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Abstract

The Hsp70 system is essential for maintaining protein homeostasis and com-

prises a central Hsp70 and two accessory proteins that belong to the J-domain

protein (JDP) and nucleotide exchange factor families. Posttranslational modi-

fications offer a means to tune the activity of the system. We explore how

phosphorylation of specific residues of the J-domain of DNAJA2, a class A

JDP, regulates Hsc70 activity using biochemical and structural approaches.

Among these residues, we find that pseudophosphorylation of Y10 and S51

enhances the holding/folding balance of the Hsp70 system, reducing cochaper-

one collaboration with Hsc70 while maintaining the holding capacity. Truly

phosphorylated J domains corroborate phosphomimetic variant effects. Nota-

bly, distinct mechanisms underlie functional impacts of these DNAJA2 vari-

ants. Pseudophosphorylation of Y10 induces partial disordering of the J

domain, whereas the S51E substitution weakens essential DNAJA2-Hsc70

interactions without a large structural reorganization of the protein. S51 phos-

phorylation might be class-specific, as all cytosolic class A human JDPs harbor

a phosphorylatable residue at this position.
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1 | INTRODUCTION

The human genome encodes around 330 chaperones and
cochaperones (Brehme et al., 2014; Hipp et al., 2019; Lab-
badia and Morimoto, 2015), among which 13 are Hsp70s,
50 J-domain proteins (JDPs), and 14 nucleotide exchange
factors (NEFs) (Rosenzweig et al., 2019). Although they
can display specific functionalities, they usually work
together to regulate protein folding, maintain the native
conformation of proteins and direct unstable/misfolded
proteins to degradation pathways (Jayaraj et al., 2020). An
important player in all these functions is the Hsp70 sys-
tem, which is composed of a central Hsp70 component
and two accessory proteins that regulate the activity of the
chaperone (Fernandez-Fernandez and Valpuesta, 2018;
Rosenzweig et al., 2019). These accessory proteins are JDPs
and NEFs (Rosenzweig et al., 2019). JDPs can display an
autonomous, ATP-independent holding activity that avoids
protein aggregation through their interaction with unstable,
aggregation-prone conformations. They also select clients
for Hsp70s and collaborate with the chaperone in ATP-
dependent, substrate protein remodeling (Liu et al., 2020;
Zhang et al., 2023). The large number of JDPs, as compared
with Hsp70s, suggests potential collaboration between dif-
ferent JDPs and a particular Hsp70 in specific functions and
relates expansion of the JDP family and functional diversifi-
cation of the Hsp70 system. Hsp70s share a common struc-
ture with an N-terminal, nucleotide binding domain (NBD)
with ATPase activity and a C-terminal substrate binding
domain (SBD) interconnected by a flexible, conserved linker
(Rosenzweig et al., 2019). In contrast, the JDP family is
functionally and structurally diverse. This large degree of
divergence seems to regulate substrate specificity, localiza-
tion, ATPase, and substrate remodeling activities of Hsp70s
(Craig and Marszalek, 2017; Kampinga and Craig, 2010;
Zhang et al., 2023). Differences in protein length, domain
organization, and function among members of the JDP
family makes their classification challenging. They are usu-
ally grouped in three classes (A, B, and C) according to their
domain organization. Classes A and B contain a characteris-
tic J-domain (JD), after which the family was named, fol-
lowed by a glycine/phenylalanine-rich region (G/FR), two
C-terminal domains (CTDI and CTDII) that interact with
the client protein, a dimerization domain (DD), and in
some members a C-terminal domain (CD) (Velasco-
Carneros et al., 2023). A unique structural feature in class A
JDPs is the insertion of a Zn-finger-like region in the CTDI
(Figure 1a). Class C members contain a diversity of
domains besides the JD (Zhang et al., 2023).

The J-domain of JDPs folds into a similar hairpin struc-
ture with four helices (I–IV) (Figure 1b) and is responsible
for their association with Hsp70. Despite this structural simi-
larity, differences in the sequence within the structural

region that interacts with Hsp70 could regulate JDP-Hsp70
complex formation (Zhang et al., 2023). This region is formed
by helices II and III and the loop containing the HDP motif
that connects both helical segments (colored in blue in
Figure 1b). A positively charged patch in helix II, close to the
HDP motif, contacts a negatively charged one in the NBD of
Hsc70, and helix III establishes hydrophobic interactions
with the SBD of the chaperone, stabilizing the interaction
with its interdomain linker (Ahmad et al., 2011; Kityk
et al., 2018; Kleczewska et al., 2020; Malinverni et al., 2017).
Domains other than the JD are involved in client selection,
client transfer to Hsp70, intracellular location of JDP-Hsp70
complexes, and further modulate complex formation with
the chaperone (Barriot et al., 2020; Dekker et al., 2015;
Kampinga and Craig, 2010; Malinverni et al., 2023).

Despite the importance of the Hsp70 system in maintain-
ing cell viability, our understanding on specific associations
between members of the Hsp70 and JDP protein families
linked to concrete functions, on the mechanisms of rewiring

FIGURE 1 (a) Domain organization of DNAJA2. The scheme

shows the J-domain (JD; green), the glycine/phenylalanine-rich

region (G/FR), the two homologous β sandwich domains (CTDI and

CTDII; khaki and brown), with a Zn2+ finger-like region (ZFLR;

blue) inserted into the CTDI, the dimerization domain (DD; red),

and the C-terminal domain (CD). (b) Predicted structure of DNAJA2

JD obtained by homology modeling. The tyrosine and serine residues

replaced by glutamic acid in the phosphomimetic mutants are

shown, and the interaction surface with Hsc70 (colored in blue the

helix II, the connecting loop containing the HPD motif, and helix III)

is colored in blue. CTD, C-terminal domain.
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the multiple Hsp70/JDP assemblies, and on how posttransla-
tional modifications (PTMs) could regulate them remains lim-
ited. Proteomic approaches have revealed extensive PTMs in
chaperones (Backe et al., 2020; Cloutier and Coulombe, 2013;
Nitika et al., 2020; Omkar et al., 2023; Truman et al., 2021;
Velasco et al., 2019), which most likely tune their activity.
Despite the identification of these sites, the functional role of
their modifications (collectively known as the Chaperone
Code) are poorly understood and has been tested only for a
few members of different chaperone families (Backe
et al., 2020; Kostenko et al., 2014; Patel et al., 2016).

Here, we explore the effect that pseudophosphoryla-
tion of specific residues in the JD of class A JDPs
(highlighted in Figure 1b) has on its interaction with sub-
strate proteins and Hsc70. As scaffold, we use the JD of
DNAJA2 that is considered one of the best suppressors
of tau aggregation (Mok et al., 2018), and as the major
cytosolic class A JDP also collaborates with Hsc70 in the
reactivation of unfolded or aggregated proteins (Nillegoda
et al., 2015). Although the JD can be phosphorylated
in many residues, especially under stress conditions
(Hornbeck et al., 2015), the functional consequences of
these PTMs are so far unknown. We find that pseudopho-
sphorylation of Y10 induces partial disordering of the J
domain and impairs the remodeling activity of the Hsc70
system. The S51E phosphomimetic substitution induces
localized rearrangements in helix III that disrupts contacts
with the SBD of Hsc70, abolishing the disaggregating and
refolding activities of the Hsp70 system. Phosphorylation of
the same residues in isolated JDs promote similar confor-
mational and functional effects, reinforcing data obtained
with the phosphomimetic, full-length protein variants.
Alignment of class A and class B JDPs also suggests that
phosphorylation of S51 could be a class-specific regulation
signal, mainly affecting to cytosolic class A human JDPs.

2 | RESULTS

2.1 | Design and evaluation of DNAJA2
variants with phosphomimetic
substitutions in the J-domain

Residues in the JD of at least one member of class A
human JDPs, found phosphorylated in high-throughput
(HTP) experiments involving different human tumor cells
and mitotic HeLa cells among others (Kettenbach
et al., 2011; Mertins et al., 2014; Tsai et al., 2015) and
listed in PhosphoSitePlus repository (Hornbeck et al.,
2015), were considered candidates to study. Thus, Y10,
S20, Y28, and S51 were selected and replaced by glutamic
acid (pseudophosphorylated mutants) or alanine (non-
phosphorylatable variants) in the JD of DNAJA2, which
was used as scaffold to evaluate the effect of the

phosphomimetic substitutions (Figure 1b). This experi-
mental strategy encounters two limitations. First, the
substitution of a phosphorylated residue with glutamic
acid does not replicate the net charge alteration of the
phosphoryl group (�1 and �2 for glutamate and phos-
phoryl group, respectively). Second, the use of glutamate
to simulate tyrosine phosphorylation might modify pro-
tein structure due to the lack of the aromatic ring (Beebe
et al., 2013; Stateva et al., 2015). This limitation warrants
consideration when evaluating the impact of phosphomi-
metic substitutions of specific tyrosine residues located in
the hydrophobic protein core, which could compromise
its stability (Subramanyam et al., 2016). In particular,
Y10 is located in a solvent-exposed protein region of
helix I, whereas the aromatic moiety of Y28 participates
in the hydrophobic core formed by the antiparallel
amphipathic helices II and III (Figure 1b), which contribute
to JD stability (Qian et al., 1996). Despite these limitations,
this strategy has been effective to investigate the biological
function of phosphorylation (Bachman et al., 2018;
Muhlhofer et al., 2021; Perez-Mejias et al., 2020).

A preliminary assessment of these variants was based
on their ability to assist Hsc70 in substrate remodeling
(disaggregating/refolding and refolding activities) and to
protect client proteins against aggregation (holding activ-
ity). Potential candidates underwent a subsequent filter-
ing step that considered the functional outcome of their
replacement by alanine. Three different behaviors were
observed for the phosphomimetic substitutions of the
four amino acids shown in Figure 1b. First, substitution
of S20 induced a modest decrease in Hsc70 activation
(10%–15%) and substrate remodeling (10%–20%) (Figure S1A,B
in Data S1). A second one was detected for Y28, whose
replacement by either E or A yielded an almost complete
inhibition of Hsc70 activation and substrate remodeling
activity (Figure S1A,B in Data S1), which makes difficult
to attribute a regulatory function to Y28 pseudopho-
sphorylation. As expected from the involvement of the
JD in the interaction with Hsc70, phosphomimetic substi-
tutions only affected the client remodeling activity, leav-
ing the holding activity largely unaltered (Figure S1C in
Data S1). Finally, the third one was noted for Y10 and
S51, where the phosphomimetic substitution significantly
reduced the refolding activity of the Hsc70 system, while
the mutation to A had little or no effect. Only these resi-
dues were further characterizated as follows.

2.2 | Pseudophosphorylation of Y10 and
S51 regulates the activity of the Hsc70
system

We analyzed in detail the phosphomimetic mutants
DNAJA2-Y10E and DNAJA2-S51E, as well as the
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corresponding non-phosphorylatable substitutions (Guo
et al., 2015; Kao et al., 2020; Morishima et al., 2018),
DNAJA2-Y10A and DNAJA2-S51A.

2.2.1 | Pseudophosphorylation of Y10
impairs assistance of Hsc70 during client
remodeling

Y10 is located in helix I of the JD (Figure 1b), on the face
opposite to the interacting surface with Hsc70 (Tomiczek
et al., 2020). Both, Y10A and Y10E variants of DNAJA2 lost
around 14% of the wt ability to stimulate Hsc70 ATPase
activity (Figure 2a). It is important to note that the intrinsic
ATPase activity of Apg2 (0.7 μmol ATP/min � μM Apg2)

was not affected by DNAJA2 (0–5 μM), and thus only
Hsc70 was activated by the JDP in the ternary mixture. A
notable difference between both variants emerged when
evaluating their cooperation with Hsc70 in aggregate reacti-
vation (disaggregating/refolding activity). The activity of the
non-phosphorylatable and the phosphomimetic mutants
decreased 35% and 70%, respectively (Figure 2b), when
compared to the wt protein. Similar differences between the
Y10 variants were observed for their folding activity
(Figure 2c). In this case, the client—luciferase—was chemi-
cally unfolded and diluted in the presence of wt DNAJA2
or the corresponding Y10 mutant to prevent its aggregation.
Subsequently, Hsc70 and Apg2, the other two components
of the chaperone system, and ATP were added to refold
the DNAJA2-bound, unfolded substrate. DNAJA2-Y10A

FIGURE 2 Functional and conformational properties of the single point mutants DNAJA2-Y10E and DNAJA2-Y10A. (a) Stimulation of

the ATPase activity of Hsc70 (2 μM) in samples containing 0.4 μM Apg2, 2 mM ATP, and increasing concentrations of wt DNAJA2 (blue),

DNAJA2-Y10E (orange), or DNAJA2-Y10A (yellow). The same color code is used in all panels. (b) Reactivation of luciferase aggregates

(20 nM) obtained at 42�C by 2 μM Hsc70, 0.4 μM Apg2, 2 mM ATP, and 0.5 μM JDP. (c) Refolding activity of the different DNAJA2 species

in collaboration with Hsc70. Luciferase (10 μM) was denatured in 6 M urea and diluted 100 times in the absence (control, gray) or presence

of 1 μM wt DNAJA2, DNAJA2-Y10E, or DNAJA2-Y10A. Afterwards, 2 μM Hsc70, 2 mM ATP, and 0.4 μM Apg2 were added to the samples

and luciferase recovery was measured after 120 min. To dissect the holding and refolding activities of the protein variants, they were also

supplied with 1 μM DNAJA2 (right columns). (d) Effect of the different DNAJA2 species on the aggregation of Tau K18 P301L. Light

scattered by samples containing equimolar amounts (20 μM) of tau and heparin in the absence (grey) and presence of 6 μM wt DNAJA2 or

its Y10 variants. (e) Far-UV CD spectra of wt DNAJA2 and its Y10 mutants recorded at 25�C. Data corresponding to a DNAJA2 mutant that

lacks the JD, DNAJA2ΔJ (gray), and to a construct that contains the JD and G/FR (green; inset) are also shown. (f) Thermal stability of the

same samples shown in (e) followed by the temperature dependence of the ellipticity at 222 nm. Values in panels (a)–(c) are means ± s.d. of

at least three independent experiments. CD, circular dichroism; JD, J-domain.
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behaved akin to the wt protein, but the phosphomimetic
mutation Y10E resulted in a two-fold reduction of the fold-
ing activity, which approached values similar to those
obtained when dilution proceeded in the absence of chaper-
ones (Figure 2c, control). To test if the refolding activity
decrease could stem from an impaired interaction between
the Y10E mutant and the denatured client, we added wt
DNAJA2 together with Hsc70 and Apg2 in the refolding
step, obtaining a recovery yield similar to that observed for
the wild-type protein (Figure 2c; right columns). This
finding suggests that both the Y10A and Y10E DNAJA2
variants display a wt-like holding activity; otherwise,
the refolding extent would be similar to that observed in
the control experiment. This was also demonstrated
using a fragment of Tau containing the region responsi-
ble for protein aggregation (Figure 2d), whose onset of
aggregation was delayed similarly by wt DNAJA2 and
its Y10 variants.

A plausible explanation for the observed defective
interaction of the phosphomimetic variant with Hsc70
could be that a conformational rearrangement of the JD
upon Y10 substitution impaired assistance of Hsc70 dur-
ing substrate remodeling. This hypothesis was tested by
analyzing the secondary structure and thermal stability
of the two DNAJA2 mutants by circular dichroism
(CD) (Figure 2e). Data showed that substitution of Y10
by either E or A induced a conformational rearrangement
evidenced by a reduction in the ellipticity value at
222 nm, compatible with a partial loss of helical content.
This structural change was also seen by the disappear-
ance of the thermal transition observed for the wt protein
above 60�C, which was assigned to JD denaturation using
a JD deletion mutant of DNAJA2 (DNAJA2ΔJD) and a
construct that contains the JD and the G/F region (JD-G/
FR) (Figure 2e,f). Therefore, Y10 is most likely engaged
in the stabilization of the JD as both substitutions
induced a partial loss of the helical structure and the dis-
appearance of the cooperative JD unfolding event.
Although this partially unfolded conformation is able to
stimulate Hsc70, it does not properly assist the chaperone
in substrate remodeling. The distinctive functional out-
come of the E and A replacements points to the
negative charge at this position as a factor that regulates
assistance to Hsc70 during client remodeling.

2.2.2 | Phosphorylation of S51 could
function as a reversible switch that controls the
interaction of DNAJA2 with Hsc70

As done with Y10, we analyzed the single point mutants
DNAJA2-S51E and DNAJA2-S51A. In contrast to Y10,

none of the S51 mutants induced significant changes in
the far-UV CD spectra and shape of the thermal unfold-
ing curves (Figure S2 in Data S1). The first difference
between these mutants was related to their ability to
stimulate Hsc70 ATPase activity (Figure 3a). While
DNAJA2-S51A showed a wt-like behavior, DNAJA2-S51E
was around 85% less effective than wt DNAJA2 (Figure 3a).
Next, we analyzed the collaboration of these mutants
with Hsc70 in the reactivation of luciferase aggregates.
DNAJA2-S51A behaved as the wt protein, whereas the dis-
aggregating/refolding activity of DNAJA2-S51E was
markedly diminished, reaching only 10% of the value
observed for wt DNAJA2 (Figure 3b, left panel). This
would be expected if JDP-mediated coordination of sub-
strate binding and ATP hydrolysis in Hsc70, which is
essential to extract unfolded monomers from the aggre-
gate for their subsequent refolding (Cabrera et al., 2019;
Kirstein et al., 2017), is compromised. To prove it, we first
demonstrated that the difference in the disaggregating/
refolding activity between the S51 variants was also
observed using aggregates of glucose-6-phosphate dehy-
drogenase (G6PDH), indicating that it was substrate-
independent (Figure 3b, right panel). Then, the ability of
wt DNAJA2 and its two protein variants to interact with
G6PDH aggregates, and to recruit Hsc70 was analyzed in
the presence of Apg2, which favors chaperone transfer to
the aggregate surface (Cabrera et al., 2022). Both
DNAJA2 variants interacted with G6PDH aggregates sim-
ilarly to the wt protein, but DNAJA2-S51E recruited two-
fold less Hsc70 than wt DNAJA2 (Figure 3c,d). Therefore,
the impaired disaggregating/refolding activity of this
mutant is most likely due to its deficient chaperone
recruitment at the aggregate surface.

The same interpretation could explain the folding
activity, for example, the recovery of non-aggregated,
cochaperone-bound unfolded clients, of these variants.
DNAJA2-S51E, but not DNAJA2-S51A, displayed a
strongly diminished Hsc70-dependent refolding activity
(Figure 3e). To test whether DNAJA2-S51E protected
luciferase from aggregation, that is, retained its holding
activity despite being unable to assist Hsc70 in client
refolding, we supplemented the sample with wt DNAJA2.
Under these conditions, the refolding activity became
wt-like (Figure 3e; right columns), indicating that the
phosphomimetic mutant binds unfolded luciferase as the
non-phosphorylatable variant and the wt protein. This
suggestion was further supported by the wt-like ability of
both S51 mutants to delay tau aggregation (Figure 3f).
Taken together, these data indicate that the three protein
species interact similarly with unfolded or aggregated cli-
ents, but DNAJA2-S51E is unable to collaborate with
Hsc70 in client remodeling.
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2.3 | Phosphorylated JDs recapitulate
results from full-length phosphomimetic
variants

We next wanted to test whether similar functional effects
were induced by truly phosphorylated JDs. To this aim,
three JDs (residues 1–78) were synthesized: wt JD and its
phosphorylated variants JD-pY10 and JD-pS51 (Figure 4a).
We first studied the ability of these peptides to activate
Hsc70 in the presence of Apg2 and saturating concentra-
tions (100 μM) of the peptide substrate FT7 (FYQLALT)
(Figure 4b) (Takenaka et al., 1995). These conditions fully
activated the chaperone and allowed a better comparison of
the effect of the different JDs, although similar results were

obtained without Apg2 (Figure S3A in Data S1) or FT7
(Figure S3B in Data S1). Titration of Hsc70 with JD-pS51
showed that this variant did not stimulate Hsc70, in
agreement with data shown above for DNAJA2-S51E
(Figure 4b).

The activation extent of JD-pY10, relative to the wt
JD, was reduced around 45% and 70% in the absence
(Figure S3A in Data S1) and presence of Apg2
(Figure S3B in Data S1), respectively, and addition of FT7
to the ternary mixture did not significantly modify this
value (65%; Figure 4b). This reduction was stronger than
that found for full-length DNAJA2-Y10E (around 15%–
22%; Figure 2a), suggesting that regions other than the
JD might contribute to chaperone stimulation or that

FIGURE 3 Pseudophosphorylation of S51 hinders productive interaction of DNAJA2 with Hsc70. (a) Stimulation of the ATPase activity

of 2 μM Hsc70 by increasing concentrations of wt DNAJA2 (blue), DNAJA2-S51E (red), or DNAJA2-S51A (green) in the presence of 0.4 μM
Apg2 (n = 3). Color code in all panels as in (a). (b) Recovery of 20 nM luciferase (left panel) and 0.4 μM G6PDH (right panel) aggregates

after reactivation with 0.5 μM wt DNAJA2, DNAJA2-S51E, or DNAJA2-S51A, 2 μM Hsc70 and 2 mM ATP in the presence of 0.4 μM Apg2.

(c) Interaction of the different DNAJA2 species and Hsc70 with native (N) or aggregated (A) G6PDH. (d) Binding of the different DNAJA2

species (JA2/G6PDH intensity ratio), and JDP-dependent Hsc70 recruitment (70/G6PDH intensity ratio) to the aggregate surface. Data from

gels as that shown in (c). (e) Luciferase refolding by the different DNAJA2 species in collaboration with Hsc70. Luciferase (10 μM) denatured

in 6 M urea was diluted 100 times in the absence (gray) or presence of 1 μM DNAJA2 or the corresponding S51 variant. Samples were

supplied with 2 μM Hsc70, 2 mM ATP, and 0.4 μM Apg2, and luciferase recovery was measured after 120 min. Additionally, wt DNAJA2

was added to the samples containing the S51 mutants to distinguish their holding and refolding activities (right columns). (f) The three

DNAJA2 species protect similarly against Tau aggregation. Light scattering of samples containing equimolar amounts (20 μM) of tau and

heparin in the absence (gray) and presence of 6 μM wt DNAJA2 or its S51 variants. Data shown in panels (a), (b), (d), and (e) are mean ± s.

d. of at least three independent experiments. G6PDH, glucose-6-phosphate dehydrogenase.
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the phosphoryl group induces a stronger effect than the
replacement by glutamic acid. Interestingly, phosphoryla-
tion of Y10 partially destabilized the JD, as seen by the
decreased ellipticity at 222 nm, whereas phosphorylation

of S51 did not change the helical content of the JD
(Figure 4c), in accordance with data obtained for the cor-
responding phosphomimetic variants.

2.4 | Structural basis for the functional
regulation of the Hsp70 system by
J-domain phosphorylation

2.4.1 | Molecular dynamics (MD)

To provide a theoretical basis to the experimental data,
we generated atomistic models of the JD of DNAJA2
(Figure 1b) and of the JD/Hsc70(ATP) complex
(Figure S4 in Data S1) using as templates the structures
of the JD of DNAJB1 (pdb code 1HDJ) (Qian et al., 1996)
and the JD of bacterial DnaJ in complex with DnaK (pdb
code 5NRO) (Kityk et al., 2018). First, MD simulations of
wt JD and its phosphorylated (JD-pY10 and JD-pS51) var-
iants were carried out to predict phosphorylation-
dependent conformational changes.

In the homology model of the wt JD, Y10 in helix I
links this helical segment and helix IV through a H-bond
network with R63 and D67 and Van der Waals contacts
with Y66 (Figure 5a, left panel), in agreement with the
structure of the JD of DNAJB1 (Qian et al., 1996). Upon
phosphorylation, the phosphate group of pY10 estab-
lished a strong electrostatic interaction with the side
chain of R63, disrupting the interaction with Y66 and
D67 in the C-terminal end of helix IV and weakening the
H-bond between R63 and D67 (Figure 5a, right panel).
These effects might destabilize helix IV. Although Y10 is
situated on the opposite side of the interacting surface
with Hsc70 in the model of the DNAJA2-JD/Hsc70 com-
plex and does not directly interact with the chaperone
(Figure S4 in Data S1), phosphorylation of Y10 could
induce a structural rearrangement in helices I and
IV. This rearrangement may modify the region responsi-
ble for Hsc70 binding—helices II and III and the con-
necting HPD loop—as previous studies have suggested
(Cheetham and Caplan, 1998; Qian et al., 1996). The
observed destabilization of the JD in JD-pY10 and in the
phosphomimetic DNAJA2-Y10E variant (Figure 2e,f)
together with its functional defects (Figure 2b,c) would
support this interpretation.

Phosphorylation of S51 in helix III could weaken the
H-bond that forms with Y28 in helix II (Figure 5b, left
panel), the phosphate group forming instead a salt bridge
with K48 also in helix III (Figure 5b, right panel). The
predicted intramolecular pS51-K48 ionic contact could
outcompete the interaction of K48 with D479 of Hsc70,
which was observed in the bacterial system (K48 of
DNAJ interacts with D477—D479 in Hsc70—of DnaK)

FIGURE 4 Effect of Y10 and S51 phosphorylation on the

conformation of the JD and Hsc70 activation. (a) Location in the JD

of the amino acids that were replaced by their phosphorylated

counterparts. (b) Stimulation of the ATPase activity of 2 μM Hsc70

by increasing concentrations of wt JD (blue) or its phosphorylated

variants JD-pY10 (orange) and JD-pS51 (red) in the presence of

0.4 μM Apg2 and 100 μM FT7. Data are mean ± s.d. of three

independent experiments. (c) Far-UV CD spectra of wt JD and its

phosphorylated variants (10 μM) in buffer 10 mM potassium

phosphate, pH 7.6, containing 20% TFE. Color code as in panel (a).

CD, circular dichroism; JD, J-domain.
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(Kityk et al., 2018) (Figure 5c, left panel). Supporting this
interpretation is the fact that during MD of the Hsc70/
JD-pS51 complex, phosphorylated JD moved from the
initial position characteristic of the wt complex to a dis-
tance compatible with the disruption of the ionic bond
(Figure 5c, right panel; Figure 5d). This finding suggests
that S51 phosphorylation may compromise the stability
of the complex, consequently impacting its chaperone
activity, in agreement with the experimental data.

Multiple sequence alignment of different JDs of
human class A, B, and C JDPs (Figure S5 in Data S1)
showed that whereas Y10 is conserved in both A and B
classes and in many C class members, a strong difference
is found at position S51. This residue is conserved in the
three cytosolic human class A JDPs (DNAJA1, DNAJA2,
and DNAJA4) and it is also present only in one class B JDP,
DNAJB8, and four class C JDPs, DNAJC4, DNAJC16,

DNAJC17, and DNAJC30, while other class B and C mem-
bers replace S51 by non-phosphorylatable residues. Conser-
vation of a serine at this specific position in helix III does
not seem to be related to the cellular localization of the
JDPs. The conservation of S51 in cytosolic class A JDPs
might suggest that phosphorylation of S51 could be a
reversible switch to regulate the folding activity of the
Hsc70 system assisted by these JDPs.

2.4.2 | Nuclear magnetic resonance (NMR)

Next, we studied in detail the effect of pseudophosphory-
lation on the structure of DNAJA2 JD and its complex
with Hsc70 using NMR chemical shift perturbation (CSP)
analyses. To this aim, constructs containing the JD and G/FR
(residues 1–111) of the wt protein and its phosphomimetic

FIGURE 5 MD simulations of the effect of Y10 and S51 phosphorylation on JD conformation and interaction with Hsc70. (a) The most

representative frame of wt JD (left panel) and JD-pY10 (right panel) after 300 ns MD. In wt JD, Y10 contacts R63, Y66, and D67 in helix IV

of the JD. Upon phosphorylation, pY10 electrostatically interacts with R63. Distances between atoms are given in Å in all panels.

(b) Representative frames of wt JD (left panel) and JD-pS51 (right panel) after 300 ns MD. S51 in helix III interacts with Y28 in helix II and

upon phosphorylation with K48 (helix III). (c) The most representative frames of Hsc70 (light blue) in complex with wt JD (light gray; left

panel) or JD-pS51 (right panel) showing the distances between the nitrogen of K48 in the JD and the oxygen atoms (OD1 and OD2) of Hsc70

D479. The side chains of K48 and D479 interact in the non-phosphorylated complex (left panel), and move away upon S51 phosphorylation

(right panel). (d) Distance between the nitrogen of the side chain of K48 (in the JD) and the oxygen (OD2) of D479 of Hsc70 during MD

simulations (50 ns) of the complexes between Hsc70 and wt JD (blue) or JD-pS51 (gray). JD, J-domain; MD, molecular dynamics.
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variants were analyzed. The same construct was recently used
to study its interaction with Hsc70 by NMR (Faust
et al., 2020). First, assignment of the backbone chemical shifts

of the wt construct was based on previous work (Faust
et al., 2020) (Figure 6a, blue resonances, and Figure S6A in
Data S1 for full assignments), and confirmed by HNCO,

FIGURE 6 Pseudophosphorylation of S51 rearranges the cochaperone interaction surface and destabilizes the DNAJA2(JD-G/FR)-

Hsc70 complex. (a) 15N-HSQC spectra of wt (JD-G/FR) (blue) and (JD-G/FR)-S51E (red). Selected residues in helix II, helix III, and the

connecting loop are indicated (see Figure S6A in Data S1 for the full assignment). Peaks altered in the spectrum of the mutant indicate

changes in the chemical environment of the corresponding residues. (b) CSPs induced by the S51E mutation. The horizontal dotted line

represents the threshold value (2 x s.d.). (c) Mapping of the residues with CSP values above this value on the structure of the JD. They are

highlighted in red, with the highest intensity corresponding to the largest perturbation. (d) 15N-HSQC spectra of 0.2 mM wt (JD-G/FR)

(blue) and (JD-G/FR)-S51E (red) in the presence of 0.2 mM Hsc70-T204A. Only residues with strong intensity changes are indicated (see

Figure S6B in Data S1 for the full assignment). (e) Intensity ratio changes upon binding of wt (JD-G/FR) (blue) or (JD-G/FR)-S51E (red) to

Hsc70-T204A. Reduction in intensity below the threshold value (2 x s.d.; dotted line) indicates Hsc70 binding to these residues, which are

located in regions of the wt protein marked with horizontal solid bars and are not detected in (JD-G/FR)-S51E. (f) Mapping of the residues

showing a significant reduction in the intensity ratio (blue) on the structure of the wt JD-Hsc70 complex. (g) CSPs upon addition of

equimolar amounts of Hsc70-T204A to 0.2 mM 15N-labeled wt (JD-G/FR) (blue) or (JD-G/FR)-S51E (red). Dotted lines show the threshold

values (2 x s.d.) of each measurement. (h and i) Residues with CSPs values above these thresholds for wt (JD-G/FR) (h) or (JD-G/FR)-S51E

(i) mapped on the structure of the JD. CSPs, chemical shift perturbations; JD, J-domain.
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HNCA, and HNCACB spectra. Unfortunately, we could not
purify (JD-G/FR)-Y10E since it was severely proteolyzed
under all conditions tested, which might be related to the JD
destabilization observed above (Figure 2e,f). Doubly labeled
15N and 13C (JD-G/FR)-S51E was purified, and its secondary
structure and global folding was checked by CD. The far-UV
CD spectra (Figure S7A in Data S1) and thermal stability
(Figure S7B in Data S1) of wt (JD-G/FR) and (JD-G/FR)-
S51E, showing double minima at 208 and 222 nm character-
istic of α-helical conformations and Tm values of 76�C, were
virtually identical, indicating that the S51E substitution had
negligible effects on the secondary structure and thermal sta-
bility of this construct.

The wt (JD-G/FR) dataset was used as reference for
the phosphomimetic S51E variant (Figure 6a, red reso-
nances). Data showed that S51E replacement induced
shift changes in residues located in helix II (residues
28 and 34), the connecting loop (residue 40) and helix III
(residues 46–56) (Figure 6b). It is worth noting the CSP
observed for Y28 in helix II of the phosphomimetic vari-
ant, supporting that the interaction between S51 and Y28
in the non-phosphorylated protein could be modified in
the pseudophosphorylated mutant (Figure 6b). The weak
CSP detected for K48 also indicates that in contrast to
what is expected for the lateral chain of this residue,
which is predicted to electrostatically contact the phos-
phate group of S51, the chemical environment of its
backbone NH group is only slightly perturbed in the
phosphomimetic variant. The strongest CSPs observed
for residues at helix III indicate that this helical segment,
which hosts the mutation, specially senses the substitu-
tion (Figure 6c). The observed changes are large and
spread way beyond the mutation site, suggesting that
S51E replacement alters the chemical environment of JD
residues that contact Hsc70 and thus, could regulate its
interaction with the chaperone.

We then aimed to characterize the interaction of the
(JD-G/FR) constructs with Hsc70 by NMR spectroscopy.
The transient interplay between JDPs and Hsc70s compli-
cates the analysis of their complexes. To overcome this
limitation, we employed, as done recently (Faust
et al., 2020), a chaperone mutant (Hsc70-T204A) with a
10-fold lower ATPase rate (Jiang et al., 2007) and an
ATP-induced conformational rearrangement and
response to JDPs comparable to the wt protein (Wu
et al., 2020). The 15N-HSQC spectra of wt (JD-G/FR) and
(JD-G/FR)-S51E were recorded in the presence of equi-
molar amounts (0.2 mM) of Hsc70-T204A and 2 mM
ATP (Figure 6d), and analyzed using the spectra obtained
in the absence of the chaperone as reference (Figures 6a
and S6B in Data S1). The interaction of wt (JD-G/FR)
with Hsc70-T204A induced both changes in the correla-
tion time that resulted in signal broadening with the

associated reduction of peak intensity of specific JD sig-
nals due to Hsc70 binding (Figure 6e, top), and CSPs
(Figure 6g, top). Selective peak broadening was observed
for residues located at the end of helix II (residues 29–
35), the connecting loop containing the HPD motif (resi-
dues 36–39) and helix III (residues 47–53) (Figure 6e, top
panel and Figure 6f), in agreement with previous studies
(Faust et al., 2020). Of special interest in the context of
this study are the resonances that behave distinctly in
both constructs. The first difference is that interaction of
(JD-G/FR)-S51E with the chaperone did not elicit signifi-
cant intensity changes, even at the high protein concen-
tration used (0.2 mM) (Figure 6e bottom, and Figure S6C
in Data S1). CSPs caused by Hsc70 binding were observed
for both JD-G/FR constructs in amino acids within helix
II (residues 24–34) and the HPD motif (D38) (Figure 6g).
This suggests that Hsc70 binding to (JD-G/FR)-S51E was
in fast exchange, and therefore did not induce reduction
in peak intensities (Faust et al., 2020). Notably, CSPs for
residues within helix III were exclusively observed in wt
(JD-G/FR) (residues 47, 50, and 55) (Figure 6g). This is
better seen in Figure 6h,i, which revealed the disappear-
ance of the anchor region of helix III with the SBD of
Hsc70 upon S51 pseudophosphorylation. If a stable inter-
action of the essential HPD motif with Hsc70 requires
contact of both flanking helical regions with the chaper-
one, the absence of one of them could result in the inabil-
ity of the S51E variant to form stable, productive
complexes with the chaperone.

3 | DISCUSSION

DNAJA2 is considered a potent holdase that efficiently
suppresses or delays tau seeding and intracellular forma-
tion of amyloids (Mok et al., 2018) and also assists Hsc70
in substrate remodeling (Nillegoda et al., 2015). Most of
the phosphorylated residues identified in members
of class A JDPs have been described in harsh conditions
(Hornbeck et al., 2015) and therefore could modulate the
activity of the Hsp70 system under stress. Targeted regu-
lation of the Hsp70 system via PTM of the JDP compo-
nent would offer a significant advantage over modifying
the central Hsc70, which is involved in a plethora of
essential cellular functions. Modifying a specific JDP
would exclusively impact the cellular processes in which
is involved, potentially enhancing the regulation and
functional specificity of the Hsc70 system.

In this study, we find that phosphorylation of specific
residues of the DNAJA2 J domain (JD) possibly impairs
the productive interaction with Hsc70. Comparison of the
functional properties of DNAJA2-Y10E and DNAJA2-Y10A,
indicates that the negative charge introduced by the
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phosphomimetic mutation specifically induces a significant
inhibition of the Hsc70 system refolding activity. Both muta-
tions of Y10 to E or A and substitution by pY induce partial
unfolding of the JD, evidenced by the decreased helical con-
tent compared with their wt counterparts. MD analysis sug-
gests that Y10 phosphorylation in helix I induces formation
of a new ionic contact between pY10 and R63 in helix
IV. Modification of the helix I–helix IV interface might affect
the overall fold of the JD, as the antiparallel coiled coil
formed by helices II and III, which together with their con-
necting loop form the interacting surface with Hsc70, is fur-
ther stabilized by helices I and IV (Cheetham and
Caplan, 1998). This is in agreement with the loss of the tran-
sition above 60�C associated to JD unfolding. An order-
to-disorder transition has also been observed for DNAJC5
(also termed cysteine string protein), a class C JDP, after
phosphorylation of S10, which promotes a rearrangement of
the protein structure through a new electrostatic interaction
with K58 in the JD (Patel et al., 2016). Phosphorylation of
DNAJC5 by cyclic AMP-dependent protein kinase causes
the defective binding to two protein substrates involved
in exocytosis, syntaxin, and synaptotagmin (Evans and
Morgan, 2002; Evans et al., 2001). Instead, our data show
that (pseudo)phosphorylation of Y10 in DNAJA2 impairs
the productive interaction with Hsc70. In both cases, the
phosphorylation-induced structural reorganization of
the JD seeks to regulate the interaction of the JDP with
its partners (clients for DNAJC5 or Hsc70 for DNAJA2).

Phosphorylation of S51 modulates the interaction
with Hsc70 through a different mechanism that does not
involve a large structural rearrangement of the JD. S51
(pseudo)phosphorylation completely inhibits the disag-
gregating and refolding activities of the Hsc70 system.
MD suggests that phosphorylated S51 forms a salt bridge
with K48 that could outcompete formation of the salt
bridge between K48 and D479 at the SBD of Hsc70. Func-
tional analysis performed with bacterial DnaK and DnaJ
showed that mutation of DnaK D477 (D479 in Hsc70) to
Ala does not complement the temperature-sensitivity
of a ΔDnaK strain and that DnaJ(1–75)-K48A is unable
to stimulate the ATPase activity of DnaK (Kityk
et al., 2018), indicating that the K48(JD)-D477(SBD)
interaction is essential for formation of a productive
DnaJ-DnaK complex. Similarly, S51 phosphorylation-
induced disruption of the K48-D479 link for the human
chaperones, might weaken the complex between
DNAJA2 and Hsc70. Indeed, the phosphomimetic S51E
mutation abolishes the reduction in peak intensity
observed in HSQC spectra in the presence of Hsc70 for
residues in helix II (residues 31–34), in the loop contain-
ing the HPD motif (residues 35–38) and in helix III (resi-
dues 48–50) of wt DNAJA2 (Figure 6e). Persistence of
CSPs in residues at helix II of (JD-G/F)-S51E, indicates

that it still transiently interacts with the NBD of Hsp70,
but the loss of CSPs in helix III suggests that it losses the
anchor with the chaperone SBDβ (Figure 6g–i). These
data suggests that (pseudo)phosphorylation at S51 mod-
ifies and weakens the binding of the JD to Hsc70, which
might impede the stable interaction of the HPD motif
with Hsc70, accounting for the functional defects
observed (no ATPase activation, diminished recruitment
of the chaperone to the aggregate surfaces, loss of the dis-
aggregating/remodeling activity).

The interaction of JDPs with their Hsp70 partner is
fine-tuned by the distribution of specific residues in the
Hsp70 binding interface of the JD, particularly charged
residues nearby the HDP motif within the JD (Delewski
et al., 2016; Nillegoda et al., 2015; Schlenstedt et al., 1995;
Zhang et al., 2023). The conservation of these residues
within the JD has been proposed to build the discrimina-
tory patterns that modulate JDP-JDP (Malinverni
et al., 2023; Nillegoda and Bukau, 2015) and JDP-Hsp70
interactions (Malinverni et al., 2023; Zhang et al., 2023).
Phosphorylation—or other PTM—of these discriminatory
regions within JDs could further help to rewire JDP-
Hsp70 interactions, thereby linking their specific pairing
to distinct functions (Kostenko et al., 2014). Sequence
comparison of J domains from class A, B, and C JDPs
reveals that among the four phosphorylatable residues
studied here, S51 in helix III could be a discriminatory
element of cytosolic class A JDPs, as is present in all of
them, and occasionally is also found in one class B,
DNAJB8, and four class C proteins, DNAJC4, DNAJC16,
DNAJC17, and DNAJC30. Interestingly, the serine at this
specific position has been identified phosphorylated in
HTP experiments for DNAJB8 (Wang et al., 2011) and
DNAJC17 (Hornbeck et al., 2015). Moreover, the JD of
DNAJB8, also considered a good suppressor of aggrega-
tion of poly-Q amyloidogenic proteins (Hageman
et al., 2010), has been predicted to belong to class A JDPs
by an automated classification scheme based on artificial
neural networks (Malinverni et al., 2023). Taken
together, our findings suggest that phosphorylation of
S51 might function as a class-specific switch that regu-
lates the interaction of class A JDPs with Hsc70 under
harsh conditions.

Although changes in JDP concentration through tran-
scription activation can reorganize the JDP-Hsp70 net-
work (Finka et al., 2015; Mathangasinghe et al., 2021;
Sterrenberg et al., 2011; Vonk et al., 2020), its complexity
might also require specific sequences in the JDs to regu-
late JDP-Hsp70 assembly (Zhang et al., 2023). Our data
show that phosphorylation of DNAJA2 JD impairs its
productive interaction with Hsc70 without affecting the
holding activity of the JDP, adding an additional layer of
complexity to the regulation of the Hsc70 system.
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Phosphorylation of a single residue as S51 by kinases
activated by cellular stress, like mitogen-activated protein
kinases (Cuenda and Sanz-Ezquerro, 2017; Kostenko
et al., 2014), could function as a specific and reversible
switch to potentiate holding of protein clients by a JDP
under harsh conditions, in detriment of their folding,
strictly dependent on the productive collaboration
between the JDP and the Hsp70. Thus, phosphorylation
of JDPs as DNAJA2 constitutes a fast and economical
mechanism for the cells to ensure low levels of misfolded
proteins under stress (de Graff et al., 2020; Lindquist and
Kelly, 2011). Dephosphorylation would be an easy way to
restore the holding/folding balance once the harsh condi-
tions disappear.

A limitation of this study is that we characterize the
effect of (pseudo)phosphorylation of single residues of
the JD, despite the presence of multiple phosphorylation
sites in JDPs. Different combinations of phosphorylated
residues and/or different PTMs could further tune the
association of JDPs with client proteins and Hsc70, and
therefore the activity of the chaperone network. It is also
conceivable that PTMs affecting Hsc70 and JDPs, which
modulate their interaction, are co-regulated to finely
adjust the functional outcome of the Hsp70 system
(Mitchem et al., 2023). Despite these limitations, our
findings underscore the significance of phosphorylation
at key JD residues in JDPs as an important factor in regu-
lating the delicate balance between cellular holding and
folding activities.

4 | MATERIALS AND METHODS

4.1 | Cloning, expression, and
purification of proteins

The cDNAs of Apg2 (HSPH2), Hsc70 (HSPA8), and
DNAJA2 were obtained from Addgene (Hageman
and Kampinga, 2009) and cloned into a pE-SUMO vector
(LifeSensors, Malvern, USA). The deletion mutants
DNAJA2ΔJ and (JD-G/FR), carrying the deletion of resi-
dues 1–74 and 112–412, respectively, were cloned by fus-
ing two PCR fragments corresponding to the upstream
and downstream sequences of these protein segments.
The phosphomimetic DNAJA2 mutants containing a glu-
tamic residue instead of the experimentally found phos-
phorylated residues and Hsc70-T204A were generated by
site-directed mutagenesis using the QuickChange II XL
kit (Agilent). The JD-G/FR variants wt and S51E used for
NMR studies were obtained from cultures grown in
M9 minimal medium supplemented with 15NH4Cl and
13C6-glucose (Cambridge Isotope, USA). JD peptides (res-
idues 1–78) corresponding to the wt, unphosphorylated

domain, and phosphorylated at Y10 (pY10) or S51 (pS51),
as well as peptide FT7 (FYQLALT), were synthesized
(99% pure) by Proteogenix (Schiltigheim, France).

All mutants were verified by sequencing. Recombi-
nant chaperones containing a tag with 6xHis and SUMO
fused to the N-terminus were expressed in BL21 Rosetta
or BL21 (DE3) CodonPlus cells and purified as described
(Cabrera et al., 2019). Tau K18 C291A, C322A, P301L
was cloned into a pNG2 vector, expressed in E. coli BL21
(DE3) cells and purified as reported (Barghorn
et al., 2005).

4.2 | ATPase assay

The ATPase activity of the samples was measured as
described (Norby, 1988). Experiments were performed in a
Synergy HXT plate reader (BioTek) at 30�C in 40 mM
Hepes pH 7.6, 50 mM KCl, 5 mM magnesium acetate and
2 mM DTT buffer. Protein concentrations were 2 μM
Hsc70, 0.4 μM Apg2, and 0.5 μM or increasing concentra-
tions of JDPs. The ATPase-regeneration system (0.3 mM
NADH, 3 mM phosphoenolpyruvate [PEP], 20 ng/mL pyru-
vate kinase [PK], 0.017 mg/mL lactate dehydrogenase and
2 mM ATP) was added to initiate the reaction. ATP con-
sumption rates (μmol ATP min�1) were calculated from the
linear slopes of the A340 decay curves using the extinction
coefficient of NADH (Ԑ340 6220 M

�1 cm�1).

4.3 | Holding activity

The aggregation of tau K18 P301L was monitored for
16 h at 37�C in a Synergy HTX plate reader (BioTek)
using transparent 96-well plates with flat bottom
(Sarstedt), recording the light scattered at 350 nm every
5 min. This truncated variant of tau (residues 244–372)
contains the aggregation-prone repeats and the missense
mutation P301L that has been linked to familial fronto-
temporal dementia, and aggregates faster than the wt,
full-length protein (Gustke et al., 1994; Ingram and
Spillantini, 2002). Samples were prepared by adding
6 μM of the DNAJA2 variants to mixtures of equimolar
amounts (20 μM) of tau K18 P301L and heparin
(MP Biomedicals) in buffer containing 25 mM Tris–HCl,
pH 7.5, 200 mM NaCl, and 2 mM DTT.

4.4 | Refolding of unfolded luciferase:
folding activity

Firefly luciferase (10 μM) (Sigma-Aldrich) was incubated
at 30�C for 30 min in denaturation buffer (6 M urea,
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40 mM Hepes, 50 mM KCl, 5 mM MgCl2, 2 mM DTT,
pH 7.6). Aggregation was induced by 100-fold dilution of
unfolded luciferase into refolding buffer (40 mM Hepes,
50 mM KCl, 5 mM MgCl2, 2 mM DTT, pH 7.6, 2 mM
ATP, 3 mM PEP, 20 ng/mL PK) without (control) or with
1 μM JDP. Samples were supplied with 2 μM Hsc70 and
0.4 μM Apg2. Luciferase (0.1 μM) recovery was measured
after 120 min at 30�C by adding 5 μL of each sample to
50 μL Luciferase Assay System (Promega, E1500) and
recording the luminescence in a Synergy HTX plate
reader (BioTeK) using white 96-well plates with flat bot-
toms (Sarstedt). When required, samples containing
phosphomimetic mutants were supplied with 1 μM wt
DNAJA2, to distinguish the holding and folding activi-
ties. The activity of non-denatured luciferase in the pres-
ence of the ternary chaperone mixture was set as 100%.

4.5 | Disaggregase activity

Recombinant luciferase from P. pyralis (Sigma-Aldrich) and
G6PDH from Leuconostoc mesenteroides (Worthington)
were aggregated and reactivated by the Hsc70 system as in
previous works (Cabrera et al., 2019). Reactivation percent-
ages were calculated considering the activity of the native
proteins in the presence of chaperones proteins as 100%.

4.6 | Chaperone binding to G6PDH
aggregates

The interaction between chaperones and G6PDH aggre-
gates was followed with a co-sedimentation assay previ-
ously described (Cabrera et al., 2019). Briefly, aggregation
of G6PDH (10 μM) was induced by incubation at 50�C
for 30 min. Then, G6PDH aggregates were incubated at
30�C for 10 min and diluted to 0.4 μM in refolding buffer
(40 mM Hepes, pH 7.6, 50 mM KCl, 5 mM MgCl2, 2 mM
DTT, 2 μM ATP, 8 μM PEP, 20 ng/mL PK) containing
2 μM Hsc70, 1 μM DNAJA2 or the corresponding
mutant, and 0.4 μM Apg2. Samples were incubated for
10 min at 30�C and centrifuged at 55,000 rpm in a Beck-
man TLA-55 rotor. Supernatants were discarded and pel-
lets were analyzed by SDS-PAGE and quantified by
densitometry. The amount of aggregate-bound JDP and
Hsc70, relative to that of aggregated G6PDH, was esti-
mated by measuring the intensity of the corresponding
bands using a gel scanner G-800 and the Quantity One
software (Bio-Rad). Each data point is the average of at
least three independent experiments and was assessed by
subtracting the amount of protein found in pellets of con-
trol experiments, containing native G6PDH, which were
carried out in parallel.

4.7 | Circular dichroism (CD)

Samples were prepared at 15 μM protein in 10 mM potas-
sium phosphate, pH 7.6, and far-UV CD spectra (200–
260 nm range) were acquired at 20�C in a Jasco J-810 CD
spectropolarimeter using rectangular quartz cuvettes
with 1 mm path length. Each spectrum represents the
average of 15 scans, with a spectral bandwidth of 1 nm
and a response time of 1 s. For thermal unfolding studies,
the ellipticity at 222 nm was followed from 20 to 90�C
with a heating rate of 1�C/min. The far-UV CD spectra of
phosphorylated JDs (15 μM) were recorded in 10 mM
potassium phosphate, pH 7.6, 20% TFE.

4.8 | NMR

All NMR experiments were carried out on a Bruker
Advance III spectrometer operating at 18.8 T (800 MHz
1H Larmor frequency). The HSQC spectra of 200 μM wt
(JD-G/FR) and (JD-G/FR)-S51E were recorded at 25�C in
50 mM Hepes, 50 mM KCl, 5 mM MgCl2, 2 mm DTT,
10% (v/v) D2O, pH 7.6. They were also acquired in the
presence of 100 μM or 200 μM Hsc70-T204A, 2 mM ATP,
3 mM PEP, and 20 ng/mL PK in the above buffer. These
experimental conditions allow the interaction of both
proteins at a constant ATP concentration during the time
required to complete the measurement (120 min). 15N-
HSQC, 13C-HSQC, HNCO, HNCA, and HNCACB spectra
were first used to confirm the backbone assignments of
the (JD-G/FR) constructs (Faust et al., 2020). The interac-
tion of each construct with Hsc70-T204A was monitored
by 15N-HSQC. HSQC spectra were processed with Top-
spin 3.2 (Bruker) and analyzed using in-house MATLAB
scripts (Gunther et al., 2000) and CCPN software
(Skinner et al., 2015). CSPs were calculated as follows:

Δδtotal ppmð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHð Þ2þ 0:2 �ΔδNð Þ2

q
,

and analyzed as described (Ma et al., 2016).

4.9 | Homology modeling, MD
simulations, and docking

We resorted to homology modeling to generate an atom-
istic model of DNAJA2. The first step was to search for
the best templates by scanning the query sequence
against SWISS-MODEL (Biasini et al., 2014), Phyre2
(Kelley et al., 2015), and I-TASSER (Roy et al., 2010)
servers. Then, the templates were aligned with the query
protein considering the structure, and the structure-based
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alignment was used to generate the model using MOD-
ELLER (Webb and Sali, 2014). Different models were
generated and all of them were analyzed by ERRAT
(Colovos and Yeates, 1993), Verify-3D (Eisenberg
et al., 1997), and WHAT-IF (Vriend, 1990) to assess their
quality. The best model was selected, energy minimized,
and refined by MD simulations using OMMProtocol as a
command line application to launch MD simulations
with OpenMM (Eastman and Pande, 2015). The structure
of the model was similar to that obtained by Alphafold
(ID AF-O60884-F1) (Jumper et al., 2021; Velasco-
Carneros et al., 2023).

The systems (wt JD and its phosphorylated variants,
and Hsc70(ATP)-DNAJA2 JD wt or pS51 complexes)
were prepared for all-atom MD simulations as follows:
histidines predicted to be in a region with pH > 6.0 by
H++ server (Anandakrishnan et al., 2012) were proton-
ated, and the system was set up with xleap. Explicit sol-
vent was used and Na+ or Cl� ions were added to attain
charge neutrality. The model system was embedded with
a distance between the protein and the box edge of 6 Å.
AMBER ff14SB (Maier et al., 2015) and TIP3P (Jorgensen
et al., 1983) force fields were used for proteins and water,
respectively. Parameters for the ZFDs were developed
according to standard approaches (Peters et al., 2010).

MD simulations were performed using OpenMM
(Eastman and Pande, 2015) with the following condi-
tions: a cutoff of 1 nm was used for short range electro-
statics and Van der Waals interactions. Long-range
electrostatic interactions were calculated with the
Particle-Mesh Ewald method, using periodic boundary
conditions (Petersen, 1995). Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm
(Ryckaert et al., 1977). A time step of 1 fs was used to
integrate the equation of motion with a Langevin integra-
tor (Brunger et al., 1984). Constant temperature and pres-
sure were achieved by coupling the systems to a Monte
Carlo barostat at 1.01325 bar (Duane et al., 1987). Model
systems were energy minimized progressively before
starting the MD simulations. Then, the temperature was
increased from 100 to 300 K to achieve the thermaliza-
tion of water molecules and side chains, and finally
300 ns MD simulations were carried out and further ana-
lyzed. The UCSF Chimera package was used for visuali-
zation and molecular graphics (Pettersen et al., 2004).

4.10 | Statistical analysis

Statistical analysis was performed in GraphPad Prism
9.3.1 using a two-tailed, one-way analysis of variance
(ANOVA) and Tukey's multiple comparison test. The
p values obtained with this analysis are shown in the

corresponding figures. A value of p < 0.05 was consid-
ered statistically significant.
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