Regulation of Human Hsc70 ATPase and
Chaperone Activities by Apg2: Role of the
Acidic Subdomain
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Abstract

Protein aggregate reactivation in metazoans is accomplished by the combined activity of Hsp70, Hsp40 and
Hsp110 chaperones. Hsp110s support the refolding of aggregated polypeptides acting as specialized nucleotide
exchange factors of Hsp70. We have studied how Apg2, one of the three human Hsp110s, regulates the activity of
Hsc70 (HspAS8), the constitutive Hsp70 in our cells. Apg2 shows a biphasic behavior: at low concentration, it
stimulates the ATPase cycle of Hsc70, binding of the chaperone to protein aggregates and the refolding activity of
the system, while it inhibits these three processes at high concentration. When the acidic subdomain of Apg2, a
characteristic sequence present in the substrate binding domain of all Hsp110s, is deleted, the detrimental effects
occur at lower concentration and are more pronounced, which concurs with an increase in the affinity of the Apg2
mutant for Hsc70. Our data support a mechanism in which Apg2 arrests the chaperone cycle through an interaction
with Hsc70(ATP) that might lead to premature ATP dissociation before hydrolysis. In this line, the acidic subdomain

might serve as a conformational switch to support dissociation of the Hsc70:Apg2 complex.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Reactivation of protein aggregates is one of the most
challenging tasks of the cellular proteostasis network.
Aggregates might originate from stress situations,
mutations or conformational transitions that destabilize
the native conformation of a protein. Many human
disorders are linked to protein aggregation processes,
pointing out their potential toxicity. Cells are able to
eliminate protein aggregates using different combina-
tions of molecular chaperones (reviewed in Refs.
[1-3]). In metazoans, the disaggregase activity relies
on the cooperation of Hsp70, Hsp40 and Hsp110
chaperones [4—6], being the last one the less studied
chaperone in this trio. Hsp110s are closely related to
the Hsp70 family, sharing both sequence and structural
homology [7]. These proteins are relatively abundant in
mammalian and yeast cells, and their expression is

0022-2836/© 2018 Elsevier Ltd. All rights reserved.

regulated by different types of stress [8,9]. Among other
proteins in the eukaryotic cytosol, as Bagl and
HspBP1, Hsp110s possess a strong nucleotide ex-
change activity on their Hsp70 counterparts [10,11].
Besides the nucleotide exchange factor (NEF) activity,
several reports in the literature point out that human
Hsp110 prevents protein aggregation, promotes folding
and confers heat resistance to cells [12—-14]. Further-
more, the biogenesis and quality control of several
proteins related to human disorders, as CTFR and
SOD1, depend on Hsp110 activity [15-17]. These
studies suggest that Hsp110s act as chaperones able
to remodel the conformation of their protein substrates,
but the precise role of Hsp110 in protein disaggregation
remains controversial [2,3].

Similarly to Hsp70s, chaperones of the Hsp110
family are built of two domains (Fig. 1a): an N-terminal
nucleotide binding domain (NBD), able to bind and
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Fig. 1. Low-resolution models of Apg2 and Apg2AAS. a, Schematic representation of Apg2 structure and sequence
alignment of the AS of human Apg2, Hsp105 and Apg1, and yeast Sse1p. Identical residues are highlighted in cyan. Underlined
residues correspond to the sequence deleted in Apg2 (this work) and Sse1p [19] and the sequence missing in Hsp10583 due to
alternative splicing. Structural elements of Sse1p are shown. b, Ab initio envelope reconstructions of Apg2. SAXS data of Apg2
and Apg2AAS were used for envelope reconstructions using GASBOR and MONSA. For each predicted envelope, two views are
shown related by a 90° rotation. The SAXS data and the corresponding fitting to the predicted envelope are shown on the right

panel; the corresponding x? value is also indicated.

hydrolyze ATP, and a C-terminal substrate binding
domain (SBD) that contains a polypeptide binding site
(Xu 2012), which can be divided into a and
subdomains (SBD-a and SBD-B). The SBD of
Hsp110s harbors the main structural divergences with
Hsp70s, consisting in (i) insertion of an acidic
subdomain (AS) in the SBD- and (ii) an intrinsically

disordered C-terminal extension. These protein regions
are present in both metazoan and yeast Hsp110, being
significantly larger in the former [1]. The available
structures of Saccharomyces cerevisiae Ssel1p show
that both the AS and the C-terminal domain are
disordered [18,19]. The AS can be observed as a
loop protruding from the SBD-B due to the order
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induced by crystal packing [20]. The precise role of
these domains on Hsp110 activity remains poorly
understood. Both the AS and the C-terminal domain
are involved in the correct cytoplasmatic and nuclear
localization of isoforms a and 3 of Hsp105, respectively
[21,22]. A construct lacking the last 19 residues from
Sselp C-terminal domain has impaired nucleotide
exchange activity [10]. However, deletion of the last 44
unstructured residues does not abolish the ability to
conferthermal resistance to yeast cells [23]. Elimination
of the AS in human Hsp110 reduces the refolding
activity of the protein, without significantly affecting its
ability to prevent aggregation of a protein substrate [13].
In agreement with these data, a similar deletion in
yeast Sselp slightly decreases the refolding rate of a
substrate held in a folding-competent conformation,
without modifying its interaction with Ssalp and the
nucleotide exchange activity [19].

Here we investigate how Apg2 (HSPH2), one of the
three representatives of the Hsp110 family in humans,
regulates the Hsc70 system, by measuring its effect on
chaperone binding to unfolded and aggregated sub-
strates, and on the refolding and the ATPase activities
of the complete disaggregase system. We found that
these activities are stimulated by low Apg2 concentra-
tions, while high amounts of the chaperone cause a
strong inhibition. With the aim to study the specific role
of the divergent AS, we used an Apg2 mutant lacking
residues 504 to 569. The sequence of this protein
region shows a low degree of conservation and is
characterized by a high content of acidic amino acids
and a central region enriched in Q/P residues (Fig. 1a).
The resulting mutant, termed Apg2AAS, showed an
increased affinity for Hsc70 that resulted in a premature
inhibition of the ATPase and refolding activities of the
chaperone system and a stronger ability to interfere
with binding of Hsc70 to protein aggregates. Our data
indicate that the AS might act as a conformational
switch to allow optimal dissociation of Hsc70:Apg2
complexes.

Results

Structural analysis of Apg2 and Apg2AAS

In order to study the role of the AS in the activity of
Apg2, we designed the deletion mutant Apg2AAS
lacking residues 504 to 569 (Fig. 1a). First, small-angle
X-ray scattering (SAXS) and circular dichroism spectra
showed that deletion of the AS sequence did not
significantly modify (i) the secondary structure content
and (i) overall fold of the protein (Fig. 1b; Supplemen-
tary Figs. S1A and S2A). Pairwise comparison of Apg2
and Apg2AAS scattenng curves indicated a reason-
able level of similarity (x“ = 2.6); which correlated well
with estimated structural parameters, such as radius
of gyration (Ry), maximum dimension (Dnax), Porod

volume and molecular weight (Supplementary Table
1). The ab initio reconstructions of Apg2 and Apg2AAS
predicted elongated V-shaped envelopes. Interesting-
ly, simultaneous fitting of Apg2 and Apg2AAS SAXS
curves during multiphase bead modeling, as imple-
mented in MONSA, permitted the ab initio location of
the AS protruding from the reconstructed Apg2
envelope, suggesting that this subdomain might
adopt a globular folded conformation (Fig. 1b). Further-
more, comparison between the calculated scattering
curve of the yeast homolog Sse1p 3D structure (PDB
code 3D2E) [19] and the experimental scattering
curves of Apg2 or Apg2AAS |nd|cated a high level of
discrepancy (Apg2 versus Sselp x? = 186.49; Ang-
AAS versus Ses1p X2 = 27.0). This is not surprising,
given that Apg2 is a larger protein compared to the
Sselp construct used to obtain the crystal structure
(PDB code 3D2E), containing 46 and 135 more
residues at the AS and C-terminal domains, respec-
tively. In order to reconcile the crystal structure of the
yeast homolog with the scattering curves of the Apg2 or
Apg2AAS, we generated a structural model for the
full-length protein combining homology modeling and
de novo peptide structure prediction (see Materials and
Methods for details). Comparison of the calculated
scattering curves of final refined atomistic models
with the corresponding experimental curves indicated
a reasonable level of agreement (Supplementary
Fig. S1B; x° = 1.4 and 1.9 for Apg2AAS and Apg2
atomistic models, respectively). Similar to ab initio
envelope reconstructions, the atomistic models sug-
gest that Apg2 adopts and elongated V-shaped
structure with the AS sequence forming a discrete
domain projecting from the SBD. Finally, we compared
the stability of Apg2 and Apg2AAS following the
thermal denaturation of the proteins by circular
dichroism. Apg2 displayed a cooperative denaturation
profile, as found elsewhere [24], with a denaturation
midpoint of 51.4 + 0.6 °C (Supplementary Fig. S2B).
As expected from the results shown above, the
truncation mutant showed a main denaturation transi-
tion similar to the wt protein, emphasizing that deletion
of the AS did not affect the global folding of the protein.
Taking together, these data show that deletion of
residues 504-569 did not significantly modify the
folding pattern of the protein.

The AS is required for efficient refolding of
unfolded and aggregated protein substrates

In order to test the chaperoning activity of the AS
deletion mutant, we first studied the refolding of
protein substrates protected from aggregation by
Apg2 or Apg2AAS, as shown for different Hsp110
proteins [10,12,25,26]. Luciferase (0.1 uM) was de-
natured at 42 °C in the absence or presence of wt
Apg2 or Apg2AAS at 0.4 uM and 2 pM, and refolding
was initiated by addition of Hsc70 and DnaJdB1 (2 and
1 pM, respectively). After incubation for 1 h at 30 °C,
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approximately 50% of the luciferase activity was
recovered when protection was carried out with
0.4 uM Apg2, increasing the yield up to 60% at 2 pM
(Fig. 2a, middle panel). At both concentrations, Apg2
was very efficient avoiding aggregation of thermally
denatured luciferase (Fig. 2b), in agreement with
others [5]. A similar behavior was observed for the
truncation mutant Apg2AAS, which was marginally
less efficient at 0.4 yM. However, the amount of the
substrate refolded by the complete disaggregase
system was over 60% when Apg2AAS was used as
holdase at this concentration (Fig. 2a, middle panel).
Surprisingly, reactivation was reduced approximately
to two thirds when the concentration of the mutant was
raised to 2 pM, albeit protection from aggregation was
similar to that found for wt Apg2 (Fig. 2b). These results
demonstrate that deletion of the AS does not hamper
the interaction of the mutant with unfolded substrates,
avoiding their aggregation, but decreases the refolding
efficiency by the complete human disaggregase
system (Hsc70/DnadB1/Apg2) in a concentration-

dependent manner. When the thermal unfolding of
luciferase was carried out in the absence of chaper-
ones, the resulting aggregates were refolded with lower
efficiency by the Hsc70/DnaJB1/Apg2 system (Fig. 2a,
right panel), in agreement with published results [5]. Wt
Apg2 could support the reactivation of only 30% of the
initially aggregated luciferase regardless of the con-
centration used, whereas the refolding activity in the
presence of Apg2AAS was concentration-dependent,
being wt-like at low concentration (0.4 pM) and almost
negligible at 2 pM (Fig. 2a, right panel).

Then, we studied the refolding of protein aggre-
gates that are reactivated more efficiently by human
Hsp70, Hsp40 and Hsp110 chaperones, as previ-
ously shown [5,14] (Fig. 2c). According to these
studies, two different substrates were used: lucifer-
ase aggregates formed after denaturation in 8 M
urea and removal of the chaotropic agent by dilution,
and glucose 6-phosphate dehydrogenase (G6PDH)
aggregates obtained after thermal denaturation at
50 °C for 10 min. In both cases, refolding experiments
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Fig. 2. The AS is required for efficient refolding of unfolded and aggregated protein substrates. a, Luciferase (0.1 uM) was
denatured for 30 min at 42 °C in the presence of wt Apg2 or Apg2AAS at 0.4 and 2 pM (left and middle panels). Refolding was
initiated at 30 °C by no further addition (left panel) or addition of 2 yM Hsc70 and 1 uM DnaJB1 (middle panel). (Right panel)
Luciferase (0.1 pM) was denatured for 30 min at 42 °C in the absence of chaperones and refolding was performed by addition
of 2 yM Hsc70, 1 uM DnaJB1, 0.4 or 2 uM wt Apg2/Apg2AAS, as indicated. Aliquots were taken at 10, 20, 40 and 60 min to
analyze luciferase activity (black and gray bars). b, Aggregation of luciferase (0.1 uM) at 42 °C followed by light scattering at
320 nm in the absence of chaperones (black line) or in the presence of wt Apg2 (green lines) or Apg2AAS (red lines) at 0.4
(continuous lines) and 2 uM (dashed lines). ¢, Refolding of luciferase and GBPDH aggregates was performed in the presence of
2 UM Hsc70, 1 uM DnaJdB1 and increasing concentrations of wt Apg2 (open circles) or Apg2AAS (closed circles). Refolding
rates (black symbols) and yields after incubation for 2 h with the chaperones (gray symbols) are shown.
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were carried out at fixed concentrations of Hsc70 and
DnaJB1 (2 and 1 pM, respectively), and increasing
amounts of wt Apg2 and Apg2AAS. At low concentra-
tion, addition of Apg2 or Apg2AAS similarly enhanced
the refolding rate and yield of luciferase and G6PDH
aggregates by Hsc70 and DnaJB1 (Fig. 2c). As
previously found [5,27], increasing the concentration
of Apg2 had a detrimental consequence in the refolding
reaction and a steady decrease of the rate and yield
was observed. In contrast to the wt protein, the
reactivation activity decayed more rapidly as the
concentration of Apg2AAS was raised. The strongest
difference between the two protein variants was
observed at2 pM where the refolding rate for Apg2AAS
was almost similar to that observed for Hsc70/DnaJB1
in the absence of Hsp110. At this mutant concentration,
the reactivation rate and yield were reduced 3-fold, a
stronger effect compared to the 1.5-fold reduction
observed when luciferase was unfolded but held in a
folding competent conformation by the chaperone
(Fig. 2a, middle panel). Higher protein concentrations
progressively diminished the difference between the wt
and the truncation mutant, which inhibited the refolding
reaction below the level observed for Hsc70/DnaJB1
alone. These results show that the AS is involved in the
regulation of the chaperone activity of the human
Hsc70/DnaJB1/Apg2 system, but it is important to note
that the effect of the deletion of this subdomain is only
evident when cochaperone concentration is unbal-
anced. The conformational properties of the substrate
also seem to be crucial, as the remodeling defect due to
AS deletion is gradually increased from unfolded
substrates to mild and stable aggregates.

Interaction of Hsc70 with protein aggregates is
regulated by Apg2

Since aggregate reactivation requires the initial
binding of the chaperones to the aggregate surface,
where extraction of the polypeptide chains for their
subsequent refolding takes place, we studied how
isolated Hsc70, DnadB1 and Apg2 and different
combinations of the three chaperones interacted with
G6PDH aggregates (Fig. 3a). We found that associa-
tion of human Hsc70 to the aggregates followed a
pattern similar to that found for bacterial DnaK [28], as
the amount of Hsc70 bound to the substrate increased
5 times in the presence of DnaJB1 (Fig. 3c). Isolated
DnaJB1 interacted slightly better than Hsc70 with the
aggregate but the amount of aggregate-bound cocha-
perone did not change in the presence of Hsc70 and/or
Apg2. Compared to Hsc70 and DnaJdB1, Apg2 bound
very poorly to the aggregate, and addition of DnaJB1
did not modify this interaction. Apg2 did not change
Hsc70 recruitment to the aggregate, but interestingly, it
doubled the amount of Hsc70 that cosedimented with
the aggregate when combined with DnadB1. This
increase in the amount of aggregate-bound Hsc70
induced by Apg2 correlates very well with the observed

initial stimulation of the refolding rate and yield by the
NEF (Fig. 2c). In order to test if tightly bound ADP
copurifying with Hsc70 (approximately 0.2—-0.3 mol
ADP/mol protein in our protein preparations) affected
its interaction with the aggregate, nucleotide-free
Hsc70 was produced using the protocol published
by Gao et al. [29]. We observed the same amount
of Hsc70 cosedimented with the aggregate
using the original Hsc70 sample or nucleotide-free
Hsc70 (Fig. 3c, inset), discarding any effect of ADP
contamination.

Next, we studied the effect of Apg2 and Apg2AAS
on the interaction of Hsc70 with GBPDH aggregates
(Fig. 3b). At low concentration (0.4 uM), Apg2 and
Apg2AAS increased the amount of Hsc70 associated
with the aggregate, the wt protein being slightly more
effective than the mutant form. Under these conditions,
approximately 40% and 30% of the initially added
Hsc70 (2 uM) was bound to the aggregate for Apg2 and
Apg2AAS, respectively. A further increase in Hsp110
concentration progressively decreased the amount of
aggregate-bound Hsc70, more markedly for Apg2AAS.
Above 5 pM, the truncation mutant almost completely
prevented binding of Hsc70 molecules to the aggregate
surface. Apg2 and Apg2AAS, interacted similarly with
aggregates, the amount of protein bound increasing
linearly with the concentration (Fig. 3d). This indicates
that deletion of the AS did not modify the interaction of
Apg2 with protein aggregates, as found above for
unfolded substrates. The fraction of Apg2 bound to the
aggregate was constant throughout the titration (around
2% of total Apg2) and significantly smaller than that of
Hsc70 in the concentration range studied, suggesting
that Apg2 interacts with lower affinity with protein
aggregates. In summary, these data show that
DnadB1 and Apg2 regulate binding of Hsc70 to
G6PDH aggregates, and that the amount of chaperone
recruited at the aggregate surface correlates well with
the substrate reactivation activity (Fig. 2c).

Apg2 and, more prominently, Apg2AAS
decelerate peptide release from Hsc70

In order to investigate whether Apg2 modifies the
substrate binding properties of Hsc70, we have studied
the association and dissociation of the peptide
FYQLALT, known to bind with high affinity to Hsc70
[30]. Stable complexes of Hsc70 with Apg2 or
Apg2AAS were formed by overnight incubation of
equimolar amounts of both proteins in the presence of
50 uM ATP, conditions similar to those used by others
to form stoichiometric Hsp70:Hsp110 complexes [31].
The presence of free Hsc70 was negligible when
complexes were made at 2, 4,6 and 8 pM as shown by
size exclusion chromatography (Supplemental
Fig. S3A). Then, we measured the binding kinetics of
t-FYQLALT, the peptide labeled with 5-TAMRA at the
N-terminus, to the complexes and free Hsc70. Binding
curves were fitted to single exponentials to obtain the
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Fig. 3. Apg2 regulates the interaction of Hsc70 with protein aggregates. a, Interaction of Apg2 (0.4 uM), Hsc70 (2 uM)
and DnaJB1 (0.5 pM) and different combinations of the chaperones as indicated with preformed G6PDH aggregates
(upper panel). As a control, similar experiments were performed omitting the aggregation step (lower panel). Two percent
of input proteins or 1 ug of each protein was loaded as reference. b, Binding of human chaperones to GEPDH as in panel a
at increasing concentrations of Apg2 (upper panel) or Apg2AAS (lower panel). ¢, Quantification of DnaJB1 (gray bars),
Hsc70 (black bars) and Apg2 (white bars) bound to the aggregate in panel a, expressed as molar ratio of GBPDH. (Inset)
Cosedimentation of Hsc70 with the aggregate using the original Hsc70 preparation (black bars) or nucleotide-free Hsc70
(gray bars). d, Quantification of Hsc70 (circles) and Hsp110 (triangles) associated with aggregates expressed as molar
ratio of GBPDH in the titrations in panel b of Apg2 (open symbols) and Apg2AAS (close symbols).

observed binding constant (Kyps). The on- and off-rate
constants were obtained from the slope and y-intercept
of the linear plot of K5 Versus complex concentration
(Table 1 and Supplemental Fig. S3C). Our results
indicate that the peptide binds with similar kinetics and
affinity to Hsc70 either free or in complex with Apg2
orApg2AAS, excluding any effect of Apg2 on substrate
binding to Hsc70.

Next, we measured the release of the substrate from
Hsc70 induced by ATP and Apg2 or Apg2AAS (Fig. 4).
Complexes between Hsc70 (1 uM) and t-FYQLALT
(0.5 pM) were obtained by incubation in the presence of
purified ADP, and dissociation was induced by addition
of ATP alone or combined with increasing concentra-
tions of Apg2 or Apg2AAS (Fig. 4a). Since nucleotide
exchange is rate limiting, an increase of the dissociation
constant is expected with increasing NEF concentra-
tions. In contrast, the dissociation kinetics followed a
biphasic behavior where both Hsp110 variants progres-
sively and similarly accelerated peptide release up to

0.1 pM, while they slowed down the release kinetics
above this concentration, the effect being stronger for
Apg2AAS (Fig. 4b). Apg2 and the deletion mutant also
reduced the amount of peptide released in the presence
of ATP at high NEF concentration after equilibrium was
reached, as seen by the higher final anisotropy values
obtained in our experiments at 2 yM Apg2 and
Apg2AAS (Fig. 4a). These results indicate that Apg2
and the deletion mutant induce a second process,

Table 1. Kinetic constants for binding of FYQLALT to
Hsc70 and its complex with Apg2 or Apg2AAS

Kot (7' x107%)  kon (M7's™")  Kp (UM)
Hsc70 0.32 + 0.04 173 + 11 1.8
Hsc70:Apg2 0.25 + 0.07 165 + 21 1.5
Hsc70:Apg2AAS 0.32 + 0.004 160 + 7 2

Values are the averages of two independent experiments. Kp was
obtained from the ky/kon ratio.
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Fig. 4. Substrate dissociation from Hsc70 after ATP binding at increasing Apg2 and Apg2AAS concentrations. (a) Dissociation
kinetics of preformed Hsc70(ADP):t-FYQLALT complexes after addition of 0.2 mM ATP and 0.01, 0.1 and 2 uM Apg2 (left) or
Apg2AAS (right). Solid lines represent the best fits to a single exponential decay curve. (b) Observed Ky at increasing
concentrations of Apg2 (open circles) or Apg2AAS (closed circles). Ky values are the average of three independent experiments.

besides nucleotide dissociation, that negatively impacts
the substrate release kinetics and most likely involves
peptide reassociation.

The AS modulates the ATPase stimulation of the
Hsc70 system

To understand the functional defects that deletion of
the AS caused in the Hsc70/DnaJB1/Apg2 system, the
ATPase activity of the chaperone mixture was mea-
sured at increasing concentrations of Apg2 or Apg2-
AAS (Fig. 5). We first found that the truncation did
not significantly modify the intrinsic ATPase activity
of Apg2 as the steady-state activity varied from 0.74 +
0.25 molATP molApg2~"' min~" for the wt protein to
0.63 = 0.18 for Apg2AAS (average values and stan-
dard deviations obtained from at least 10 different
protein preparations). Then, we measured the ATPase
activity of Hsc70 at increasing concentrations of the wt
and mutant NEF in the absence and presence of
DnaJB1 (Fig. 5a). In order to better observe the
ATPase increment due to stimulation of the chaperone
system, the concentration-dependent, linear increase
of the basal activity of both proteins was subtracted
from the experimental value. Wt Apg2 initially promoted
a hyperbolic increase of the ATPase activity of the
chaperone system reaching an apparent saturation at
3 uM, which turned out into a gradual inhibition above
this concentration, in good agreement with previous
observations with the human homolog Hsp105 [27,32].
Apg2AAS presented a stronger concentration-
dependent biphasic behavior: at concentrations lower
than 0.2-0.3 pM, it stimulated the ATPase activity of
the chaperone system similarly to the wt protein,
whereas above this point, a potent inhibitory effect
was observed, reaching at 10 yM an activity value
similar to that found in the absence of DnaJB1 (Fig. 5a).
ATPase inhibition was not observed in the absence of
DnaJB1, instead Apg2 and, with lower efficiency,
Apg2AAS slightly stimulated Hsc70 within the concen-

tration range studied. Next, we investigated whether
deletion of the AS would hamper the nucleotide
exchange activity of the protein in a concentration-
dependent manner. Release of the fluorescent ADP
analog MABA-ADP bound to Hsc70 was tested in the
presence of increasing concentrations of Apg2 and
Apg2AAS in a stopped-flow device (Fig. 5b). The
observed dissociation rate constants followed a hyper-
bolic dependence with Apg2 concentration as found for
Ssel1p and other unrelated eukaryotic and prokaryotic
NEFs as Fes1p and GrpE [10,33]. This indicates that
acceleration of nucleotide release by Apg2 occurs
through a two-step binding mechanism [33]. These
measurements revealed that the nucleotide exchange
activities of wt Apg2 and Apg2AAS were similar, in
agreement with results obtained with a similar deletion
mutant of Sse1p [19].

To quantify the dependence of the Hsc70 ATPase
activity on the concentration of Apg2, we fitted the
data to a concentration-dependent phenomenolog-
ical model. Explicitly, we considered that Apg2 can
affect both positively and negatively the ATPase
cycle. Positive effects are expected from the NEF
activity of Apg2 that promotes the release of ADP
from Hsc70. We consider that this step happens at a
rate R = Ry + Cr[Apg2], where Ry is the rate in the
absence of Apg2 and Cgr indicates how Apg2
concentration enhances ATP hydrolysis. Negative
effects are modeled considering that the presence of
Apg2 delays the completion of the ATPase cycle,
which happens with a characteristic time given by
T = Ty + C7Apg2]. Here, Ty is the time in the absence
of Apg2 and Cr7 indicates how Apg2 concentration
increases T. Taking into account both contributions, the
ATPase activity for a given concentration [Hsc70] of
Hsc70 is expressed as follows:

Hsc70
ApTPase = [17] (1 )

4T
Rt
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Fig. 5. Apg2 and Apg2AAS inhibit the ATPase activity of
the Hsc70 system at high concentrations. (a) ATPase activity
of 2 uM Hsc70 in the absence (triangles) and presence of
0.5 yM DnadB1 (circles) was measured at increasing
concentrations of wt Apg2 (open symbols) or Apg2AAS
(closed symbols). AATPase values were obtained after
subtraction of wt Apg2 and Apg2AAS basal activities. The
red and orange lines represent the best fit to the phenome-
nological model [Eq. (1)] for wt Apg2 and Apg2AAS,
respectively. The common values of the parameters of the
model are Ry, = 0.766 min™!, Cq=7.15 pM~" min~', and
To = 0.140 min. The value of Cris 0.156 uM~' min for
Apg2AAS and 0.0158 pM~" min for wt Apg2. (b) Nucleotide
exchange activity of Apg2 (white symbols) and Apg2AAS
(black symbols). Dissociation rates of MABA-ADP from
Hsc70 were measured at increasing concentrations of
Hsp110 proteins.

The model accurately captures the experimental
measurements with values of Ry, Cgr, and T, that are
identical for both wt Apg2 and Apg2AAS (Fig. 5a).
This result is consistent with the fact that there are no
significant differences between the nucleotide ex-
change activities of wt Apg2 and Apg2AAS. The
differences in the ATPase activity for the two types of
Apg2 come from the Crvalue, which is about 10 times
higher for Apg2AAS.

Titrations were also performed at different DnaJB1
concentrations to determine the effect of the Hsp40
cochaperone on the ATPase activity of Hsc70 in the
presence of Apg2 or App2AAS. Increasing DnaJB1

concentrations stimulated Hsc70 activity, reaching
saturation at any Apg2 or Apg2AAS concentration
tested (Supplementary Fig. S3). The inhibitory effect
was evident for the truncated Hsp110 variant, as the
saturation value reached in the stimulation curves by
DnaJB1 increased until 1 pM Apg2AAS, and strongly
decreased at higher protein concentrations (Supple-
mentary Fig. S3B). A plot of the Apg2AAS concentra-
tion required to observe 50% reduction of the maximal
AATPase as a function of DnaJB1 concentration
showed a linear dependence (Fig. 6a). Thus, more
Apg2AAS is required to inhibit the activity of the system
at higher DnadB1 concentrations, meaning that
DnadJB1 rescues the inhibitory effect of the AS deletion
mutant. This counteracting effect of DnadB1 was also
studied following the reactivation of luciferase and
G6PDH aggregates. Experiments were performed at
two concentrations of Apg2 and Apg2AAS: 0.4 pM,
where both proteins behaved similarly, and 2 pM, an
inhibitory concentration for Apg2AAS (Fig. 2c). As
found for the bacterial DnaK system [34,35], increasing
DnaJB1 concentrations reduced the refolding ability of
Hsc70 in the presence of 0.4 and 2 pM Apg2, an effect
that is better observed with G6PDH aggregates
(Fig. 6b). A similar decrease of the refolding activity
was found in the presence of 0.4 UM deletion mutant,
while the inhibition induced by 2 yM Apg2AAS was
partially and progressively compensated by DnaJB1 up
to 5 pM. The inhibition of the refolding reaction was
more prominent in the absence of Apg2, reflecting the
compensatory effect of both cochaperones on the
activity of the system. Taken together, these results
suggest that the inhibition of the ATPase and refolding
activities of the Hsc70 chaperone system observed at
high Apg2 concentration results from an unbalanced
DnaJB1:Apg2 molar ratio, which possibly impairs the
productive timing of the Hsc70 ATPase cycle. They
might also indicate a possible competition between
Apg2 and DnadB1 for Hsc70 binding.

The AS regulates the affinity of Apg2 for Hsc70

To gain further insight into the stronger inhibitory
effect exerted by the AS deletion mutant, we contrasted
the aforementioned phenomenological model with
assays in which wt Apg2 and Apg2AAS competed for
Hsc70 binding. First, the ATPase activity of Hsc70
(2 pM) inthe presence of DnadB1 (0.5 pM) and wt Apg2
(3 uM) was measured at increasing concentrations of
the AS truncation mutant (Fig. 7a). Addition of Apg2AAS
progressively reduced the ATPase activity, which
reached values similar to those found in the absence
of wt Apg2 (gray symbols). The inverse titration
experiment in which increasing amounts of wt Apg2
were added to Hsc70 (2 uM) in the presence of DnaJB1
(0.5 M) and Apg2AAS (3 pM), showed that, in contrast
to the mutant, the wt protein could not restore
the ATPase activity in the concentration range studied
(Fig. 7b). These results indicate that the truncated
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Fig. 6. DnaJB1 counteracts the inhibition of the ATPase and refolding activities induced by Apg2AAS. (a) Concentration of
Apg2AAS at which 50% of the maximal activity of the Hsc70 system at different DnaJB1 concentrations is observed. (Inset)
Schematic representation showing how Apg2AASsq, values were obtained at a given DnadB1 concentration. (b) Refolding of
luciferase and G6PDH aggregates after 2-h incubation with 2 pM Hsc70, 0.4 uM (upper panels) or 2 uM (lower panels) wt Apg2
(open circles) or Apg2AAS (closed circles) and increasing concentrations of DnaJB1. Gray symbols in upper panels represent the

refolding yields in the absence of Apg2.

variant displaces wt Apg2 from Hsc70, exerting its
stronger inhibitory effect. These experimental re-
sults could be precisely reproduced by the model
using parameters inferred from titrations of wt Apg2
and Apg2AAS alone (Fig. 7, gray lines), and
considering additive effects in the terms of Eq. (1).

Explicitly, we use R = Ry + Cgr({Apg2™] + [ApngAS])
and T = Ty + C¥[Apg2"] + CH*S[Apg22S]in Eq. (1),

where the superscripts wt and AAS indicate the
values of Cr and [Apg2] for wt Apg2 and Apg2AAS,
respectively. Therefore, our model confirms that the
positive effects of both proteins in the ATPase activity
are the same and depend on just the sum of their
concentrations, and that the negative effects are
additive as well but with different strengths. These
results are consistent with both proteins using similar
mechanisms to activate/inhibit Hsc70, but with the
AAS mutation leading to a 10-fold more potent
arrest of the ATPase cycle, which might arise from
an altered interaction with Hsc70.

This different behavior was further studied in the
second type of experiments, in which formation of
Hsc70:Hsp110 complexes in the absence of DnaJB1
was followed by native electrophoresis and surface
plasmon resonance (SPR). It should be noted that
Hsc70 and Apg2 run in native gels with a molecular
size higher than their monomeric molecular weight
calculated from the sequence (Fig. 6a). This is specially
aggravated for the mutant Apg2AAS, which showed a
much lower mobility. Similar deviations from the
expected molecular weight were also observed by
size exclusion chromatography; however, Apg2AAS
eluted close to the wt protein, indicating that it has a
similar size (Supplementary Fig. S5A). The lower
electrophoretical mobility of Apg2AAS is possibly due
to the deletion of a large clustered patch of negative
charges. Despite the different mobility of the isolated

proteins, the complexes of both wt Apg2 and Apg2AAS
with Hsc70 showed apparent molecular weights more
consistent with their theoretical values (Fig. 8a).
Preformed Hsc70:Apg2 or Hsc70:Apg2AAS com-
plexes were titrated with increasing concentrations of
Apg2AAS or wt Apg2, respectively (Supplementary
Fig. S5B). Quantification of the corresponding bands
demonstrated that higher concentrations of wt Apg2
were required to displace Apg2AAS from the complex,
as compared with the experiment in which wt Apg2 was
easily displaced by Apg2AAS (Fig. 8b). Therefore,
Apg2AAS competed efficiently with the wt protein to
bind Hsc70, indicating that it binds to the chaperone
with higher affinity.

In order to determine the equilibrium binding con-
stants for the complexes of Hsc70 with wt Apg2 and
Apg2AAS, SPR experiments were performed using a
Hsc70 modified with a C-terminal streptag immobilized
on a CM5 chip coated with anti-streptag antibody
(Fig. 8c). Injection of Apg2 or Apg2AAS in the absence
of nucleotides resulted in sensograms with fast
association and dissociation kinetics (Supplementary
Fig. S5C), in agreement with previous observations
with yeast Sse1p [36]. As Raviol and coworkers [36]
found, inclusion of ATP did not allow binding of Apg2 or
Apg2AAS to Hsc70 in our SPR setup. When purified
ADP was used, we found a strong affinity reduction of at
least 2 orders of magnitude (Fig. 6c). The lack of
interaction in the presence of both nucleotides might
indicate that the high-affinity complex is asymmetric
regarding the nucleotide bound in the NBDs of Hsc70
and Apg2, that is, Hsc70 is in the ADP or apo
conformation, while Apg2 is bound to ATP. This
hypothesis is supported by the crystal structures of
Hsp70:Hsp110 complexes [19,20]. We observed
complex formation when both proteins were in their
apo forms, states with the inherent conformational
flexibility required for the interaction. The equilibrium
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Fig. 7. Apg2and Apg2AAS regulate the ATPase of Hsc70
system following similar mechanics. (a) ATPase activity of
Hsc70 (2 pM) in the presence of DnaJB1 (0.5 pM) and wt
Apg2 (3 uM), measured at increasing concentrations of
Apg2AAS (black circles). For comparison, the activities
obtained in the absence of wt Apg2 are shown (gray circles).
AATPases were obtained subtracting the basal activity of
Apg2AAS at each protein concentration. (b) Activity mea-
surements as in panel a, using Hsc70 (2 uM), DnaJB1
(0.5 pM) and Apg2AAS (3 pM) and increasing concentrations
of wt Apg2 (white circles). Similarly, the curve obtained in the
absence of Apg2AAS is shown (gray circles). The gray lines in
panels a and b represent the best fit to the phenomenological
model [Eq. (1)] for Apg2AAS and wt Apg2, respectively. The
common values of the parameters are R, = 0.543 min~",
Cg =826 yM~"min~" and T, = 0.181 min. The value of Cris
0.101 uM~" min for Apg2AAS and 0.0077 pM~" min for wt
Apg2. The orange and red lines represent the prediction of the
model for the competition experiments using additive effects
with the parameters above, as described in the main text.

binding constants for the apo forms were determined
from plots of the maximal RUs obtained at increasing
concentrations of the injected protein, resulting in Kp
values of 148 + 5 and 54 + 1 nM for wt Apg2 and
Apg2AAS, respectively (Fig. 6¢). To gain a better
insight on how the AS might regulate the affinity of Apg2
for Hsc70, we performed similar SPR experiments with
the Hsc70 NBD (residues 1 to 384). The 3D structures
of Hsp70:Hsp110 complexes show that Hsp110
establishes extensive contacts with the Hsp70 NBD,
while its SBD is positioned in the vicinity of Hsp110
SBD-B where the AS is located [19,20]. First, we
observed that after deletion of Hsc70 SBD, the affinity
for wt Apg2 is strongly reduced from 148 to 1800 nM,
which might suggest that contacts between the SBDs

of both proteins are involved in complex formation, or
that disruption of the Hsc70 allosteric interface modifies
the interaction. Second, the 3-fold affinity increase for
Hsc70 observed with the deletion mutant was not found
for the isolated NBD domain of Hsc70, the Kp values
being 1.8 + 0.2 and 1.3 + 0.2 yM for wt Apg2 and
Apg2AAS, respectively (Fig. 8c). Therefore, these
results indicate that the AS of Apg2 regulates the
affinity for Hsc70 possibly through interactions with its
SBD that modify the allosteric interface. To discard that
a disordered region of Apg2 might act as a pseudosub-
strate for Hsc70 and thus contribute to the overall
affinity, as occurs in the bacterial system [37,38], the
SPR experiments were performed with the Hsc70
V438F mutant. Resembling DnaK V436F [39], Hsc70
V438F was unable to bind FYQLALT with high affinity
(Supplementary Fig. S5D). We observed a slight
increase of the Kp values to 238 + 11 and 101 =
14 nM for wt Apg2 and Apg2AAS, respectively,
indicating that the pseudosubstrate interaction pro-
posed above does not induce a significant affinity gain
and is not modulated by the AS. This interpretation is
further supported by the finding that Hsc70:Apg2
complex formation does not alter the peptide binding
site of the chaperone (Table 1 and Supplemental
Fig. S3).

Discussion

Protein aggregate reactivation in metazoa (human)
depends on the activity of Hsp70/Hsp40/Hsp110
chaperones. The chaperoning activity of Hsp70 pro-
teins involves substrate binding and release cycles that
are optimally regulated by ATP hydrolysis and cocha-
perones. Inthe ATP conformation, Hsp70 interacts with
polypeptides with fast association and dissociation
kinetics. Unfolded, misfolded and aggregated protein
substrates are presented to Hsp70 by Hsp40 cocha-
perones that synergistically with the substrate stimulate
ATP hydrolysis. The conformational changes brought
about by nucleotide hydrolysis favor substrate trapping
in the ADP conformation. NEFs facilitate ADP/ATP
exchange and release of the substrate, initiating the
refolding process. Hsp110 proteins behave as essen-
tial NEFs in the reactivation of protein aggregates in
metazoans, other cytosolic NEFs as Bagl being
unable to support it [4,5]. Interestingly, in contrast to
the human Hsc70/DnaJB1/Apg2 chaperone system,
the yeast homologs Ssa1/Ydj1/Sse1 cannot support
refolding of protein aggregates in similar conditions and
rely on the potent disaggregase activity of Hsp104 [5].
Among the differences between the human and yeast
chaperones, the sequence evolution of the Hsp110
stands out, being the human representatives larger due
to the extension of the C-terminus and the character-
istic acidic sequence inserted in the SBD-B [1,2]. We
find here that deletion of this acidic insertion, which we
termed AS, is involved in the regulation of Hsc70
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Fig. 8. Deletion of the AS increases the affinity of Apg2 for
Hsc70. (a) Native electrophoresis of the different proteins and
protein complexes used in this study. (b) Release of wt Apg2
(white circles) and Apg2AAS (black circles) from their
corresponding complexes with Hsc70 at increasing concen-
trations of Apg2AAS and wt Apg2, respectively. The average
of three different experiments is shown. (c) Binding curves of
Apg2 (white symbols) and Apg2AAS (black symbols) to
Hsc70 (circles) and Hsc70 NBD (triangles) in the absence of
nucleotides derived from SPR analysis. The interaction of
Apg2 and Apg2AAS with Hsc70 was also studied in the
presence of purified ADP (squares). Normalized maximal
resonance units (RU) were obtained at different concentra-
tions of wt Apg2 (white symbols) and Apg2AAS (black
symbols). Fitting of the curves to a single site binding model
(black lines) yielded dissociation constants of 148 + 5 and
54 + 1 nM for the interaction of wt Apg2 and Apg2AAS with
Hsc70, respectively. The same analysis for complex forma-
tion with the Hsc70 NBD gave Kp values of 1.8 + 0.2 and
1.3 = 0.2 pM for wt Apg2 and Apg2AAS, respectively.

activity as it increases the affinity of Apg2 for Hsc70,
inhibits the cochaperone-induced ATPase stimulation
of Hsc70, impairs Hsc70 recruitment to the surface of
aggregated substrates and its subsequent reactivation.
Interestingly, several members of the Hsp110 family
express isoforms in which the AS domain is partially
deleted as in human and mouse Hsp105 (isoforms (3),
and fly Hsc70Cb (isoform A). In humans, Hsp105@ is
mainly expressed in the nucleus due to the lack of a
sorting signal located in the AS [21,22]. The role of this
isoform with a shortened AS in nuclear protein
homeostasis is unknown. This protein subdomain is
also the target of several post-translational modifica-
tions, found in different high-throughput studies in both
Apg2 and Hsp105 (Supplemental Table 2). Future work
should address how these modifications in the AS
might modulate the Hsc70 system activity and its
interaction with protein substrates.

The functional defects described above are concen-
tration dependent and are observed above 0.2-0.4 uM
Apg2AAS (Fig. 9a). Importantly, the reduction of the
ATPase activity, Hsc70 binding to aggregates and
refolding activity is not due to the truncation of the AS
since they are also observed for wt Apg2, although at
higher concentrations, for example, a similar inhibition
of aggregate reactivation was observed at approxi-
mately 3- to 4-fold higher concentration for the wt
protein. In agreement with our data, elevated concen-
trations of human Hsp105 also reduced Hsc70 ATPase
activity [27,32]. Our phenomenological model charac-
terizes in quantitative detail the effects of the AS as a
regulatory element of the Hsc70 ATPase cycle,
showing that this protein region is not involved in
the catalytic activity of Apg2, as it does not affect
the nucleotide exchange, but slows down 10 times the
ATPase cycle compared to the wt. The fact that the
NEF-induced inhibition of the ATPase and chaperone
activities can be counteracted by higher DnaJB1
concentrations suggests that the fitness of the Hsc70
system depends on the cochaperone molar ratio.
Similarly, unbalance of the DnaJ/GrpE ratio induced
important detrimental effects on the chaperone activity
of the bacterial DnaK system [33—-35,40,41]. Therefore,
our results show that the human Hsc70 system follows
a similar pattern to the bacterial one, in which the
balance of DnaJB1 and Apg2 cochaperones regulates
in vitro the correct timing of the Hsc70 cycle required
for optimal function. The maintenance of the Hsc70
system functionality in vivo is ensured by a strict
regulation of cochaperone concentrations, the amount
of Hsp110 proteins being approximately equal to that of
Hsp40s under normal conditions, and less abundant
after heat shock [9,42].

Our data demonstrate that the AS of Apg2 plays an
important role in the chaperone activity of Hsc70 as
deletion of this domain significantly narrows the
Apg2 concentration range that leads to reactivation
of protein substrates. The outcome of the reactiva-
tion reaction also depends on the conformational
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Fig. 9. Regulation of ATPase, Hsc70 binding to aggregates and their refolding by Apg2. (a) Comparison of the ATPase
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values for wt Apg2 and closed triangles and dotted lines for Apg2AAS. (b) Schematic model of Hsc70 system ATPase
cycle. Stimulation of ATP hydrolysis by DnadB1 and nucleotide exchange by Apg2 contribute positively to the steady-state
ATPase (green arrows). Red arrows represent the negative contribution of Apg2 to the cycle due to binding to Hsc70(ATP)
that might promote dissociation of the nucleotide before hydrolysis.

properties of the substrates. The 30% reduction in
the recovery of denatured luciferase hold in a
folding-competent conformation by 2 yM Apg2AAS
agrees well with results found for a yeast Sset
variant that lacks the smaller acidic loop [19].
Reactivation of aggregates is severely diminished
by Apg2AAS at 2 pM: the reduction varies from 3-
fold for mild aggregates (chemically denatured
luciferase and G6PDH aggregates formed at
50 °C), to almost zero reactivation for stable
aggregates (thermally denatured luciferase). This
suggests that the fitness of the Hsc70 system is
essential to perform challenging tasks as aggregate
reactivation in which the extraction of unfolded
polypeptides requires chaperone-mediated disrup-
tion of strong intermolecular interactions that stabi-
lize the aggregate [28,43,44]. We find a straight
correlation between the effect of both Apg2 and
Apg2AAS on the refolding activity and the amount of
Hsc70 bound to the aggregate (Fig. 9a), suggesting
that the limiting step is the extraction of polypeptides
as previously suggested [28,45]. Our results show
that the interaction of Hsc70 with aggregates
depends on both cochaperones, as DnaJB1 in-
creases 5-fold the amount of Hsc70 associated with
the aggregate, similarly to what has been described
for the bacterial DnaK system [43], and inclusion of
0.4 uM Apg2 induces a further 2-fold increase, a
novel finding in this work. The amount of aggregate-
bound Hsc70 is reduced when the concentration of
wt Apg2 and, more markedly, Apg2AAS increases,
as expected from the refolding results. Although

Apg2 can interact with high affinity with hydrophobic
peptides and unfolded substrates ([46] and this
work), its affinity for GBPDH aggregates seems to be
remarkably lower. The amount of aggregate-bound
Apg2 remained constant (approx. 2% of the initially
added protein) even at high NEF concentrations
when Hsc70 binding strongly decreased, especially
for the truncation mutant, suggesting that the
chaperone does not occupy potential binding sites
for Apg2. The Apg2:Hsc70 molar ratio at the
aggregate surface is 1:80 when refolding is maxi-
mum, suggesting a catalytic role for Apg2 in the
extraction of unfolded polypeptides from the aggre-
gate, which would favor a specialized NEF function
over a mechanical activity related to the extraction of
aggregated chains in cooperation with Hsc70 [5,14].

According to our data and work done with human
Hsp105 [27,32], the main difference between
Hsp110s and other unrelated NEFs regarding the
regulation of Hsc70 resides in the regulation of the
ATPase activity. Human Bag1, HspBP1 and bacte-
rial GrpE stimulate the ATPase activity of Hsc70 and
DnaK reaching saturation in a concentration range
similar to that used here [27,34,41,47,48]. These
NEFs also reduce the refolding activity of the
complete system, an effect that has been attributed
to modifications of the time the substrate remains
bound to Hsp70 [41,48]. However, Rauch and
Gestwicki [49] described that different Bag proteins
combined with a set of Hsp40s (including DnaJB1)
induced a strong inhibition of Hsp72 (HspA1A) in the
0- to 4-uM range. Moreover, the authors observed
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that Hsp105 was unable to activate Hsp72, in
contrast to Hsc70 [27,32,50]. These discrepancies
suggest that specific properties of Hsc70 (HspA8)
and Hsp72 (HspA1A) determine how their activity is
modulated by different combinations of NEF/Hsp40
cochaperones. HspA8 and HspA1A might require a
different regulation when performing their respective
roles as the constitutive and the main stress-
inducible members of the Hsp70 family. Tuning
down both the ATPase and refolding activity of
HspA1A under stress could be beneficial for the cell
to avoid ATP depletion, promoting the required
holdase activity. This regulation is well known in
bacteria and mitochondria where DnaK and
mtHsp70 are modulated by the reversible unfolding
of their NEFs, GrpE and Mge1p [51,52]. Regulation
of Hsp70s in the eukaryotic cytosol is more complex
due to the coexistence of different Hsp70s and the
plethora of cochaperones available. The properties
of specific Hsp70s and the combination and stoichi-
ometry of the NEF/Hsp40 cochaperone pair might be
essential to regulate the activity of the system in
different environmental conditions.

The question that remains is how Apg2 inhibits
the ATPase cycle of Hsc70 at high concentration.
Due to the role of Apg2 as a NEF of Hsc70, the most
reasonable point to arrest the cycle would be the
ADP/ATP exchange process, basically consisting
of the following: binding of Apg2 to Hsc70(ADP),
ADP dissociation, and ATP binding and dissocia-
tion of the complex (Fig. 9b). Neither formation of
the Hsc70(ADP):Apg2 complex nor dissociation of
ADP could reduce the ATPase rates: first, complex
formation would be favored at high Apg2 concen-
tration, and second, we found that ADP exchange
rates increase and saturate. Since the dissociation
of the Hsc70:Apg2 complex upon ATP binding is
inherently concentration independent, a reasonable
explanation could be that Apg2 re-associates to
Hsc70(ATP), a binding event favored at high
concentration, and promotes the premature release
of ATP before hydrolysis as Raviol et al. [36]
showed, delaying the progression of the ATPase
cycle. This hypothesis is in line with the stronger
inhibitory effect observed for Apg2AAS coupled to
the increased affinity of the mutant for Hsc70 and
suggests an important role for the AS to avoid
complex re-association. While ADP dissociation
rates reach maximum values within the concentra-
tion range studied, ATP dissociation might increase
at high NEF concentration, resulting in the biphasic
behavior of the steady-state ATPase. Thus, Apg2
and DnaJB1 will compete to bind Hsc70(ATP),
promoting the stimulation of the chaperone cycle
and activity at low Apg2:DnadB1 ratios, while
increasing Apg2 concentration would favor ATP
dissociation and inhibition of the system. High Apg2
concentration would also promote faster ADP/ATP
exchange rates, reducing the time the substrates

remain bound to the chaperone. However, dissociation
of ATP from Hsc70 would populate conformations able
to re-bind peptides that were previously released by
ATP binding, an interaction possibly favored by the
local peptide concentration, resulting in the slower
peptide dissociation kinetics. It would also reduce
chaperone binding to aggregates by decreasing the
population of Hsc70(ATP), the conformation competent
to be recruited by aggregate-bound DnadB1. This links
aggregate binding and reactivation to the inhibition of
the steady-state ATPase activity, although a direct
correlation with the absolute ATPase value is not
observed (Fig. 9a), possibly due to the counteracting
effect of DnaJB1 in solution and differences in the
association kinetics of Apg2 to Hsc70(ADP) and Hsc70
(ATP), on which nucleotide exchange and ATP
dissociation would depend, respectively. Deletion of
the AS does not modify nucleotide exchange, but its
higher affinity for Hsc70 facilitates association to Hsc70
(ATP) decreasing its population more efficiently than wt
Apg2 and therefore the chaperone ability to interact
with aggregates.

Mechanistically, it is difficult to understand how
the AS regulates the interaction between Hsc70
and Apg2, due to the lack of structural information of
this protein subdomain [18-20]. In the complex, the
Hsp70 NDB establishes extensive contacts with the
NBD and SBD-a of Hsp110, while the SBD of
bovine Hsc70 positions in the vicinity of the Sse1
SBD-B without contacting it [19,20]. In all the
structures, the AS seems to be far from the NBD
of Hsp70 in the heterocomplex but close to the SBD
and does not participate in the interaction interface.
Upon deletion of Apg2 AS, the affinity for Hsc70
increases 3-fold for full-length Hsc70 but not for its
NBD, suggesting that the AS interacts with Hsc70
SBD. Importantly, deletion of Hsc70 SBD has a
great impact in the Kp of the complex with wt Apg2
that is increased 1 order of magnitude (from 0.14 to
1.8 pM), as found for yeast Ssalp and Sse1p, albeit
to a lower extent (Kp increased from 0.1 to 0.4 pyM
after deletion of Ssa1p SBD) [19,36]. These results
indicate that both domains of Hsc70 and their
allosteric interface are essential to bind Apg2 with
high affinity. An interaction of the AS, plausibly with
Hsc70 SBD, might destabilize the Hsc70:Apg2
complex modulating Hsc70 allosterism. Similarly,
we have described that the interaction between
bacterial DnaK SBD and the long N-terminal tail of
GrpE has important effects in the regulation and
plasticity of the complex [38,53]. This type of
multivalent contacts could help the NEFs to better
tune the conformational rearrangements during the
functional cycle of their Hsp70 counterparts. The
lack of significant ATP-induced conformational
transitions in Hsp110 proteins [24,54,55] makes
difficult to establish the role of the AS in the complex
allosteric cycle of the Hsc70 system, but our data
suggest that it might serve as a molecular switch to
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avoid re-association of the Hsc70:Hsp110 complex
and facilitate progression of the chaperone cycle.

Materials and Methods

Cloning, expression and purification of proteins

The cDNAs of Apg2 (HSPH2), Hsc70 (HSPAS8) and
DNAJB1 were obtained from Addgene and cloned into
pE-SUMO vector (LifeSensors). The mutant Apg2AAS,
carrying a deletion from residue 504 to 569, was cloned
by fusing two PCR fragments corresponding to the
upstream and downstream sequences of these protein
segments. Hsc70 V438F was obtained by the Quick-
change protocol (Agilent). Recombinant proteins
containing a tag with 6 histidines and SUMO fused to
the N-terminus were expressed in BL21 Rossetta cells
and purified with a first step of affinity chromatography
using NiNTA (Quiagen) columns, followed by treatment
with the protease Ulp1 to cleave the tag, and a final
NiNTA column in which the pure protein eluted in the
unbound fraction. For Hsc70, Hsc70 V438F and the
NBD mutant (residues 1-384), an additional polishing
step with a hydroxyapatite column was performed.

Small-angle X-ray scattering measurements

Synchrotron X-ray diffraction data for recombinant
purified Apg2 and Apg2 AAS were collected on a pixel
Pilatus 2M detector at Diamond Light Source B21
beamline (UK). The scattering patterns were measured
with a 2-s exposure time per frame in a continuous
mode using an in-line Agilent HPLC system connected
to a SHODEX PROTEIN KW403-4F column (exclusion
limit of 600 kDa) equilibrated in 40 mM Hepes (pH 7.6),
50 mM KCI, 5 mM MgCl, and 2 mM DTT and running
at 0.16 ml min~". To check for radiation damage, the
accumulated frames corresponding to eluted peaks
were compared as a time series and no radiation
damage was observed. Using the sample-to-detector
distance of 4.01 m, the range of momentum transfer
values is 0.0025 < g<0.42 A7" (g= 4msin(6)/A,
where 20 is the scattering angle and A =1 A is the
X-ray wavelength). Data were processed using stan-
dard procedures by the program packages ScAtter
(developed by Rob Rambo at Diamond Light Source)
and PRIMUS [56]. The forward scattering (/(0)) was
evaluated using the Guinier approximation [57], as-
suming that the intensity is represented as /(q) = /(0)
exp(-(gRy)*/°) for a very small range of momentum
transfer values (q < 1.3/R,). The maximum dimensions
(Dmax), the interatomic distance distribution functions
(P(n)), and the radii of gyration (Ry) were computed
using GNOM [58]. The molecular mass of the protein
was evaluated with the eqzuation In (Qr) =k * In
(Mass) + ¢, where Qg = (Vc/Ry), and k and ¢ are
constants [59] (Table S1).

Ab initio shape determination and in silico Apg2
molecular modeling

The ab initio reconstructions of Apg2 and Apg2 AAS
were calculated using GASBOR [60] and MONSA
[61]. Representative ab initio reconstructions were
selected based on DAMCLUST [62]. A 3D molecular
model of Apg2 was generated combining homology
modeling using Phyre2 [63], de novo peptide structure
prediction by PEP-FOLDS3 [64] and SAXS refinement
by SREFLEX [65]. A search for structural homologs
predicted residue ranges 1-512 and 570-702 in Apg2
(missing the AS and C-terminal region) are related to
the 3D crystal structure of S. cerevisiae heat shock
protein homolog Sse1p (PDB code 3D2F; sequence
identity 42%). Also, Apg2 residue range 703-785 was
predicted to be homologous to the C-terminal 10-kDa
subdomain of Caenorhabditis elegans heat shock
70 kDa protein A Hsp70 (PDB code 2P32; sequence
identity 25%). Given that no convincing homologs
were found for residues 513-569, corresponding to
the AS, and the C-terminal residues 786—840, de novo
peptide structure prediction was used instead. A first
3D molecular model of Apg2 was assembled using
the fragments obtained and taking into account the ab
initio envelope reconstructions previously determined
by MONSA, followed by several rounds of refinement
against the experimental SAXS data in SREFLEX.

Refolding of unfolded luciferase

Luciferase (0.1 yM) was denatured by incubation at
42 °C for 30 min in the absence or the presence of
Apg2 or Apg2AAS at 0.4 or 2 uM in 40 mM Hepes
(pH 7.6), 50 MM KCI, 5 mM MgCl,, 2 mM DTT, 2 mM
ATP, 3 mM PEP and 20 ng/ml pyruvate kinase.
Samples were incubated for 5 min at 30 °C, and
refolding was initiated by addition of Hsc70 (2 pM) and
DnaJB1 (1 pM). Luciferase activity was measured
after 1 hin a Synergy HTX plate reader (Biotec), using
E1500 assay buffer (Promega). The activity of
luciferase diluted in the above buffer containing
chaperones at final concentration and incubated at
30 °C forthe length of the experiment was set to 100%.

Refolding of luciferase and G6PDH aggregates

Luciferase (2 uM) was incubated at 30 °C for 30 min
in denaturation buffer [6 M urea, 40 mM Hepes
(pH 7.6), 50 mM KCI, 5 mM MgCl,, 2 mM DTT].
Aggregation was induced by 100-fold dilution into
refolding buffer [40 mM Hepes (pH 7.6), 50 mM KCI,
5 mM MgCl,, 2 mM DTT, 2 mM ATP, 3 mM PEP,
20 ng/ml pyruvate kinase]. Reactivation was started by
the addition of chaperones: 2 yM Hsc70, 1 uyM
DnaJB1, 0-8 pM Apg2 or Apg2AAS. Final luciferase
concentration was 20 nM. G6PDH (glucose-6-
phosphate dehydrogenase) aggregates (2.5 pM)
were formed after incubation at 50 °C for 30 min in
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50 mM Tris—HCI (pH 7.5), 150 mM KCI, 20 mM MgCl,
and 10 mM DTT diluted to 0.4 pM in refolding buffer
and preincubated at 30 °C for 10 min before the
addition of chaperones at the concentrations indicated
above. To monitor reactivation of luciferase aggre-
gates, the activity of aliquots taken at different times
during 2 h was determined as above. G6PDH activity
was measured as described [66]. Reactivation rates
were obtained from the linear regression of the initial
part of the refolding kinetic, as previously described
[671].

Interaction with G6PDH aggregates

G6PDH aggregates (10 uM) were formed after
incubation at 50 °C for 30 min in 50 mM Tris
(pH 7.4), 150 mM KCI, 20 mM MgCl, and 10 mM
DTT. Temperature was lowered to 30 °C for 10 min
and G6PDH aggregates were diluted to 1 pM in
40 mM Hepes (pH 7.6), 50 mM KCI, 5 mM MgCl,,
2 mM DTT, 2 mM ATP, 8 mM PEP and 20 ng/ul PK
buffer, containing Hsc70 (2 uM), DnadB1 (0.5 pM)
and increasing concentrations of Apg2 or Apg2AAS.
Chaperones were preincubated 5 min at 30 °C in the
above buffer before aggregate addition. After 10-min
incubation, the samples were centrifuged at
55.000 rpm in a TLA-55 rotor (Beckman) at 4 °C.
Proteins in pellets were analyzed and quantified by
SDS-PAGE and densitometry. The amount of chap-
erones precipitated in the presence of native G6PDH
(controls) was averaged from at least three experi-
ments and subtracted from that sedimented with the
aggregates. ODs are converted to ug of protein using
references lines containing 1 pg of each protein. We
have checked that this simple calculation guesses
quite correctly the amount of protein compared to
in-gel calibration curves.

Peptide binding and release kinetics

Kinetics of substrate interaction with Hsc70 have
been measured using the peptide FYQLALT labeled
with the fluorescent probe TAMRA (Proteogenix,
Schiltigheim, France). Binding was assayed adding
0.1 uM t-FYQLALT to Hsc70 or its complexes with
Apg2 or Apg2AAS at 2, 4, 6 and 8 uM. Complexes
were preformed by overnight incubation in 40 mM
Hepes (pH 7.6), 50 mM KCI, 5 mM MgCl,, 2 mM DTT
and 50 M ATP at 25 °C. Peptide release was induced
by adding 0.2 mM ATP and different concentrations of
Apg2 or Apg2AAS to preformed Hsc70:t-FYQLALT
complexes, obtained after 3-h incubation of 1 uyM
Hsc70 and 0.5 pM t-FYQLALT in 40 mM Hepes
(pH 7.6), 50 mM KCI, 5 mM MgCl,, 2 mM DTT and
0.1 mM ADP at 25 °C. The anisotropy of the sample
was continuously measured to characterize binding
and release kinetics in a SLM8100 (Aminco) spectro-
fluorimeter, using 555- and 580-nm excitation and
emission wavelengths, respectively, and 8 x 8 slits.

ATPase measurements

Steady-state ATPase activity was measured using
the assay described by Norby [68]. Assays were
performed at 30 °C in 40 mM Hepes (pH 7.6), 50 mM
KCI, 5 mM Mg acetate and 1 mM ATP. Protein
concentrations were 2 yM Hsc70, 0-2 uM DnaJdB1,
0-10 pM Apg2 or Apg2AAS as indicated. Reactions
were monitored by continuously measuring the absor-
bance decay at 340 nm for 1 hin a Synergy HTX plate
reader (Biotec).

Nucleotide exchange

Nucleotide exchange kinetics was measured in an
SFM 300/MOS 450 Stopped-flow machine (BioLogic,
Grenoble, France) using MABA fluorescence. Upon
excitation at 365 nm, emission selected with a 400-nm
cutoff filter. The average mixing time of the experiment
was 80 ms. The cell chamber and container syringes
were kept at 25 °C. Hsc70-MABA-ADP complex
was mixed with ADP in the presence of increasing
concentrations of Apg2 or Apg2AAS to obtain final
reactants concentrations: 0.48 yM Hsc70-MABA,
268.5 yM ADP, and 0 to 3 pM Hsp110 in 40 mM
Hepes (pH 7.6), 50 mM KCI and 5 mM MgCl,. MABA
release was recorded immediately after mixing
as a decrease in its fluorescence signal. Kinetic
constants were calculated by fitting the experimental
traces to a mono-exponential transition by means of the
Bio-Kine32 v4.65 analysis software provided by
Biologic.

Native gel electrophoresis

Hsc70:Apg2 or Hsc70:Apg2AAS complexes were
prepared by mixing 2 pM of each protein in the
presence of 50 pM of ATP in 40 mM Hepes (pH 7.6),
50 mM KCI, 5 mM MgCl, and 2 mM DTT and
overnight incubation at room temperature. Com-
plexes were resolved by native PAGE using 4%-—
16% Bis—Tris gels (Invitrogen). Competition experi-
ments were set up adding the competing Hsp110 to
the corresponding incubation mixture at0.5, 1,2, 3, 5,
8 and 10 pM. Free Apg2 or Apg2AAS was analyzed
by densitometry.

Surface plasmon resonance spectroscopy (SPR)

SPR assays were performed in a Biacore 3000
system (GE Healthcare). Hsc70 carrying a C-
terminal strep-tag Il was bound to a CM5 chip (GE
Healthcare), in which the monoclonal antibody
StrepMAB-Immo (IBA Lifesciences), raised against
the strep-tag Il sequence, was previously immobi-
lized using the amine coupling kit supplied by GE
Healthcare. Apg2 and Apg2AAS were dialyzed
overnight at 4 °C in running buffer [40 mM Hepes
(pH 7.5), 150 mM KCI, 5 mM MgCl, and 0.0025%
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Tween 20] prior to 1-min injection at concentrations
from 0.01 to 10 pM. After every injection, 1 M NaCl
was passed through the flow cells for 1 min to wash
away Hsp110 remainders that might not have
dissociated. Measurements were done at 25 °C
and at a flow rate of 30 pl/min. For the experiments
in the presence of nucleotides, 2 mM ATP or purified
ADP [69] was added. Double subtraction of buffer
and control lane (injection of Apg2 or Apg2AAS
along a flow cell without Hsc70) was performed. Kp
values were determined by plotting maximal RUs
achieved versus Hsp110 concentration and fitting
the data to a hyperbolic ligand-binding equation.
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