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BAGS3 is a modular, scaffolding protein that physically links heat
shock protein 70 (Hsp70) to the small heat shock proteins

Jennifer N. Rauch?, Eric Tse?, Rebecca Freilichl, Sue-Ann Mok?, Leah N. Makley!, Daniel R.
Southworth?, and Jason E. Gestwickil:"

1Department of Pharmaceutical Chemistry, Institute for Neurodegenerative Disease, University of
California at San Francisco, San Francisco, CA 94158

2Department of Biological Chemistry, Life Sciences Institute, University of Michigan, Ann Arbor,
Ml 48109

Abstract

Small heat shock proteins (sHsps) are a family of ATP-independent molecular chaperones that are
important for binding and stabilizing unfolded proteins. In this task, the sHsps have been proposed
to coordinate with ATP-dependent chaperones, including heat shock protein 70 (Hsp70). However,
it isn’t yet clear how these two important components of the chaperone network are linked. We
report that the Hsp70 co-chaperone, BAG3, is a modular, scaffolding factor to bring together
sHsps and Hsp70s. Using domain deletions and point mutations, we confirmed that BAG3 uses
both of its IPV motifs to interact with sHsps, including Hsp27 (HspB1), aB-crystallin (HspB5),
Hsp22 (HspB8) and Hsp20 (HspB6). BAG3 does not appear to be a passive scaffolding factor;
rather, its binding promoted de-oligomerization of Hsp27, likely by competing for the self-
interactions that normally stabilize large oligomers. BAG3 bound to Hsp70 at the same time as
either Hsp22, Hsp27 or a.B-crystallin, suggesting that it might physically bring the chaperone
families together into a complex. Indeed, addition of BAG3 coordinated the ability of Hsp22 and
Hsp70 to refold denatured luciferase in vitro. Together, these results suggest that BAG3 physically
and functionally links Hsp70 and sHsps.
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Introduction

The mammalian genome contains multiple classes of molecular chaperones that are named
according to their approximate size, including heat shock protein 90 (Hsp90), heat shock
protein 70 (Hsp70), heat shock protein 40 (Hsp40) and the small heat shock proteins (sHsps)
[1]. Each of the categories of chaperones appears to be partly dedicated to individual aspects
of protein quality control [2]. For example, Hsp70 and Hsp90 are ATPases that use
nucleotide hydrolysis to regulate reversible binding to unfolded or partially folded proteins,
stabilizing many “clients” and favoring their folding and/or trafficking [3; 4]. Other
chaperones, such as the Hsp40s, appear to recruit specific clients to the Hsp70 and Hsp90
systems [5]. The importance of having multiple, non-overlapping categories of chaperones is
highlighted by their incredible conservation across all kingdoms of life [6-8].

Together, the chaperones constitute a network that maintains global protein folding and
function [1]. Within the chaperone network, many of the major chaperones make physical
interactions with each other. For example, the prokaryotic orthologs of Hsp70 and Hsp90
directly bind to each other [9; 10], as do the orthologs of Hsp70 and Hsp110 [11]. In
mammals, Hsp70s are physically linked to the Hsp90s, but through the scaffolding protein,
HOP (Hsc70-Hsp90 organizing factor). HOP is required for the Hsp70/Hsp90-mediated
activation of steroid hormone receptors [12-15], perhaps by facilitating client transfer
between the chaperones [16; 17]. Thus, the mammalian chaperone network appears to be
held together, in part, by protein-protein interactions between chaperones and scaffolding
proteins. This feature might allow unfolded clients to be protected by a closely-knit series of
physically interacting factors, possibly limiting their exposure to bystander proteins.

Within the chaperone network, small heat shock proteins (SHsps) are a large and enigmatic
class [18]. In humans, there are ten members of the sHsp family, denoted HSPB1 through
HSPB10 [19]. Unlike other molecular chaperone families, such as Hsp70 or Hsp90, sHsps
do not possess enzymatic activity; instead, sHsps function as “holdases”, a term that refers to
their ability to bind and stabilize denatured or non-native proteins against aggregation [20;
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21]. Individual sHsps range in size from 12 to 43 kDa and they are defined by the presence
of a conserved a-crystallin domain. In each sHsp, the a-crystallin domain that is flanked by
variable, disordered N- and C-terminal domains that contain phosphorylation sites and may
bind to clients [22]. The structure of the a-crystallin domain of Hsp27 has been solved by
NMR and it features an antiparallel beta-sheet that mediates stable dimerization [23-25]. In
addition, the a-crystallin domain contains two highly conserved beta sheets, termed p4—f8,
that form a hydrophobic groove. In some sHsps, such as Hsp27 and a.-crystallin, an 1XI
motif in the C-terminus binds to this groove and stabilizes higher order oligomers [26-29]
Specifically, the IXI motif from one unit of the sHsp seems to reach back onto the p4—38
groove of another. This groove can even support hetero-oligomers between different sHsp
family members [30; 31]. The oligomers are typically polydisperse and range in size from
~12 to 40 dimer subunits [30; 32; 33].

The method by which sHsps bind and stabilize clients is still being explored. One model
suggests that the sHsp oligomers dissociate in the presence of clients, and then re-form into
a new oligomeric form containing bound client [34; 35]. This idea is supported by electron
microscopy [20; 36] and mass spectrometry studies [37-39]. It has also been shown that
smaller oligomers of sHsp are more potent holdases /n vitro [39; 40] and that even fragments
of sHsps can still bind clients [41]. These observations suggest that smaller oligomers might
be better able to bind clients. In cells, phosphorylation of some sHsps forces larger
oligomers into smaller ones, perhaps providing a way for cell stress signaling to increase
chaperone function [39; 42; 43]. Similarly, some sHsps can also sense pH [44; 45], adjusting
their structure to protect clients.

One major gap in our understanding of the chaperone network is how the sHsps link to the
other major components. This question is important because sHsps lack the enzymatic
activity that appears to be required for active remodeling or refolding by the other categories
of chaperones. Rather, sHsps have been proposed to work in conjunction with other
chaperone systems, including Hsp70, in cells [46; 47]. In this model, sHsp oligomers might
interact with clients and keep them in a state that is competent for re-folding by Hsp70.

Bcl-2 Associated Anthanogene-3 (BAG3) is a stress-inducible, 61 kDa protein that is
characterized by the presence of multiple protein-protein interaction motifs (Fig 1a),
separated by long regions of predicted disorder. BAG3 is a member of the BAG family of
co-chaperones (BAG1-5), which are characterized by a conserved BAG domain. The BAG
domain is well known to bind the nucleotide-binding domain (NBD) of members of the
Hsp70 family [48; 49]. This protein-protein interaction helps release ADP from the
chaperone to facilitate nucleotide cycling. BAG3 binds to Hsp70 tighter than BAG1 or
BAG?2 [50], and it is the most potent nucleotide exchange factor (NEF), suggesting that it is
a functionally important partner for Hsp70s. Outside of the BAG domain, the members of
the BAG family have a variety of other motifs that are not shared. For example, BAG3
contains a WW domain that has been shown to be important for binding PPxY motif
proteins, such as RAPGEF6 [51] and SYNPO?2 [52]. The PXXP region of BAG3 has been
implicated in interactions with SH3 domain-containing proteins, including Src [53] and
PLC-y [54], an interaction that might link BAG3 and Hsp70 to signaling pathways. Finally,
and most importantly for this study, BAG3 contains two IPV motifs separated by ~100
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amino acids in its N-terminus. BAG3 has been proposed to interact with sHsps through its
IPV motifs [55-57], possibly mimicking the intra-molecular interactions that normally occur
between the 1X1 motif and the B4—B8 grooves.

Based on these interactions, it seemed plausible that BAG3 could be a scaffolding protein
that physically links sHsps to the Hsp70 system. To test this model /in vitro, we generated a
suite of BAG3 constructs with individual domains mutated or deleted. We found that BAG3
interacts with multiple members of the sHsp family using both of its IPV motifs.
Interestingly, we found that BAG3 binding was not passive; rather it disrupts the Hsp27
oligomers, as judged by chromatography and electron microscopy. This finding suggests that
BAG3 might actively remodel sHsps, potentially activating them or changing their
interactions with clients. Indeed, we found that BAG3 could coordinate the ability of Hsp22
and Hsp70 to refold denatured luciferase. Finally, we were able to show that BAG3 can
bridge the two chaperone families at the same time and that this physical interaction is
dependent on the IPV and BAG domains of BAG3. Based on these data, we propose that
BAG3 is the link between these two important components of the chaperone network.

multiple sHsps

To study the interactions with BAG3, we selected four members of the sHsp family that are
ubiquitously expressed in all human tissues [19]: Hsp27 (HSPB1), a-crystallin (HSPB5),
Hsp20 (HSPB6), and Hsp22 (HSPB8). Of these proteins, Hsp20, Hsp22 and a.-crystallin
have been reported to interact with BAG3 by co-immunoprecipitation and pulldown studies
[55; 57]; however, the affinities of these interactions were not known. Therefore we
employed isothermal titration calorimetry (ITC) to better understand them (Fig 1b).
Interestingly, BAG3 bound tightest to Hsp22 (1.2 + 0.3 uM) and Hsp20 (1.2 £ 0.7 uM), In
contrast, BAG3 had a relatively weaker affinity for Hsp27 (8.7 + 2.2 uM) and a-crystallin
(5.0 £ 0.6 uM). Because of the possibility of competing interactions and the structural
heterogeneity of the sHsps, the reported Kp values are best used as relative values.
Regardless, these results support the idea that BAG3 uses IPV motifs to interact with sHsps
because Hsp22 and Hsp20 lack their own 1X1 motifs and primarily exists as dimers or
tetramers in solution [56; 58], while Hsp27 and aB-crystallin have 1XI motifs and form
larger oligomers.

To better understand whether BAG3 might compete with the IXI motifs, we studied the
interaction of BAG3 with two Hsp27 variants. Hsp27-3D is a triple phospho-mimetic mutant
that forms smaller oligomers in solution [39], while Hsp27c is a truncated form that contains
only the core a-crystallin domain and is exclusively a dimer in solution [25]. We found that
Hsp27¢ bound with the tightest affinity (Kp ~ 0.49 + 0.06 uM), followed by Hsp27-3D (3.5
+ 1.7 uM), and then Hsp27 (8.7 + 2.2 uM). These results suggest that larger Hsp27
oligomers may have the weakest affinity for BAG3, while dimers bind the tightest. We
hypothesize that this difference is because of competition between 1XI motifs in the sSHSPs
and IPV motifs in BAG3 (see below). Further, the ITC results suggested that the
stoichiometry of each of the sHsp:BAG3 interactions is approximately 2:1 (Fig 1b). This
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was an intriguing result because BAG3 contains two IPV motifs, so it could potentially
interact with both of the conserved p4—B8 grooves on either side of a sHsp dimer.

BAG3 uses IPV motifs to interact with the p4—88 region

To address this question more definitively, we prepared labeled Hsp27c and examined
binding to BAG3 by 1°N-IN HSQC NMR. We observed selective chemical shift
perturbations (CSPs) in the p4—p8 region (Supplemental Fig S1A), consistent with the idea
that BAG3 competes with the native IXI motifs. Further, mutation of valine to alanine in a
short IPV-containing peptide weakened its apparent affinity (Supplemental Fig S1B),
showing that the IPV was important. Next, we generated BAG3 variants in which individual
domains were systematically deleted. These deletions included the BAG3 variants: AWW,
A87-101, A200-213, A87-101 & A200-213, APXXP, ABAG and BAG3C (see Fig. 1a). The
truncations A87-101, A200-213, A87-101 & A200-213 removed the first IPV motif, the
second IPV motif or both, respectively, while the other truncations removed known domains
involved in other protein-protein interactions. Finally, BAG3C was composed of only the
BAG domain, so we could use it to understand the role of this region. We assayed the
truncated proteins for binding to Hsp27c using ITC (Fig 2) and found that the AWW,
APXXP, or ABAG proteins bound with approximately the same affinity as full length (~ 0.5
to 0.7 uM). BAG3C construct did not bind to Hsp27c, as expected. These results are
consistent with the role of IPV motifs in binding to sHsps and they suggest that other
domains are not involved. More interestingly, we found that deletion of individual IPV
motifs (A87-101, A200-213) or mutation of the first IPV motif to GPG (hamed as IPV1)
weakened affinity by at least 2-fold (~1 to 2 uM). The mutation or deletion of individual IPV
motifs also reduced the stoichiometry (N) of the interaction from 2:1 to approximately 1:1
(Fig 2b). When both IPV motifs were deleted (A87-101&A200-213) or mutated (IPV1 and
IPV2 to GPG), binding was abolished. The simplest explanation for these results is that
BAG3 uses both of its IPV motifs to engage the Hsp27c dimer.

To explore whether this bi-dentate binding mode might be conserved in the interaction with
other sHsps, we measured binding of each of the BAG3 mutants to Hsp27, aB-crystallin,
Hsp22 and Hsp20 using a flow cytometry protein interaction assay (FCPIA). Consistent with
the results obtained using Hsp27c, deletion or mutation of one IPV motif weakened the
apparent binding affinity (typically by about 2-fold) for each of the full-length sHsps
(Supplemental Fig S2). Removing both IPV motifs prevented measurable binding to Hsp27,
HSP27-3D, Hsp20 and a.B-crystallin (Kp > 50 uM) and weakened the affinity for Hsp27¢
and Hsp22 by more than 25-fold (Kp ~10 to 20 uM). Replacing both IPV motifs with GPG
had a similar effect; binding to Hsp27, HSP27-3D and aB-crystallin was unmeasurable (Kp
> 50 uM) and the affinity for Hsp27c, Hsp20 and Hsp22 was weakened (Kp ~ 3 uM).
Together, these results suggest that BAG3 uses both of its IPV motifs to interact with sHsps.
These interactions do not necessarily have to involve two IPV motifs binding to a single
dimer, especially in the context of the more complex, polydisperse sHsp oligomers.

BAG3 reduces the size of Hsp27 oligomers

Knowing that BAG3 uses its IPV motifs to interact with sHsps and that sHsps also use their
IX1 motifs to regulate their oligomer size, we wondered if BAG3 could disrupt sHsp
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oligomers. To test this hypothesis, we first used size exclusion chromatography with multi-
angle light scattering (SEC-MALS). This technique allows molecular weight determination
of a sample based on the intensity of light scattering as a function of angle. In these
experiments, we focused on Hsp27 because it is known to form large oligomers that can be
visualized by electron microscopy (see below) [44]. Injection of Hsp27 (30 uM) alone
yielded an SEC-MALS trace with an average mass of 425 kDa (Fig. 3a). This mass
corresponds to ~18 monomeric subunits, which is consistent with literature values [59]. In
addition, the Hsp27 peak was broad (mass range 390-470 kDa), suggesting a polydisperse
ensemble of oligomers that has been observed previously [60]. Adding BAG3 to this sample
effectively reduced the apparent oligomer size from 425 kDa to 330 kDa (Fig. 3a). This
change represents a predicted drop in average subunit size from approximately 18 monomers
to ~14 monomers, supporting the hypothesis that BAG3 can disassemble oligomers of
Hsp27. Importantly, this estimate is a conservative upper bound because BAG3 is also likely
to contribute to the apparent molecular mass. If, based on the ITC results, we assume a 2:1
stoichiometry then the oligomers would be composed of ~6 monomers. Although a
definitive conclusion is difficult, owing to the heterogeneity of the samples, the qualitative
conclusion is that BAG3 disrupts the Hsp27 oligomers.

To test this idea in a different way, we used electron microscopy (EM). We found that
oligomers of Hsp27 are visible using negative stain EM, with an average size of 115 x 140
angstroms (Fig. 3b). Importantly, we expect that smaller oligomers, such as dimers, are
“invisible” by this method because they don’t readily accumulate stain. In fact, this feature
allowed us to ask whether BAG3 could convert samples of Hsp27 into a smaller oligomer
size by two approaches. In the first, we examined all of the visible particles and measured
their dimensions to see if BAG3 could favor smaller structures. Indeed, we found that the
Hsp27 particle size decreased to 105 x 125 angstroms when treated with 30 uM BAG3 (Fig.
3b). Next, we counted the total number of visible Hsp27 particles in the grids to estimate
whether BAG3 was altering the overall oligomer population. Small oligomers and dimers of
Hsp27 would not be expected to retain stain and, therefore, would not be visible by this
method. Strikingly, we found that the total number of visible particles was strongly reduced
by BAG3 in a dose-dependent manner (Fig. 3c). Specifically, the average number of
oligomers observed in micrographs of Hsp27 alone was 505 particles/field. With increasing
amounts of BAG3 at a constant concentration of Hsp27 (30 pM), the number of large
particles was drastically d: 203 in the presence of 7.5 uM BAG3, 119 in the presence of 15
UM BAGS3, and only 53 oligomer particles in the presence of 30 pM BAG3. At this stage, the
exact stoichiometry of the Hsp27-BAG3 complexes and the size distribution of treated
samples are not clear. However, these results point to a model in which competition for IXI
motifs during binding to BAG3 is not static — it results in a decrease in average Hsp27
oligomer size.

BAG domain is essential for Hsp70 NEF function

BAG3 forms a tight interaction with the NBD of Hsp70 (Kp ~10 nM) to stimulate ADP
release [50]. While it is known that this process requires the BAG domain, it wasn’t yet clear
if other regions of BAG3, especially the IPV motifs, might contribute to Hsp70 binding. To
explore this idea, we measured binding of the BAG3 deletion mutants to Hsp70. Using
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FCPIA, we first confirmed that ABAG can no longer bind to Hsp70 (Fig 4a), consistent with
the literature. This result was also confirmed by ITC (Fig 4b). The other deletions or
mutations had a less dramatic effect on the BAG3-Hsp70 affinity (typically less than 2-fold
reduction), suggesting that the majority of the binding energy originates from the BAG
domain.

To verify this finding in a different platform, we turned to a nucleotide release assay. In this
assay, Hsp70 is loaded with a fluorescent ATP analog and then the ability of BAG3 to
release the tracer is measured by fluorescence polarization (FP) [50]. We found that all of
the domain deletion constructs were approximately equivalent in their ability to promote
nucleotide release from Hsp70 (Fig. 4c), with the exception of the ABAG construct.
Together, these results point to a model in which the BAG domain interaction with Hsp70’s
NBD is largely “insulated” from other parts of BAG3, including the IPV motifs.

Hsp70-BAG3-sHsp form a ternary complex

After characterizing the individual, binary interactions between BAG3-sHsp and BAG3-
Hsp70, we set out to determine if a ternary Hsp70-BAG3-sHsp complex could be formed.
The results of the binding studies thus far suggested that BAG3 could be a modular
scaffolding protein, leading to the prediction that binding to Hsp70 would not impact
binding to sHsps and vice versa. To ask this question, we immobilized Hsp22, a-crystallin
or Hsp27 on streptavidin beads, incubated them with a constant concentration of Alexa 647
labeled BAG3 (50 nM), and then added increasing amounts of Alexa 488 labeled Hsp70ngD
(Fig. 5a). Unfortunately, we were not able to immobilize sufficient levels of Hsp20 for this
study. If Hsp70ngp could compete with sHsp for binding to BAG3, we would expect to see
a decrease in Alexa 647 signal upon titration. However, we observed no decrease in
fluorescence in the presence of Hsp70ngp (Fig. 5a; top). Moreover, since we labeled BAG3
and Hsp70ynpgp With fluorophores that have distinct spectral properties, we were also able to
confirm that both proteins were bound at the same time by monitoring the increase in Alexa
488 signal (Fig 5a, bottom). Lending further support to the idea of a modular interaction, the
apparent affinity of the Hsp70ngp-BAG3 interaction (~15 nM) was unchanged in the
presence of Hsp22, a-crystallin or Hsp27, when compared to the binary interaction. These
findings suggest that sHsps and Hsp70 do not interfere with (or promote) binding to the
other partner. In important control studies, we found that Hsp70ngp did not bind Hsp22, a.-
crystallin or Hsp27 in the absence of BAG3 (Fig. 5a). Thus, Bag3 appears to be a modular
scaffolding protein for the two chaperone families.

To confirm this idea, we analyzed solutions of Hsp70, BAG3, Hsp22 or a mixture of the
three by size exclusion chromatography (SEC). Hsp22 was chosen for this experiment
because of its tight affinity (see Fig 1b) and its relatively homogeneous oligomer size
distribution on SEC (Fig 5b). Also, ATP (1 mM) was added to favor tight binding of
Hsc70ngp to BAG3. Other sHsps were too heterogeneous in this platform to allow
conclusions. However, we found that Hsp70, BAG3 and Hsp22 were clearly distinguished
from each other on the SEC traces when injected individually (Fig 5b). Moreover, pre-
incubation of these components showed a conversion to a higher order complex (Fig 5b). All
three proteins were part of this complex, as judged by collecting fractions and subjecting
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them to SDS-PAGE. Thus, BAG3 appears to be an adapter protein that links Hsp22, and
likely other sHSPs, to Hsp70.

Hsp22 promotes the co-chaperone activity of BAG3 in vitro

To explore possible functional implications of the ternary complex, we measured two
chaperone activities of Hsp70: ATP turnover and firefly luciferase refolding. ATPase activity
is typically measured using a colorimetric, malachite green assay, while refolding activity is
measured by treating denatured firefly luciferase with chaperones and monitoring the
recovery of luminescence. It is known that substoichiometric concentrations of BAG3
promote Hsp70’s nucleotide turnover because it overcomes the rate-limiting step in cycling.
Likewise, low levels of BAG3 are thought to balance the binding-and-release of luciferase in
the refolding assay, increasing the yield of re-folded enzyme. However, in both assays,
higher concentrations of BAG3 seem to stall Hsp70, such that it converts from being a
stimulator into an apparent inhibitor [50].

Using these assays, we varied the concentration of both BAG3 and Hsp22, holding the levels
of Hsc70 (1 uM) constant. Importantly, we found that Hsp22 had no significant effect on
either ATPase activity or luciferase refolding in the absence of BAG3 (Fig 6A and 6B), so
this sHsp was ideal for these experiments. In the ATPase assay, we observed a striking
ability of Hsp22 to promote the activity of BAG3 (Fig 6A). For example, at 0.5 pM of
Hsp22, BAG3 became a potent suppressor of cycling. At 2 uM, this effect was even more
pronounced, allowing BAG3 to be a strong inhibitor at concentrations at which it was
normally inactive (e.g. 0.125 uM; Fig 6A). We noted a trend of Hsp22 to modestly promote
the ability of low levels of BAG3 to activate turnover when the Hsp22 was also present at
low concentrations (0.125 and 0.0625 pM of Hsp22; Fig 6A); however, this trend was not
statistically significant (p value > 0.01).

The possible effects of BAG3 and Hsp22 on luciferase refolding were measured using a
similar approach. Chaperone-mediated refolding of firefly luciferase requires a careful
balance of client binding and release, which eventually favors the folded, enzymatically
active state. We observed that titration of Hsp22 into the Hsc70-BAG3 system strongly
promoted the refolding of luciferase, with luminescence increased by 2- to 3-fold when
Hsp22 was above 1 uM (Fig 6B). Again, this activation was highly dependent on
coordination with BAG3, because Hsp22 was unable to promote refolding in the absence of
BAG3 or at high concentrations of BAG3. These results suggest that BAG3 regulates the
chaperone functions of Hsc70 and Hsp22 in the context of refolding damaged luciferase.

Discussion

BAG3 binds sHsps using both of its IPV motifs

Using pulldowns, BAG3 had been reported to interact with some sHsps through its IPV
motifs [56; 57]. Using NMR, we first confirmed that BAG3 binds the conserved p4-p8
region of the core crystallin domain, where the X1 motifs normally reside (see
Supplemental Fig S1). Further, deleting or mutating either of the IPV motifs of BAG3
weakened binding to Hsp27, Hsp20, Hsp22 and a.B-crystallin and deleting or mutating them
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both largely abolished binding (see Fig 1). These results suggest that BAG3 uses both of its
IPV motifs to engage the two p4—p8 grooves. In the simplest case (such as Hsp27c), such an
interaction could occur through a “clamp-like” mechanism, with both of the IPV motifs
making contact within a single dimer. There is a sufficient distance between the IPV motifs
(~100 amino acids; see Fig 1a) to allow for such an interaction and the 2:1 stoichiometry,
calculated from ITC, is supportive. However, the sHsps that form larger oligomers, such as
those formed by full length Hsp27 or aB-crystallin, may interact with BAG3 in a more
complex way. Indeed, it seems likely that a single BAG3 might use both IPV motifs to bind
[B4—p8 regions in nearby protomers within the oligomer, which aren’t necessarily part of a
single homodimer.

One important implication of this model is that BAG3 might be expected to inhibit
oligomerization of some sHsps. Specifically, it is known that the IXI motifs of some sHsps
are important in linking dimers together into higher order oligomers. This idea is supported
by the fact that Hsp20 and Hsp22 both lack their own IXI motifs and have reported to form
relatively smaller oligomers in solution [56; 58]. Indeed, we found that incubation of full
length Hsp27 with BAG3 lead to an overall decrease in both oligomer size and frequency, as
judged by SEC-MALS and EM. Thus, BAG3 does not appear to be a “passive” scaffolding
protein. Rather, its interactions with sHsps compete for IX1 binding and partially disrupt
quaternary structure. As we observed in the luciferase refolding experiments (see below),
this structural change may have functional implications. It is important to note that
interactions outside the IXI motifs also contribute to the formation of higher order
oligomers, so it seems unlikely that BAG3 could convert oligomers to an entirely dimeric
state.

BAG3 is a modular scaffolding protein for two components of the chaperone network

Hsp70 and the sHsps constitute an ancient system for protecting proteins under conditions of
proteotoxic stress. sHsps are capable of binding and stabilizing unfolded/denatured proteins
and keeping them in a refolding-competent form [21]. Due to their lack of intrinsic refolding
ability, sHsps must then collaborate with ATP-powered refolding systems, such as the Hsp70
system [61]. Indeed, it has been shown both /in vitroand in vivo that sHsp substrates can be
refolded by the Hsp70 chaperone system [62—-65]. However, a mechanistic understanding of
how sHsps might communicate with the Hsp70 system has been elusive, especially for the
mammalian systems.

Using FCPIA and SEC, we found that BAG3 could bind to Hsp70 at the same time as
Hsp27, Hsp22 and a.B-crystallin. Multiple pieces of evidence suggest that the strength of the
two protein-protein interactions within this ternary complex (e.g. BAG3-Hsp70, BAG3-
sHsp) are not influenced by the other. For example, the apparent affinity of the BAG3
interaction with Hsp27, Hsp22 and a.B-crystallin was not significantly different in the
presence of Hsp70 (see Fig 5). Moreover, deletion of the BAG domain or the IPV motifs
from BAG3 did not impact binding to the other partner (see Fig 2 and Fig 4). Thus, it
appears that BAG3 is a modular scaffolding protein that physically links sHsps to Hsp70. In
this way, BAG3 may act like the scaffolding protein, HOP, which coordinates the Hsp70-
Hsp90 axis [66]. In that system, HOP is thought to organizing “hand-off” of partially folded
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clients, such as nuclear hormone receptors, between the chaperones. We speculate that the
mammalian chaperone network may contain additional examples of such scaffolding
proteins.

BAG3 coordinates the functions of Hsp22 and Hsp70 during the refolding of denatured

luciferase

Because smaller oligomers of Hsp27 and a-crystallin had been shown to be more potent
chaperones [39; 40] and we found that BAG3 could compete for the 1XI motifs that help
hold together oligomers (see Fig 3), we wondered whether BAG3 might promote sHsp
chaperone activity. Further, BAG3 is well known to regulate Hsp70’s chaperone function
through its BAG domain interactions, so it might be expected to coordinate the activities of
both sHsps and Hsp70s. Indeed, we found that the combination of BAG3, Hsp22 and Hsp70
(at the proper ratio) was a potent refolding machine (See Fig 6). The mechanistic details of
this process are not yet known and it remains to be seen whether this ternary complex could
be functionally important in cells and animals. Yet, these results suggest that BAG3 is both a
physical and functional link between the sHsps and Hsp70s. In this way, BAG3 is not a
“passive” scaffolding protein, but one that remodels the activity of its chaperone partners.

BAG3 binds to Hsp70 with an affinity of ~13 nM (see Fig 4) in the ATP state, while its
affinity for sHsps is between ~8700 to 350 nM (see Fig 1). Although there is much to learn
about how “client” proteins, expression level and post-translational modifications might
impact these apparent affinity constants in the cell, it is interesting that BAG3 has a tighter
affinity for Hsp70 than sHsps. This observation suggests that BAG3 and Hsp70 form a
relatively more stable pair, which might only transiently coordinate with sHsps.

BAG3 may be a stress-inducible regulator of the chaperone network

Methods

BAG3 is the only stress-inducible member of the BAG family, so we propose that its unique
scaffolding function may be especially important during conditions that favor protein
unfolding and aggregation. In this scenario, the stress-inducible expression of BAG3 might
bring together sHsps with Hsp70s, while simultaneously “activating” both systems. It is
clear that other stress-inducible mechanisms, such as phosphorylation of sHsps [42; 43], also
contribute to adaptive proteostasis. However, the expression of BAG3 may also play a role in
this process through its ability to coordinate two major components of the chaperone
network.

Cloning and Recombinant Protein Production

All domain deletion constructs were subcloned from the BAG3 pMCSG7 parent vector and
confirmed with DNA sequencing. Mutations were constructed using standard mutagenesis
protocols. Constructs for Hsp27, Hsp27c, Hsp27-3D, and a-crystallin were all received from
the Klevit laboratory. Hsp22 was a kind gift from Jean-Marc Fontaine, and Hsp20 was
received from the Conklin laboratory and subsequently cloned into the pMCSG?7 vector. All
constructs were transformed into BL21(DE3) cells and single colonies were used to
inoculate TB medium containing ampicillin (50 pg/mL). Cultures were grown at 37 °C for 5
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hours, cooled to 20 °C and induced overnight with 200 uM IPTG. BAG3 full length and 1PV
mutants were purified as previously described [50]. BAG3 deletion constructs were pelleted
and re-suspended in His-binding buffer (50 mM Tris, 300 mM NaCl, 10 mM imidazole, pH
8.0) + 3M Urea. Samples were sonicated and then applied to the Ni-NTA resin. After Ni-
NTA columns, all proteins were subjected to TEV cleavage overnight, concentrated and
applied to a Superdex S200 (GE Healthcare) size exclusion column in BAG buffer (25 mM
HEPES, 5 mM MgCls, 150 mM KCI pH 7.5). Hsp72 and Hsp72ygp Were purified as
described elsewhere [67]. sHsp in plasmids containing an N-terminal His tag (Hsp27-3D, a-
crystallin, Hsp22, and Hsp20) were all purified using a His column and subsequent SEC on
a Superdex S200 in BAG buffer or PBS, as previously reported [33]. Hsp27 and Hsp27¢
were in tagless vectors, so they were purified using a two step ammonium sulfate
precipitation followed by MonoQ and SEC. Briefly, ammonium sulfate was added to a final
concentration of 16.9% (w/v), centrifuged, pellet discarded, and then an additional 16.9%
(w/v) ammonium sulfate was added to the supernatant to precipitate the protein from
solution. Precipitated protein was brought up and dialyzed into MonoQ Buffer A (20 mM
Tris, pH 8.0) overnight, followed by a MonoQ column (0-1 M NaCl gradient), and finally an
SEC on a Superdex S75 (Hsp27c) or Superdex S200 (GE Healthcare) equilibrated in 50 mM
sodium phosphate, 100 mM NaCl, pH 7.5 buffer. Throughout the manuscript, the
concentration of SHSPs is reported based on effective monomer concentration and not
oligomer concentration.

Proteins were labeled with Alexa Fluor® 488 5-SDP ester or Alexa Fluor® 647 NHS ester
(Life Technologies) according to the suppliers instructions. Hsp70 and sHsp were
biotinylated using EZ-link NHS-Biotin (Thermo Scientific) according to the supplier
instructions. After labeling, the proteins were subjected to gel filtration to remove unreacted
label.

Isothermal Titration Calorimetry (ITC)

BAG3 constructs, Hsp72ngp and sHsps were dialyzed overnight against ITC buffer (25 mM
HEPES, 5 mM MgCl,, 100 mM KCI pH 7.5). Concentrations were determined using a BCA
Assay (Thermo Scientific), and the experiment was performed with a MicroCal VP-ITC (GE
Healthcare) at 25 °C. Hsp72npgp (100 uM) or indicated sHsp (200 uM) in the syringe was
titrated into a 10 uM cell solution of BAG3 protein. Calorimetric parameters were calculated
using Origin® 7.0 software and fit with a one-site binding model.

Flow Cytometry Protein Interaction Assay (FCPIA)

The assay procedure was adopted from previous reports[50]. Briefly, biotinylated Hsp70 was
immobilized (1h at room temperature) on streptavidin coated polystyrene beads
(Spherotech). After immobilization, beads were washed to remove any unbound protein and
then incubated with labeled BAG3 proteins at the indicated concentrations. Binding was
detected using an Accuri™ C6 flow cytometer to measure median bead-associated
fluorescence. Beads capped with biocytin were used as a negative control, and non-specific
binding to beads was subtracted from signal.

J Mol Biol. Author manuscript; available in PMC 2018 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rauch et al.

Page 12

For ternary complex formation experiments, Hsp27 or a-crystallin was immobilized on
beads with constant concentration (50 nM) of Alexa 647-labeled BAG3 present. Increasing
concentrations of Alexa 488-labeled Hsp72 NBD were titrated against the sHsp-BAG3
solution and fluorescence was measured using an Accuri™ C6 flow cytometer. Again, beads
capped with biocytin were used as a negative control, and non-specific binding to beads was
subtracted from signal.

Nucleotide Release Assay

SEC-MALS

A fluorescent ATP analogue, N6-(6-Amino)hexyl-ATP-5-FAM (ATP-FAM) (Jena
Bioscience) was used to measure BAG3 induced nucleotide dissociation from Hsp72, as
previously described [50]. In black, round-bottom, low-volume 384-well plates (Corning), 1
UM Hsp72 and 20 nM ATP-FAM were incubated with varying concentrations of BAG3
protein for 10 minutes at room temperature in assay buffer (100 mM Tris, 20 mM KClI, 6
mM MgCl, pH 7.4). After incubation fluorescence polarization was measured (excitation:
485 nm emission: 535 nm) using a SpectraMax M5 plate reader.

Solutions of Hsp27 (15 uM) and BAG3 (either 15 or 30 uM) were pre-mixed and resolved
by analytical size exclusion chromatography on a Shodex 804 column on an Ettan LC (GE
Healthcare). Molecular weights were determined by multiangle laser light scattering using
an in-line DAWN HELEOS detector and an Optilab rEX differential refractive index
detector (Wyatt Technology Corporation). The column was equilibrated overnight in BAG
buffer prior to analysis. Samples were run at the indicated concentrations. Calculation of
molecular weights was performed using the ASTRA software package (Wyatt Technology
Corporation).

Size Exclusion Chromotography

Solutions of BAG3 (6 uM), Hsp72 (6 uM), Hsp22 (12 uM), or BAG3-Hsp72-Hsp22 (6 UM :
6 UM : 12 uM) were examined using a Superdex S200 (GE Healthcare) size exclusion
column. Indicated fractions were collected and analyzed using SDS-PAGE analysis. Samples
were separated using 4-15% Tris-Tricine gels (Bio-Rad) and stained with Coomassie Blue.
Image color was changed to grayscale for clarity.

Electron Microscopy

Solutions of Hsp27 (30 uM) and BAG3 (either 7.5, 15 or 30 pM) were pre-incubated, diluted
and applied to a thin carbon coated copper grid for negative staining using uranyl formate at
pH ~6.0 as previously described’®. Electron micrographs were collected on a Tecnai T12
Microscope (FEI) equipped with a LaB6 filament operated at 120 kV. Images were collected
at 50,000x magnification with a 2.2 A /pixel spacing and 1.0-1.3 A defocus range on a 4k x
4k CCD camera (Gatan). Particle images were selected and extracted from micrographs,
subsequently phase-corrected from the estimated CTF parameters using EMAN2 software’L.
2D reference free alignment and classification was then performed using the SPIDER
software package’2. A set of 15 class averages representing ~1500 particles for each BAG3
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concentration were used to measure the longest dimension observed as well as the distance
perpendicular to obtain an average size of the particles.

Chaperone Assays

The steady state ATPase activity of Hsc70 was measured by malachite green and the
refolding of chemically denatured firefly luciferase was measured by recovered
luminescence, as previously reported [50]. Hsc70 was used at 1 M. DnaJA2 was used at 0.5
UM and ATP at 1 mM. In the ATPase experiments, results were normalized to the signal
from Hsc70 and DnaJA2 with 30 nM BAG3 (100%). In the luciferase refolding experiments,
results were normalized to the luminescence signal produced by addition of Hsc70 and
DnaJA2 alone (100%). At these concentrations and incubation times, this value represents
only ~40% of the total luminescence signal that can be recovered. We selected these
conditions to allow for BAG3 and Hsp22 to have the possibility of further improving the
refolding activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
BAG3 binds small heat shock proteins and Hsp70 at the same time
BAG3 reduces the size of small heat shock protein oligomers

BAG3 coordinates the ability of sHsp and Hsp70 refold denatured
luciferase
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Figure 1.

BAG3 binds to small heat shock proteins. (A) Schematic of the domain architecture of
BAGS3, plus the deletions and point mutations used in this study. Deleted domains are
indicated by a connecting line. (B) ITC results confirm the relative affinities of BAG3 for
sHsps. Results are representative of experiments performed in triplicate. Error is SEM.
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Figure 2.

Molar Raso

BAG3 uses both IPV motifs to bind sHsps. Deletions and point mutations in BAG3 reveal
that the IPV motifs are important for binding to Hsp27c, using ITC. Experiments were
performed in duplicate and the error bars are SEM. See Supplemental Fig S2 for binding to

the other sHsps.
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(A) BAG3 reduces the size and increases the (B) BAG3 decreases the size and number of oligomers by negative
polydispersity of Hsp27 stain EM
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Figure 3.
BAG3 binding reduces the size of Hsp27 oligomers. (A) Hsp27 (30 uM) was incubated with

increasing concentrations of BAG3 and the mixtures were analyzed by SEC-MALS. BAG3
reduced the average molecular weight of the Hsp27 peak and increased the polydispersity of
the samples. Experiments were repeated in duplicate and average MW is reported with
SEM. Importantly, the estimate of the number of Hsp27 subunits within the complex does
not include the contributed mass of bound BAG3 because the stoichiometry is not yet clear,
so it should be considered a conservative upper bound. (B) 2D class averages of oligomer
particles show a modest decrease in the average particle size. Scale bar is 10 nm. (C) BAG3
decreases the number of Hsp27 oligomers, as measured by negative stain electron
microscopy. Scale bar is 20 nm.
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(A) The BAG domain is required for tight binding to
Hsp70's NBD by FCPIA
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(C) The BAG domain is required for release of
fluorescent nucleotide from Hsp70 NED
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Figure 4.
BAG3 binds Hsp70 through its BAG domain and stimulates client release. Binding of

labeled BAG3 to immobilized Hsp70 by (A) FCPIA and (B) ITC. Results are the average of
experiments performed in triplicate. Error bars represent EM. (C) BAG3 releases fluorescent
nucleotide from Hsp70 NBD. Deletion of the BAG domain blocks this activity. Results are
the average of experiments performed in triplicate. Error is SEM.
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(A) BAG2 binds sHsp and Hsp70 at the
same time Alexa-547 BAG3
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(B) BAG2, Hsp22 and Hsp70 form a temary complex
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40+ P

— Hgp22
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BAG3 stabilizes a ternary complex with Hsp70. (a) Alexa Fluor 488-labeled Hsp70 NBD
was titrated against a solution of Alexa Fluor 647-labeled BAG3 in the presence of sHsp (a-
crystallin, Hsp27 or Hsp22) coated beads. Binding was detected using a flow cytometer.
Experiments were performed in triplicate and error is SEM. A schematic of binding
experiment is shown. Note that the sHsp oligomer size is heterogeneous. (B) SEC and SDS-
PAGE analysis of a solution of Hsp22 (6 uM), BAG3 (12 uM) and Hsp70 (6 uM) or
solutions of individual components. In all experiments, ATP was added (1 mM) to favor

tight binding of Hsp70 to BAG3.
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(A) Hsp22 makes BAG3 a more potent inhibitor of

Page 23

Hsp70's ATPase activity BAG3-Hsp70 complexes
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Figure 6.
Hsp22 affects the chaperone functions of Hsp70 through BAG3. (A) The ATPase activity of

Hsp70 was measured by malachite green assays. Addition of BAG3 suppresses ATPase
activity, consistent with previous reports. Hsp22 promotes this activity and makes BAG3
more effective at lower concentrations. Results are the average of at least three independent
experiments performed in triplicate. Error bars represent SD. Importantly, Hsp22 has no
effect on Hsp70’s ATPase activity in the absence of BAG3. (B) Hsp22 coordinates with
Hsp70-BAG3 to refold denatured luciferase. Titration of BAG3 into Hsp70 initially
promotes luciferase refolding, but it then becomes inhibitory at higher concentrations.
Addition of Hsp22 promotes luciferase refolding. Results are the average of at least three
independent experiments performed in triplicate. The error bars represent SD. In both A and
B, the results are shown as a two- and three-dimensional display of the same data.
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(B) Hsp22 promotes the luciferase refolding activity of
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