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summary
pro-survival Bcl-2 family members contribute to cancer development and therapy resistance. 

We compared the potency of all pro-survival Bcl-2 proteins to protect against conventional 

and novel anti-cancer regimens and discovered a striking dichotomy in their anti-apoptotic 

capacity. Bcl-2, Bcl-xl and Bcl-w consistently provided better protection than mcl-1, Bfl-1 and 

Bcl-B. To examine whether Bh3-domain selectivity was the cause, we established a quantitative 

interaction profile in intact cells of all full-length pro-survival Bcl-2 proteins with all Bh3-only 

proteins, Bax and Bak. importantly, this profile did not explain the differential protective ability 

of the Bcl-2 proteins. rather, steady-state or drug-induced degradation of the pro-survival Bcl-2 

proteins caused the dichotomy in their anti-apoptotic potency. We conclude that proteasomal 

turnover rather than selectivity for their pro-apoptotic counterparts determines the capacity 

of pro-survival Bcl-2 proteins to protect tumor cells from apoptosis. The processes that control 

degradation of Bcl-2 proteins therefore deserve attention in clinical targeting.

lisT of aBBreviaTions:
cll, chronic lymphocytic leukemia; aml, acute myeloid leukemia; momp, mitochondrial outer 

membrane permeabilization; Bh, Bcl-2 homology ; all, T-acute lymphoblastic leukemia; pfa, 

paraformaldehyde; doX, doxycycline; pi, propidium iodide; chX, cycloheximide, cml, chronic 

myeloid leukemia
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inTroducTion
pro-survival Bcl-2 proteins like Bcl-2 and mcl-1 are instrumental in the development of human 

malignancies such as follicular lymphoma, chronic lymphocytic leukemia (cll) and acute 

myeloid leukemia (aml) 1. overexpression of pro-survival Bcl-2 proteins is a hallmark of 

cancer, since these proteins give tumor cells a survival advantage under their stressful growth 

conditions. The Bcl-2 protein family controls the intrinsic pathway of apoptosis that relies 

on mitochondrial outer membrane permeabilization (momp) 2. This allows for the release of 

cytochrome c and other mediators that trigger caspase activation and apoptotic execution 3. 

The Bcl-2 protein family regulates momp and in this way it controls the apoptotic process at 

a central, upstream level. The family is characterized by the presence of Bcl-2 homology (Bh) 

domains that mediate the interaction between cooperating and antagonizing family members. 

There are six pro-survival proteins, Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1 and mcl-1, numerous pro-

apoptotic Bh3-(domain)-only proteins and the pro-apoptotic effector proteins Bax and Bak. 

The Bh3-only proteins are activated in response to cellular stress and translate this into an 

apoptotic response via Bax/Bak activation 3. activated Bax and Bak mediate momp and are crucial 

for the execution of apoptosis. The pro-survival Bcl-2 proteins inhibit apoptosis by binding and 

neutralizing Bh3-only proteins, Bax and/or Bak 4. They do this by sequestering the Bh3 domain of 

the pro-apoptotic proteins in a hydrophobic pocket formed by their Bh1-Bh3 domains (petros 

et al., 2004). These interactions display selectivity. for instance, among the Bh3-only proteins, 

noxa reportedly only binds to mcl-1 and Bfl-1, while Bad only binds to Bcl-2, Bcl-xl and Bcl-w 5-6. 

various models exist regarding the mechanism of Bax/Bak activation. The indirect activation 

model suggests that Bax and Bak are constitutively active and kept in check by the pro-survival 

Bcl-2 proteins 7-8. The Bh3-only proteins then liberate activated Bax and Bak by displacing them 

from the pro-survival proteins. The direct activation model states that Bh3-only proteins Bid 

and Bim induce the active conformation of Bax and Bak 9 and that other Bh3-only proteins 

liberate Bid and Bim from pro-survival Bcl-2 proteins 10-12. furthermore, the embedded together 

model emphasizes the importance of the membrane context for Bcl-2 protein interactions 13-14

Tumor cells are thought to be “primed for death”, meaning that stressful growth conditions 

induce high expression of Bh3-only proteins that are counterbalanced by overexpression of one 

or more pro-survival Bcl-2 proteins. in recent years, pro-survival Bcl-2 proteins have therefore 

become important pharmacological targets for novel drugs. inhibition of pro-survival Bcl-2 

proteins therefore more readily kills tumor cells than normal cells, thus providing a therapeutic 

window. so-called “Bh3 mimetic” chemical inhibitors like aBT-737 15 mimick the function of 

Bh3-only proteins by binding to and inhibiting the pro-survival Bcl-2 proteins. aBT-737 mimics 

the Bh3-only protein Bad and binds to Bcl-2, Bcl-xl and Bcl-w, but not to Bcl-B, Bfl-1, or mcl-1. 

currently, novel mimetics are sought to counteract non-targeted pro-survival Bcl-2 proteins. 

other strategies aim to promote degradation of pro-survival Bcl-2 proteins, in particular in 

case of mcl-1 that is an unstable protein (reviewed in 1). To design the most effective targeting 

strategy, it is important to know the vulnerability of the pro-survival Bcl-2 proteins. for this 

reason, we must know on which determinant(s) their anti-apoptotic capacity relies.
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here, we resolve this issue. a comprehensive side-by-side analysis of the anti-apoptotic 

capacity of all six pro-survival Bcl-2 proteins revealed that Bcl-2, Bcl-xl and Bcl-w were 

consistently more potent than Bcl-B, Bfl-1 and mcl-1, independent of the stimulus used. We 

hypothesized that these differences in anti-apoptotic capacity reflected selective binding to 

certain Bh3-only proteins or Bax/Bak, or differences in protein turn-over. To address this, we 

established a complete, quantitative in vivo interaction profile of all full-length human Bcl-2 

proteins, using a novel in situ fixation technique. importantly, this profile could not explain 

the observed dichotomy. rather, we found that the differential anti-apoptotic capacity of the 

Bcl-2 proteins was caused by differential proteasomal turn-over at steady-state or in response 

to stimulus. We conclude that the rate of degradation, rather than selectivity for pro-apoptotic 

relatives determines the anti-apoptotic capacity of pro-survival Bcl-2 proteins. This novel 

insight provides a rationale to target the degradation machinery of the pro-survival Bcl-2 

proteins for therapeutic purposes. it also highlights that protein, rather than mrna levels are 

predictive for the anti-apoptotic activity of the Bcl-2 proteins.

resulTs
Bcl-2, Bcl-w and Bcl-xl provide better protection against anti-cancer regimens than 
Bcl-B, Bfl-1 and mcl-1. 

our aim was to compare the anti-apoptotic capacity of all six pro-survival Bcl-2 proteins side-

by-side in the same cells. for this purpose, the T-acute lymphoblastic leukemia (all) cell line J16 

was retrovirally transduced to individually express each of the pro-survival Bcl-2 proteins. empty 

vector (e.v.)-transduced cells served as control. The resulting seven stable cell lines were treated 

with a dose range of a wide variety of anti-cancer regimens. as conventional anti-cancer regimens 

we included ionizing radiation, the Topoisomerase inhibitors daunorubicin and etoposide and the 

microtubule toxin vincristine. furthermore, the cyclin-dependent kinase inhibitor roscovitine, 

the proteasome inhibitor bortezomib (velcade) and the death receptor ligand Trail were used 

as novel anti-cancer agents. Treatment with the kinase inhibitor staurosporine served as a pro-

apoptotic control. cell death was assayed by uptake of propidium iodide (pi) after 48 hours. e.v.-

transduced cells were treated in presence or absence of the pan-caspase inhibitor Q-vd to indicate 

that cell death was apoptotic (fig. 1). Bcl-2, Bcl-w and Bcl-xl provided potent protection against 

all stimuli, with exception of Trail that is known to activate both mitochondrion-dependent and 

-independent pathways of apoptosis (fig 1). perhaps surprisingly, Bcl-B, Bfl-1 and mcl-1 provided 

little or no protection against any of the stimuli (fig. 1). Thus, our novel, side-by-side comparison 

of the activity of all six pro-survival Bcl-2 proteins revealed that there is a dichotomy in their ability 

to protect tumor cells from apoptosis. despite the wide variety of pro-apoptotic agents used, 

Bcl-2, Bcl-w and Bcl-xl consistently provided better protection than Bcl-B, Bfl-1 and mcl-1. 

reported Bcl-2 family binding profiles are incomplete and often inconsistent. 

We considered that the dichotomy in anti-apoptotic capacity among the pro-survival 

Bcl-2 proteins might be explained by their Bh3-domain binding profile. for this reason, we 
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performed an extensive literature survey to compile the essence of reported Bcl-2 family 

member interactions (Table s1). data obtained with human and mouse Bcl-2 proteins were 

included, as they are used interchangeably in the field. information from over seventy papers 

is schematically represented in fig. 2. Bcl-2 protein interactions were coded with colors to 

represent the relative affinity and listed in four categories based on assay techniques.  

Bcl-2 family binding profiles have been determined in comparative and quantitative 

settings in three comprehensive studies 5-6, 16. These studies were performed with c-terminally 

truncated pro-survival Bcl-2 proteins and Bh3-domain peptides. The results were not in full 

agreement, possibly because of the use of Bh3-domain peptides of different lengths (fig 2, 

line 1). more importantly, these assays may not recapitulate interactions in intact cells for the 

following reasons. firstly, removal of the c-terminal mitochondrial membrane-anchoring 

domain, as required for production of the pro-survival Bcl-2 proteins in bacteria, can impact 

on their binding properties. in case of Bfl-1, it weakened interaction with Bak and noxa 32, while 

in case of mcl-1 17 and Bcl-w 18, it increased affinity for Bh3-peptides. secondly, Bh3-peptides 

may not represent the full-length protein. for example in Bax, amino acids outside of the 

canonical Bh3-domain were important for interaction with pro-survival Bcl-2 proteins 19. in Bim, 

a specific Bh3 domain residue proved critical for binding of the Bh3 peptide to pro-survival 

proteins, but not of the full-length protein 20. finally, these in vitro studies do not include the 

role of the mitochondrial membrane. The membrane context is for instance very important 

for the interaction of tBid-c with Bcl-xl 13, 21. furthermore, the Bh3 binding profiles of Bak and 

Bax as determined by peptide binding assays are very different from those determined by co-

Figure 1
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Figure 1. Comparative analysis of the resistance to anti-cancer regimens conferred by each of the six pro-
survival Bcl-2 proteins in t-leukemic cells. J16 (Jurkat) T-all cells were retrovirally transduced to stably express 
untagged Bcl-2, Bcl-B, Bcl-w, Bcl-xl, Bfl-1, mcl-1, or empty control vector (e.v.). all cell lines were treated with a 
dose range of the indicated conventional or experimental anti-cancer drugs, ionizing radiation, or staurosporin. 
cell death was assessed by pi uptake, 48 h after addition of the stimulus. e.v.-transduced cells were treated in 
absence or presence of the pan-caspase inhibitor Q-vd-oph (20 µm) to demonstrate that cell death was 
apoptotic (e.v. Q). data shown are mean values ± sd derived from three independent experiments. 
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immunoprecipitations from cells 22. immunoprecipitations (fig 2, line 2,3) on the other hand, 

are often not done in a comparative or quantitative setting. moreover, the detergents that 

are required to solubilize the mitochondrial membrane may induce or disrupt Bcl-2 family 

interactions 8, 23 or alter Bcl-2 protein conformation, as for Bcl-xl 24, Bcl-w 25 and Bax 8. We also 

noted the interchangeable use of mouse and human proteins, which may not always be valid, 

as conservation is not complete, even within the Bh3-domain (fig s1). 

our survey revealed that there is robust evidence for several interactions, such as those 

between mcl-1 and noxa, Bcl-2 and Bim, Bcl-xl and Bad. in those cases, data derived from 

different assays were in complete agreement (fig. 2). however, findings on other interactions 

are much less consistent, such as for Bcl-2 and Bak, mcl-1 and Bax, or mcl-1 and Bmf. some 

interactions have never been tested in cells, such as those between mcl-1 and hrk, or Bfl-1 and 

Bmf. moreover, there is almost no interaction data of any kind on Bcl-B (fig. 2). in summary, 

despite a vast body of literature, the Bcl-2 family interaction profile is incomplete, often 

inconsistent and mainly based on Bh3-peptide binding assays.

Quantitative and comparative profiling reveals a broad interaction profile of most 
full-length Bcl-2 proteins 

To complete our understanding of Bcl-2 family interactions, we set out to establish a 

comprehensive binding profile of all full-length, human proteins. To this end, we made use of 

Figure 2. schematic representation of interactions between Bcl-2 family members as reported in 
current literature. The literature on interactions between all human and mouse Bcl-2 family members 
was reviewed as outlined in the materials and methods section. reported interactions were categorized 
according to the methodology (m) used to assess the interaction, as indicated by the numbers in the 
right-hand column. categories were: 1) affinity measurements in vitro, using Bh3-domain peptides and 
isolated, c-terminally truncated pro-survival Bcl-2 proteins. 2) immunoprecipitations from cells expressing 
exogenous Bcl-2 family proteins. 3) immunoprecipitations from cells expressing endogenous Bcl-2 family 
proteins 4) solution and crystal structures with recombinant proteins. Boxes are color-coded for the Bcl-2 
family protein pairs in each category according to the reported strength of their interaction. The number 
in each box refers to the pertinent publication, as cited in Table s1. (see also figure s1).
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n-terminally tagged Bcl-2 proteins that were co-expressed pairwise in heK293T cells. proteins 

were isolated by co-immunoprecipitation with anti-tag mabs to exclude variations in antibody 

affinities. They were detected by fluorochrome-conjugated mabs to allow for quantification 

of each partner protein (fig. s2a). We tested the three most widely used detergents for their 

influence on interaction of tBid-c with all pro-survival Bcl-2 proteins (fig. s2B). in the presence 

of 1% chaps, tBid-c was readily recovered in complex with Bcl-xl, Bfl-1, mcl-1 and Bcl-w, while 

in the presence of 0.1% np-40, or 0.1% Triton-X100, interactions with Bfl-1 and mcl-1 were 

largely lost (fig s2B). in addition, interaction of tBid-c with Bcl-2 was not detectable under any 

of these solubilization conditions. We therefore made a critical adaptation to the protocol. in 

order to eliminate the influence of detergents, cells were fixed with paraformaldehyde (pfa) 

prior to lysis. This procedure is widely used in chromatin immunoprecipitation (chip) assays 

and has recently also proved useful in mass spectrometry-based proteomics 26. in our hands, 

pfa fixation not only preserved the interaction between tBid-c and Bcl-2, but it also eliminated 

the influence of the three different detergents on the strength of the interaction (fig s2B). To 

further validate the pfa fixation method, we examined whether the interactions still relied on 

the Bh3-domain of the pro-apoptotic proteins. To this end, we mutated residues in the Bh3 

domains of puma, Bim and tBid-c, including a conserved residue that is reportedly essential 

for interaction with pro-survival Bcl-2 proteins 8. indeed, binding of the mutant proteins was 

lost or reduced in all cases (fig s2c). collectively, these data indicate that we have established 

a reliable in situ fixation technique that allows for quantitative comparative measurement of 

physiological interactions between full-length Bcl-2 family members.

using the above approach, we established the interaction profile of all full-length pro-

survival Bcl-2 proteins with all canonical Bh3-only proteins (fig 3a), Bax and Bak (fig 3B). We 

observed no binding with wild-type Bax, indicating that as in healthy cells, Bax is not active 

under our experimental conditions. To assess binding to Bax, we therefore used a constitutively 

active Bax mutant 27. We determined the ratio of myc- or flag-tagged pro-apoptotic Bcl-2 

protein that was recovered per ha-tagged pro-survival Bcl-2 protein and detected on the 

same blot (fig. s2a). We could not directly use these ratios for quantitative comparisons, 

since different proteins do not transfer with equal efficiency from gel to blot 28 and are not 

retained equally on the blot during antibody incubation 29. We confirmed that these differences 

are considerable among the pro-survival Bcl-2 proteins, using in-gel Western blotting (data 

not shown) and transfer of radiolabeled proteins (fig s2d). To incorporate the differences in 

transfer and retention into the calculations of relative affinity, we normalized the binding ratios 

as described in the supplemental materials and methods section. These data are depicted in 

graphs (fig 3c) and schematically (fig 3d). 

The overall binding patterns obtained show that most interactions are not exclusive 

(fig. 3c,d). puma, Bim, and Bmf bind potently to all pro-survival proteins. other pro-apoptotic 

proteins like Bik, hrk, Bak and Bax also bind to many pro-survival Bcl-2 proteins, but display 

low affinity for some. only tBid-c, noxa and Bad show a complete lack of binding to certain 

pro-survival Bcl-2 proteins. We provide here the first complete interaction profile for Bcl-B. 

interestingly, it is the only pro-survival Bcl-2 protein that does not bind to the direct activator 
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protein tBid-c (fig. 3c). a dichotomy between Bcl-2, Bcl-w, Bcl-xl on the one hand and Bcl-B, 

Bfl-1 and mcl-1 on the other exists only for Bad and noxa, that bind exclusively to the first 

or to the second group, respectively (fig. 3d). in summary, this comprehensive Bcl-2 family 

interaction profile using full-length human proteins and in situ fixation reveals that Bad, noxa 

and tBid-c are the only pro-apoptotic Bcl-2 proteins that engage in exclusive interactions with 

pro-survival Bcl-2 proteins.

the dichotomy in anti-apoptotic capacity of the pro-survival Bcl-2 proteins cannot be 
explained by selective interaction with pro-apoptotic family members. 

having established the Bcl-2 family interaction profile, we examined whether selective binding 

to pro-apoptotic relatives could explain the differential anti-apoptotic capacity of Bcl-2, 

Bcl-w and Bcl-xl versus Bcl-B, Bfl-1 and mcl-1. for this purpose, we analyzed the induction of 

Bh3-only proteins, Bax and Bak in response to the anti-cancer regimens used before in fig 1. 

The established interaction profile shows that induction of noxa might explain the observed 

dichotomy, since noxa only binds to Bcl-B, Bfl-1 and mcl-1 (fig. 3d). however, among the stimuli 

used, only bortezomib induced noxa expression (fig 4a). all stimuli potently induced the 

expression of Bax and Bak (fig 4a), but their binding selectivity did not match the differences 

in anti-apoptotic potency of the pro-survival proteins (fig. 3d). protein levels of Bad, Bim Bid or 

puma were not changed in response to any of the stimuli (fig 4a). 

To further investigate the potential relationship between selectivity for Bh3 domain-

containing proteins and anti-apoptotic capacity of the pro-survival Bcl-2 proteins, we used J16 

cell lines that inducibly express the broadly interacting Bh3-only proteins tBid-c or puma 30. 

These cell lines were transduced to express each of the six pro-survival Bcl-2 family members 

or empty vector. in both cases, the resulting seven cell lines were treated with a dose range of 

doxycycline (dox) to induce tBid-c or puma and assessed for cell death after 48 hours. also in 

this setting, Bcl-2, Bcl-w and Bcl-xl more potently provided apoptosis resistance than Bcl-B, 

Bfl-1 or mcl-1. for tBid-c this was very clear (fig 4B), even though it has similar binding affinities 

for most pro-survival Bcl-2 proteins except Bcl-B and Bcl-2 (fig. 3d). for the generic binder 

puma (fig. 3d), the dichotomy was also observed, albeit somewhat less explicit (fig 4B). We 

Figure 3. In vivo interaction profile of all six pro-survival Bcl-2 proteins with all BH3-only proteins, Bax 
and Bak. (a,B) heK293T cells were co-transfected to express each ha-tagged pro-survival Bcl-2 protein 
or empty vector (e.v.) control in combination with each of the indicated myc-tagged Bh3-only proteins 
(a), myc-tagged Bak, or flag-tagged constitutively active (l161p) Bax (B), in the presence of Q-vd-oph 
(10 µm). after 24 h, cells were fixed with paraformaldehyde to maintain protein-protein interactions, 
lysed with buffer containing 1% chaps and subjected to immunoprecipitation with anti-ha mab. Total 
cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by Western blotting with anti-(α)ha, α-myc 
or α-flag mab. Blots are representative of three independent experiments. asterisks denote the light 
chain of the mab used for immunoprecipitation. (c) signals from Western blots as presented in (a,B) 
were quantified and the relative affinity of the pro-apoptotic proteins for each of the pro-survival Bcl-2 
proteins was expressed in arbitrary units (au), in a normalized manner, as described in the supplemental 
materials and methods section. data are derived from three independent experiments. (d) schematic 
representation of binding affinities calculated in (c). red, < 0.1, yellow <0.5, green >0.5. (see also figure s2).

▶
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conclude that the dichotomy in anti-apoptotic capacity of Bcl-2, Bcl-w and Bcl-xl versus Bcl-B, 

Bfl-1 and mcl-1 cannot be explained by differences in binding to Bh3-only proteins, Bax or Bak.

the anti-apoptotic capacity of the pro-survival Bcl-2 proteins correlates with their 
half-life.

To address an alternative explanation for the difference in anti-apoptotic capacity, we assessed the 

steady-state turnover of the pro-survival Bcl-2 proteins. To this end, J16 cells were transduced to 

express each pro-survival Bcl-2 protein as an n-terminal fusion with gfp (fig. 5a), which reportedly 

does not affect their anti-apoptotic activity 31. in this way, the fluorescence intensity of gfp served 

as a measure of Bcl-2 protein levels. after two weeks of antibiotic selection, the cell lines revealed 

significant differences in expression of the different pro-survival Bcl-2 proteins, as determined by flow 

cytometry. for instance, expression of Bcl-w was fifteen-fold higher than expression of Bfl-1 (fig 5B). 

Figure 4

Puma

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

Doxycycline (µg/ml)

tBid-C

0.0 0.1 0.2 0.3 0.4 0.5
0

20

40

60

Doxycycline (µg/ml)

D
ea

d 
C

el
ls

 (%
)

D
ea

d 
C

el
ls

 (%
)

E.V.
E.V. Q
Bcl-B
Bfl-1
Mcl-1
Bcl-2
Bcl-w
Bcl-xL

Noxa

Bid

Actin

Bax

Bad

Bim

Puma

1,0 1,1 1,2 1,0 1,1 1,1 1,0

1,0 7,6 7,4 19,7 5,3 7,6 6,0

1,0 0,6 0,8 0,5 0,5 0,6 0,4

1,0 0,6 0,8 1,0 0,9 1,0 1,2

1,0 0,3 0,6 19,5 1,2 0,4 0,1

Co
nt

ro
l

Et
op

os
id

e
Da

un
or

ub
ici

n
Bo

rte
zo

m
ib

Ro
sc

ov
itin

e

Io
in

izi
ng

 R
ad

ia
tio

n

Vi
nc

ris
tin

e
1,0 0,8 0,7 0,4 1,2 0,5 0,3

1,0 0,0 0,0 1,5 0,2 0,2 0,3

1,0 2,9 2,8 3,9 2,6 3,3 2,6

Bak

A B

Figure 4. examining the role of BH3-only proteins, Bak and Bax to explain the dichotomy in anti-apoptotic 
capacity of the pro-survival Bcl-2 proteins. (a) J16 cells were treated with etoposide (5 µg/ml), daunorubicin 
(0,25 µg/ml), bortezomib, (50 nm), ionizing radiation (32 gy), vincristine (5 ng/ml) or roscovitine (100 µm) 
for 48 h in the presence of Q-vd-oph (20 µm) to block apoptosis in order to maintain cell yield. equal 
protein amounts of total cell lysates were separated by sds-page and subjected to immunoblotting to assess 
expression of indicated endogenous pro-apoptotic proteins. actin detection was used as a measure for 
equal loading. numbers below blots indicate signal intensity normalized to the untreated control. data are 
representative of two independent experiments. (B) J16 T-all cell lines with dox-inducible expression of 
tBid-c or puma were transduced to stably express the indicated pro-survival Bcl-2 family members or empty 
control vector (e.v.). resulting cell lines were selected on antibiotics, and cell death was assessed by pi 
uptake, 48 h after the addition of dox. Q-vd-oph was taken along as a control for apoptotic cell death (e.v. 
Q). data shown are mean values ± sd derived from three independent experiments. 
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interestingly, the same dichotomy was observed for expression levels of the Bcl-2 proteins as for their 

anti-apoptotic activity: Bcl-2, Bcl-w and Bcl-xl were expressed at significantly higher levels than Bcl-B, 

Bfl-1 and mcl-1. The cell lines were sorted on equal gfp fluorescence intensity to equalize expression 

levels of the Bcl-2 proteins (fig 5B). To assess Bcl-2 protein turnover, the sorted cell lines were treated 

with the translation inhibitor cycloheximide (chX) (fig 5c). These assays revealed that Bcl-B, Bfl-1 

and mcl-1 are intrinsically unstable proteins with half-lives between 1.5 and 4 h, in accordance with 

published data 32-34. in contrast Bcl-2, Bcl-w and Bcl-xl were stable, with half-lives of about 20 h. 

Treatment of the cell lines with the proteasome inhibitor mg132 showed that Bcl-B, Bfl-1 and mcl-1 

were degraded by the proteasome. collectively, these data indicate that the pro-survival Bcl-2 family 

members differ greatly in their steady-state protein levels. Bcl-B, Bfl-1 and mcl-1 are highly unstable 

as compared to Bcl-2, Bcl-w and Bcl-xl due to rapid proteasomal degradation, which correlates with 

their anti-apoptotic capacity.

Pre-Sorting

Con
tro

l
E.V

.
Bcl-

2
Bcl-

w
Bcl-

xL
Bcl-

B
Bfl-1

Mcl-
1

0
10
20
30
40
50
60
70

N
or

m
al

iz
ed

 M
FI

Post-Sorting

Con
tro

l
E.V

.
Bcl-

2
Bcl-

w
Bcl-

xL
Bcl-

B
Bfl-1

Mcl-
1

0
10
20
30
40
50
60
70

N
or

m
al

iz
ed

 M
FI

B

C

Bcl-2 IRES ResistanceGFP

2 weeks antibiotic 
selection

Flow cytometric sorting 
on equal GFP levels

Culturing in presence of 
antibiotics

Experimental procedure

A
Figure 5

Cycloheximide

0 2 4 6 8
0

20

40

60

80

100

Time (h)

MG132

0 2 4 6 8
0

50

100

150

200

Time (h)

GFP-E.V.
GFP-Bcl-B
GFP-Bfl-1
GFP-Mcl-1
GFP-Bcl-2
GFP-Bcl-w
GFP-Bcl-xLP

ro
te

in
 L

ev
el

s 

Figure 5. Pro-survival Bcl-2 proteins greatly differ in steady state expression due to proteasomal 
turnover. (a) schematic overview of the creation of J16 cell lines stably expressing n-terminal gfp fusions 
of the pro-survival Bcl-2 proteins at equal levels. (B) J16 cell lines transduced with constructs encoding 
n-terminal gfp fusions of the individual pro-survival Bcl-2 proteins as depicted in (a) were selected with 
antibiotics for two weeks, flow cytometrically sorted on equal gfp fluorescence intensity and cultured 
on antibiotics for another week. mean fluorescence intensity (mfi) of gfp was determined just before 
sorting (left) or a week after sorting (right), and normalized to untransduced cells (control). data shown 
are mean values + sd of three independent transductions. (c) J16 cell lines expressing gfp fusions of the 
indicated pro-survival proteins or empty vector (e.v.) were sorted on equal gfp fluorescence intensity, 
and treated with protein synthesis inhibitor cycloheximide (50 µg/ml) or proteasome inhibitor mg132 
(50 µm). at the indicated time points, gfp fluorescence intensity was assessed for each cell line by flow 
cytometry and expressed relative to its fluorescence intensity at the 0 h treatment, which was set at 100%. 
gfp expressed from the empty vector was a target for proteasomal degradation (fig 5c). This was due to a 
cloning artifact that endowed gfp with a destabilizing c-terminal amino acid stretch (results not shown). 
data are from three independent experiments and show mean values ± sd. (see also figure s3).
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the anti-apoptotic capacity of pro-survival Bcl-2 proteins is comparable at equal 
protein levels. 

next, we examined whether the pro-survival Bcl-2 proteins still displayed differences in 

anti-apoptotic capacity upon equal steady-state expression, using the sorted J16 cell lines. 

Western blotting for Bak, Bim, and noxa revealed that the selection and sorting process had 

not consistently altered their expression levels (fig. s3). in case of gfp-Bcl-B, a gfp-reactive 

proteolytic product was observed (fig. s3). This cell line was therefore not taken along in the 

experiments. The J16 cell lines were treated with the same anti-cancer regimens as depicted in 

figure 1 and cell death was assessed by pi uptake after 48 hours as before (fig. 6a). strikingly, 

at equal expression levels, all pro-survival Bcl-2 proteins provided equal protection to ir, 

vincristine, roscovitine, staurosporine, or Trail (fig 6a). This indicates that protein turnover 

and resulting steady state protein levels cause the dichotomy in the anti-apoptotic capacity of 

the pro-survival Bcl-2 proteins, regardless of the stimulus and the Bh3-only protein(s) involved. 

Figure 6
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Figure 6. Bcl-B, Bfl-1, and mcl-1 inhibit apoptosis as 
potently as Bcl-2, Bcl-xl and Bcl-w when expressed 
at equal protein levels. (a) J16 cell lines transduced 
to express the individual pro-survival Bcl-2 proteins 
as n-terminal gfp-fusions and sorted on equal 
protein levels (as in fig 5a) were treated with a dose 
range of the indicated pro-apoptotic regimens. cell 
death was assessed by pi uptake after 48 h. empty 
vector (e.v.) transduced cells were used as control 
and treated with Q-vd-oph (e.v Q) to show that 
cell death was apoptotic. (B) a J16 cell line with dox-
inducible expression of tBid-c was transduced to 
express the individual pro-survival Bcl-2 proteins as 
n-terminal gfp-fusions and sorted on equal protein 
levels (as in fig 5a). The resulting cell lines were 
treated with the indicated dose range of dox and 
cell death was assessed by pi uptake, 48 h after dox 
addition. data shown are mean values ± sd derived 
from three independent experiments. 
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We also examined the effects of equal pro-survival Bcl-2 protein levels on the apoptosis-

induction by tBid-c. The J16 cell line with dox-inducible tBid-c expression (fig 4B) was 

transduced to express each of the six n-terminally gfp-tagged pro-survival Bcl-2 proteins or 

empty vector and resulting cell lines were sorted on equal gfp expression. The expression of 

tBid-c was induced with a range of dox doses and apoptosis was read out after 48 hours. also in 

this case, the protective ability of the pro-survival Bcl-2 proteins was equalized (fig 6B). These 

findings confirm that stability is the key determinant of the anti-apoptotic capacity of the pro-

survival Bcl-2 proteins, 

stimulus-driven degradation of Bfl-1 and mcl-1 limits their anti-apoptotic capacity. 

surprisingly, in the J16 cell lines with equal expression of the gfp fusion proteins, the apoptotic 

response to daunorubicin and etoposide was not blocked in equal measure by all pro-survival 

Bcl-2 proteins (fig 7a). in response to both drugs, apoptosis was more potently inhibited by 

Bcl-2, Bcl-w and Bcl-xl than by Bfl-1 or mcl-1 at the 48 hour time point. Bfl-1 and mcl-1 were 

expressed at somewhat lower levels than Bcl-2, Bcl-w and Bcl-xl (fig. 5B and fig. s3). however, 

even after renewed sorting for equal expression (fig s4a,B), mcl-1 provided much less 

protection against etoposide than did Bcl-w (fig s4c). 

in contrast to what was seen at 48 hours, at the 24 hour time point, all pro-survival Bcl-2 

proteins inhibited the response to daunorubicin and etoposide to a similar extent (fig 7B). 

This suggested that Bfl-1 and mcl-1 lose their protective capabilities in time, presumably by 

degradation. To test if daunorubicin and etoposide induced degradation of mcl-1 and Bfl-1 

and thereby reduced their anti-apoptotic capacity, gfp expression was followed for a period 

of 16 hours after addition of the drugs. indeed, the expression levels of Bfl-1 and mcl-1 levels 

decreased progressively, while the expression levels of Bcl-2, Bcl-w, Bcl-xl and gfp alone 

remained unchanged (fig. 7c). The stimuli vincristine, roscovitine and Trail did not give rise to 

degradation of Bfl-1, mcl-1 or any of the other pro-survival Bcl-2 proteins (fig s4d). This explains 

why Bfl-1 and mcl-1 provided equal protection against these stimuli as did Bcl-2, Bcl-w and 

Bcl-xl, after sorting of the cell lines for equal expression (fig. 6). We conclude that etoposide 

and daunorubicin drive the degradation of Bfl-1 and mcl-1 and thus limit the anti-apoptotic 

capacity of these pro-survival Bcl-2 proteins. 

discussion
The pro-survival Bcl-2 family members are keenly researched with regards to their mode of 

action, since they are the targets of novel anti-cancer drugs such as aBT-737 15. in this study, we 

determined which parameter(s) are critical for the anti-apoptotic activity of the pro-survival 

Bcl-2 proteins. our comprehensive analysis pointed out that Bcl-2, Bcl-xl and Bcl-w provided 

much better protection against a wide variety of anti-cancer regimens than did Bcl-B, Bfl-1 and 

mcl-1. We found this in p53 mutant Jurkat T-all, but also in p53 wild-type molt-4 T-all 30. in 

agreement, Bcl-2, Bcl-w and Bcl-xl had a greater oncogenic potency compared to Bfl-1, Bcl-B 

and mcl-1 in a mouse model of eµ-myc-driven leukemogenesis 35. also, mcl-1-overexpressing 
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leukemia cells were found to be more sensitive to a variety of chemotherapeutics than their 

Bcl-2-overexpressing counterparts 38. We considered that the anti-apoptotic capacity of the 

pro-survival Bcl-2 proteins was dictated by selectivity in binding to Bh3-only proteins, Bax or 

Bak, and/or by their protein stability. 

To examine the role of binding selectivity in the anti-apoptotic activity of the Bcl-2 proteins, 

we first perused the existing literature for established interactions. however, we could not 

gain conclusive insight from the reported Bcl-2 family interaction profile. it is incomplete and 

there is conflicting evidence regarding many of the interactions (fig 2; Table s1). Therefore, 

we established the complete interaction profile between all full-length canonical Bh3-only 

proteins, Bax, Bak and all pro-survival Bcl-2 proteins. To overcome limitations of previously used 

experimental approaches, we analyzed the interactions in intact cells, in a quantitative manner, 

using a novel method based on in situ pfa fixation that overruled the influence of detergents. 

Figure 7. daunorubicin and etoposide induce degradation of Bfl-1 and mcl-1 and thereby limit their anti-
apoptotic capacity. (a,B) J16 cell lines transduced to express the individual pro-survival Bcl-2 proteins as 
n-terminal gfp-fusions and sorted on equal protein levels (as in fig 5a) were treated with a dose range of 
daunorubicin or etoposide. cell death was assessed by pi uptake after 48 h (a) or 24 h (B). empty vector 
(e.v.) transduced cells were used as control and treated with Q-vd-oph (e.v Q) to show that cell death 
was apoptotic. data shown are mean values ± sd derived from three independent experiments. (c) J16 cell 
lines as in (a) were treated with daunorubicin (0.25 µg/ml) or etoposide (5 µg/ml) and gfp fluorescence 
intensity of live cells was assessed by flow cytometry at the indicated time points after drug addition. mean 
fluorescence intensity at 0 h was set at 100% for each pro-survival Bcl-2 protein. data shown are mean 
values ± sd derived from three independent experiments. (see also figure s4).
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The resulting interaction profile pointed out that only tBid-c, Bad, and noxa are highly selective 

in their binding to certain pro-survival relatives: tBid-c did not bind to Bcl-B, Bad did not bind 

to Bcl-B, Bfl-1 and mcl-1, while noxa did not bind to Bcl-w and Bcl-xl. even though this was not 

apparent from studies with Bh3-domain peptides, noxa did bind to Bcl-2, albeit with medium 

affinity. We also found that Bak binds to Bcl-2 with medium affinity, an interaction that has been 

highly disputed (fig. 2, Table s1). in agreement with our data, both interactions were recently 

reported to occur in vivo and to contribute to apoptosis resistance 36-37. These authors reported 

that naturally occurring Bcl-2 variants have significantly different affinities for noxa and Bak, 

possibly explaining previous conflicting findings. The most striking outcome of this study was 

that Bax, Bak and the majority of the Bh3-only proteins can bind to all of the pro-survival Bcl-2 

proteins, albeit with different affinities. 

clearly, Bh3-domain selectivity of the pro-survival Bcl-2 proteins can play an important role 

when stimuli are used that mobilize or mimic Bh3-only proteins with a selective binding profile. 

for instance, we found that under conditions of equal pro-survival Bcl-2 protein levels, the action 

of aBT-737 was most potently inhibited by mcl-1 and Bfl-1 that do not bind this “Bad-like” Bh3 

mimetic 30. in addition, the mitochondria of Bcl-2- and mcl-1 dependent leukemia cells were 

sensitive to Bad and noxa Bh3-peptides, respectively 38. however, it is questionable whether anti-

cancer agents in general specifically induce a single, selective Bh3-only protein like noxa or Bad. 

instead they often activate broadly-acting Bh3-only proteins or multiple Bh3-only proteins at the 

same time 39. for instance, Bim, noxa and puma all contributed to etoposide-mediated killing of 

p53 WT eµ-myc driven lymphoma cells 40. in our study, we also found that among the great variety 

of anti-cancer regimens used, only bortezomib induced noxa, while other agents induced Bax 

and Bak and possibly activated other Bh3-only proteins. importantly, our work revealed that upon 

equal expression, all pro-survival Bcl-2 proteins conferred equal protection to multiple stimuli. 

This indicates that selectivity in binding to Bh3-only proteins was not the cause of the differential 

anti-apoptotic capacity of Bcl-2, Bcl-xl and Bcl-w versus Bcl-B, Bfl-1 and mcl-1. 

rather, we found that the steady state expression levels of Bcl-B, Bfl-1 and mcl-1 are limited 

due to high proteasomal turn-over and that this feature is the key limitation of their anti-

apoptotic capacity, regardless of the stimulus. This conclusion is supported by the finding 

that the stabilized versions of Bcl-B 33 and Bfl-1 32 were as potent as Bcl-xl in in a mouse model 

of eµ-myc-driven leukemogenesis. We discovered that the anti-cancer drugs etoposide and 

daunorubicin could also promote degradation of mcl-1 and Bfl-1. The ubiquitin ligase mule may 

have been responsible for this, since etoposide led to mule-dependent mcl-1 degradation in 

thymocytes 41. it was recently reported that the microtubular toxins Taxol and vincristine can 

act in a similar manner. They induced fBW7 ligase-dependent mcl-1 degradation and thereby 

promoted apoptosis 42. vincristine did not induce mcl-1 degradation in our Jurkat-derived 

J16 cells (fig s4d), possibly because Jurkat cells express mutant, ligase-deficient fBW7 43. in 

J16 cells, Bfl-1 was also degraded in response to etoposide and daunorubcin, which indicates 

that Bfl-1 is subject to a similar mode of control as mcl-1. Topoisomerase inhibitors can also 

downregulate mcl-1 expression by inhibition of transcription, but this contributes mainly to 

regulation of endogenous and not ectopically expressed mcl-1 44.
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in summary, we show that steady state and stimulus-dependent degradation of Bcl-B, Bfl-1 and 

mcl-1 proteins pose crucial limitations on their anti-apoptotic capacity. This highlights a level of 

control that can potentially be targeted. compounds that would inactivate specific deubiquitination 

enzymes or activate ligases might kill tumor cells that depend on Bcl-B, Bfl-1 or mcl-1 for their survival. 

accordingly, an inhibitor of mcl-1’s deubiquitinase usp9x was recently reported to decrease mcl-1 

protein levels and to induce apoptosis in cml 45. our work indicates that such approaches are also 

valid in malignancies with Bcl-B or Bfl-1 overexpression, such as diffuse large B-cell lymphoma 46-47. 

alternatively, compounds that block transcription of the high-turnover Bcl-2 proteins are also of 

interest, since they will lead to a rapid drop in protein levels. our findings also emphasize that mrna 

levels of Bcl-B, Bfl-1 and mcl-1, which are often used in correlative studies, are unlikely to reflect their 

anti-apoptotic capacity. it will be much more informative to use protein levels to predict treatment 

response, as was recently shown for Bcl-B 48.

maTerials and meThods
Generation of J16 cell lines. The p53 mutant T-all line J16 is a Jurkat clone. The pro-survival 

Bcl-2 proteins were stably expressed in J16 cells by retroviral transduction as described 30. in 

brief, for retrovirus production, pmX-ires-Blasticidin or lZrs-gfp-ires-Zeocin constructs 

were transfected into the phoenix-ampho packaging cell line. J16 cells were transduced with 

virus-containing cell supernatant, using retronectin (Takara Bio) and selected for two weeks 

with Blastcidin (invivogen, 20 µg/ml), or Zeocin (invitrogen, 200 mg/ml). constructs used for 

transduction are described in the supplemental information. cells were transduced to express 

the pro-survival Bcl-2 proteins in an untagged version (fig. 1) or as n-terminally gfp-tagged 

fusion proteins (fig. 5). To get equal gfp-Bcl-2 fusion protein levels after transduction, the 

resulting cell-lines were sorted on equal gfp signal using a facsaria (Bd), cultured for another 

week and then used for cell-death assays. J16 cell lines with dox-inducible expression of 

ha-tagged tBid-c or puma were generated as described 30. cell lines were cultured in imdm 

(J16) with 8% heat-inactivated fBs and antibiotics.

HEK 293T transfection and PFA fixation. cdna transfections of heK 293T cells were done with 

polyethylenimine (pei; 1 mg/ml) at a dna:pei ratio of 1:3. for the interaction studies, 1.3*106 

heK 293T cells per sample were seeded in 6 cm dishes. The next day, they were transfected to 

express myc- or flag-tagged pro-apoptotic proteins and ha-tagged pro-survival Bcl-2 family 

proteins or empty vector. constructs used for transfection are described in the supplemental 

information. dna encoding Bcl-2, Bcl-w, or Bcl-xl was used at 0.5 µg and dna encoding 

Bcl-B, Bfl-1, or mcl-1 was used at 1.5 µg to compensate for differences in protein stability. dna 

encoding the pro-apoptotic proteins was used in surplus so the pro-apoptotic proteins were 

not limiting in the immunoprecipitation procedure. empty vector dna was added to set the 

total amount of dna used for transfection at 6 µg. cells were washed after 4 h and cultured 

in fresh medium containing Q-vd-oph (10 µm). cell lines were cultured in dmem with 8% 

heat-inactivated fBs and antibiotics. at 24 h after transfection, heK 293T cells were harvested, 
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washed and resuspended in 0.5 ml of pBs, after which 0.5 ml of freshly prepared 0.8% pfa in 

pBs was added. after tumbling for 10 min at room temperature, 125 µl of 1 m glycine in pBs was 

added to quench the pfa and cells were incubated for 5 min. next, cells were harvested by 

centrifugation and the cell pellet was either flash frozen in liquid nitrogen and stored at -80ºc 

or lysed in chaps buffer (1% chaps, 50 mm Tris-hcl (ph 7.4), 150 mm nacl, 1.5 mm mgcl
2
, 0.5 

mm egTa), supplemented with pmsf and complete protease inhibitor cocktail (roche). 

Immunoprecipitation and Western blotting. immunoprecipitation and sds-page were done 

as described previously (rooswinkel 2012) and detailed in the supplemental information. for 

Western blotting, cell lysates were prepared in chaps buffer or in np-40 buffer (1% nonidet-

p40, 50 mm Tris-hcl (ph 7.4), 150 mm nacl, 5 mm edTa). equal amounts of protein were loaded 

onto 4-12% nu-page Bis-Tris gradient gels (invitrogen) and blotting was performed using the 

Trans-Blot Turbo (Bio-rad) using 0.1 µm Whatman nitrocellulose sheets (vWr international) and 

transfer buffer (48 mm Tris, 39 mm glycine, 0.37 % sds, 20% methanol). The blots were blocked 

in 5% milk in pBs for 1 h, followed by antibody incubation in 5% milk in TBs with 0.1% Tween 

at 4ºc overnight. antibodies were used either as direct fluorochrome conjugates or together 

with fluorochrome-conjugated second step antibodies. primary antibody dilutions were tested 

to be within the linear range. Western blot signals were visualized and quantified on the odyssey 

imaging system (li-cor). antibodies used are described in the supplemental information.

Reagents and stimuli. etoposide, cycloheximide, (sigma), Q-vd-oph (sm Biochemicals), 

mg132 (calbiochem), r-roscovitine (cayman chemicals) and staurosporine (lc labs) were 

dissolved in dmso. vincristine and daunorubicin solutions were from faulding pharmaceuticals 

plc (Warwickshire, uK) and sanofi-aventis (gouda, The netherlands) respectively. soluble 

recombinant isoleucine Zippered Trail was kindly provided by dr. h. Walczak (imperial 

college, london, uK) and has been described 49. Bortezomib was kindly provided by dr. huib 

ovaa (The netherlands cancer institute, amsterdam, The netherlands) and dissolved in dmso. 

ir was performed as described (verbrugge et al., 2008)

Cell death assays. cells were plated at 25.000 cells/well in round-bottom 96 well plates, in 100 µl imdm. 

stimuli were given in 100 µl imdm, keeping solvent constant. cells were placed in the incubator and 

harvested at indicated time points. after washing in pBs, cells were stained with pi (1 µg/ml in pBs with 

Bsa) and analyzed on either a facsarray or a facscalibur, equipped with a plate loader (Bd). 

Literature survey. literature was gathered by searching for papers on pubmed (http://www.

pubmed.org/) with relevant keywords. The survey also included interactions from publicly 

available interaction databases like sTring (http://string-db.org/) and Biogrid (http://

thebiogrid.org/) and crystal structures deposited in de protein data Bank (http://www.pdb.

org). literature was numbered in order of finding. a maximum of four papers per interaction per 

technique was included, even though for some interactions much more evidence is available. 

data from yeast-2-hybrid screens was not taken into account.
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suPPlementAl inFormAtion

maTerials and meThods
Constructs. for stable, retrovirus-based expression in J16 cells, cdnas encoding all six pro-

survival Bcl-2 proteins were cloned into the vector pmX-ires-Blasticidin (Bsd) for expression 

as untagged protein, or into lZrs-gfp-ires-Zeo for expression as n-terminally gfp-tagged 

fusion protein, as described previously.1 for transfection into heK 293T cells, these cdnas 

were cloned in frame into the pha-c2 vector, a modified version of pegfp-c2 (clontech) that 

encodes an n-terminal double ha tag 1. The cdna clones encoding full-length human cdnas 

of Bik, hrk and Bmf (geneservice, cambridge, uK), Bad, Bid, Bim, noxa and puma 1 were cloned 

into pcdna3 (invitrogen) that encodes an n-terminal double myc-tag. Bax cdna was cloned 

into the vector p3xflag (sigma-aldrich). for doxycycline (dox)-inducible, stable expression in 

J16 cells, cdnas encoding ha-tagged tBid-c or puma were cloned into the lentiviral vector 

plvX-Tight (clontech) and cell lines were generated as described 1. constructs encoding point 

mutants of the pro-apoptotic proteins were created using site-directed mutagenesis pcr. all 

cdna clones encode the full-length human proteins. cloning was done by standard techniques 

and constructs were verified by dideoxynucleotide sequencing. sequences match the following 

pubmed accession numbers: Bcl-2: nm_000633.2, Bcl-B: nm_020396.2, Bcl-w: nm_004050.4, 

Bcl-xl: nm_138578.1, Bfl-1: nm_004049.3, mcl-1: nm_021960.4, Bad: nm_032989.2, Bak: 

nm_001188.3, Bax(alpha): nm_138761.3, Bid: nm_197966.2, Bik: nm_001197.4, Bim-(xl): 

nm_138621.4, Bmf: nm_033503.3, hrK: nm_003806 noxa: nm_021127.2, puma: nm_014417.4, 

Immunoprecipitation. lysates were cleared at 4ºc by centrifugation at 17.000 g for 15 min. equal 

amounts of protein (~100 µg per sample) as determined by Bca assay (pierce) were incubated 

with anti-ha mab 12ca5 (1 µg) overnight at 4ºc, while tumbling. next, protein g sepharose beads 

(15 µl ; ge healthcare life sciences) were added and incubation continued for 1 h. Beads were 

washed 3 times in chaps buffer and boiled in sds sample buffer (invitrogen) containing dTT. 

eluates and total cell lysates were subsequently subjected to sds-page and Western blotting. 

Antibodies. ha-, myc-, or flag-tagged proteins were detected by mouse anti-ha mab 12ca5, 

anti-myc mab 9e10 (home made), or anti-flag mab m2 (sigma-aldrich), coupled to the 

fluorochromes dy-682 (ha) or dy-800 (myc, flag) from dyomics. fluorochrome-conjugated 

secondary antibodies were from li-cor. other antibodies used were rabbit anti-Bak pab B5929 

(1:500, sigma), anti-Bax pab sc-493 (1:1000, santa cruz), anti-Bid pab (:1:1000, home made), 

anti-Bim pab B7929 (1:1000, sigma), anti-puma pab 3339 (1:250, Biovision), anti-gfp pab (1:300, 

home made), mouse anti-Bad mab B31420 (1:1000, Bd Biosciences) anti-noxa mab img-394 

(1:500, imgenex) and anti-actin mab maB1501r (1:10.000, millipore). 

Radiolabelling. for radiolabeling, heK 293T cells were transfected with ha-tagged pro-survival 

Bcl-2 proteins. after 24 h, the cells were labeled overnight with a mixture of [35s]-methionine 
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and -cysteine (1 mci, perkin elmer). subsequently, cells were washed, lysed in sds buffer (1% 

sds, 50 mm Tris-hcl (ph 8.0), 0.5 mm edTa, 10 mm dTT) for 10 min at 95 ºc. next, nine volumes 

of np-40 buffer were added to quench the sds. equal amounts of lysate were subjected to 

immunoprecipitation with anti-ha mab. samples were separated by sds-page and radiography 

was performed using a phosphorimager (fujifilm) on dried gels, or on nitrocellulose sheets 

after Western blotting. 

Calculation of interaction strength. The relative affinities of the pro-apoptotic proteins for 

their pro-survival Bcl-2 relatives were calculated according to the following example of relative 

affinity between Bad en Bcl-2. signal intensity of Bad was divided by the signal intensity of Bcl-2. 

for normalization, this ratio was divided by the mean ratio obtained for Bad in interaction with 

all six pro-survival Bcl-2 proteins, followed by division by the mean ratio for all ten pro-apoptotic 

proteins in interaction with Bcl-2. in this way we compensate for differences in protein transfer 

or differences in retention on nitrocellulose of the pro-survival Bcl-2 proteins. The derived 

ratios of three independent experiments were averaged, and average ± sd were displayed. 

references
1. rooswinkel, r.W., van de Kooij, B., verheij, 

m., and Borst, J. (2012). Bcl-2 is a better aBT-
737 target than Bcl-xl or Bcl-w and only noxa 
overcomes resistance mediated by mcl-1, Bfl-1, 
or Bcl-B. cell death dis 3, e366.
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Figure s1. Alignment of mouse and human 
BH3-domain amino acid sequences. amino acid 
sequence of mouse and human Bh3 domains of 
canonical Bh3-only Bcl-2 family members were 
aligned and color-coded based on conservation 
using the alignment software of the praline server 
(http://www.ibi.vu.nl/programs/pralinewww/). 
arrows indicate highly conserved leucine and 
aspartate residues.

Figure S1: Related to Figure 2

Figure s2. outline and validation of the technical approach in Bcl-2 family interaction studies by 
immunoprecipitation from PFA fixed cells. (a) schematic overview of the experimental protocol used. 
(B) heK293T cells were co-transfected to express ha-tagged pro-survival Bcl-2 proteins or empty vector 
(e.v) and myc-tagged tBid-c in the presence of Q-vd-oph (10 µm). after 24 h, cells were lysed directly 
in buffers containing indicated detergents (unfixed, upper panel) or fixed using pfa and subsequently 
lysed with the same three detergents (fixed, lower panel). samples were subjected to anti-ha 
immunoprecipitation after which total cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by 
immunoblotting with anti-(α)ha and α-myc antibody as indicated. asterisks denote the light chain of 
the mab used for immunoprecipitation. data are representative of two independent experiments. (c) 
heK293T cells were co-transfected to express indicated ha-tagged pro-survival Bcl-2 proteins or empty 
vector and myc-tagged wild-type (WT) tBid-c, Bim and puma or the indicated Bh3-domain mutants 
thereof in the presence of Q-vd-oph (10 µm). Bim gaa denotes mutations g156e, f159a, n160a. Bid 
gaa stands for mutations g94e, m97a, d98a. at 24 h after transfection, cells were fixed using pfa and 
subsequently lysed in chaps buffer as in (B). samples were subjected to anti-ha immunoprecipitation 
after which total cell lysates (Tcl) and immunoprecipitates (ip) were analyzed by immunoblotting with 

▶
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anti-(α)ha and α-myc antibody. (d) heK293T cells were transfected to express ha-tagged pro-survival 
Bcl-2 proteins. after 24 h, cells were radiolabelled with [35s]-methionine and -cysteine, lysed and subjected 
to anti-ha immunoprecipitation. immunoprecipitates (ip) were separated by sds-page. The proteins 
were transferred from the gel to a nitrocellulose sheet (Blot) by Western blotting. afterwards, the gel 
was was dried and radiolabelled proteins in the dried gel (gel) and on the blot (Blot) were detected by 
phosphorimaging. data are representative of two independent experiments.
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Figure s3. expression of Bcl-2 family members in J16 cell lines expressing GFP-fusions of pro-survival 
Bcl-2 proteins. J16 cells transduced with n-terminally gfp-tagged pro-survival Bcl-2 proteins were 
selected on antibiotics and flow cytometrically sorted on equal gfp expression. Total cell lysates of the 
resulting cell lines were analyzed by Western blotting with antibodies detecting the indicated proteins. 
actin signals serve as equal loading control. asterisk denotes proteolytic cleavage product of gfp-Bcl-B. 
data are representative of two independent experiments. 
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Figure s4. impact of anti-cancer drugs on degradation of pro-survival Bcl-2 proteins. (a,B) J16 cells 
transduced to express gfp-mcl-1 or gfp-Bcl-w were re-sorted by facs into three different populations with 
low, medium (med) or high expression, and expanded on antibiotics for one week. gfp levels were assessed 
by flow cytometry and are depicted as mean fluorescence intensity (a) or in a histogram (B). The analysis 
shows that sorted cell lines expressing mcl-1 at high levels and Bcl-w at low levels had equal expression of 
the respective gfp fusion proteins. (c) cell lines described in (a,B) were treated with etoposide for 48 h and 
assessed for cell death by pi exclusion. data shown are mean values ± sd derived from three independent 
experiments. (d) J16 cell lines stably expressing gfp fusions of the indicated pro-survival Bcl-2 proteins were 
treated with Trail (100 ng/ml), vincristine (5 ng/ml),or roscovitine (100 µm) for 8 and 16 h, and assessed for 
gfp levels by flow cytometry. data represent protein levels expressed as mean fluorescence intensity ± sd 
relative to gfp fluorescence intensity at 0 h derived from three independent experiments. 
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