim- or Puma-dependent—To complement and
extend the observations in Fig. 3, subsequent experiments
examined the effect of Bcl-2 down-regulation in the same cell
line. Treatment with two different Bcl-2 shRNAs resulted in
induction of apoptosis (Fig. 4A) that was likewise accompanied
by activation of Bak (Fig. 4, B and C). This Bcl-2 down-regula-
tion-induced apoptosis was abolished by down-regulation of
Bak (Fig. 4D) but only slightly inhibited by down-regulation of
the Bcl-2 binding partners Bim and/or Puma (Fig. 4E), again

3 H. Dai and S. H. Kaufmann, unpublished observations.
4 S.-H. Lee and S. H. Kaufmann, unpublished observations.

FIGURE 2. Bak binds to Bcl-2 in pulldown and immunoprecipitation
assays. A, 24 h after transient transfection with S peptide-tagged Bcl-2, cell
lysates prepared in isotonic buffer containing 1% CHAPS (see “Experimental
Procedures”) were reacted with S protein-agarose to recover Bcl-2 com-
plexes. Pull downs and 1/10 of inputs were probed with Bak antibodies. B, Jur-
kat cell lysates prepared in 1% CHAPS were immunoprecipitated (IP) with
Bcl-2, Bcl-xL, or Mcl-1 antibody (lane 4). Serial dilutions of lysates (lanes 5–9)
were used for quantitation of Bak binding. Three different controls were
examined at the same time: control antibody (isotype control, lane 1),
beads � lysate without antibody (lane 2), and no lysate control (lane 3). IB,
immunoblot. C, from the experiments shown in B, the percentages of Bak
bound by Bcl-2, Bcl-xL, and Mcl-1 in Jurkat cells were calculated using ImageJ
to quantify the amounts of Bak (column A) and anti-apoptotic Bcl-2 family
member (column B) in the immunoprecipitates relative to a standard curve
constructed from serial dilutions of lysates on the same blot. Results are
mean � S.D. of three independent experiments.
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suggesting that Bak release is the major event that triggers this
apoptosis.
Bcl-2 Variants Differ in Ability to Bind Bak and Prevent

Apoptosis in Jurkat Cells—In further experiments, we utilized
the experimental strategies shown in Figs. 2–4 to assess the

potential biological impact of the Bcl-2 sequence variation
demonstrated in Fig. 1. To evaluate potential differences in the
ability of Bcl-2 variants to bind Bak in a cellular context, Jurkat
cells were transfected plasmids encoding S peptide-tagged
Bcl-2 variants 1–3. Despite almost equal expression of the vari-
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ants (Fig. 5A, lower panel), variants 1 and 2 bound more Bak
than variant 3 (Fig. 5A, upper panel).

To determinewhether this difference in binding resulted in a
difference in protection, cells were co-transfected with a plas-
mid encoding both Mcl-1 shRNA and EBFP-histone H2B as
well as a second plasmid encoding Bcl-2 variants 1–3 and
EGFP-histone H2B. Despite equal expression of the three Bcl-2
variants (Fig. 5B, inset), the Bcl-2 variant that exhibited lower
affinity for Bak (Fig. 1E, variant 3) also displayed diminished
ability to protect cells from this apoptotic stimulus (Fig. 5B and
supplemental Fig. S5).

To determine whether similar results would be observed
when apoptosis is triggered by a chemical stimulus, Jurkat
cells were treated with varying concentrations of cyclohexi-
mide for 24 h. Consistent with a previous report (57), this
treatment was accompanied by dose-dependent Mcl-1
down-regulation (Fig. 5C). In this cell line, cycloheximide
also induced down-regulation of Bcl-2 as well as Puma and
Bim but not Bak (Fig. 5C), again suggesting that release of
Bak is the critical event for the induction of apoptosis in
these cells. When the Bcl-2 variants were overexpressed
prior to cycloheximide addition, variants 1 and 2 again pro-

FIGURE 3. Mcl-1 knockdown induces apoptosis in Jurkat cells that can be rescued by Bcl-2 or Bcl-xL overexpression. A and B, 48 h after transfection with
empty vector (pCMS5A expressing EGFP-histone H2B), pCMS5A-Mcl-1-shRNA, or pCMS5A/Mcl-1-shRNA/Mcl-1* (shRNA-resistant Mcl-1), Jurkat cells were
collected and stained with APC-annexin V. A representative experiment (A) and summarized results (B) indicating the percentage of EGFP� cells stained with
annexin V are indicated. Numbers at right of dot plots in this and subsequent figures are as follows: ratio of events in upper right panel to sum of lower right and
upper right. Error bars in this and subsequent figures: mean � S.D. of three independent experiments. Inset, whole cell lysates subjected to immunoblotting.
C and D, 48 h after transfection with pCMS5A or Mcl-1 shRNA, Jurkat cells were collected, fixed, and stained with Ab-1, which recognizes active Bak. A
representative experiment (C) and summarized results (D) indicating the percentage of EGFP� cells stained with Ab-1 are shown. E, 48 h after co-transfection
of control (Con) siRNA, Bak siRNA, or Bax siRNA along with EBFP-histone H2B, Jurkat cells were transfected with pCMS5A (encoding EGFP-histone H2B) or
pCMS5A/Mcl-1-shRNA for another 48 h and then collected and stained with APC-annexin V. The percentage of EBFP�EGFP� cells stained with annexin V is
indicated. Cell lysates were also subjected to immunoblotting to confirm knockdown. F, 48 h after transfection of control siRNA, Bim siRNA, Puma siRNA, or Bim
siRNA � Puma siRNA along with EBFP-histone H2B, Jurkat cells were transfected with pCMS5A or pCMS5A/Mcl-1 shRNA (encoding EGFP-histone H2B) for
another 48 h, then collected and stained with APC-annexin V. The percentage of EBFP�EGFP� cells that stained with annexin V is indicated. Inset, cell lysates
probed with antibodies to the indicated Bcl-2 family members to confirm knockdown. G, 48 h after Jurkat cells transfected with pCMS5A (control) or pCMS5A/
Mcl-1-shRNA (Mcl-1 sh), CHAPS lysates were immunoprecipitated (IP) with antibodies to Bcl-2 (IP Bcl-2) or Mcl-1 (IP Mcl-1). Proteins in the immunoprecipitates and 1/5
of the lysates (1/5 input) were probed for Bak, Bax, Bim, Puma, Bcl-2, and Mcl-1. Beads � lysate without antibody (Beads) served as a control. IB, immunoblot. H, 48 h
after transfection with pCMS5A, pCMS5A/Mcl-1shRNA, pCMS5A/Mcl-1shRNA/Bcl-2, or pCMS5A/Mcl-1 shRNA/Bcl-xL, Jurkat cells were collected and stained with
APC-annexin V. The percentage of EGFP� cells stained with annexin V is indicated. Immunoblotting was performed to confirm knockdown.

FIGURE 4. Bcl-2 knockdown-induced apoptosis in Jurkat cells can be completely inhibited by Bak knockdown but only partially inhibited by Bim
and/or Puma knockdown. A, 48 h after transfection with pCMS5A (empty vector, which encodes EGFP-histone H2B), pCMS5A/Bcl-2 shRNA 1, pCMS5A/Bcl-2
shRNA 2, or pCMS5A/Bcl-2 shRNA #1/Bcl-2* (shRNA-resistant Bcl-2), Jurkat cells were collected and stained with APC-annexin V. The percentage of EGFP� cells
that stained with APC-annexin V is indicated. Cells were also subjected to immunoblotting. B and C, 48 h after transfection with pCMS5A or pCMS5A/Bcl-2
shRNA, Jurkat cells were collected, fixed, and stained with Ab-1, which recognizes active Bak. A representative experiment (B) and summary of percentage of
EGFP� cells stained with Ab-1 (C) is shown. D, 48 h after co-transfection of control siRNA, Bak siRNA, or Bax siRNA with EBFP-histone H2B, Jurkat cells were
collected and transfected with pCMS5A vector or pCMS5A/Bcl-2 shRNA for another 48 h and then stained with APC-annexin V. The percentage of EBFP�EGFP�

cells that stained with annexin V is indicated. Cell lysates were probed to confirm knockdown. E, 48 h after co-transfection of control siRNA, Bim siRNA, Puma
siRNA, or Bim siRNA � Puma siRNA with EBFP-histone H2B, Jurkat cells were collected and transfected with pCMS5A or pCMS5A/Bcl-2 shRNA for another 48 h
and then collected and stained with APC-annexin V. The percentage of EBFP�EGFP� cells that stained with annexin V is indicated. Cell lysates were probed to
confirm knockdown.
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tected more completely than variant 3 did (Fig. 5D; for pri-
mary data, see supplemental Fig. S6).
Bcl-2/Bak Binding Varies among Different Cell Lines—Previ-

ous studies from our laboratory (58) and others (59) have dem-
onstrated that the relative levels of Bcl-2 vary widely among
different cells. To assess the impact of this quantitative varia-
tion, Bcl-2/Bak bindingwas examined in four additional human
lymphoid cell lines with varying Bcl-2 content (Fig. 6, A and B,

and supplemental Fig. S7A). Immunoprecipitation of endoge-
nous Bcl-2 from these cell lines demonstrated that Bak was
readily detectable in Bcl-2 immunoprecipitates from RL cells,
which endogenously express very high levels of Bcl-2 and, to a
lesser extent, in Bcl-2 pulldowns from Molt3 and CEM cells
(Fig. 6,C andD). In contrast, Bakwas not detected in pulldowns
from Daudi cells (Fig. 6D), which lack detectable Bcl-2 (Fig. 6A
and supplemental Fig. S7A).

FIGURE 5. Different Bcl-2 variants exhibit different abilities to protect against Mcl-1 knockdown- and cycloheximide-induced apoptosis in Jurkat cells.
A, 24 h after transient transfection with S peptide-tagged Bcl-2 variants, cell lysates prepared in CHAPS buffer were reacted with S protein-agarose to recover
Bcl-2 complexes. Pulldowns were probed with anti-Bak antibody and, as a control, anti-S peptide antibody. B, 48 h after co-transfection with empty vector
(pCMS5C expressing EBFP-histone H2B) or pCMS5C-Mcl-1-shRNA and pCMS5A vector (pCMS5A expressing EGFP-histone H2B), pCMS5A-Bcl-2 variant 1,
pCMS5A-Bcl-2 variant 2, or pCMS5A-Bcl-2 variant 3, Jurkat cells were collected and stained with APC-annexin V. The percentage of EBFP�EGFP� cells stained
with annexin V is indicated. Error bars, mean � S.D. of three independent experiments. A representative experiment is shown in supplemental Fig. S5. Inset,
whole cell lysates from one of the experiments subjected to immunoblotting. C, after Jurkat cells were treated for 24 h with diluent (0.1% DMSO, lane 1) or
cycloheximide at 0.88, 1.75, and 3.5 �M (lanes 2– 4, respectively) in the presence of 5 �M Q-VD-OPhe to inhibit caspase activation, whole cells lysates were
subjected to SDS-PAGE, transferred to nitrocellulose, and probed with antibodies to the indicated polypeptide. Hsp90 served as a loading control. PARP,
poly(ADP-ribose) polymerase. D, 24 h after transfection with pCMS5A, pCMS5A-Bcl-2 variant 1, pCMS5A-Bcl-2 variant 2, or pCMS5A-Bcl-2 variant 3, Jurkat cells
were treated with the indicated concentration of cycloheximide for another 24 h and then stained with APC-annexin V. The percentage of EGFP� cells stained
with annexin V is indicated. Error bars, mean � S.D. of three independent experiments. A representative experiment is shown in supplemental Fig. S6. Inset,
whole cell lysates from one of the experiments subjected to immunoblotting.
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DISCUSSION

Results of this study demonstrate that Bcl-2 exhibits a much
higher affinity for Bak protein than for the synthetic Bak BH3
domains. Additional observations indicate that different natu-
rally occurring Bcl-2 sequence variants have different affinities
for Bak protein, with some of these variants binding to Bak
more tightly than Bcl-xL does and almost as tightly as Mcl-1.
Finally, estimates of the absolute abundance of Bax, Bak, and
antiapoptotic Bcl-2 family members suggest that Bcl-2 levels in
some lymphoid cell lines are as much as 40-fold higher than
Bcl-xL orMcl-1. Consistent with these results, we observed that
Bcl-2 binds and appears to neutralize Bak in intact cells,
although the percentage of Bak neutralized by Bcl-2 varies
depending on the amount of Bcl-2 expressed. Each of these
observations provides new insight into Bcl-2 family member
interactions that regulate cellular life and death decisions.
To our knowledge, this study provides the first comparison

of the affinity of an isolated BH3 peptide and the corresponding
proapoptotic protein for antiapoptotic Bcl-2 family members
using the same technique. Although affinity measurements
using isolated BH3 peptides have provided substantial insight
into the roles of BH3-only proteins (see Introduction), our
results suggest that these methods can underestimate the

strength of Bak/Bcl-2 interactions.
When the interaction of Bak�TM
and Bcl-2�TM was examined by
surface plasmon resonance, the
affinity was much stronger than
previously reported using the Bak
BH3 peptide (Fig. 1E). This differ-
ence in binding between the Bak
peptide and Bak protein likely
reflects the limited ability of certain
BH3 peptides to assume the
appropriate conformation for
binding (60) in the absence of con-
formational constraint supplied by
the remainder of the polypeptide.
Whether other affinity measure-
ments that utilized BH3 peptides
as surrogates for full-length pro-
apoptotic Bcl-2 family members
might have similarly underesti-
mated the strengths of Bcl-2 fam-
ily member interactions remains
to be determined.
Further experiments demon-

strated that Bak could be pulled
down with Bcl-2 from cell lysates.
To minimize the possibility that
complexes of Bak and Bcl-2 might
be forming during the cell lysis and
immunoprecipitation procedures,
cellular contents were solubilized
using CHAPS rather than a non-
ionic detergent (61, 62); and immu-
noprecipitations were performed at
4 °C using the shortest possible

incubation that allowed us to bind and pull down part of the
total cellular Bcl-2, Bcl-xL, andMcl-1. This approach suggested
that �50% of the total cellular Bak in Jurkat cells is bound to
Bcl-2, Bcl-xL, or Mcl-1 (Fig. 2C) and �1/6 of this is bound to
Bcl-2. Larger percentages of Bakwere pulled downwithBcl-2 in
RL cells (Fig. 6, C and D), which endogenously express more
Bcl-2 (Fig. 6, A and B).

Several previous studies have also demonstrated that Bak can
be pulled down with tagged, overexpressed Bcl-2 (28, 29, 63),
providing a precedent for our observation that Bak can be
immunoprecipitated with endogenous Bcl-2. Other investiga-
tions, however, have failed to detect Bak in Bcl-2 pulldowns (12,
51). To investigate these divergent results further, the binding
of Bak to two additional naturally occurring Bcl-2 sequence
variants was examined by surface plasmon resonance. These
Bcl-2 allelic variants exhibited different affinities for Bak�TM
(Fig. 1E), suggesting a potential explanation for some of the
earlier divergent results. Further analysis demonstrated that
Bak protein binds more tightly to some of these Bcl-2 variants
than to Bcl-xL (Fig. 1, D and E).

To assess the potential biological significance of the Bak/
Bcl-2 interaction, we examined the effect of Bcl-2 overexpres-
sion on Bak-mediated apoptosis. This analysis demonstrated

FIGURE 6. Bak binding to Bcl-2 varies among lymphoid cell lines. A, whole cell lysates from 3 � 105 of Jurkat,
Molt3, CEM, Daudi, and RL cells were probed for Bak, Bax, Bcl-2, Mcl-1, and Bcl-xL. Purified GST-Bak�TM (0.1, 0.2,
0.4, and 0.8 ng), GST-Bax�TM (0.3, 0.6, 1.2, and 2.4 ng), GST-Bcl-2�TM (15, 30, 60, and 120 ng), S peptide-tagged
Mcl-1�TM (0.25, 0.5, 1.0, and 2.0 ng), and GST-Bcl-xL�TM (0.6, 1.2, 2.4, and 4.8 ng) were used for immunoblot
quantitation. Histone H3 was used as loading control. Additional blots of whole cell lysates are presented in
supplemental Fig. S7. B, from the experiments shown in A and supplemental Fig. S7, the Bcl-2 family (Bak, Bax,
Bcl-2, Mcl-1, and Bcl-xL) numbers per cell were calculated in Jurkat, Molt3, CEM, Daudi, and RL cells. C, CHAPS
lysates from RL, Molt3, and CEM cells were immunoprecipitated (IP) with anti-Bcl-2 antibody and compared
with serial dilutions of the input. Two different controls were used at the same time: beads � lysate without
antibody (Control 1) and no lysate (Control 2). IB, immunoblot. D, from the experiments shown in C, the per-
centage of Bak bound by Bcl-2 was calculated in RL, Molt3, and CEM cells. Mean � S.D. from three independent
experiments is also shown. For Daudi, Bcl-2 is not detectable (N.D.) in either whole cell lysates (supplemental
Fig. S7A) or the immunoprecipitates (data not shown).
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that a tight-binding Bcl-2 variant can compensate for Mcl-1
during Bak-mediated apoptosis in intact Jurkat cells (Fig. 3H).
Conversely, Bcl-2 down-regulation in these same cells induced
Bak-dependent apoptosis (Fig. 4). Although one potential
explanation for this Bcl-2 shRNA-induced apoptosis would be
the release of the proapoptotic Bcl-2 family members Bim and
Puma, which have been implicated in Bax activation in some
studies (15–17), the observation that the Bcl-2 shRNA-induced
apoptosis was scarcely affected by siRNA-mediated down-reg-
ulation of Bax (Fig. 4D) or Bim and Puma (Fig. 4E) argues
against this possibility. Instead, the appearance of active Bak
after Bcl-2 down-regulation (Fig. 4, B and C) and the ability of
Bak down-regulation to abolish the effect of Bcl-2 shRNA (Fig.
4D) are most consistent with the suggestion that Bcl-2 can
restrain Bak in a cellular context.
In further experiments, we examined the ability of the

Bcl-2 variants to inhibit apoptosis. These studies examined
Jurkat cells after treatment with Mcl-1 shRNA, a treatment
that again induced Bak-dependent apoptosis that was unaf-
fected by Bim and Puma down-regulation (Fig. 3F). Although
all three Bcl-2 variants were able to inhibit this Bak-depend-
ent apoptosis, the variant with lower affinity (Fig. 1E, variant
3) was less effective (Fig. 5B). Similar results were observed
after treatment with cycloheximide, which simultaneously
down-regulates Mcl-1 and Bcl-2 in Jurkat cells (Fig. 5, C and
D). These observations suggest that the differences in affin-
ity of Bcl-2 for Bak can result in differences in antiapoptotic
potency in certain contexts.
On the other hand, it is also important to recognize that

binding to Bak is only one aspect of Bcl-2 function. Variant 3,
like variant 1, was originally isolated from a t(14;18)-associated
lymphoma, suggesting that variant 3 is also able to contribute to
cellular transformation. These observations raise the possibility
that variant 3 might have evolved other properties that com-
pensate for its diminished Bak binding, at least under certain
conditions.
The preceding studies were performed using Mcl-1 or

Bcl-2 shRNA to induce apoptosis. These experiments were
not designed to distinguish between current models of BH3-
only protein action. While performing these studies, how-
ever, we made several observations that might be pertinent
to contemporary discussions of Bax/Bak activation. First, we
observed that apoptosis in Jurkat cells is inhibited by Bak
siRNA but not Bax siRNA (Figs. 3E and 4D), consistent with
the much higher expression of Bak in this cell line (Fig. 6B).
These observations recommend Jurkat cells as a somewhat
simplified model for studying Bcl-2 family member interac-
tions. Second, we observed that Mcl-1 knockdown was asso-
ciated with increased binding of Bak and Bim but not Puma
to Bcl-2 (Fig. 3G), suggesting that Bak and Bim but not Puma
might be restrained, at least in part, by Mcl-1 in unstressed
Jurkat cells. Third, we observed that the ability of Mcl-1
shRNA to induce apoptosis was inhibited by Bak siRNA but
not Bim and Puma knockdown (Fig. 3, E and F). We cannot
rule out the possibility that Puma or Bim levels remaining
after siRNA were sufficient to trigger apoptosis upon Mcl-1
down-regulation even though the same Bim and Puma
siRNA constructs markedly diminished drug-induced apo-

ptosis in the same cells.4 Likewise, we cannot rule out the
possibility that some other BH3-only family member is
involved in Bak activation in this cell line. Barring these
eventualities, however, the present results are consistent
with previous suggestions that a fraction of Bak in certain
cells might be activated unless restrained by antiapoptotic
family members (12). Such a model would also be consistent
with earlier indications that apoptosis is the default pathway
in some cells unless antiapoptotic proteins intervene (64).
The suggestion that Mcl-1 is preventing Bak from initiating
apoptosis in Jurkat cells is also consistent with recent results
showing that, in addition to binding BH3-only proteins,
Bcl-xL is able to restrain Bax even after it is activated (17, 19).
On the other hand, these results certainly do not rule out the
possibility that BH3-only proteins might bind and directly
activate Bax and/or Bak under other circumstances or in
other cells as suggested by other recent studies (15–17).
During the course of the present studies, we also examined a

Bak mutant analogous to one described by Kim et al. (50). Pre-
vious studies demonstrated that I82A/N83A mouse Bak was
unable to kill Bax�/�Bak�/�mouse embryo fibroblasts unless a
BH3-only protein was also transduced. These results have been
widely interpreted as providing support for the direct activation
model of BH3-only protein action. Although I82A/N83A
mouse Bak was unable to pull downMcl-1 or Bcl-xL (50), bind-
ing to Bcl-2 was not examined. Our demonstration that the
human homolog of this construct binds Bcl-2 (supplemental
Fig. S3) provides an alternative explanation for the reported
inability of this mutant to induce apoptosis unless a promiscu-
ous BH3-only protein is expressed. On the other hand, because
we have examined the human Bak protein rather than mouse
protein, further studies are required to distinguish between
these two potential interpretations.
In addition to affinity, interactions depend on the relative

abundances of polypeptides. Although multiple studies have
previously demonstrated that the relative levels one or more
Bcl-2 family members vary across panels of cell lines, to our
knowledge this study presents the first attempt to estimate the
absolute amounts of multiple Bcl-2 family members. This anal-
ysis suggests that Bcl-2 is more abundant than Mcl-1 or Bcl-xL
in certain lymphoid lines. Jurkat cells, for example, contain
�90,000 Mcl-1 and 280,000 Bcl-2 molecules per cell (Fig. 6, A
and B, and supplemental S7A). Even though Bcl-2 binds Bak
with lower affinity than Mcl-1 (Fig. 1E), the greater abundance
of Bcl-2 in Jurkat cells increases its potential contribution to
Bak neutralization, with a net result that endogenous Bcl-2
binds roughly half as much Bak as endogenousMcl-1 (Fig. 2C).
Even more Bak was recovered with Bcl-2 in RL cells, which
express much higher levels of Bcl-2 and lower levels of Bcl-xL
andMcl-1 (Fig. 6). In contrast, there was lower Bak recovery in
Bcl-2 immunoprecipitates from cell lines with lower Bcl-2 con-
tent (Fig. 6).
In summary, the results described above are not consistent

with current models suggesting that Bak is bound and
restrained exclusively by Bcl-xL andMcl-1. Instead, the present
experiments indicate that human cells express a variety of Bcl-2
alleles that display differing affinities for Bak protein. In addi-
tion, these studies indicate that levels of Bcl-2 and Mcl-1 vary
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over at least a 10-fold range across different cell lines from one
lineage. Collectively, these results suggest amodel in which Bak
is restrained by multiple antiapoptotic Bcl-2 family members,
including Bcl-xL, Mcl-1, and Bcl-2 itself, to varying extents
depending upon the abundances and identity of the sequence
variants expressed in various cells.
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