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Bcl-2 family proteins have important roles in tumor initiation, progression and resistance to therapy. Pro-survival Bcl-2 proteins are
regulated by their interactions with pro-death BH3-only proteins making these protein–protein interactions attractive therapeutic
targets. Although these interactions have been extensively characterized biochemically, there is a paucity of tools to assess these
interactions in cells. Here, we address this limitation by developing quantitative, high throughput microscopy assays to
characterize Bcl-2 and BH3-only protein interactions in live cells. We use fluorescent proteins to label the interacting proteins of
interest, enabling visualization and quantification of their mitochondria-localized interactions. Using tool compounds, we
demonstrate the suitability of our assays to characterize the cellular activity of putative therapeutic molecules that target the
interaction between pro-survival Bcl-2 and pro-death BH3-only proteins. In addition to the relevance of our assays for drug
discovery, we anticipate that our work will contribute to an improved understanding of the mechanisms that regulate these
important protein–protein interactions within the cell.
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The intrinsic apoptotic cell death pathway is mediated
by three factions of the Bcl-2 protein family. The pro-death
BH3-only proteins, which include Bim, Puma, Noxa, Bad, Bid
and several others engage pro-survival proteins, Bcl-2, Bcl-xL,
Bcl-w, Mcl-1 and A1 thereby blocking pro-survival function.1,2

The third sub-family comprises the multi-domain pro-apopto-
tic proteins Bax and Bak, which mediate mitochondrial outer
membrane permeabilization leading to cytochrome c release,
caspase cascade activation and ultimately cell death.3,4

Overexpression of Bcl-2 and its pro-survival relatives has
been reported in many cancer types and typically correlates
with poor survival and disease progression, as well as
resistance to chemotherapeutics.5,6 Consequently, pro-survival
Bcl-2 proteins are appealing drug targets.7,8

Inhibition of the interactions between the Bcl-2 pro-survival
proteins and their BH3-only counterparts is a popular therapeu-
tic approach and several of the resulting BH3 mimetic inhibitors
have entered clinical trials.8,9 ABT-737 is a BH3 mimetic, small
molecule inhibitor of BH3-only interactions with Bcl-2, Bcl-xL and
Bcl-w that exemplifies this approach.10 Although tools such as
nuclear magnetic resonance-based screening along with
fluorescence polarization and time resolved fluorescence
resonance energy transfer measurements have proven invalu-
able for identification and characterization of the selectivity and
potency of such inhibitors in a biochemical setting,10,11 there is a
lack of tools to evaluate the activity of such compounds in cells.
Therefore, cellular validation of such compounds typically relies
on detection of downstream read-outs such as cytochrome

c release or cell viability.10,11 However, these assays are unable
to verify biochemically determined specificities and may thus
prioritize irrelevant compounds that cause death by off-target
mechanisms.

Given the considerable role of Bcl-2 family proteins in
tumorigenesis and the resulting enthusiasm to target
them therapeutically, understanding the interactions and
dynamics of the Bcl-2 family members in the cellular context
and the development of tools to do so remain important
challenges. Although Bcl-2 family interactions have been the
subject of systematic in vitro studies that characterized the
selectivity of these interactions using BH3 peptides,12–14 no
comparable characterization of the behavior of full-length
proteins in intact cells has been reported. To address this, we
have developed microscopy-based assays that directly
measure the interactions of Bcl-2 pro-survival with pro-
apoptotic BH3-only proteins in live cells, preserving the
interacting proteins in the mitochondrial membrane environ-
ment that is known to be critical for their activity.15 These
assays are based on differential fluorescent protein tagging
of the proteins of interest, allowing us to visualize their
colocalization at the mitochondria. Treatment of cells
expressing these proteins with an inhibitor, such as
ABT-737, caused relocalization of the BH3-only protein to
the cytoplasm and thus provides a sensitive read-out for
disruption of the protein–protein interaction of interest that
is compatible with adaptation to a throughput relevant for
drug screening.16
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Results

Quantitative localization of Bcl-2 super-family proteins
in live cells. To first confirm our ability to visualize Bcl-2
super-family proteins in live cells, we generated fluorescent
protein fusions to the Bcl-2 pro-survival and BH3-only sub-
family members and examined their localization in transiently

transfected HEK293T cells. Because all Bcl-2 pro-survival
proteins and many BH3-only proteins contain C-terminal
membrane targeting domains,17 we labeled the proteins of
interest at their N-terminus.

Venus fluorescent protein fusions to the N-terminus of the
pro-survival proteins Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1 all
localized to the mitochondria as determined by colocalization
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with MitoTracker Deep Red dye (Life Technologies, Carlsbad,
CA, USA), which stains mitochondria in live cells (Figure 1a).
Consistent with previous reports,18,19 we showed that Bcl-2
also localized to the endoplasmic reticulum (ER), as determined
by cotransfection of mCherry-Bcl-2 with eCFP-calreticulin
(Supplementary Figure 1a). As previously reported,20 Mcl-1
showed proportionately weak mitochondrial localization, which
we anticipated would compromise our ability to develop a
quantitative Mcl-1-specific component of the assay. We there-
fore generated an Mcl-1 mutant with increased mitochondrial
targeting by replacing three residues in its C-terminal tail region
with basic residues (Mcl-1(3B)) (Figure 1a and Supplementary
Table 1).21 As expected, our positive control, Venus-mito
(subunit VIII of cytochrome c oxidase), targets to the
mitochondrial lumen with partial cytoplasmic localization and
our negative control, Venus protein, is cytoplasmic and not
observably absent from the mitochondria (Figure 1a).

The mCherry-BH3-only protein constructs targeted to the
mitochondria and ER in the case of BimS and Puma, and the
cytoplasm in the case of Bad and Bid (Figure 1b and
Supplementary Figure 1a). As mCherry-Noxa formed puncta
that did not localize to the mitochondria and that were indicative
of aggregates, (Supplementary Figure 1b), we generated a
Venus-Noxa construct and verified its localization to the
mitochondria (Figure 1b).

To confirm that the localization of our Bcl-2 family fluorescent
protein reporters parallels that of endogenous proteins, we
conducted immunofluorescence in untransfected HEK293T
cells. Localization of each fluorescent fusion protein was similar
to the endogenous protein localization (Supplementary
Figure 2). Combined with our observations above, these data
confirm that N-terminally fluorescent protein-tagged Bcl-2 pro-
survival and BH3-only proteins localize correctly and are an
appropriate basis on which to further develop our assay.

We extended the above qualitative evaluation of our
fluorescent fusion proteins by developing an automated
method to quantify their mitochondrial targeting. We used
the differential intensities of MitoTracker dye in the mitochon-
dria, cytoplasm and nucleus (Figure 1c) to segment these
compartments using iterative threshold combined with shape-
and size-based object detection written in MATLAB
(Figure 1d; Mito masking). As we noted that our constructs
formed large aggregates in cells expressing high levels of
fluorescent protein, we used intensity threshold to identify
these cells and the associated cytoplasm mask to exclude
these cells from our analysis (Figure 1d; Transfection mask).
Combined, these approaches enable automated measure-
ment of fluorescence intensity in the mitochondria and
cytoplasm of transfected cells within a defined range of

expression levels. When we calculated the degree of
mitochondrial targeting for each Bcl-2 family member using
the ratio of mitochondrial to cytoplasmic fluorescence
intensity, we determined that proteins that did not visibly
localize to the mitochondria, such as Venus, Bad and Bid, had
a ratio o1.1, whereas proteins with at least partial mitochon-
drial localization had ratios in excess of 1.2 (Figure 1e).

Relocalization of BH3-only proteins by their Bcl-2
pro-survival counterparts can be visualized and quantified
in live cells. Having established the baseline amount of
mitochondrial targeting for each of our individual constructs, we
next investigated the behavior of cotransfected Bcl-2 pro-
survival and BH3-only protein pairs. We hypothesized that a
cytoplasmic BH3-only protein, such as Bad, would target to the
mitochondria upon coexpression of its pro-survival Bcl-2 family
binding partners, Bcl-2, Bcl-xL and Bcl-w but not Mcl-1 or A1
(Figure 2a).12 As expected, we only observed recruitment of
mCherry-Bad to the mitochondria when it was cotransfected
with Venus-Bcl-2, Bcl-xL and Bcl-w with additional targeting to
the ER in the case of Bcl-2 (Figure 2b and c). These data
suggest that the targeting of Bad to the mitochondria can be
used as a surrogate read-out of binding to pro-survival proteins.

In principle, the approach described above could be used to
investigate the interactions between all pro-apoptotic proteins
and Bcl-2 family members, however, the mitochondrial
localization of BimS, Puma and Noxa precludes this. We
therefore generated mutants of these proteins that we
hypothesized would localize to the cytosol and then relocalize
to the mitochondria upon cotransfection with their Bcl-2 pro-
survival partners (Supplementary Table 1). As BimS, Puma
and Noxa are associated with membranes such as those of
the mitochondria via a hydrophobic C-terminus for BimS,

22

and a C-terminal membrane targeting domain for Puma23 and
Noxa24,25 we truncated these regions from the C-terminus of
each protein (denoted by DC), thus abolishing membrane
targeting (Figures 2d and e). Unlike the other BH3-only
proteins, full length Bid is inactive until cleaved by caspase 8,
to give rise to truncated Bid (tBid).26,27 Recent studies have
shown that tBid targets to the mitochondria via binding of the
helix aH6 in tBid to mitochondrial cardiolipin.28 To abrogate
this mitochondrial targeting, we made an aH6 deletion mutant,
tBidDH6 (Figure 2j and Supplementary Figure 3c). As none of
these constructs showed accumulation at the mitochondria
when transfected alone, we conclude that binding of these
BH3-only mutants to endogenous Bcl-2 family proteins is
negligible. Next, we tested the ability of pro-survival Bcl-2
family proteins to recruit the BH3-only mutants described
above by cotransfecting the relevant constructs. We observed

Figure 1 Quantitative assessment of Bcl-2 family protein localization to the mitochondria in live cells. (a and b) HEK293T cells were transfected with fluorescent protein
fusions to Bcl-2 family members, stained with MitoTracker dye (blue) and visualized live using confocal microscopy. (a) Localization of pro-survival Venus-Bcl-2 family
constructs (green). The mitochondrial targeting peptide of subunit VIII of cytochrome c oxidase fused to the carboxy-terminus of Venus (Venus-mito) was used as a positive
control and Venus alone was used as a negative control. (b) Localization of mCherry- or Venus- (in the case of Noxa) tagged-BH3-only proteins (red). (c) Two different
exposure images exemplifying the differential intensities of MitoTracker staining in the mitochondria and cytoplasm that were used as the basis for image analysis depicted in
d. (d) Image analysis protocol used to quantify mitochondrial targeting of fluorescent fusion proteins. MitoTracker staining (blue in raw data) was used to mask the cytoplasm,
nucleus and mitochondria (red, blue and green, respectively, in Mito masking). Cells within an appropriate range of expression levels for quantification were identified
(transfection mask) and fluorescence intensities were measured in these cells (cells analyzed). (e) Measurement of mitochondrial targeting for each pro-survival (green) and
pro-death (red) Bcl-2 super-family fluorescent construct. Mitochondrial targeting is denoted by the ratio of mitochondrial to cytoplasmic fluorescence intensity measured
according to the protocol described in d. A ratio of one represents no detectable mitochondrial targeting. Scale bars 10mm
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that BimS, Puma and tBid mutants relocalized to the mitochon-
dria in the presence of Bcl-2, Bcl-xL, Bcl-w, A1 and Mcl-1(3B)
whereas NoxaDC only relocalizes with Mcl-1(3B) and A1.
(Figures 2d–j, Supplementary Figures 3a–c and Supplemen-
tary Table 2), paralleling the observations of previously
published biochemical studies on the selectivity profiles of
these BH3-only proteins.12–14

Taken together, these data indicate that our fluores-
cently tagged pro-survival Bcl-2 constructs are capable of

relocalizing fluorescently tagged BH3-only proteins
with which they interact. Furthermore deletion of
membrane targeting domains from BH3-only proteins that
are normally constitutively localized to the mitochondria
and ER abolishes their subcellular targeting but not
their ability to interact with their pro-survival counter-
parts, corroborating earlier work that has shown
that binding specificity is determined solely by
the BH3-binding sequence.12–14,29 Combined, our

Figure 2 Pro-survival Bcl-2 proteins relocalize their cytoplasmically localized BH3-only protein-binding partners to the mitochondria. (a) Assay schematic in which a
cytoplasmic BH3-only protein (red) is recruited to the mitochondria when coexpressed with a mitochondrially localized Bcl-2-binding partner protein (green) resulting in
colocalization (yellow). (b) Localization of mCherry-Bad (red) when cotransfected with Venus-tagged pro-survival Bcl-2 family members (green) in live HEK293T cells.
(c) Measurement of mitochondrial targeting of mCherry-Bad when cotransfected with Venus tagged pro-survival family members or a Venus-mito control. (d) Mitochondrially
localized BH3-only proteins were truncated to remove the C-terminal membrane-targeting domain (DC). mCherry-fusions to the truncation mutants (red) were cotransfected
with Venus-Mito (green) and their localization was compared with their wild-type counterparts. (e) Measurement of mitochondrial targeting of each mCherry tagged wild-type
(red) and DC (orange) BH3-only protein shown in d. (f) Localization of mCherry-BimSDC (red) when cotransfected with Venus-Bcl-2 pro-survival proteins (green) in live
HEK293T cells. (g–j) Measurement of the relocalization of cytoplasmically localized mCherry tagged BH3-only mutants (orange) to the mitochondria when cotransfected with
their Venus tagged pro-survival binding partners. Behavior of wild-type mCherry tagged BH3-only proteins is shown as a control (red): (g) BimSDC, (h) PumaDC, (i) NoxaDC,
(j) tBidDH6. Scale bars 10mm
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observations thus permit extension of our approach
to all Bcl-2 pro-survival and BH3-only protein–protein
interactions.

Measurement of compound-mediated disruption of Bcl-2
family protein–protein interactions in live cells. Having
generated and validated a panel of constructs to investigate

Figure 3 Compound-mediated disruption of Bcl-2 family protein–protein interactions can be measured in live cells. (a) Schematic showing displacement of a BH3-only
protein (red) from its mitochondrially localized Bcl-2-binding partner (green) to the cytoplasm by a BH3-mimetic inhibitor (gray). (b) Confocal images of live stable, inducible
T-REx-293 cells expressing a bicistronic construct of mCherry-Bad (red) with either eGFP-Bcl-2 or eGFP-Bcl-xL (green) 16 h after doxycycline treatment. (c) Time-lapse
images of T-REx-293 eGFP-Bcl-xL/mCherry-Bad cells treated with 1% DMSO or ABT-737 (11.1mM). (d) Mitochondrial intensity of mCherry-Bad was measured for time-lapse
series exemplified in (c). Decrease in mCherry-Bad mitochondrial intensities were calculated for a three-fold dilution series of ABT-737 (100 to 5.1 nM), normalized to DMSO
control and fitted to a single exponential decay. (e) Time-lapse images of T-REx-293 eGFP-Bcl-2/mCherry-Bad cells treated with 1% DMSO or ABT-737 (11.1mM).
(f) Mitochondrial intensity of mCherry-Bad was measured for time-lapse series exemplified in e and quantified as in d. (g) Interpolated mitochondrial intensities of mCherry-Bad
at 350 min from d and f were fitted to a sigmoidal curve to calculate cellular EC50 values of ABT-737 for Bcl-xL and Bcl-2. Scale bars 10mm
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Bcl-2 family protein–protein interactions in live cells, we next
investigated whether our approach could be used to detect a
compound-mediated disruption of the interaction between
Bcl-2 pro-survival and BH3-only proteins (Figure 3a). We
anticipated that variable expression levels of protein fusions
from cell to cell would limit our ability to precisely measure
BH3-only protein displacement following compound treatment
and that constitutive BH3-only protein overexpression would
compromise cell viability. We therefore generated dual
labeled stable cell lines with approximately balanced
expression of the pro-survival Bcl-2 and pro-death BH3-only
constructs under inducible control as previously described.16

Using this method, we generated inducible T-REx-293
stable cell lines (Invitrogen, Carlsbad, CA, USA) coexpressing
mCherry-Bad and eGFP-Bcl-xL or eGFP-Bcl-2 separated by
an internal ribosome entry site (IRES). eGFP was used as a
fusion partner in place of Venus to improve spectral separation
allowing for increased image acquisition throughput. Upon
doxycyline treatment of these cell lines, we observed low-level
induction of the expression of both fluorescent fusions (Figure 3b).
As expected, mCherry-Bad colocalized with eGFP-Bcl-xL at
the mitochondria and colocalized with eGFP-Bcl-2 at both the
mitochondria and ER. Importantly, mitochondrial morphology
appeared unperturbed when compared with wild-type cells
stained with MitoTracker dye (Figures 3b and 1c).

We treated our eGFP-Bcl-xL/mCherry-Bad and eGFP-Bcl-
2/m Cherry-Bad stable cell lines with ABT-737 and, consistent
with previous reports,30 we observed displacement of
mCherry-Bad from membrane localized eGFP-Bcl-2 and
eGFP-Bcl-xL after ABT-737 addition (Figures 3c and e and
Supplementary Movie). To quantify this effect, we adapted our
earlier approach to quantification by segmenting the localiza-
tion of the pro-survival proteins then measuring mCherry
fluorescence intensity within this region. We verified that
control dimethyl sulfoxide (DMSO)-treated cells did not show
a decrease in fluorescence intensity of either channel,
confirming that the 6 h time-lapse acquisition did not result in
appreciable photobleaching (Supplementary Figures 4a–b).
Additionally, the decrease in mCherry-Bad intensity after
ABT-737 treatment was not because of decreased eGFP-
BclxL or eGFP-Bcl-2 protein levels as eGFP fluorescence
intensity remained constant throughout the 6 h time course of
the experiment (Supplementary Figure 4a). Furthermore, the
decrease in mCherry-Bad protein intensity after ABT-737
treatment was not because of decreased mCherry-Bad
protein levels as the average total mCherry fluorescence
intensity in the acquisition fields remained constant through-
out the 6 h time course of the experiment (Supplementary
Figure 4b). We normalized the mCherry-Bad intensities to
those measured in DMSO control treated cells and expressed
them as the fold change from control treatment (Figures 3d
and f). We noted that the measured intensity decrease fits to a
single-phase exponential decay curve with an average R2

value of 0.94±0.04 suggesting displacement occurred via
competitive binding, consistent with the paradigm that BH3
mimetics such as ABT-737 displace BH3-only proteins from
the binding groove on pro-survival proteins.10,31 We calcu-
lated EC50 values by interpolating 6 h endpoint intensities from
the decay curves of mCherry-Bad and fitting them to a
sigmoidal curve for the 10-point serial dilution of ABT-737

yielding EC50 doses of 536 nM and 276 nM for Bcl-xL and
Bcl-2, respectively (Figure 3g). As expected, when we added
ABT-737 to our control cell line coexpressing eGFP-Mcl-1(3B)
and mCherry-BimSDC, which is not targeted by this BH3
mimetic, no decrease in mCherry intensity was observed in
the mitochondria (Supplementary Figure 4c). These data
confirm that the relocalization of Bad observed in cell lines
expressing Bcl-xL or Bcl-2 was not because of general toxicity
of ABT-737.

Assay stringency can be adjusted by incorporating BH3-
only protein mutants with reduced affinity for their Bcl-2
pro-survival protein-binding partners. We anticipated
that the high affinity of Bad for Bcl-xL and Bcl-2 would
limit the ability of our assay to identify a diverse range of
compounds capable of disrupting these interactions. We
therefore considered how to configure our assay so that it
would be useful for identifying compounds within an
expanded range of potency while preserving their
specificity for particular Bcl-2/BH3-only interactions. We
hypothesized that this goal could be met by incorporating
BH3-only mutants with diminished affinity for their Bcl-2
pro-survival partners, thereby reducing assay stringency.

To identify mutants within the BH3 domain of Bad that
conferred varying affinities for the pro-survival proteins, we
performed alanine scanning mutagenesis on a phage
displayed 26-amino-acid sequence encompassing the
BadBH3 domain, as described previously for BimBH3.29 By
measuring the affinity of each mutant for pro-survival proteins,
we identified alanine substitutions including D17A, F19A and
F23A that impaired binding to Bcl-xL and/or Bcl-2. As the
alanine scanning data reflected the binding of each sequence
expressed on phage particles, we also determined the
affinities of the isolated sequences for the pro-survival
proteins using 26-mer BadBH3 synthetic peptides harboring
these mutations in solution competition assays (Table 1).

We used these mutations as a basis for generating a panel
of Bcl-2 and Bcl-xL stable cell lines with a range of BH3-only
binding partner affinities. We incorporated the mutations into
BimSDC chimeras in which the BimBH3 domain was replaced
with that of Bad (resulting in BimS-BadBH3DC) (Supplemen-
tary Table 1); these chimeras have previously been shown to
adopt the binding profile of the inserted BH3 domain.12 In
addition, we further expanded the range of affinities probed
by this assay by incorporating a previously described32

weak-binding mutant (L62Y,F69R) of BimSDC into our
Bcl-xL cell line.

Table 1 BH3 affinity mutant peptide IC50 and EC50 values

In vitroa IC50 (nM) Cellularb EC50 (nM)

Bcl-xL Bcl-2 Bcl-xL Bcl-2

BadBH3 WT 14.0 31.0 9161.0 539.9
BadBH3 F23A 7.0 144.0 2354.0 153.5
BadBH3 F19A 29.0 2300.0 133.6 ND
BadBH3 D17A 50.0 1500.0 305.1 156.5
BimS L62YF69R 300.0 ND 11.8 ND

aBH3 affinity mutant peptides measured by surface plasmon resonance.
bBimS-BadBH3DC affinity mutant stable cell lines treated with ABT-737 and
measured by redistribution assay
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The affinity mutant stable cell lines revealed visible
and quantitative differences in mCherry localization (Figures
4a–d). All of the BimS-Bad chimeras colocalized with Bcl-xL, at
the mitochondria, consistent with the relatively high in vitro

affinity of these mutants for Bcl-xL (IC50 r50 nM). Conversely,
the BimS L62Y/F69R mutant with comparably low in vitro
affinity for Bcl-xL (IC50¼ 300 nM) showed higher cytoplasmic
localization when compared with the BimS-Bad chimeras.

Figure 4 BH3-only affinity mutants can be used to adjust assay stringency. (a) Confocal images of live stable, inducible T-REx-293 cells expressing bicistronic
constructs of mCherry-BimS-BadBH3DC affinity mutants (red, described in Supplementary Table 1) with eGFP-Bcl-xL (green) 16 h after doxycycline induction. (b) Ratio of
mitochondria to cytoplasmic mCherry-BimS-BadBH3DC intensities measured for all cell lines represented in a. (c) Confocal images of live stable, inducible T-REx-293 cells
expressing bicistronic constructs of mCherry-BimS-BadBH3DC affinity mutants (red) with eGFP-Bcl-2 (green) 16 h after doxycycline induction. (d) Ratio of mitochondria and
ER to cytoplasmic mCherry-BimS-BadBH3DC intensities measured for all cell lines represented in c. (e) Mitochondrial intensity measurements of mCherry-BimS-BadBH3DC
affinity mutants in response to 100mM ABT-737 treatment of Bcl-xL affinity mutant stable cell lines. (f) Interpolated mitochondrial intensities of mCherry-BimS-BadBH3DC
affinity mutants at 350 min from Supplementary Figures 5a–e were fitted to a sigmoidal curve to calculate cellular EC50 values of ABT-737 for each affinity mutant in the
background of eGFP-Bcl-xL coexpression. (g) Mitochondrial intensity measurements of mCherry-BimS-BadBH3DC affinity mutants in response to 100mM ABT-737 treatment
of Bcl-2 affinity mutant stable cell lines. (h) Interpolated mitochondrial intensities of mCherry-BimS-BadBH3DC affinity mutants at 350 min from Supplementary Figures 5f–i
were fitted to a sigmoidal curve to calculate cellular EC50 values of ABT-737 for each affinity mutant in the background of eGFP-Bcl-2 coexpression. (i) Heat map
representation of BH3-only mitochondrial targeting in response to a dose titration of ABT-737 in all Bcl-xL cell lines conducted as a single simultaneous experiment to exemplify
throughput of redistribution assays. (j) Interpolated mitochondrial intensities of mCherry-BimS-BadBH3DC and mCherry-BimS-BadBH3DC D17A at 350 min from
Supplementary Figures 5j and k were fitted to a sigmoidal curve to calculate cellular EC50 values of the ABT-737 enantiomer for each affinity mutant in the background of
eGFP-Bcl-xL coexpression
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Similarly, when BimS-Bad mutants D17A and F19A were
coexpressed with Bcl-2, increased cytoplasmic localization
was also observed, correlating with the weaker in vitro affinity
of these mutants for Bcl-2 (IC50 Z1500 nM).

We next tested the ability of ABT-737 to displace mutant
BH3-only proteins from their mitochondria and ER localized
pro-survival partners. We observed that mCherry-BH3 protein
redistribution to the cytoplasm occurred much faster in the
mutants with lower affinity for the coexpressed binding partner
(Figures 4e and g) and that the observed kinetics were
consistent with a model of competitive binding between
ABT-737 and BH3-only affinity mutants. Additionally, we
found that the potency of ABT-737 was generally higher
for the lower affinity BH3-only mutant cell lines based on
the displacement of the BH3-only protein at 6 h (Figures 4f
and h, Table 1 and Supplementary Figures 5a–i).

Having characterized the behavior of these cell lines when
treated with ABT-737, we now sought to demonstrate the
concept that these lines could be used to identify lower potency
chemical matter. We hypothesized that an enantiomer of
ABT-73710 with B100-fold lower potency for Bcl-xL would
cause displacement of BH3-only mutants that had suffi-
ciently reduced affinity for Bcl-xL. We treated Bcl-xL cell
lines expressing either BimS-BadBH3DC or BimS-BadBH3DC-
D17A with the enantiomer and showed that although 100mM
of enantiomer was unable to displace the higher affinity BimS-
BadBH3DC mutant, we were, however, able to determine an
EC50 of 611 nM for the lower affinity BimS-BadBH3DC-D17A
mutant (Figure 4j and Supplementary Figures 5j and k).

Combined, these results underscore the possibility of using
affinity mutants to identify compounds with desired selectivity
that would otherwise be excluded by a higher stringency
assay. Although such compounds may not have sufficient
potency to displace wild-type BH3 proteins from the BH3-
binding groove of the Bcl-2 pro-survival protein, they may
nevertheless provide an appropriate starting point from which
to optimize the development of inhibitors. In summary, when
combined with the higher stringency wild-type Bcl-2 and BH3-
only configuration of our assay, the affinity mutant approach
offers the opportunity to identify and optimize diverse, specific
and potent inhibitors of these protein–protein interactions that
are effective in cells.

Discussion

The intrinsic apoptosis pathway is mediated by protein–
protein interactions between the pro-survival and pro-
apoptotic factions of the Bcl-2 super-family of proteins.
Multiple experimental approaches have helped to investigate
these processes, however, to date, no quantitative means of
analyzing these interactions in live cells have been reported.
The quantitative, high-throughput time-lapse microscopy
approaches that we have described permit analysis of
Bcl-2 pro-survival and BH3-only protein–protein interactions
in live cells. This, along with the modular nature of our assays,
make them well suited for investigating the multiplicity of these
interactions.

Critically for drug screening purposes, we have illustrated
the suitability of our approach for high-throughput cell-based
studies by demonstrating the capability to screen hundreds of

conditions within a single experiment (Figure 4i). Furthermore,
our work with affinity mutants demonstrates that we can
constrain our assay to identify inhibitors within a desired range
of potency.

We note that it is essential to consider how endogenous
Bcl-2 family proteins may impact the behavior of our fluore-
scent fusion proteins and emphasize that this limitation may
be overcome by incorporating BH3 mutants that are highly
specific for a particular Bcl-2 family member of interest. For
example, further characterization of BimS-Bad BH3 F19A
identified it as such a relatively specific partner for Bcl-xL.
BimS-Bad BH3 F19A has little appreciable in vitro affinity for
Mcl-1(3B) or Bcl-w (IC50 410 mM in both cases) and only
targets to the mitochondria in the presence of Bcl-xL but
not other Bcl-2 family members (Supplementary Figures 3d
and e). This approach could be extended to other published
mutants, such as the Mcl-1 specific mutant BimS2A.29

Although we have focused our studies on demonstrating
the suitability of this assay to characterize inhibitors of Bcl-2
pro-survival and BH3-only interactions in live cells, this
approach can undoubtedly be extended in a number of other
therapeutically relevant directions. For example, in a recent
report that emphasizes the importance of understanding the
potency and specificity of BH3 mimetics in a cellular and
in vivo setting (Merino et al., in revision, Blood), redistribution
assays are used to verify that, contrary to in vitro binding data,
Bcl-2, not Bcl-w or Bcl-xL, is the critical target of ABT-737.
Further possibilities include characterizing the mechanisms
whereby BH3 mimetics such as ABT-737 combine with
antimitotic drugs33 or other targeted agents34 and investigat-
ing the mechanisms that govern a tumor’s sensitivity to BH3
mimetic therapy.35 Beyond the realm of therapeutic develop-
ment, we expect that these assays will also be useful in
characterizing the biological mechanisms that regulate inter-
actions between pro-survival and pro-death proteins. In
summary, our approach will offer many new opportunities to
study how therapeutic intervention may alter the cellular
mechanisms underlying apoptosis.

Materials and Methods
Molecular biology. Genes encoding fluorescent proteins were generated and
cloned into the pFIT vector as previously described.16 Pro-survival constructs were
cloned into the first position upstream of the pFIT IRES and pro-death constructs
were cloned into the second position downstream of the IRES. tBid, Mcl-1(3B) and
all DC mutants were generated using PCR-based mutagenesis, whereas tBidDH6
was synthesized (DNA 2.0). BimS and BimS-BadBH3 mutants were generated by site
directed mutagenesis (QuikChange Site-Directed Mutagenesis, Agilent Technologies,
La Jolla, CA, USA). Details of mutations are described in Supplementary Table 1.

Cell culture, transfections and cell line engineering. All cell lines
were cultured at 37 1C with 5% C02. HEK293T cells were grown in DMEM/F12
50 : 50 media with 10% fetal bovine serum (FBS) and 1� GlutaMAX supplement
(Life Technologies) and plated between 18 000–22 000 cells per well in Aurora
Biotechnologies cover-slip-bottom 384-well plates (Brooks, Poway, CA, USA)
14–18 h before transfection. Transient transfections were performed using
Lipofectamine 2000 Transfection Reagent (Life Technologies) according to the
manufacturer’s protocol for 96-well plates and scaled-down by a factor of 4 for
384-well plates. MitoTracker Deep Red dye (Life Technologies) was incubated
for 1 h at a final concentration of 6 nM before live-cell imaging.

Flp-In T-REx-293 cells (Life Technologies) were cultured in DMEM/F12 50 : 50 media
with 10% Tet-free FBS and 1� GlutaMAX supplement. Stable T-REx-293 cell lines were
generated using the FuGENE6 Transfection Reagent (Roche, Indianapolis, IN, USA)
following the manufacturer’s protocol. Fusion protein expression in stable T-REx-293
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cell lines (plated at 18 000 cells per well) was induced with 1mg/ml doxycycline
14–18 h before imaging.

Compound treatment of live cells. For compound treatment of the stable
T-REx-293 cell lines, cells were switched to serum-free, phenol red-free media
before imaging and 2� concentration compounds or DMSO control were diluted in
the same media and added to an equal well volume after two frames of acquisition
for time-lapse studies.

Immunofluorescence. The following primary antibodies were used at the
manufacturer’s suggested concentrations: anti-Mcl-1 (BD Biosciences, San Diego,
CA, USA, #554103), Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
SC-7382), Bcl-xL (Cell Signaling, Danvers, MA, USA, #2764S), Bcl-w (Santa Cruz
Biotechnology, SC-130701), A1 (Santa Cruz Biotechnology, SC-6068), Noxa
(Novus Biological, Littleton, CO, USA, NB600-1159), Bad (BD Biosciences,
#610391), BimS (Cell Signaling, #2819), Puma (Abcam, Cambridge, MA, ab9643),
Bid (Santa Cruz Biotechnology, SC-6538), followed by Alexa Fluor secondary
antibodies used at 1 : 2000 (Life Technologies). MitoTracker Deep Red dye (Life
Technologies) was incubated at 300 nM in live cells for 30 min before fixation.

Microscopy. All cells were imaged using a Nikon Ti-perfect focus inverted
microscope with an A1R resonant spectral confocal system at 37 1C with 5% C02.
High-resolution transient transfections, immunofluorescence and stable cell line
images in 384-well plates were acquired with a CFI Plan Fluor � 40 or � 60 oil
immersion objective (NA: 1.25, Nikon) as described previously.16 Low-resolution
transient transfections, (Figure 3) and time-lapse compound dose treatment images
were acquired with a CFI Plan Apo VC � 20 dry objective (NA: 0.75, Nikon).

Image, data and statistical analysis. Custom image analysis programs were
written in MATLAB software (MathWorks, Natick, MA, USA) (see Supplementary Note).

We noted that MitoTracker dye stains the mitochondria strongly, the cytoplasm
weakly and does not stain the nucleus (Figure 1c). We used these differential
staining intensities to automatically segment these three compartments (Figure 1d;
Mito masking). For transiently transfected cells, intensity thresholding of the
fluorescent protein signal combined with the previously defined cytoplasm mask
was used to identify cells within a defined range of expression levels (Figure 1d;
transfection mask). The degree of mitochondrial targeting was calculated by
measuring the fluorescent protein intensity within the mitochondrial and cytoplasm
masks. The resulting mitochondrial targeting ratio (mitochondria intensity/cytoplasm
intensity) has an expected value of 1 for no mitochondrial targeting and elevated
values for proteins that target partially to the mitochondria (e.g., Figure 1e). For
transient transfections, 2–3 fields were imaged per well, for replicates of two wells
for a total of 400 cells per condition. Experiments were performed at least twice.

For compound analysis, numerical data generated from image analysis in
MATLAB was first normalized to values at time zero. The normalized DMSO values
were averaged and then subtracted from values of the compound treatment at the
appropriate time point. These normalized values were then plotted and fitted using
Prism (GraphPad Software, La Jolla, CA, USA). Endpoint compound dose experi-
ments were fitted with a variable slope sigmoid curve and time-lapse compound
dose experiments were fitted to a single exponential decay curve. All error bars
represent standard error and P-values were calculated using a Student’s t-test.

Binding assays. The IC50 values of BH3 peptides binding to pro-survival
proteins were measured by surface plasmon resonance using solution competition
assays performed on a Biacore 3000 as previously described.12 Briefly, pro-survival
proteins were incubated at a final concentration of 10 nM with varying
concentrations of synthetic peptide for 2 h in running buffer (10 mM Hepes,
150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) Tween-20, pH 7.2) before injection onto
a CM5 sensor chip on which either a wild-type BimBH3 peptide or an inert BimBH3
mutant peptide was immobilized. The specific binding of the pro-survival protein to
the surface of the chip in the presence and absence of peptides was quantified by
subtracting the signal from the inert BimBH3 mutant channel from that obtained on
the wild-type BimBH3 channel. The ability of the peptides to prevent protein binding
to immobilized BimBH3 was expressed as the IC50, calculated by nonlinear curve-
fitting of the data using KaleidaGraph (Synergy Software, Reading, PA, USA).
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