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a b s t r a c t
At their C-termini, cytosolic Hsp70s have an EEVD tetrapeptide that interacts with J-protein
co-chaperones of the B, but not A, class. This interaction is required for partnering with yeast
B-type J-proteins in protein folding. Here we report conservation of this feature. Human B-type
J-proteins also have a stringent EEVD requirement. Human A-type J-proteins function less well than
their yeast orthologs with Hsp70DEEVD. Changes in the zinc binding domain, a domain absent in
B-type J-proteins, overcomes this partial EEVD dependence. Our results suggest that the structurally
similar A- and B-class J-proteins of the cytosol have evolved conserved, yet distinct, features that
enhance specialized functionality of Hsp70 machinery.
Ó 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction
Ubiquitous Hsp70 molecular chaperones play central roles in
many cellular processes, from protein folding to protein translocation across membranes [1–4]. Regardless of the speciﬁc cellular
function in which an Hsp70 is participating, it functions with a
J-protein co-chaperone [5]. All J-proteins have a highly conserved
J-domain, which serves to stimulate the ATPase activity of its partner Hsp70. This stimulation serves to stabilize Hsp70’s interaction
with a client protein, by driving allosteric conformational changes
in the Hsp70 peptide binding domain (PDB) that trap the client in
the peptide-binding cleft [6].
Typically, the most abundant J-proteins, regardless of the cellular compartment in which they reside, are of the Class A (e.g.
cytosolic Ydj1 and DnaJA2, in Saccharomyces cerevisiae and Homo
sapiens, respectively) and Class B (e.g. cytosolic Sis1 and DnaJB1,
in S. cerevisiae and H. sapiens, respectively) types [5,7]. Class A
and B are sometimes called Class I and Class II, respectively. Even
though J-proteins are often structurally diverse outside of the
J-domain, Class A J-proteins and a subset of Class B J-proteins have
many similarities. These include, in addition to the N-terminal
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J-domain, an adjacent glycine-rich region, two structurally similar
b-barrel domains (CTD1 and CTD2) containing the client binding
cleft, and a C-terminal dimerization domain.
However, despite the signiﬁcant similarities, these Class A and
Class B J-proteins have signiﬁcant differences. For example, Class
A J-proteins have a zinc binding domain (ZnBD) protruding from
CTD1, that consists of two Zinc centers [8]. In addition, Class B proteins of the cytosol have a binding site in CTD1 for the conserved
EEVD tetrapeptide found at the extreme C-terminus of cytosolic
Hsp70s, called EEVD(Hsp70) throughout [9,10]. Recent analysis of
Sis1 showed that the Sis1:EEVD(Hsp70) interaction is required
for Sis1 to function in in vitro protein folding assays, as indicated
by the ability of the yeast Hsp70 Ssa1 lacking its EEVD motif
(Ssa1DEEVD) to refold denatured luciferase when partnering with
wild-type Ydj1, but not with wild-type Sis1 [11].
EEVD(Hsp70) also interacts with a number of ‘‘targeting factors’’ that, for example, serve to target Hsp70 clients to the
Hsp90 chaperone system and the mitochondrial outer membrane
[12–16]. These results suggested that this interaction might play
a physiological role, such as minimizing the entry of Class B bound
clients into these pathways. Thus, it is of interest to know whether
these fundamental characteristics have been conserved. Therefore,
we set out to compare the ability of human orthologs of Sis1 and
Ydj1, DnaJB1 and DnaJA2, respectively, to function with Hsp70s
lacking their EEVD motifs. We found that wild-type DnaJB1, like
wild-type Sis1, stringently required EEVD(Hsp70). Furthermore,
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human DnaJA2 performed less well than its yeast ortholog Ydj1 in
protein refolding. These functional differences were traced, at least
in part, to sequence differences in the Zn binding domain of the
two proteins, suggesting that the Zn binding domain may have
diverged, reﬂecting the evolving complexities of multicellular
organisms.
2. Materials and methods
2.1. Protein puriﬁcation
Ydj1 and Hsp104 were puriﬁed from Escherichia coli and Ssa1
was puriﬁed from yeast, as described [11]. The templates for
Hsp70A1A (Hsp72), DnaJB1, DnaJA2 and Apg2 constructs were
obtained from Addgene (Cambridge, MA) cloned into
pMAL-His-TEV [17] and expressed in Rosetta 2 (DE3) pLys E. coli
cells. DnaJB1, DnaJA2 and Apg2 were puriﬁed in a manner similar
to that described for Ydj1/Sis1 [11], using Ni chromatography and
subsequent removal of MBP-His tag with TEV protease. Hsp72 was
puriﬁed in a similar manner with an additional ATP agarose chromatography step after TEV cleavage. Hsp72DEEVD and variant
J-protein plasmids were constructed using the QuickChange
site-directed mutagenesis kit from Stratagene (La Jolla, CA).
DnaJA2Zn-Xdj1 and DnaJA2Zn-Ydj1 were constructed by replacing
the ZnBD of DnaJA2 (143–209) with that of Xdj1 (159–235) and
Ydj1 (143–208), respectively.
2.2. Luciferase refolding assay
Luciferase refolding assay for human chaperone proteins was
carried out as described [18] with some modiﬁcations. Fireﬂy luciferase (5 lM; Sigma-Aldrich, St. Louis, MO) was denatured for
30 min at 47 °C in buffer G [100 mM KOAc, 20 mM HEPES-KOH,
pH 7.5 and 5 mM Mg(OAc)2] containing 6 M guanidinium
hydrochloride. The denatured luciferase was diluted to give a ﬁnal
concentration of 30 nM, in refolding buffer [100 mM KOAc, 20 mM
HEPES-KOH, pH 7.5, 5 mM Mg(OAc)2, 39 mM NaCl and 4 mM ATP]
containing J-protein (DnaJB1 and DnaJA2 at 6 lM) and Hsp72
(3 lM) and incubated at 30 °C for up to 150 min. The amounts of
J-proteins and Hsp72 used were determined by optimization tests
over a range of concentrations: J-proteins from 1 lM to 8 lM;
Hsp72 from 0.5 lM to 4 lM. To measure refolding, 1 ll of the
refolding mixture was ﬁrst added to 24 ll of buffer G containing
2 mM DTT and 0.1 mg/ml of bovine serum albumin (BSA), and then
50 ll of luciferase assay system (Promega, Madison, WI).
Measurements were taken in a BioTek synergy2 plate reader.
Luciferase refolding assay for DnaJA2/Ydj1 with Ssa1 (Fig. 2B)
was carried out as described [11]. Brieﬂy, luciferase was denatured
for 1 hr 20 min at 30 °C in buffer A [25 mM HEPES (pH 7.4), 50 mM
KCl and 5 mM MgCl2] containing DTT (5 mM) and guanidinium
hydrochloride (6 M), and then, to give a ﬁnal concentration of 30
nM, diluted in refolding buffer [buffer A containing 2 mM ATP].
The refolding mixture contained J-proteins (DnaJA2, 4 lM; Ydj1,
3.2 lM) and Ssa1 (2 lM for DnaJA2 and 1.6 lM for Ydj1).
Luciferase refolding assay for DnaJB1/DnaJA2 with Hsp72, Apg2
and Hsp104 (Fig. 2C) was carried out as described above for human
chaperone proteins except 6 M urea at 30 °C, rather than guanidinium hydrochloride at 47 °C, was used for denaturation because
guanidinium hydrochloride inhibits the activity of Hsp104. The
refolding mixture contained J-proteins (8 lM), Hsp72 (4 lM),
Apg2 (0.6 lM with DnaJB1; 0.4 lM with DnaJA2) and Hsp104
(1 lM).
The numerical value of percent refolding for each ﬁgure is provided in Supplementary Fig. 1.

3. Results
3.1. Class B J-protein dependence on EEVD(Hsp70) interaction
To compare the activities of yeast and human J-proteins, we
ﬁrst tested whether the protein refolding ability of human Class
B J-protein DnaJB1 required the presence of the EEVD motif of
human Hsp70A1A (called Hsp72), as did yeast Class B Sis1 when
functioning with the yeast Hsp70 Ssa1. Refolding of 70% of denatured luciferase was observed in assays containing full-length
Hsp72 partnering with DnaJB1 (Fig. 1A, left panel). However, in
the presence of Hsp72 lacking its C-terminal EEVD (called
Hsp72DEEVD throughout) no activity was detected above the background levels found in the absence of J-protein (Fig. 1A, right
panel).
In the case of Sis1, we previously found through structural analysis that E50 of the J-domain forms a salt bridge with R73 of the
glycine-rich region (Fig. 1B). In addition, alteration of either E50
or R73 to alanine overcame the dependence of Sis1 on
EEVD(Hsp70) [11]. Sequence comparison revealed that the charge
of these residues is conserved in Sis1 orthologs across species
(Fig. 1C). For example, residue 50 is also glutamic acid in DnaJB1.
Position 73 is a lysine in human DnaJB1 and many other Sis1 orthologs. To assess whether the relief of the dependence on
EEVD(Hsp70) is conserved, we individually altered E50 and K73
of DnaJB1 to alanine. These variants were puriﬁed and tested for
their ability to partner with Hsp72 and Hsp72DEEVD in protein
refolding. In reactions containing Hsp72DEEVD plus either
DnaJB1E50A or DnaJB1K73A, approximately 65% and 55% of denatured luciferase was refolded, respectively, to its active form. This
substantial gain of activity with Hsp72DEEVD indicates that this fundamental principles of Class B J-protein dependence on
EEVD(Hsp70) for functionality has been conserved.
3.2. DnaJA2 is less functional than Ydj1 in partnering with Hsp70DEEVD
We next assessed the ability of a human Class A J-protein to
partner with human Hsp72 and Hsp72DEEVD. We chose DnaJA2
for analysis because it had previously been shown to function in
refolding of denatured luciferase [18]. When DnaJA2 partnered
with full-length Hsp72, 80% recovery of luciferase activity was
obtained by 150 min. However, no activity above background
levels was detected with Hsp72DEEVD (Fig. 2A). This result was
unexpected because the yeast orthologs of DnaJA2, Ydj1 and Xdj1
[19], function with Ssa1DEEVD only slightly less efﬁciently than with
full-length Ssa1 [11].
To begin to understand the basis of this difference between
yeast and human Class A J-proteins in their functioning with an
Hsp70 partner lacking its C-terminal EEVD, we ﬁrst tested whether
DnaJA2 could function with yeast Ssa1 (Fig. 2B). We found that
DnaJA2 functioned efﬁciently with full-length Ssa1; 93% of luciferase activity was recovered in 60 min. However, activity with
Ssa1DEEVD was minimal, reaching 32%, compared to 15% for the
control reaction lacking J-protein. We next tested the EEVD dependence of DnaJA2 in a reaction that contained yeast Hsp104, as well
as the human Hsp70 proteins (Fig. 2C, right panel). Hsp104 is a disaggregase [20,21] that facilitates Hsp70:J-protein driven refolding
of luciferase denatured by urea because it solubilizes aggregates
that may form under these conditions. DnaJA2 was nearly as active
with Hsp72DEEVD as with full-length Hsp72, reaching close to 100%
reactivation within 80 min.
We also tested whether DnaJB1 refolding activity was
EEVD(Hsp70)-dependent in this assay to determine whether it, like
yeast Sis1, is inactive with Ssa1DEEVD even in the presence of
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Fig. 1. Dependence of DnaJB1 on EEVD(Hsp70) for protein refolding activity. (A) Luciferase was denatured in 6 M GuHCl and diluted into refolding buffer containing Hsp72/
DnaJB1 mixtures. Aliquots were removed at the indicated times and luciferase activity determined. Activity of non-denatured luciferase was set at 100%. (B) Molecular
structure of S. cerevisiae Sis1 N-terminal 1–81 residues fragment (PDB ID: 4RWU), rendered using UCSF Chimera (San Francisco, CA). Side chains of E50 and R73 (K73 on
DnaJB1) residues are shown in space-ﬁlled mode. J-domain and glycine-rich region are colored gray and yellow, respectively. (C) Alignment of selected regions of J-domain
and glycine-rich region of DnaJB1 orthologs, performed using DNASTAR (Madison, WI). The two amino acids involved in internal interaction between J-domain and glycinerich region of Sis1 of Saccharomyces cerevisiae are boxed (E50 [red] and R73 [blue], respectively).

A

B

C

Fig. 2. DnaJA2 is more dependent on EEVD(Hsp70) than Ydj1 in protein refolding. (A and B) 6 M GuHCl denatured luciferase was diluted into refolding buffer containing (A)
Hsp72/DnaJA2 and (B) Ssa1/DnaJA2 or Ydj1. Aliquots were taken at the indicated times and luciferase activity determined. Activity of non-denatured luciferase was set at
100%. (C) 6 M urea denatured luciferase was diluted into refolding buffer containing Hsp72/DnaJB1 or DnaJA2 in addition to the nucleotide exchange factor Apg2 and Hsp104.
Aliquots were taken at the indicated times and luciferase activity was determined (non-denatured luciferase: 100%).

Hsp104. No activity above background was detected for DnaJB1
with Hsp72DEEVD, although it functioned effectively with
full-length Hsp72 (Fig. 2C, left panel). Together these results suggest that while yeast and human B class proteins have similar functional requirements for Hsp70 partnering, some differences exist
between DnaJA2 and its ortholog in their efﬁciency of functioning
with Hsp70 lacking its C-terminal EEVD.

3.3. Zn binding domain alterations overcome defect in refolding
activity of DnaJA2 with Hsp70DEEVD
With a goal of better understanding this difference between the
Class A J-proteins of yeast (Ydj1 and Xdj1) and human (DnaJA2),
we focused on the ZnBD, as it is the main feature that distinguishes
Class A from Class B J-proteins, and has been shown to play critical
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Fig. 3. Substitution of Zn binding domain (ZnBD) of Ydj1/Xdj1 for that of DnaJA2 overcomes dependence of DnaJA2 on EEVD(Hsp70). Luciferase was denatured by treatment
with 6 M GuHCl and diluted into refolding buffer containing wild type or chimeric DnaJA2 and either Hsp72 or Hsp72DEEVD. Aliquots were removed at the indicated times and
enzymatic activity determined. Activity of non-denatured enzyme was set at 100%. DnaJA2Zn-Ydj1 (ZnYdj1A2) and DnaJA2Zn-Xdj1 (ZnXdj1A2).

roles in their function [22–24]. We constructed chimeric genes
substituting the Zn binding domains of Ydj1 and Xdj1 for that of
DnaJA2, generating DnaJA2Zn-Ydj1 and DnaJA2Zn-Xdj1 respectively.
Both DnaJA2Zn-Ydj1 and DnaJA2Zn-Xdj1 were active, as they facilitated refolding of luciferase with full-length Hsp72 at least as efﬁciently as wild-type DnaJA2 (Fig. 3). Furthermore, both chimeras
were able to facilitate refolding with Hsp72DEEVD signiﬁcantly better than native DnaJA2, with DnaJA2Zn-Ydj1 reaching 77% refolding.
These results suggest that the yeast ZnBD fostered partnering with
Hsp70 lacking its EEVD motif better than the human domain.
We then compared the sequences of the ZnBD of yeast Class A
J-proteins Xdj1 and Ydj1 with DnaJA2. The overall sequence identity of ZnBD of DnaJA2 with that of Xdj1 and Ydj1 is 25% and 47%,
respectively (Fig. 4A). We noted 5 positions in the alignment in
which the yeast proteins were identical, but different in DnaJA2.
We then made constructs to encode DnaJA2 variants having each
residue changed to the one present in the yeast protein (i.e.
S153K, A161S, A175G, S187D and E198P). In addition we changed
residue A145 of DnaJA2 to E, as it is a charged residue in the yeast
proteins. The variants functioned indistinguishably from wild-type
DnaJA2 partnering with Hsp72, except S153K, which was inactive
(Fig. 4B). Like wild-type DnaJA2, two additional variants, A161S
and E198P, were inactive with Hsp72DEEVD. However, three
had substantial activity. A145E and S187D, which alter residues
in Zn centers 1 and 2 (Fig. 4C and D), respectively, facilitated
refolding to a level of 70% in 150 min, while A175G, which is at
the tip of the domain, had intermediate activity, reaching 50% in
that time.
A145E and S187D are of particular interest because both alter
an uncharged residue to a negatively charged residue, suggesting
that a charge change may play a role in the enhanced ability of
the variants to function in refolding with Hsp72DEEVD. We noted
a set of positively charged residues near A145, in close proximity
to Zn center 1. Therefore, to test the idea that overall charge may
be of importance, we puriﬁed variants having each lysine, individually, changed to alanine. All three had higher than wild-type
activity, with DnaJA2K152A and DnaJA2K199A being the most active,
resulting in greater than 80% refolding when partnering with
Hsp72DEEVD (Fig. 4E). These results are consistent with charge playing a role in the ability of a Class A J-protein to function with Hsp70
lacking its EEVD.
4. Discussion
We found that human Class B J-protein DnaJB1 requires the
EEVD motif at Hsp70’s C-terminus to facilitate protein refolding,
whether in a heterologous system partnering with yeast Hsp70
or in a homologous system partnering with human Hsp70. The
conservation of this requirement between fungi and humans is

consistent with the fact that both the yeast and human
J-protein:Hsp70 pairs stably interact via the EEVD motif, as shown
by structural and biochemical analyses [9,10,25,26] and a previous
report that DnaJB1 did not refold luciferase with Hsp72DEEVD [27].
That the same alterations at position 50 of the J-domain and 73 of
the glycine-rich region have a positive effect on both the yeast [11]
and human proteins suggests a conservation of the fundamental
functional importance of interaction between these two domains
in regulating Class B J-protein function in coordination with interaction of its CTD1 with Hsp70(EEVD). Although structural analysis
of Sis1 revealed a salt bridge between E50 and R73 [11], the molecular basis of the restorative ability of these alterations is not yet
understood. The relatively stable EEVD(Hsp70)/Class B J-protein
interaction may overcome a constraint caused by the
J-domain:glycine-rich region interaction, either by ‘‘simply’’
increasing the local concentration of the J-domain and/or by facilitating positioning of the J-domain such that it can most efﬁciently
stimulate Hsp70’s ATPase activity.
Regardless of the mechanism, since Hsp70’s EEVD is known to
be important for interaction with cellular proteins involved in protein folding and targeting pathways [12–16], the interplay
amongst EEVD(Hsp70) interacting proteins likely has broader
effects on cellular physiology. In the yeast system, disruption of
the EEVD interaction of Hsp70 with Sis1 increases Sis1’s ability
to substitute for the Class A J-protein (Ydj1) in vivo [11]. This effect
has been suggested to be due to more efﬁcient transfer of
Sis1-bound client to Hsp70s whose EEVD is already interacting
with such targeting factors. A role in triaging Class B bound client
trafﬁcking is likely the case in the mammalian cytosol as well.
Overall, our results suggest that the Class A J-proteins do not
have a stringent requirement for the presence of the EEVD of
Hsp70 for partnering, as do the Class B J-proteins. However, we
did observe that, unlike yeast orthologs Ydj1 and Xdj1, DnaJA2
function in luciferase refolding was essentially abolished when it
was paired with Hsp72DEEVD. Evidence presented here indicates
that the ZnBD is in good part responsible for this difference
between the yeast and human Class A proteins. First, this lack of
DnaJA2 function was reversed for chimeric proteins in which the
ZnBD of either yeast ortholog was substituted for the native
ZnBD. Secondly, the function of Hsp72DEEVD with DnaJA2 was
enhanced by alterations within the ZnBD that more closely mimicked the properties of the yeast orthologs. One was a change of
the relatively inﬂexible alanine (A175) within the terminal loop
of the b-hairpin to glycine. Most, however, were changes that
either introduced an acidic side chain (A145E, S187D) or removed
a basic side chain (K152A, K199A, K203A).
The presence of the ZnBD in Class A and the interaction of
EEVD(Hsp70) with Class B are the most obvious characteristics distinguishing these two classes of J-proteins. Therefore, considering
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Fig. 4. Substitution of conserved residues of ZnBD of Ydj1/Xdj1 partially overcomes EEVD dependence of DnaJA2. (A) Alignment of ZnBD of Xdj1, Ydj1 and DnaJA2, performed
using DNASTAR (Madison, WI). Numbering at top is that of DnaJA2. Boxed residues indicate consensus CXXCXG sites comprising the indicated Zn centers. Filled green circles
indicate the residues changed in DnaJA2 variants based on sequence conservation between Xdj1 and Ydj1; blue open-circles indicate lysine residues changed to alanine in
DnaJA2 to explore the inﬂuence of charged amino acids on refolding activity. (B and E) Luciferase was denatured by treatment with 6 M GuHCl and diluted into refolding
buffer containing wild type or variant DnaJA2 and either Hsp72 or Hsp72DEEVD. Activity of non-denatured enzyme was set at 100%. (C) Molecular structure of S. cerevisiae Ydj1
ZnBD (boxed) and CTD1 and CTD2, using coordinates of Ydj1 C-terminus (PDB ID: 1NLT), generated using UCSF Chimera (San Francisco, CA) [33]. Cysteine residues of Zn
centers 1 and 2 are shown in yellow (stick) and amino acids altered in DnaJA2 (ﬁlled green circles in (A)) are shown as green (space-ﬁlled). Peptide bound to CTD1 is shown in
red. (D) Blow-up of the ZnBD. Structures of Ydj1 (top) and DnaJA2 (bottom, model structure). Cysteine residues of Zn centers 1 and 2 are shown in yellow (stick) and amino
acids altered in DnaJA2 (marked with circles in (A)) are shown as space-ﬁlled models; acidic side chains, red; basic side chains, blue; all others, gray. Left panels: ZnBD in the
same orientation as shown in (C). Right panel: rotated 90° about a vertical axis as indicated. Right panel also illustrates the relative location of additional residues altered in
DnaJA2 (open blue circles in (A)). The model for DnaJA2 was generated using SWISS-MODEL [34].
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the inherent negative charge of EEVD, it is intriguing that an
increase in negative charge of the ZnBD enhanced the ability of
DnaJA2 to function with Hsp72DEEVD. Such negative charges may
enhance the functionality of the J-protein:Hsp70 partnership.
However, although major advances regarding the ATP/ADP cycle
of conformational changes have been made [6,28], data is limited
regarding the mechanistic role of either an intramolecular function
of EEVD(Hsp70) or the ZnBD (Class A J-proteins). The results
reported here clearly indicate that Hsp70DEEVD has functionality
in protein folding, as alterations of J-proteins can increase activity
to be nearly on par with wild-type in protein refolding assays.
However, full activity is usually not achieved, suggesting, and consistent with previous results [27], that the EEVD has additional
affects on Hsp70 activity independent of its speciﬁc J-protein partner. Existing data indicate that the Zn-binding domain plays an
important role in the transfer of client proteins from a J-protein
to Hsp70 [22,23,29]. Thus, charge:charge interactions may play a
role in the correct, efﬁcient positioning of Class A J-protein in its
interaction with Hsp70, as is suggested for the positioning role of
the interaction between EEVD(Hsp70) and Class B J-proteins.
Earlier results demonstrated that overexpression of Hsp72DEEVD
was able to protect luciferase from heat inactivation in vivo as well
as full-length Hsp72 [30]. While surprising at the time, because
most experiments utilized Class B J-proteins as the canonical
J-protein, and thus lack of functionality was expected, the observed
result was likely due to lack of a stringent requirement of Class A
J-proteins for Hsp70 to have a C-terminal EEVD. The myriad functional interacting partners of Hsp70s, either direct, such as nucleotide exchange factors [31,32], or indirect such as other
compensating chaperone systems [2], likely provides the explanation of this result. Clearly much remains to be known about the
complexities of Hsp70 chaperone machineries in particular and
functional interactions amongst chaperone networks in general.
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