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Introduction

Proteins of the Bcl-2 family are the central transducers of survival 
and apoptotic signals. They act on the mitochondria by regu-
lating the permeability and integrity of the mitochondrial outer 
membranes, thereby controlling the release of apoptogenic fac-
tors. The Bcl-2 family consists of three major subfamilies of pro-
survival and pro-apoptotic molecules. Members of BH3-only 
subfamily (Bim, Bad, Bid, Bik, Noxa, Puma and Hrk) serve as 
sentinels for the initiation of apoptosis by modulating the func-
tion of members of the other two multi-domain pro-survival 
(Bcl-2, Bcl-w, Mcl-1, Bcl-X

L
 and A1/Bfl-1) or pro-apoptotic 

(Bax and Bak) subfamilies.1-4 Overexpression of the pro-survival 
Bcl-2 family proteins occurs in many cancers, generating interest 
in these proteins as possible drug discovery targets.5 A favored 
strategy for Bcl-2 antagonism is based on mimicking the action 
of endogenous inhibitors that bind Bcl-2 and related proteins.6 
Several small molecule inhibitors of the Bcl-2 family have already 
been identified and reported to occupy the same binding site 
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on Bcl-2 or Bcl-X
L
 as the BH3 peptide, promoting apoptosis. 

These chemical inhibitors of Bcl-2 and Bclx
L
 are now commonly 

employed as research tools for interrogating the function of pro-
survival Bcl-2 family proteins, and some may enter human clinical 
trial as potential cancer treatments. Included among these BH3-
mimicking chemical antagonists of Bcl-2/Bcl-X

L
 are the natural 

products gossypol, epigallocatechin, chelerythrine, kendomycin 
and antimycin A, which bind Bcl-2 and Bcl-X

L
 with micromolar 

affinities, measured by competitive BH3 peptide displacement 
assays.7-12 Another promising candidate developed using NMR 
based screening and intense synthetic chemistry efforts is ABT-
737, which was first synthesized by Abbott Laboratories, it is by 
far the most potent current inhibitor (Kd ~1 nM for Bcl-2 and 
Bcl-X

L
).13

One of the major challenges for the development of Bcl-2 
small molecule inhibitors that disrupts protein-protein inter-
action is the failure to ensure that the optimal region of com-
pound space is being screened or that the compounds that are 
found can be easily optimized for these diverse interfaces.14 In 
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promiscuous binders and protein denaturants from the screens. 
DSF monitors thermal unfolding and stability of proteins in the 
presence of a fluorescent dye, and ligand-induced perturbations 
in thermal stability are observed as a change in the protein melt-
ing temperature (Tm).16 Two types of Bcl-X

L
 proteins, one with a 

GST-tag and the other with GST-cleaved off by thrombin, were 
examined. We first assessed whether the Tm of these proteins 
could be measured reproducibly and with thermal envelopes that 
conformed to the prototypical melting transitions. The fluores-
cence intensity (RFU) was plotted as a function of temperature; 
this generates a sigmoidal shape that can be described by a two-
state transition (Fig. 1A and B). The unfolding transition for 
both GST-Bcl-X

L
 and Bcl-X

L
 were indicated by an increase in 

fluorescence, which is due to the increase binding of the Sypro 
Orange dye to the exposed hydrophobic regions of the unfolded 
proteins. Following the peak in the intensity, the fluorescence 
intensity started to decrease, probably due to aggregation of the 
denatured protein-dye complexes (Fig. 1A and B). By fitting the 
fluorescence intensity to Boltzmann equation, the melting tem-
perature of GST-Bcl-X

L
 (Tm = 52.92 ± 0.04°C) was obtained as 

the point of inflection of the melting curve (Fig. 1A). Untagged 
Bcl-X

L
 has better stability compared to GST-Bcl-X

L
, unfolding at 

Tm = 70.35 ± 0.08°C (Fig. 1B). This compared well with the Tm 
determined by differential scanning colorimetry.18 Noteworthy, 
both proteins showed sharp two-state melting transitions even 
though there were multi-domain proteins, suggesting a coopera-
tive unfolding of these proteins due to energetic coupling between 
the domains. The observed Tm values for both proteins are highly 
reproducible, with a standard deviation of <0.1°C determined for 
the same batch of protein from up to 10 repeat measurements. 
For different batches of proteins, the absolute values for Tm often 
differed by a few degree (<2°C), which depends mainly on the 
protein preparation (e.g., variability in proteins concentration 
estimation) and instrumentation.

Next, we assessed the effect of Bak BH3 peptide on the Tm 
of GST-Bcl-X

L
 and Bcl-X

L
, as our previous fluorescence polar-

ization-based HTS were performed using fluorochrome-conju-
gated Bak BH3 peptide.9 We found that the Bak BH3 peptide 
increased the thermal stability of Bcl-X

L
 and GST-Bcl-X

L
, and 

the resulting ΔTm determined for Bcl-X
L
 (+1.97°C) compared 

well with GST-Bcl-X
L
 (+1.34°C) (Fig. 1A and B), suggesting that 

GST does not significant affect the binding of Bak BH3 peptide 
towards Bcl-X

L
. Other BH3 peptides were also tested by DSF. 

Bad and Puma BH3 peptides increased the thermal stability of 
GST-Bcl-X

L
 and Bcl-X

L
, whereas Noxa had little effect on the 

thermal stability of these proteins (Fig. 1C). This is consistent 
with prior studies showing that Bad and Puma bound tightly 
to Bcl-X

L
, but not Noxa that binds selectively only to Mcl-1.19 

The variability of the assay (<0.1°C) was much smaller than the 
temperature shift (ΔTm >1°C), indicating the significance of the 
small Tm shift that are observed for the binding of the peptides 
to the proteins. Collectively, our data indicate that DSF serves as 
a valid platform to study the protein-peptide interactions of Bcl-2 
family members.

DSF to study protein-drug interactions of Bcl-2 family 
members. DSF was then used to profile various known Bcl-2/

several examples, the BH3 mimetics that have been identified 
via high-throughput screening (HTS) involving natural product 
libraries based on fluorescence polarization, displayed an affinity 
for their presumed protein targets that is far lower than that of 
BH3-only protein.9,15 Extensive biophysical techniques were also 
followed to check that the hit compounds were ‘real’ and stoichio-
metric before proceeding with investment in medicinal chem-
istry approaches. Therefore, developing secondary platforms to 
rapidly identify and eliminate promiscuous binders is crucial to 
the goal of providing high quality candidate compounds for lead 
optimization activities.

Here, we describe using the differential scanning fluorimetry 
(DSF) method for rapid and inexpensive secondary screening to 
identify Bcl-2 small molecule inhibitors that bind and stabilize 
purified Bcl-X

L
.16 Bcl-X

L
 proteins were subjected to gradually 

increasing temperature, and the temperature shift between the 
melting temperature (Tm) in the presence and absence of inhibi-
tors were measured.16 The extent of temperature shift is believed 
to be proportional to the affinity of the inhibitors. We also sought 
to expand our understanding of the interactions by comparing the 
Glutathione S-transferase (GST)-tagged Bcl-X

L
 (GST-Bcl-X

L
) 

and untagged Bcl-X
L
 (Bcl-X

L
) proteins. We selected known 

BH3 peptides and Bcl-2/Bcl-X
L
 inhibitors for characterization 

of their stabilization and binding to these proteins. A majority 
of these inhibitors bind and stabilize the GST-tagged Bcl-X

L
, an 

expected observation obtained from fluorescence polarization 
assay. To our surprise, we found that some of these inhibitors fail 
to stabilize untagged Bcl-X

L
, thereby revealing distinct subsets of 

inhibitors. We have also further delineated this observation using 
both proteolytic trypsin digestion and fluorescence polarization 
approaches. Even more surprising was the observation that ABT-
737 while potently active in stabilizing untagged Bcl-X

L
 was not 

active when tested against the GST-tagged protein.

Results

Protein-peptide interactions of Bcl-2 family members by DSF 
method. Numerous techniques have been introduced for mea-
suring the binding affinity of Bcl-2 small molecule inhibitors. 
Many of these tools such as chemical perturbations, surface plas-
mon resonance and nuclear magnetic resonance (NMR) lack 
robustness and generality, thereby requiring significant develop-
ment time. Fluorescence polarization-based screening has been 
widely used to monitor the ability of small molecule inhibitors 
to displace fluorochrome-conjugated BH3 peptides from Bcl-2 
pro-survival family proteins, due to its unique combination of 
homogeneity, simplicity, speed and robustness.17 However, being 
a ratiometric technique, fluorescence polarization is sensitive to 
protein denaturing agents and to absorbance and color quenching 
especially from auto-fluorescent natural library compounds, and 
these effects could result in false positive.17 Furthermore, most of 
these compounds reported to be active in these assays have shown 
little relationship between structure and function, and much 
work has been devoted to identifying and understanding these 
enigmatic molecules. Therefore, these considerations prompted 
us to explore DSF method as a secondary platform to eliminate 



www.landesbioscience.com	 Cell Cycle	 3945

of Bcl-X
L
 by +14.74°C (Fig. 2B), but not GST-Bcl-X

L
 (ΔTm = 

+0.55°C; Fig. 2A). Enantiomer of ABT-737 caused a marginal 
increase in Tm for Bcl-X

L
 (ΔTm = +6.74°C; Fig. 2B), which is 

consistent with other studies showing that this analogue of ABT-
737 shares weaker activity. Similar to ABT-737, the enantiomer 
failed to cause any shift in Tm for GST-Bcl-X

L
. Interestingly, the 

majority of the known Bcl-X
L
/Bcl-2 inhibitors selectively exhib-

ited thermal stability activities towards GST-Bcl-X
L
 (Fig. 2A), 

but failed to have any positive ΔTm towards Bcl-X
L
 (Fig. 2B). 

Noteworthy, chelerythrine and its homologues sanguinarine 
potently increased the Tm of GST-Bcl-X

L
 (Fig. 2A), whereas a 

Bcl-X
L
 inhibitory compounds against GST-Bcl-X

L
 (Fig. 2A) 

and Bcl-X
L
 (Fig. 2B). Table 1 summarizes the result for known 

Bcl-2/Bcl-X
L
 inhibitors kendomycin, BH3I-1, BH3I-2, HA14-

1, YC-137, epigallocatechin (EGCG), chelerythrine, gossypol, 
ABT-737 and its enantiomer tested at a single concentration of 
100 μM.7-10,12,13,20-23 Kendomycin, which was recently identified 
by us from the fluorescence polarization-based HTS of natural 
product libraries, gave the highest ΔTm value (+11.74°C) in GST-
Bcl-X

L
 (Fig. 2A), but only caused +1.87°C shift in Tm of Bcl-X

L
 

(Fig. 2B). To our surprise, ABT-737, which is the most potent 
antagonist of Bcl-X

L
 reported to date, selectively increased Tm 

Figure 1. The effect of BH3 peptides on melting temperature (Tm) of (A and C) GST-Bcl-XL and (B and D) Bcl-XL measured by DSF. (A and B) 
Reaction mixtures contained Sypro orange and 20 μM proteins in the presence or absence of 10 μM Bak BH3 peptides (BAK). RFU was plotted as 
a function of temperature for (A) GST-Bcl-XL and (B) Bcl-XL. Integrated intensity from reactions was fitted to Boltzmann equation as described in 
Materials and Methods to obtain the melting temperature Tm. (C and D) Normalized RFU was plotted as function of temperature for (C) GST-Bcl-XL 
and (D) Bcl-XL in the absence (control) or presence of Bad, Puma and Noxa BH3 peptides. RFU: relative fluorescent units. BH3 peptides sequences = 
Bak (GQVGRQLAIIGDDINR); Bad (NLWAAQRYGRELRRMSDEFVDSFKKG); Puma (EEQWAREIGAQLRRMAD-DLNAQYERR); hNoxa (PAELEVEC-
ATQLRRFGDKLNFRQKLL). Data are representative of at least three experiments.
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towards Bcl-X
L
; (4) YC-137 had no effect towards 

both types of Bcl-X
L
 proteins.

As the previous result was obtained with a single 
high concentration of compounds, we sought to 
expand our DSF analysis by evaluating a range of 
concentrations of the compounds with respect to 
their ability to increase Tm of proteins from bind-
ing. Some of the examples of the dose-dependent 
melting curve with 2 fold serial dilution of the 
different classes of inhibitors are shown in Figure 
3. Kendomycin increased the thermal stability of 
GST-Bcl-X

L
 in a concentration-dependent man-

ner (Fig. 3A; right), whereas there was absence of 
dose-dependent effect observed with Bcl-X

L
 (Fig. 

3A; left). We have excluded the possibility that this 
phenomenon is due to the intrinsic fluorescence of 
kendomycin, as we failed to observe any unfolding 
transition in the absence of Sypro Orange dye (data 
not shown). Chelerythrine exhibited a dose-depen-
dent positive and negative ΔTm in GST-Bcl-X

L
 (Fig. 

3B; right) and Bcl-X
L
 (Fig. 3B; left) respectively. In 

contrast, ABT-737 caused a dramatic thermal shift 
on Bcl-X

L
 (Fig. 3C; left), but had minimal effect 

on GST-Bcl-X
L
 (Fig. 3C; right). The increases in 

the thermal stability, ΔTm, as a function of concen-
tration of different classes of inhibitors are shown 
in Figure 3D.

Proteolytic digestion analysis of GST-Bcl-X
L
 

and Bcl-X
L
. To further verify the DSF findings, 

we examined whether these compounds could 
affect the susceptibility of the recombinant GST-
Bcl-X

L
 and Bcl-X

L
 to non-specific proteases, such as 

trypsin. We assumed that the proteins must unfold 
to become accessible to trypsin proteolytic diges-
tion, which is reminiscent to DSF that monitors 
the thermal unfolding of these proteins. Trypsin 

was found to cleave GST-Bcl-X
L
 (50 kDa) to 27 kDa, 26 kDa 

and 23 kDa fragments (Fig. 4A; control), whereas proteolysis 
of Bcl-X

L
 (26 kDa) produced only one <20 kDa fragment (Fig. 

4B; control). We found that the proteolysis of Bcl-X
L
 occurred 

at much slower kinetics (2 h) compared to GST-Bcl-X
L
 (5 min) 

(Fig. 4A and B, data not shown), which correlated well with 
the better thermal stability of Bcl-X

L
 in DSF. Similar to DSF, 

kendomycin, chelerythrine, sanguinarine, HA14-1 and gossypol 
remained as the most potent inhibitors in protecting GST-Bcl-X

L
 

from trypsin proteolysis (Fig. 4A and C), whereas ABT-737 
and its enantiomer appeared to be less effective in blocking the 
effect of trypsin digestion on GST-Bcl-X

L
 (Fig. 4A). In contrast, 

Bcl-X
L
 was well protected from trypsin digestion by ABT-737 

and its enantiomer, but not by other known inhibitors (Fig. 4B). 
Consistent with other observations, YC-137 failed to have any 
protective effect towards GST-Bcl-X

L
 and Bcl-X

L
 (Fig. 4A and 

B). We have also excluded the non-specific effect of these inhibi-
tors in inhibiting trypsin activity, since these inhibitors failed to 
affect the proteolysis of GST-only protein (data not shown).

negative ΔTm of Bcl-X
L
 was observed suggestive that these com-

pounds caused a decrease in stability due to a more disordered 
conformation (Fig. 2B). YC-137 failed to have any effect on both 
proteins by DSF, which is consistent with other observation that 
YC-137 preferentially binds to Bcl-2 protein.20 As controls for our 
DSF analysis, we have tested several non-Bcl-2/Bcl-X

L
 inhibitory 

compounds such as etoposide (topoisomerase inhibitor) and nut-
lin-3 (Mdm2 inhibitor) as negative controls, and none of these 
compounds have any activity on either protein by DSF (data 
not shown). We have excluded the non-specific effect of these 
inhibitors towards GST-only protein as these inhibitors failed to 
affect the Tm of GST proteins (Table 1). Taken together, our 
results reveal the distinct binding patterns of these antagonists 
towards GST-Bcl-X

L
 and Bcl-X

L
. More importantly, the spec-

trum of DSF activities of the chemical inhibitors indicates that 
there are 4 classes of Bcl-X

L
/Bcl-2 inhibitors: (1) ABT-737 and 

its enantiomer selectively target Bcl-X
L
; (2) Kendomycin targets 

GST-Bcl-X
L
 preferably over Bcl-X

L
; (3) Chelerythrine and oth-

ers target potently towards GST-Bclx
L
 but caused destabilization 

Figure 2. The effect of Bcl-XL/Bcl-2 inhibitors on melting temperature (Tm) of (A) 
GST-Bcl-XL and (B) Bcl-XL measured by DSF. Normalized RFU was plotted as function 
of temperature for 20 μM of (A) GST-Bcl-XL and (B) Bcl-XL in the absence (control) 
or presence of 100 μM Bcl-2/Bcl-XL inhibitor. Data are representative of at least three 
experiments. 
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Next, we examined whether these com-
pounds prevent trypsin digestion in a dose-
dependent manner. GST-Bcl-X

L
 was protected 

from trypsin proteolysis by kendomycin in a 
dose-dependent manner, and it exhibited bet-
ter potency as compared to ABT-737 (Fig. 
4C). The reverse was observed with Bcl-X

L
, in 

which ABT-737, but not kendomycin potently 
inhibited the trypsin proteolysis of Bcl-X

L
 

(Fig. 4D). These data indicate a good corre-
lation between DSF and proteolysis analysis, 
further supporting the general applicability of 
ligand-induced conformational stabilization 
of proteins as useful tool for secondary screen-
ing strategy.

Fluorescence polarization assay of GST-
Bcl-X

L
 and Bcl-X

L
. Most of the reported HTS 

for small molecule inhibitors of Bcl-X
L
/Bcl-2 

were performed in fluorescence polarization–
based competitive binding assay using tagged 
Bcl-2 family members (Table 2). Most of the 
known Bcl-2/Bcl-X

L
 inhibitors were reported 

to have low micromolar activities, and ABT-
737 remained as the most potent inhibitor that 
displays nanomolar activity in fluorescence 
polarization assay (Table 2). The slight differ-
ence in IC

50
 of these compounds as compared 

Table 1. Summary table of Tm and ΔTm for known Bcl-XL/Bcl-2 inhibitors

Bcl-XL/Bcl-2 inhibitors
GST-only GST-Bcl-XL Bcl-XL

Tm ΔTm Tm ΔTm Tm ΔTm

Control 54.66 ± 0.06 - 54.66 ± 0.06 - 72.94 ± 0.27 -

ABT-737 55.60 ± 0.3 -0.04 55.21 ± 0.06 +0.55 87.68 ± 0.44 +14.74

Enantiomer 55.28 ± 0.5 -0.36 54.27 ± 0.05 +0.61 79.68 ± 0.10 +6.74

Kendomycin 55.38 ± 0.7 -0.26 66.40 ± 0.07 +11.74 74.82 ± 0.13 +1.87

Chelerythrine 54.61 ± 0.5 -1.03 60.98 ± 0.08 +6.32 67.86 ± 0.09 -5.08

HA14-1 55.89 ± 0.6 +0.20 59.98 ± 0.05 +5.32 71.01 ± 0.21 -1.93

Gossypol 54.78 ± 0.6 -0.87 58.20 ± 0.03 +3.54 72.61 ± 0.13 -0.33

BH3I-1 54.89 ± 0.6 -0.75 56.84 ± 0.04 +2.18 73.52 ± 0.46 +0.58

BH3I-2 55.42 ± 0.7 -0.22 57.05 ± 0.12 +2.39 71.38 ± 0.21 -1.56

EGCG 55.16 ± 0.5 -0.48 57.27 ± 0.08 +2.61 71.63 ± 0.30 -1.31

YC-137 54.55 ± 0.5 -1.09 54.41 ± 0.05 -0.25 72.47 ± 0.23 -0.47

Figure 3. Dose-response studies of Bcl-XL/Bcl-2 
inhibitors by DSF. (A–C) Thermostability of Bcl-
XL (left) and GST-Bcl-XL (right) in the presence 
of indicated concentrations of (A) kendomycin; 
(B) chelerythrine; (C) ABT-737 measured by 
DSF. Normalized RFU was plotted as function of 
temperature. (D) The increases in the thermal 
stability, ΔTm, as a function of concentration of 
Bcl-XL/Bcl-2 inhibitors are shown. Data are repre-
sentative of at least three experiments.
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revealed most of these compounds were 
semi-selective antagonists that displayed 
better inhibitory activities towards GST-
Bcl-X

L
 instead of Bcl-X

L
 (Fig. 5; Table 3). 

Bak BH3 peptide was displaced more effi-
ciently from GST-Bcl-X

L
 than Bcl-X

L
 by 

chelerythrine (>50 fold; Fig. 5C) and kend-
omycin (8 fold; Fig. 5D). BH3I-1, BH3I-2 
and gossypol also displayed slightly better 
inhibitory activities towards GST-Bcl-X

L
 

as compared to Bcl-X
L
 (~ 2 fold; Fig. 5E; 

Table 3). Noteworthy, BH3I-2 exhibited 
a much lower inhibitory efficacy in Bcl-X

L
 

(minimal mp = 180) than GST-Bcl-X
L
 

(minimal mp = 90) (Fig. 5E). Strikingly, 
ABT-737 displayed similar affinities to 
both GST-Bcl-X

L
 and Bcl-X

L
 (Fig. 5F), 

which appeared to be distinct from DSF 
profiles (Fig. 3C). As negative control, 
YC-137 remained inactive in displacing 
Bak BH3 peptide from Bcl-X

L
 (Table 3). 

Together, the fluorescence polarization 
results raise the possibility that the affinity 
tag may cause a significant conformational 
change in the Bcl-X

L
, thereby results in the 

selectivity for certain subsets of small mol-
ecule inhibitors towards GST-Bcl-X

L
. More 

importantly, the distinct profiles between 
DSF and fluorescence polarization assay for 
ABT-737 indicate that DSF could serve as 
valuable tool in hits selection which may 
otherwise be masked in fluorescence polar-
ization assays.

Discussion

In this study we have systematically 
compared the binding activities of BH3 

peptides and known chemical inhibitors of Bcl-2 family mem-
bers in affinity-tagged Bcl-X

L
 and untagged Bcl-X

L
 measured by 

fluorescence anisotropy-based DSF and FPA. We reported that 
although BH3 peptides exhibited no difference in binding for 
GST-Bcl-X

L
 and Bcl-X

L
, the spectrum of DSF activities of the 

chemical inhibitors revealed several classes of antagonists, which 
interestingly exhibited preferences in binding towards affinity-
tagged Bcl-X

L
 or untagged Bcl-X

L
. This is contrary to previous 

expectations that GST does not significant affect the results of 
fluorescence polarization assays.24 In fact, the distinctive DSF 
profile observed with ABT-737 was particularly striking, as the 
results with DSF were not concordant with those obtained by flu-
orescence polarization assay. ABT-737 displayed similar affinities 
to both GST-Bcl-X

L
 and Bcl-X

L
 measured by fluorescence polar-

ization assay, whereas DSF failed to report any activity of this 
compound towards GST-Bcl-X

L
. More pertinently, their binding 

profiles contrast sharply with the behavior of other known inhibi-
tors. The opposite activities of other known antagonists towards 

to the reported value is probably due to the use of different BH3 
peptides with different affinities for Bcl-X

L
, particularly if of higher 

affinity than the Bak BH3 peptide employed here. However, 
our finding implies that the previous screens involving tagged 
Bcl-2 family members may need to be carefully re-examined. In 
this instance, we have sought to compare the displacement of 
Bak BH3 peptide from GST-Bcl-X

L
 and Bcl-X

L
 by fluorescence 

polarization assay. FAM-labeled Bak BH3 peptides bound to 
both Bcl-X

L
 and GST-Bcl-X

L
 in a concentration-dependent and 

saturable manner (Fig. 5A). Binding of the FAM-labeled BH3 
peptides were competed from both proteins by unlabeled Bak 
BH3 peptides, confirming the competitive and reversible bind-
ing (Fig. 5B). The relative competitive affinities (IC

50
) against 

GST-Bcl-X
L
 and Bcl-X

L
 were 29 μM and 11 μM respectively, and 

this is consistent with the slightly higher Tm shift of the peptides 
towards the Bcl-X

L
 (ΔTm = +1.97°C) as compared to GST-Bcl-X

L
 

(ΔTm = +1.34°C). However, our re-investigation of those com-
pounds using untagged Bcl-X

L
 in fluorescence polarization assay 

Figure 4. Trypsin digestion analysis of (A and C) GST-Bcl-XL and (B and D) Bcl-XL upon Bcl-XL/
Bcl-2 inhibitors treatment. (A and B) 0.5 mg/mL GST-Bcl-XL (A) or Bcl-XL (B) were incubated 
with trypsin (5 μg/mL) at 4°C in the absence (control) and presence of 100 μM Bcl-XL/Bcl-2 
inhibitors for the indicated durations. Native proteins (GST-Bcl-XL = 50 kDa; Bcl-XL = 26 kDa) 
in the absence of trypsin proteolysis was loaded into the first lane of the coomasie stained-gel 
as negative control. Arrows indicate cleaved fragments. (C and D) 0.5 mg/mL GST-Bcl-XL (C) or 
Bcl-XL (D) were incubated with the indicated doses of kendomycin or ABT-737 in the presence 
of trypsin (5 μg/mL) at 4°C for the indicated durations. Native proteins (GST-Bcl-XL = 50 kDa; 
Bcl-XL = 26 kDa) in the absence of trypsin proteolysis was loaded as negative control. Arrows 
indicate cleaved fragments. Data are representative of at least three experiments.
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shown to dock may result in thermal destabilization effect on 
untagged Bcl-X

L
.28 Our finding may also suggest that ABT-737 

is mechanistically different from other tested compounds, and 
alternative Bcl-X

L
 independent mechanism such as activation 

of other unidentified mitochondrial targets is certainly pos-
sible. Further works will be required to rigorously answer these 
questions.

The application of DSF in studying protein-peptide interac-
tions has been validated and shown to correlate well with their 
computed binding affinity.29 The binding profile results of BH3 
peptides obtained from DSF were also found to be consistent 
with the results obtained through plasmon surface resonance 
and fluorescence polarization.19 However, the different effects of 
the fusion state on BH3 peptide versus chemical inhibitors bind-
ing may reflect specific conformational requirements for ligand 
binding. The subtle changes in thermal stability of BH3 peptides 
as compared to chemical inhibitors may raise the possibility that 
chemical inhibitors could induce a global change in the protein 
structure, whereas peptide binding may moderately remodel the 
Bcl-X

L
 hydrophobic groove compared to the monomer structure, 

with widening and straightening of the cleft.26 As revealed by 
crystallographic studies, ABT-737 required a further opening-
up of the binding groove beyond that required to accommodate 
BH3 peptidic ligands.30 A similar observation was also reported 
in an NMR study of chelerythrine and BH3I-1.22,28 Therefore, 
this indicates that DSF serve as valuable tool that allows rapid 
mechanistic understanding on the binding behavior of ligands.

Although the simplicity and general applicability of DSF 
make the technique attractive for identification of positive hits, 
one should be cautious in extracting further information such as 
the potency ranking order and the magnitude of binding con-
stants from the ΔTm values. There is an assumption that the 

untagged Bcl-X
L
 were unraveled by DSF, but not by fluorescence 

polarization assay, further supporting the latter method cannot 
unambiguously discern the effect of fusion protein. On the basis 
of this, we have developed a classification system based on observa-
tions of binding profiles from fluorescence polarization assay and 
DSF in primary screening campaigns. This scheme can be used 
to make decisions about what extracts/compounds to advance 
into subsequent stages of chemical deconvolution or lead genera-
tion. In this aspect, the selectivity of ABT-737 towards untagged 
Bcl-X

L
 was regarded as the ideal behavior, since this compound 

exhibited the best desired behavior in inhibitors of Bcl-2 family 
proteins at the hit-to-lead stage of lead identification.25 Thus, we 
use this classification to indicate non-optimal behavior, the sever-
ity of which needs to be addressed by retesting in a different assay 
such as surface plasmon resonance or eliminated from further 
consideration. Therefore, DSF can be used as a rapid secondary 
assay that would facilitate the selection and prioritization of hits 
for characterization in other assays and/or chemical elaboration 
by medicinal chemists.

The selectivity of certain subsets of inhibitors such as kend-
omycin towards fusion Bcl-X

L
 could be explained by the recent 

report showing that GST-tag proteins tend to be dimeric,24 and 
dimerization of Bcl-X

L
 had significantly increased pore forming 

activity in comparison to monomers.26 Therefore, it is tempting 
to speculate that this class of inhibitors would exert effective 
inhibitory activity towards pore-forming activity of pre-formed 
Bcl-X

L
 dimers that were shown to express abundantly in cells.27 

Alternatively, the affinity tag may cause a significant conforma-
tional switch in the Bcl-X

L
, thereby resulting in the selectivity 

for certain subsets of small molecule inhibitors. It is also plau-
sible that the interaction of compounds with distinct sites other 
than the classic BH3 domain binding cleft where ABT-737 is 

Table 2. Summary table of reported potency of known Bcl-XL/Bcl-2 inhibitors

Inhibitors FPA Activity Conditions for FPA

Kendomycin12 IC50 = 12.3 µM
Protein: GST-Bcl-X•  L

Peptide: Bak BH3 peptide (Flu-KGGGQVGRLAIIGDDINR)• 

Chelerythrine9 IC50 = 1.5 µM
Protein: GST-Bcl-X•  L

Peptide: Bak BH3 peptide (Flu-KGGGQVGRLAIIGDDINR)• 

YC-13720 Ki = 1.3 µM
Protein: His6-Bcl-2• 

Peptide: 6-carboxy fluorescein succinimidyl ester Bid peptide (Flu-QEDIIRNIARHLAQVDGDSMDR)• 

HA14-123 IC50 = 9 µM
Protein: GST-Bcl-2• 

Peptide: 5-carboxyfluorescein Bak BH3 peptide (Flu-GQVGRQLAIIGDDINR)• 

BH3I-122 Ki = 2.4 µM
Protein: GST/His6-Bcl-X•  L

Peptide: Oregon Green Bak BH3 peptide (KGGGQVGRLAIIGDDINR)• 

BH3I-222 Ki = 4.1 µM
Protein: GST-Bcl-X•  L

Peptide: Oregon Green Bak BH3 peptide (KGGGQVGRLAIIGDDINR)• 

Gossypol7
IC50 = 0.4 µM (Bcl-XL) 

10 µM (Bcl-2)

Protein: GST-Bcl-X•  L/Bcl-2

Peptide: 5-carboxyfluorescein Bak BH3 peptide (Flu-GQVGRQLAIIGDDINR)• 

EGCG8 Ki = 490 nM (Bcl-XL) 
335 nM (Bcl-2)

Protein: Bcl-X•  L/Bcl-2

Peptide: FITC Bad BH3 peptide (NL-WAAQRYGRELRRMSD-K(FITC)-FVD)• 

ABT-73724 IC50 = 64 nM (Bcl-XL) 
120 nM (Bcl-2)

Protein: GST-Bcl-X•  L/Bcl-2

Peptide : FITC-Bid BH3 peptide (FITC-Ahx-EDIIRNIARHLAQVGDSMDR)• 



3950	 Cell Cycle	 Volume 8 Issue 23

affinity offers many advantages, results may differ somewhat if 
other types of binding assays are employed, such as solid-binding 
assays using proteins immobilized on solid supports.

Despite the limitations discussed above, DSF should be seen 
as secondary tool complementary to classical fluorescence polar-
ization method of determining ligand activity. These caveats 
notwithstanding, the comparison of chemical inhibitors of anti-
apoptotic Bcl-2 family proteins provided here offers a framework 
for designing experiments that utilize these compounds for drug 
discovery research and drug target validation. These studies 

ligands bind only to the folded state with similar enthalpy. If a 
compound binds both the native and unfolded states of the pro-
teins, the observed ΔTm will be smaller leading to under estima-
tion of the binding affinity. In addition, compounds that can 
bind to more than one site on a protein will appear more potent 
because of the additive effect on the ΔTm values of the respective 
binding sites. Although this can be useful information, especially 
in the context of structure-based drug design, it can result in a 
bias in the structure-activity relationship of hits. It should also 
be noted that while DSF method used for comparing compound 

Figure 5. Fluoresence polarization analysis for known Bcl-XL/Bcl-2 inhibitors using FAM-Bak BH3 peptide and GST-Bcl-XL or Bcl-XL. (A) Various 
concentrations of BclxL and GST-BclxL were titrated into reactions with fixed concentration of FAM-Bak BH3 peptides (60 nM). (B–F) Competitive 
assay analysis of 60 nM FAM-Bak BH3 peptide from 1.5 μM GST-Bcl-XL or Bcl-XL using various concentrations of (B) unlabelled Bak BH3 peptide; (C) 
chelerythrine; (D) kendomycin; (E) BH3I-2; (F) ABT-737. Data are representative of at least three experiments.
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concentration of DMSO to ≤2%. 20 μM of GST-Bcl-X
L
 and 

Bcl-X
L
 in PBS containing Sypro Orange dye (Invitrogen) and 

the indicated concentrations of compounds in a reaction vol-
ume of 25 μl were incubated in the wells in RT-PCR devices 
(BioRad iCycle5). The samples were heated at 1°C per min, 
from 40°C to 90°C. The fluorescence intensity was measured 
every 1°C. Fluorescence intensities were plotted as a function of 
temperature and accurate fitting to the Boltzmann equation by 
non linear regression was performed using GraphPad Prism. The 
inflection point of the transition curve Tm was calculated using 
Boltzmann equation, y = LL + (UL - LL)/1 + exp (Tm - χ/a) 
where LL and UL are the values of minimum and maximum 
intensities, respectively, and a denotes the slope of the curve 
within Tm. Normalization of the RFU was also performed to 
prevent distraction due to different maximum and minimum 
values upon compounds or peptides treatment. The RFU values 
from different data sets were converted to a common scale (100 
for UL and 0 for LL). Each DSF experiment was repeated for at 
least three times.

Proteolytic digestion analysis. 0.5 mg/mL GST-Bcl-X
L
 or 

Bcl-X
L
 in PBS was incubated with 5 μg/mL trypsin (Sigma) at 

4°C in the absence or presence of indicated concentration of com-
pounds for the indicated time. Reaction was stopped by adding 
loading dye, followed by SDS-PAGE and coomasie blue staining 
of the polyacrylamide gel.
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also have relevance for other screens based on the use of GST-
tagged proteins and it will be important to examine this issue 
in the context of the widespread use of such proteins in activ-
ity based screens for example in the screening of protein kinase 
inhibitors.

Methods and Materials

Reagents. BH3I-1, BH3I-2, EGCG, YC-137 and HA14-1 were 
obtained from Calbiochem. Gossypol, chelerythrine and sangui-
narine were obtained from Sigma. ABT-737 and its enantiomer 
were obtained from Abbott Laboratories.

Production of GST-Bcl-X
L
 and Bcl-X

L
. The DNA sequence 

encoding Bcl-X
L
ΔC19 was inserted into the GST fusion protein 

vector pGEX-TK4E. The plasmid was transformed into the 
Escherichia coli strain BL 21, and the fusion protein was isolated 
as described previously.9 GST-Bcl-X

L
Δ19 was eluted with 100 

mM glutathione, 50 mM Tris-HCl (pH 8.0). Eluate was dialyzed 
against phosphate-buffered saline (PBS) containing 15% glycerol 
and concentrated to 1 μg/ml using Amicon centrifugal concen-
trating devices. The GST moiety was cleaved using thrombin 
protease (Sigma), and after thrombin inactivation, separated from 
the protein by a further chromatographic step using glutathione 
Sepharose 4B, followed by 5 mL HiTrap Q HP exchange column 
(GE healthcare) to remove the thrombin.

Fluorescence polarization assay. The Bak-BH3 peptide labeled 
with fluorescein at the N terminus was synthesized by Mimotopes 
(Clayton, Victoria, Australia) and purified by HPLC. The pep-
tide was dissolved in DMSO at 1 mM, and stock solutions of the 
test compounds (10 mM in DMSO) were used for serial dilutions 
(100 μM to 98 nM final concentrations). The reaction was car-
ried out in a total volume of 100 μL/well containing 1.5 μM of 
GST-Bcl-X

L
ΔC19 or untagged Bcl-X

L
ΔC19 and 60 nM labeled 

peptide in assay buffer (50 mM Tris, pH 8, 150 mM NaCl and 
0.1% bovine serum albumin). To each well was added 10 μL of 
the test compounds, and the reaction mixture was incubated at 
room temperature for 1 h. The fluorescence polarization values 
were determined using Tecan Safire plate reader at the excitation/
emission wavelengths of 485/535 nm.

Differential scanning fluorimetry. Before initiating the 
secondary screen, each protein was scanned to assess the suit-
ability of the method and the lowest concentration of protein 
needed to generate a strong signal was determined. Compound 
concentrations varied between 3 μM and 100 μM, depending 
on the anticipated affinity and the requirement to limit the 

Table 3. Summary table of IC50 for known Bcl-XL/Bcl-2 inhibitors in dis-
placing Bak BH3 peptides from Bcl-XL and GST-Bcl-XL measured by FPA

Inhibitors
FPA (IC50 µM)

GST-Bcl-XL Bcl-XL

Kendomycin 9.93 76.6

Chelerythrine 2.83 >100

YC-137 >100 >100

BH3I-1 10.63 20.45

BH3I-2 27.61 36.05

Gossypol 23.92 55.25

ABT-737 0.104 0.110

Bak BH3 peptide 29 11
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