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The chaperone Hsp70 is a BH3 receptor activated by the
pro-apoptotic Bim to stabilize anti-apoptotic clients
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The chaperone heat shock protein 70 (Hsp70) is crucial for
avoiding protein misfolding under stress, but is also up-regu-
lated in many kinds of cancers, where its ability to buffer cellular
stress prevents apoptosis. Previous research has suggested
Hsp70 interacts with pro-apoptotic Bcl-2 family proteins,
including Bim and Bax. However, a definitive demonstration of
this interaction awaits, and insights into the structural basis and
molecular mechanism remain unclear. Earlier studies have
identified a Bcl-2 homology 3 (BH3) domain present in Bcl-2
family members that engages receptors to stimulate apoptosis.
‘We now show that Hsp70 physically interacts with pro-apopto-
tic multidomain and BH3-only proteins via a BH3 domain,
thereby serving as a novel BH3 receptor, using in vitro fluores-
cent polarization (FP), isothermal titration calorimetry (ITC),
and cell-based co-immunoprecipitation (co-IP) experiments,
'H-'">N-transverse relaxation optimized spectroscopy (TROSY-
HSQC), trypsin proteolysis, ATPase activity, and denatured
rhodanese aggregation measurements further demonstrated
that BimBH3 binds to a novel allosteric site in the nucleotide-
binding domain (NBD) of Hsp70, by which Bim acts as a positive
co-chaperone to promote the ATPase activity and chaperone
functions. A dual role of Hsp70’s anti-apoptotic function was
revealed that when it keeps Bim in check to inhibit apoptosis, it
simultaneously stabilizes oncogenic clients including AKT and
Raf-1 with the aid of Bim. Two faces of Bim in cell fate regula-
tion were revealed that in opposite to its well-established pro-
apoptotic activator role, Bim could help the folding of onco-
genic proteins.

Hsp70 is an ATP-dependent molecular chaperone that is
abundantly expressed in most cancer cells to facilitate the mat-
uration, activation, and stabilization of many oncogenic clients
to buffer cellular stress (1-3). The chaperone function of
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Hsp70 is based on an allosteric mechanism, in which nucleo-
tide-binding and conformation-specific co-chaperones regu-
late Hsp70-client protein interaction. As such, recruitment of
Hsp70 by these co-chaperones would create a local pool of the
chaperone to facilitate folding of clients (4, 5).

Besides, Hsp70 inhibits caspase-independent and caspase-
dependent apoptosis by directly interacting with apoptosis-
inducing factors, such as AIF and APAF-1, and inhibits caspase
3 and 9 activations (6, 7). However, as pivotal regulators of the
mitochondrial apoptosis pathway, Bcl-2 family members have
cross-talk with Hsp70 in a way that is not fully understood (8).
Although a few previous reports have found Bim and Bax inter-
actions with Hsp70 by co-IP and FRET (9-11), there is no solid
evidence of the physical interactions between them. The bio-
logical consequence of these complexes is unknown.

The protein-protein interactions (PPIs) of the Bcl-2 family
proteins dictate apoptosis, which is mediated by a Bcl-2 homol-
ogy 3 (BH3) domain of the pro-apoptotic protein that inserts
into a BH3 receptor groove on the surface of anti-apoptotic
proteins (12). Recent pieces of evidence have revealed that
BH3-only proteins could engage into BH3-receptor proteins
besides the 16 well-known Bcl-2 family proteins (13-15), sug-
gesting the presence of unknown BH3 receptors that have
cross-talk with Bcl-2 members via a BH3 groove.

In this study, Bim was revealed that binds Hsp70 in vitro and
in cells through the BH3 domain (a diagram of Bim sequence is
shown in Fig. S1). Bim acts as a positive co-chaperone of Hsp70
because it increased ATPase activity and oncogenic chaperone
functions of Hsp70 by stabilizing its ADP-binding conforma-
tion. In opposite to its classic role as an activator of intrinsic ap-
optosis, Bim was revealed that could help Hsp70 to stabilize on-
cogenic clients AKT and Raf-1.

Results and discussion
Characterization of the binding of Hsp70 to a panel of BH3
domains

We characterized the binding ability of Hsp70 proteins to
BH3 domains of Bid, Bim, Noxa, Bax, and Bak by using in vitro
biochemical assays and cell-based assays. Two Hsp70 inhibitors
(VER-155008 (16) and MKT-077 (17)) were tested in parallel.
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Figure 1. Profiling the interactions of Hsp70 with canonical pro-apoptotic and BH3-only Bcl-2 family proteins. Hsp70 was immunoprecipitated from
BV173 (A) and KCL22 (B) cells, respectively, upon treatment with 5 um BimBH3 peptide, 5 um MKT-077, or 10 um VER-155008 for 12 h, and immunoprecipitates
were subjected to immunoblotting analysis for Bim, Bad, Puma, Noxa, Bid, Bak, and Bax proteins. C, BV-173 cells were treated with MKT-077 at 5 um for 2,6, 12,
or 24 h (top panel), or with MKT-077 at 0.5, 1, 5, or 10 um for 12 h (bottom panel), and the amounts of Bim was analyzed by immunoblotting. Data shown are
representative of three independent experiments. D, CCLE database of all human cancers was probed for significant associations between the gene expres-
sion levels of Bim, Bad, Puma, Bcl-2, Bax, Noxa, Bid, Mcl-1, Bcl-xL, and Bak with Hsp70 from a sample of 837. Association strength is proportional to -log(p value),

reflected in the radii of the circles. Black circles indicate nonsignificant association (p value cutoff = 0.02).

First, the specific binding effects of these BH3 peptides on
apo-Hsp70 (nucleotide-free Hsp70) were evaluated through
FP. As shown in Fig. S2, BH3 peptides derived from Bid, Bim,
Noxa, Bax, and Bak exhibited direct binding affinities (K, = 1.3-
1.5 um) to apo-Hsp70. MKT-077 could effectively compete the
binding of BimBH3 to Hsp70 (ICso = 3.2 um), whereas VER-
155008 failed to dissociate the BimBH3/Hsp70 complex (ICs,
>100 um). When mutating conserved BimBH3 resides Leu-62
and Asp-67 to alanine, it reduced the binding of BimBH3 to
Hsp70 below detectable levels in our assay (K; > 100 um). FP
results illustrated that the direct interactions of Bcl-2 family
proteins with Hsp70 might be mediated by the BH3 domains,
where MKT-077 but not VER-155008 might also occupy.

Next, we explored whether Hsp70 could bind Bcl-2 members
through the BH3 domain in cells. Co-IP experiments were per-
formed in BV173 and KCL22 cells to detect multidomain pro-
apoptotic members and BH3-only pro-apoptotic members
complexed with Hsp70. As shown in Fig. 1, A and B, the bind-
ing profiles of Hsp70 were found to be different in the two cell
lines. Only Bim was observed at certain levels in complex with
Hsp70 in both cell lines, whereas Bax and Bak were found to
form heterodimers with Hsp70 only in KCL22 cells, suggesting
the cell context-dependent Hsp70 complex with Bcl-2 proteins.
No interactions were found between other BH3-only proteins
(Bad, Puma, Noxa, and Bid) with Hsp70 in either of BV173 and
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KCL22. We further expanded the cell lines to His-23 and Lys-
562, and continuously observed Bim interactions with Hsp70,
whereas interactions with other BH3-only proteins were not
found. Additionally, we detected some Hsp70/Bak complex but
little Hsp70/Bax complex in Lys-562 and His-23 (Fig. S3).
Then, we performed competitive experiments. As shown in
Fig. 1, A and B, BimBH3 peptide efficiently disrupted the
Hsp70/Bim interaction, indicating that Bim interacts with
Hsp70 via BH3 domain in cells. The control BimBH3"624/P¢7A
peptide was ineffective. In addition, the Hsp70/Bim complex
was potently disrupted by MKT-077, whereas weak to no dis-
ruption was found for VER-155008 (Fig. 1A4), which is consist-
ent with the in vitro binding profile.

Of note, the level of Bim remained constant for 2—24 h after
it was released by 5 um MKT-077, and it did not show any
dose-dependent change with exposure to up to 10 um com-
pound (Fig. 1C). Hsp70-interacting protein can be divided into
two groups: clients and co-chaperones. When the ATPase ac-
tivity of Hsp70 is inhibited by inhibitors, for example, MKT-
077, the client protein level would decrease (18). The
unchanged Bim level after MKT-077 treatment indicated that
Bim is likely to be a co-chaperone of Hsp70 rather than a client.
Additionally, BimBH3 peptide binds to Hsp70 at higher bind-
ing affinity (K, values at the submicromolar range) than the
affinities of the reported client proteins (typically low to mid-
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Figure 2. The binding site and conformational change effect of Bim in Hsp70 as determined by ITC, "H-'>N-TROSY NMR spectrum, and limited tryp-
sin proteolysis. A-C, calorimetric isothermal titration measurement of the interaction of BimLAC27 with ADP or ATP-bound full-length Hsp70 (A), ADP or
ATP-bound Hsp70 NBD (B), and Hsp70 SBD (C). Top, raw data plot of heat flow against time for the titration of BImLAC27 (300 wm) into Hsp70 (30 um). Bottom,
the respective integrated binding heat. The binding site N and K, values were deduced from one-site curve fitting. The ITC data were shown as representative
of three independent experiments. D, "H-">N-TROSY-HSQC NMR spectra of "*N-labeled Hsc70 NBD without (red) or with the addition of BimBH3 peptide (blue)
in a ratio of 1:3. £, top panel: the peak intensity changes of Hsc70 NBD upon BimBH3 addition. P/7 and PI2 indicate peak intensity in the spectrum of apo-Hsc70
NBD and Hsc70 NBD/BimBH3 complexes, respectively. Bottom panel, the chemical shift perturbation of Hsp70 NBD upon BimBH3 addition. The chemical shift
perturbations of cross-peaks are calculated as [(AH)? + (0.2AN)?]"2, where AH represents the chemical shift change of the amide proton, and AN represents
the chemical shift change of the amide nitrogen of an amino acid residue. Arbitrary thresholds value = mean value = S.D. (0.02 ppm). F, labeling of the resi-
dues with significant chemical shift changes (pink) on Hsc70 NBD (Protein Data Base code 4H5T). Green and blue circles show the binding site of MKT-077 and J
domain, respectively, as previously reported. G, limited trypsin proteolysis of apo-Hsp70, ATP, or ADP saturated Hsp70 upon addition of J domain and BimBH3
peptide. Bands 1 and 2 were quantified in an ImageJ densitometer, and the ratio of these bands is shown in the bottom panel. Data are the mean = S.D. (n = 3).
The levels of significance were evaluated by two-tailed t test (**, p < 0.01).

micromolar) (19), which also indicated that Bim might be a co- with Hsp70 expression. Associations were examined in the
chaperone of Hsp70 proteins rather than a client. pan-cancer (1 = 837 across 16 cancers) (Table S1). As shown

To explore the biological relevance of Bcl-2 family proteins  in Fig. 1D and Fig. S4, there is a significant correlation between
with Hsp70 from a bioinformatics perspective, we examined Bim and Hsp70 expression (r = 0.36, p = 10~ 2%, 95% confidence
publically available the CCLE database for gene expression data interval of (0.31, 0.41)) (20). Compared with Bim, there were
and determined association of Bcl-2 family protein expression nonsignificant positive associations between other pro-apop-
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totic BH3-only and multidomain Bcl-2 family members with
Hsp70.

The bioinformatics analysis highlights a related biological
function between Hsp70 and Bim. Thus, we focus on Hsp70/
Bim complex in the following study.

Localization of the interaction site of BimBH3 on Hsp70

To identify the interaction site for Bim on Hsp70, we
expressed the recombination NBD (residues 1-383) and SBD
(residues 397-506) of Hsp70, and analyzed the interaction of
Bim with different nucleotide-bound states of Hsp70 by iso-
thermal titration calorimeter (ITC). As shown in Fig. 24,
BimLAC27 had a 6-fold higher binding affinity for ADP-bound
full-length Hsp70 (K, = 0.89 um) (Fig. 24, left panel) relative to
ATP-bound Hsp70 (K,; = 5.3 um) (Fig. 24, right panel). Further-
more, we measured that BImLAC27 exhibited essentially simi-
lar binding preference and affinity for ADP-bound Hsp70 NBD
domain (K, = 1.0 um) relative to ATP-bound Hsp70 NBD (K; =
6.4 um) (Fig. 2B, left and right panels), whereas the interactions
of the SBD domain appeared to be significantly weaker (K, =
10.2 um) (Fig. 2C). Although BimBH3 binds both NBD and
SBD, no second binding event was apparent in the ITC curve of
BimB3 to full-length Hsp70, suggesting that a close contact of
NBD and SBD in full-length Hsp70 might form one binding
unit for Bim, as similar as previously found in the Hsp70/Hsp40
complex (21). The significantly higher binding affinity of Bim
to NBD than SBD showed that BimBH3 mainly interacts with
Hsp70 NBD in an ADP-bound state and complements SBD by
weak interactions.

To test whether BimBH3 resembles that full-length Bim, we
assayed the binding affinity of BimBH3. As shown in Fig. S5,
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BimBH3 interacted with ADP-bound full-length Hsp70 (K, =
0.81 um), ADP-bound Hsp70 NBD (K, = 0.94 um), and Hsp70
SBD domain (K = 9.3 uMm) as similar as BimLAC27 did. Thus, it
can be concluded that Bim interacts with the Hsp70 NBD do-
main via the BH3 domain.

Consequently, we performed 'H-'°N-transverse relaxation
optimized spectroscopy (TROSY) NMR experiments to explore
the binding site of Bim on Hsp70 NBD domain. FP experiments
showed that Hsc70 NBD binds BimBH3 as similar as Hsp70
NBD did (Fig. S6), which is consistent with the high similarity
in Hsp70 and Hsc70. Because assignments of the backbone
resonances of the Hsc70 NBD domain have been available in
literature (22), we used a spectrum of *>N-labeled Hsc70 NBD
to localize the binding site (Fig. 2D). The resonance of 6 resi-
dues (Arg-72, Val-146, Thr-177, His-227, Thr-298, and Arg-
342) showed a significant decrease in peak intensity (P11/PI12 >
2), and 36 residues showed significant chemical shift changes
(>0.02 ppm, Fig. 2E). All the residues showing significant peak
intensity decrease (shown in red sticks) and more than 70% of
the residues showing significant chemical changes (shown in
red) were located in subdomains IA and IIA, surrounding a cleft
opposite to the nucleotide-binding pocket, and therefore this
cleft is indicated as the binding site of BimBH3 (Fig. 2F, red
circle). To validate the binding site, we mutated His-227, one of
the most disturbed residues in NMR experiment, and assayed
the influence on Bim binding. By FP-based binding assay, we
detected that compared with WT Hsp70 protein, the H227A
mutant resulted in a 5-fold loss of binding affinity (Fig. S7), con-
firming the localization of the interaction site of Bim on Hsp70.
Compared with MKT-077 and J-domain (Fig. 2F, binding sites
were labeled in green and blue circles, respectively), BimBH3
binds into a site distinct from either of them. There is a region
involved in both MKT-077 and BimBH3-binding areas, indica-
tive of mutually exclusive binding. It is consistent with the com-
petitive effect of MKT-077 against BimBH3 in FP and co-IP
assays. The NMR results indicated that BimBH3 engaged in a
site that is different from the previously known sites occupied
by the J-domain or MKT-077. To test it, we performed FP-
based binding between BimBH3 and Hsp70 in the presence or
absence of the J-domain, and observed that the J-domain can-
not influence the interaction between BimBH3 and Hsp70 (Fig.
S7). The result confirmed that the binding site of Bim is differ-
ent from J-domain.

Interacting proteins or small molecules that bind on the
Hsp70 NBD domain often induce a conformational change
between the ADP-like and ATP-like states. To evaluate
whether Bim has such an effect, we performed trypsin treat-
ment of human Hsp70. Consistent with previous reports (23),
the addition of either ATP or ADP decelerated the proteolysis
(Fig. 2G). Hsp70 saturated with ATP was primarily cleaved into
three high-molecular mass bands, including prominent bands
at ~58 kDa (band 1) and 55 kDa (band 2). Conversely, treat-
ment with ADP strongly favored band 2. Addition of ] domain,
which stimulates ATP turnover in Hsp70, converted the ATP-
like pattern into an ADP-like pattern, as shown by a signifi-
cantly decreased ratio of band 1/band 2 than that in ATP-like
state (**, p < 0.01, Fig. 2G, bottom panel). Addition of BiImBH3
to Hsp70 significantly favored band 2, which is similar to the
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Figure 3. Effects of Bim on chaperone functions of Hsp70 in vitro and in cells. A, effects of BimBH3 (0.1 um) or J domain (0.2 um) on steady-state ATPase ac-
tivity of Hsp70 and its H227A mutant (1 um), respectively. MKT-077 was added at 50 um. Data are the mean = S.D. (n = 3). B, the aggregation of rhodanese was
measured at 340 nm over 5 min. The measured optical densities were normalized to the zero reading for each well, and the increase in absorbance was plotted
as a percentage of the total increase of rhodanese alone. Data are the mean = S.D. (n = 3). C, ATPase activity of Hsp70 from BV173, Bim shRNA-transfected
BV173, KCL22, and Bim shRNA-transfected KCL22. A same amount of Hsp70 from each cell sample is confirmed by immunoblotting. Data are the mean = S.D.
(n=3). D and E, effects of shHsp70, shBim, or dual shHsp70 and shBim on the down-regulation of AKT and Raf-1 in BV173 (D) and MDA-MB-435 (E). Values in
the column chart represent the relative protein levels of AKT and Raf-1 normalized to B-actin. Data are the mean = S.D. (n = 3). The levels of significance were
evaluated by two-tailed t test (**, p < 0.01, P > 0.05 shows no statistical significance).
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three independent experiments. D, model for the mechanism of regulation of Hsp70 chaperone cycle by Bim.

influence of ADP and ] domain. These results indicated that lized. So far, the solid evidence of Bim binding with Hsp70 to
Bim binds preferentially to the ADP-bound state of Hsp70. The act as an allosteric regulator has been shown, which prompted
newly identified Bim-binding site is a novel allosteric site by us to evaluate the effect of BimBH3 on ATPase and chaperone
which the ADP-bound conformation of Hsp70 could be stabi-  activities of Hsp70.
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Identification of BH3-only protein Bim as a co-chaperone
positively regulating the chaperone functions of Hsp70

We first evaluated the effect of Bim on Hsp70 ATPase. As
shown in Fig. 3A, the combination of Hsp70 (1 um) and
BimBH3 (0.1 uM), which resembled the ratio of Bim-bound
Hsp70 in total Hsp70 as determined by semi-quantification
assay in cells (Fig. S8) resulted in a 3.8-fold increase of the rate
of ATP consumption similarly to the addition of ] domain (4.2-
fold), and both of their stimulations of ATPase activity were
blunted by MKT-077. The control BimBH3"¢*A/P*"A peptide
was ineffective. We also compared BimBH3 with ¢, a model
Hsp70’s client. As shown in Fig. S9, A and B, BimBH3 could
stimulate the ATPase activity of the Hsp70 NBD domain by
3.5-fold, which is similar to that of full-length Hsp70 (3.8-fold).
In contrast, 0> only stimulated full-length Hsp70 (2.2-fold) but
not Hsp70 NBD. Compared with BimBH3 or ] domain alone
(3.6- and 4-fold, respectively), 2 combination with BimBH3
or ] domain stimulated ATP hydrolysis by 7.5- and 8.3-fold,
respectively, suggesting that the combination could synergize
to stimulate ATPase of Hsp70. However, the effect is abolished
when using the Hsp70 NBD domain (Fig. S9B), suggesting that
SBD is required for the synergistic effect.

Next, we measured the aggregation of denatured rhodanese
by spectrophotometry to assess the effect of BimBH3 on Hsp70
chaperon activity. As shown in Fig. 3B, the addition of either
BimBH3 or ] domain in Hsp70 reduced rhodanese aggregation
by 40-50%, indicative of the positive effect of BimBH3 on facili-
tating Hsp70 to bind and stabilize denatured rhodanese. MKT-
077 inhibited these positive regulations of Hsp70 (Fig. 3B).
Consistent with decreased Bim binding by the H227A mutant,
the effect of BimBH3 on Hsp70 ATPase and aggregation of
denatured rhodanese was significantly impaired by the mutant,
whereas it did not influence the effect of ] domain (Fig. 3, A and
B). In agreement with BimBH3 peptide, we detected similar
positive effects of BImLAC27 on Hsp70 chaperon activity (Fig.
S10). These results identified that Bim acts as a positive co-
chaperone of the Hsp70 chaperone cycle.

To evaluate whether the in vitro biochemical assay repre-
sented the positive co-chaperone function of Bim in living cells,
BV173 and KCL22 cells were transfected with Bim shRNA. As
shown in Fig. S11, Bim shRNA transfection down-regulated the
Bim protein level by about 90%, whereas Bim silence did not
affect the level and complex state of Hsp70, Hsp40, and BAG3.
Then, we immunoprecipitated Hsp70 from cell lysates of WT
and Bim-silenced cells, respectively, and performed ATPase
assays. As shown by Fig. 3C, Bim silence led to a down-regula-
tion of the ATPase activity of Hsp70 by 30—40% in both BV173
and KCL22 cells, confirming the positive co-chaperone role of
Bim in stimulating Hsp70 ATPase in cells.

Hsp70 is an important cancer chaperone that assists in the
correct folding of oncogenic client proteins. The tumor addic-
tion of Hsp70 may be enhanced by Bim because positive co-
chaperones could up-regulate the level of clients and most
reported so far are prosurvival proteins (24). We then evaluated
regulation of the Hsp70/Bim complex on AKT and Raf-1,
which are well-established clients of Hsp70 and are two impor-
tant signaling proteins that control growth and anti-apoptosis
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of cancer cells (25). To test if Bim is involved in the control of
these clients, we investigated whether Bim silence in BV173
affects levels of AKT and Raf-1. As shown in Fig. 3D, Bim
silence caused a decreased level of AKT and Raf-1 by 38 and
35%, respectively, and Hsp70 silence caused a decreased level of
AKT and Raf-1 by 44 and 42%, respectively. However, in cells
with stable Hsp70 knockdown, Bim shRNA transient transfec-
tion had little effect on the levels of AKT and Raf-1 (p > 0.05,
Fig. 3D). Therefore, the Hsp70/Bim complex is critical for sta-
bilization of AKT and Raf-1. Similar effects of Hsp70 and Bim
knockdown were detected in KCL22 and the breast cancer cell
line T47D, demonstrating that these effects are widespread in
multiple cancer types (Fig. S12). In line with it, when the
shRNA experiments were performed in MDA-MB-435 that
endogenously express a low level of Hsp70 protein, Hsp70
knockdown has no effect on the levels of AKT and Raf-1, and
Bim knockdown paralleled the effect of Hsp70 (Fig. 3E). In
summary, the Hsp70/Bim complex plays a critical role to facili-
tate the chaperone function of Hsp70 toward client proteins,
which hinted that outcome of the Hsp70/Bim complex is to
promote the oncogenic chaperone activity of Hsp70.

Furthermore, a dual role of Hsp70’s anti-apoptotic function
was illustrated in T47D and MDA-MB-435 cells following
ABT-737 treatment that Hsp70 not only antagonizes Bim to
protect cells from apoptosis, but also enhances the tumor chap-
erone’s effect on stabilizing oncogenic clients with the help of
the positive co-chaperone Bim.

Role of Hsp70/Bim complex in blocking cancer cells from
apoptosis

ABT-737 is one of the most established small-molecule Bcl-2
inhibitors that induce intrinsic apoptosis by releasing pro-apo-
ptotic Bim from Bcl-2 complexes. Its analog ABT-199 is the
first FDA approved Bcl-2 inhibitor (26, 27). Although a previ-
ous report has found that mitochondria from T47D and MDA-
MB-435 were similarly primed with Bim, only MDA-MB-435
cells exhibit the expected sensitivity to ABT-737 (28). Herein,
we detected a much higher expression level of Hsp70 in T47D
than in MDA-MB-435 cells (Fig. 4A4). Then, we treated the two
cell lines with a gradient concentration of ABT-737 and exam-
ined the composition of Bim and Hsp70 complexes. Protein
levels of AKT, Raf-1, and PARP cleavage (a hallmark of apopto-
sis) were detected in parallel. As shown in Fig. 4B, for T47D,
ABT-737 treatment induced a dose-dependent release of Bim
from Bcl-2, which was not rebound to Bcl-xL and Mcl-1 (Fig.
S13), whereas the Hsp70/Bim complex is increased, accompa-
nied with increased AKT and Raf-1 binding with Hsp70 and
up-regulation of the AKT and Raf-1 protein level. Even at 0.5
uM ABT-737 most of Bim were released from Bcl-2, and no
PARP cleavage was detected. In addition, we assayed Hsp70
interactions with Bax and Bad, two other BH3-containing pro-
teins that could be released from Bcl-2/Bcl-xL by ABT-737.
Hsp70 showed very few interactions with Bax and Bad with lit-
tle change after ABT-737 treatment (Fig. S13), confirming the
cellular activity of the Hsp70/Bim complex in blocking apopto-
sis. In contrast, in MDA-MB-435 cells, very little Hsp70 was
found in Bim complexes and no increase of Hsp70/Bim
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complex was detected after ABT-737 treatment (Fig. 4C). Con-
sistently, no increase of AKT and Raf-1 complex with Hsp70
and up-regulation of AKT and Raf-1 levels were detected.
Meanwhile, PARP cleavage was detected as soon as Bcl-2/Bim
was disrupted following 0.1 um ABT-737 exposure, and the
effects were further augmented at 0.5 um ABT-737 (Fig. 4C).
As reported by Letai and co-workers (28) and other groups, in
ABT-737-resistant cells, activated AKT could induce Bax
phosphorylation and switch Bax from promoting to inhibiting
apoptosis, whereas activated ERK, a downstream effector of
Raf-1, could promote Mcl-1 levels to confer ABT-737 resist-
ance (29). Herein, we revealed that it is the high expression of
Hsp70 that up-regulates AKT and Raf-1 with the help of Bim to
antagonize ABT-737.

Tait et al. (30) previously reported that minority MOMP and
DNA damage induced by nonlethal ABT-737 promotes tumor-
igenesis. Herein, we revealed that Bim released by nonlethal
ABT-737 inhibits MOMP by facilitating stabilization of AKT/
Raf-1. Given on the opposite role of Bim as a canonical BH3 ac-
tivator to trigger MOMP by directly activating Bax/Bak, it is
reasonable to suspect that the dual function of Bim might con-
tribute to a balanced activation of Bax/Bak, which led to minor-
ity MOMP and DNA damage. Thus, further study will be
directed to investigate how the paradoxical role of Bim pro-
motes tumorigenesis.

To the best of our knowledge, our work is the first to describe
that Bim binds in a new allosteric site of Hsp70 through the
BH3 domain and then positively regulates its chaperone activ-
ity. Bim combination with the ] domain has an addictive effect,
and client binding can synergize with Bim or ] domain to acti-
vate ATPase of Hsp70 (a model of the proposed reaction cycle
was shown in Fig. 4D). It reminds us of a growing emergence of
new partners of BH3-only protein, which endows BH3-only
proteins with new roles on directly regulating the partners’ ac-
tivity and biological process beyond their canonical pro-apo-
ptotic function (12, 13, 31). However, the new finding on Bim is
unexpected. As the most predominant BH3-only protein that
antagonizes all the anti-apoptosis Bcl-2-like proteins and acts
as an activator of multidomain pro-apoptotic members, Bim
conceals such an opposite role to help Hsp70 to stabilize onco-
genic clients. There are some reports showing that cancer cells
often express a significantly higher level of Bim than normal
cells, which exhibits a prosurvival function (32). However, the
molecular mechanism remains a mystery and people could not
speculate why cancer takes the risk of overexpressing Bim. Our
findings provide an unprecedented mechanism that being com-
plexed with Hsp70 at least partly contributes to the Bim balanc-
ing between surviving and apoptosis.

Hsp70 protein was demonstrated to function as a BH3 recep-
tor to capture Bcl-2 family members via the BH3 domain for
the first time. Together with two previous reports of Hsp70/
Bim and Hsp70/Bax complexes by co-IP (9, 10), Hsp70 can be
listed into noncanonical Bcl-2-like proteins. Because the bind-
ing site of Bim is highly conserved among family members,
such as Hsc70 (HSPAS8), Hsp70 (HSPA1lA), and GRP75
(HSPAY), as shown by sequence alignment (Fig. S14), nearly all
Hsp70 family members are likely to act as BH3 receptors.
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Taken together, the two-faced role of Bim in cell fate regula-
tion and dual anti-apoptosis function of Hsp70 were revealed in
this study. Moreover, the solid physical complex of Hsp70/Bim
as well as the biological relevance between them as evidenced
by bioinformatics analysis highlights the further exploration of
the consequent biological events of Hsp70/Bim dimer in cell
death and proliferation.

Materials and methods
Cell lines

Cell lines KCL22, BV-173, T47D, MDA-MB-435, K562, and
H23 were purchased from American Type Culture Collection
and used within 6 months from resuscitation. Cells were cul-
tured in RPMI 1640 media (Thermo Scientific HyClone, Bei-
jing, China) supplemented with 10% fetal bovine serum (Gibco
BRL, Grand Island, NY) and 100 units/ml of penicillin and
streptomycin at 37 °C and 5% CO,.

Protein expression and purification

Constructs of hHsp70, hHsp70 NBD(1-383), and hHsc70
NBD(1-383) cDNA were subcloned into the pHis vector with a
tobacco etch virus protease cleavage site for simple removal of
the tag following protein production. The plasmids for full-
length Hsp70, Hsp70 NBD, and Hsc70 NBD were prepared
externally (Takara Bio Inc., Otsu, Japan). To construct Hsp70
mutant H227A, nucleotides corresponding to residue His-227
were substituted to create an alanine residue (Ala) with a site-
directed mutagenesis kit (Clontech, Beijing, China). These pro-
teins with an N-terminal Hise tag were produced in Escherichia
coli strain BL21 (DE3) containing the corresponding plasmid
grown in LB medium at 37 °C to an optical density of 0.8 at 600
nm, and then induced by 0.5 mm isopropyl 1-thio-B3-p-galacto-
pyranoside at 37°C for 5 h. For NMR studies, uniformly *H/
>N-labeled protein samples were produced in D,O minimal
M9 medium, where *’NH,CI were used as sole nitrogen sour-
ces. Cells were then lysed by sonication and the lysate was
cleared by centrifugation at 9000 rpm for 30 min, and Hsp70
proteins were purified from the soluble fraction using nickel-
nitrilotriacetic acid resin (Qiagen), following the manufac-
turer’s instructions. The affinity tag was captured through
reverse Ni*" chromatography. The flow-through containing
Hsp70 protein was further purified by Sephadex G-75 size
exclusion chromatography (GE Healthcare). To make apo-
Hsp70, the protein underwent extensive dialysis: day 1 was 25
mwm HEPES, 100 mm NaCl, and 5 mm EDTA (pH 7.5), day 2, 25
mwm HEPES, 100 mm NaCl, and 1 mm EDTA (pH 7.5), and day
3,25 mm HEPES, 5 mm MgCl,, and 10 mm KCI (pH 7.5).

For J domain expression, competent E. coli strain BL21
(DE3) was transformed with a plasmid that expresses bovine
auxilin residues 810-910 as part of a glutathione S-transferase
fusion protein. Transformed cells were grown in 1 liter of LB
media to an OD of 0.4-0.7 at 37 °C, and expression of the fusion
protein was induced by addition of isopropyl 1-thio-B3-p-galac-
topyranoside to 1 mm. Cells were grown for 4 h at 25°C, and
harvested by centrifugation, and suspended in 40 ml of 50 mm
Tris (pH 8.0), 1 mM DTT, 1 mm EDTA, 1 mMm phenylmethylsul-
fonyl fluoride, and 5% glycerol. Cells were lysed by sonication
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and the lysate was cleared by centrifugation at 9000 rpm for 30
min, and the supernatant was loaded onto 5 ml of GSH resin
(GE Healthcare). The resin was washed with 50 mm Tris (pH
8.0), 1 mM DTT, 0.5 M NaCl, 1 mm EDTA, 1 mm phenylmethyl-
sulfonyl fluoride, 0.1% Tween 20, 10 mm GSH, and 5% glycerol.

Isothermal titration calorimetry (ITC)

The Hsp70 protein interactions with BimBH3 peptide or
BimLAC27 were characterized using an isothermal titration
microcalorimeter, ITC200 (GE Healthcare/MicroCal, South
Burlington, VT) at 25°C. The cell was loaded with 30 um full-
length Hsp70 or Hsp70 NBD in buffer A (5 mm MgCl,, 25 mm
KCl, 20 mm Tris-HCI, 3 mm ADP (pH 7.5)) and buffer B (5 mm
MgCl,, 25 mm KCl, 20 mm Tris-HCl, 3 mm ATP (pH 7.5))
respectively, by which ADP-bound full-length Hsp70, ATP-
bound full-length Hsp70, ADP-bound Hsp70 NBD, or ATP-
bound Hsp70 NBD were generated, and the injection syringe
was loaded with 300 um BH3 peptides or BimLAC27. To assay
BimBH3 peptide or BimLAC27 binding with the SBD, the cell
was loaded with 30 um Hsp70 SBD in buffer C (5 mm MgCl,, 25
mm KCl, 20 mm Tris-HCI (pH 7.5)). Typical titrations consisted
of 12 injections of 3 ul. An additional set of injections was run
in a separate experiment with buffer instead of the protein solu-
tion as a control. Before data analysis, the control values were
subtracted from the main experimental data. The data were an-
alyzed to fit a one-site model in MicroCal software.

NMR titrations

The experiments were performed at 26 °C on an 800-MHz
Varian Inova NMR spectrometer equipped with a triple-reso-
nance cold probe. Hsc70 NBD(1-383) samples (100 um) in 5
mwm MgCl,, 25 mm KCl, 20 mMm Tris-HCl, 10 mm ADP, 5 mm
K3PQOy, 0.005% sodium azide, and 10% (v/v) D,O (pH 7.5) were
used for the titrations, using 4 mm solutions of BimBH3 peptide
in the above buffer.

Partial proteolysis

The partial proteolysis protocol was adapted from a previ-
ously described method (33). Briefly, Hsp70 (6 um) in 40 mm
HEPES buffer (20 mm NaCl, 8 mm MgCl,, 20 mm KCl, and 0.3
mwm EDTA (pH 8.0)) was incubated with either a buffer control,
J domain (6 uMm), or BImBH3 peptide (6 uM) when noted, with
or without 1 mm nucleotide (ADP or ATP). Samples were incu-
bated at room temperature for 30 min. The trypsin (EC
3.4.2.1.4; Sigma) was added to a final concentration of 0.9 um,
and the samples were incubated for another 30 min at room
temperature. The reaction was then quenched with the addi-
tion of 25 ul of 3X SDS loading buffer (240 mm Tris, 6% (w/v)
SDS, 30% (v/v) glycerol, 16% (v/v) B-mercaptoethanol, and 0.6
mg/ml of bromphenol blue (pH 6.8)) and heated to 95 °C for 3
min. Bands were separated by 12% SDS-PAGE and stained with
Coomassie Blue.

ATPase activity

ATPase assays were carried out using Kinase-Lumi'™ Plus
Luminescent Kinase Assay Kit (Beyotime, China). Briefly, A
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master mix of full-length Hsp70 (final concentration 1 um) was
prepared in assay buffer (100 mm Tris-HCl, 20 mm KCI, and 6
mMm MgCl, (pH 7.4)). An aliquot (50 ul) of this mixture and
BimBH3 peptide (0.1 uMm), ] domain (0.2 um), and 02 (2 um)
alone or in combination in assay buffer were added to a 96-
well-plate and incubated for 30 min at room temperature with
or without MKT-077 (50 uMm). The reaction was started by add-
ing ATP (final concentration 40 um). After reaction at 25°C,
50-ul visualization reagents in the Luminescent Kinase Assay
kit were added for 10 min. The enhanced chemiluminescence
signal was determined with a SpectraMax M2e (Molecular
Devices). To correct for nonenzymatic hydrolysis of ATP, the
absorbance of a sample formed from an identically treated ATP
buffer lacking the protein was subtracted. To detect HSP70
ATPase in BV-173, Bim shRNA-transfected BV173, KCL22,
and Bim shRNA-transfected KCL22, HSP70 was co-immuno-
precipitated from the above cell lysates, and then subjected to
ATPase assay using Kinase-Lumi™ Plus Luminescent Kinase
Assay Kit.

Rhodanese aggregation assay

The aggregation of denatured rhodanese was measured
based largely on previously published procedures (34) with
some modifications. Bovine liver rhodanese (30 mu; Sigma)
was denatured in 6 M guanidine-HCl, 30 mm MOPS-KOH (pH
7.2), 2 mm DTT at room temperature for 30 min. The dena-
tured rhodanese was diluted to a final concentration of 1.2 mm
in buffer E (10 mm MOPS-KOH, pH 7.2), 50 mm KCl, 3 mm
MgCl,, 2 mm ATP, 2 mMm DTT) in the presence or absence of 2
mM Hsp70, 0.4 mm | domain, 0.2 mm BimBH3 peptide, respec-
tively, with or without 10 mm MKT-077. The aggregation of
rhodanese was measured by the absorbance of light at 340 nm.
The measured optical densities were normalized (to account
for the addition of different proteins to the wells) to the zero
reading for each well and the increase in absorbance plotted as
a percentage of the total increase for rhodanese alone. More
methods are provided under the supporting “Materials and
methods.”
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