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ABSTRACT Polyglutamine (polyQ) aggregates are associated with pathology in
protein-folding diseases and with toxicity in the yeast Saccharomyces cerevisiae. Pro-
tection from polyQ toxicity in yeast by human DnaJB6 coincides with sequestration
of aggregates. Gathering of misfolded proteins into deposition sites by protein qual-
ity control (PQC) factors has led to the view that PQC processes protect cells by spa-
tially segregating toxic aggregates. Whether DnaJB6 depends on this machinery to
sequester polyQ aggregates, if this sequestration is needed for DnaJB6 to protect
cells, and the identity of the deposition site are unknown. Here, we found DnaJB6-
driven deposits share characteristics with perivacuolar insoluble protein deposition
sites (IPODs). Binding of DnaJB6 to aggregates was necessary, but not enough, for
detoxification. Focal formation required a DnaJB6-Hsp70 interaction and actin, polyQ
could be detoxified without sequestration, and segregation of aggregates alone was
not protective. Our findings suggest DnaJB6 binds to smaller polyQ aggregates to
block their toxicity. Assembly and segregation of detoxified aggregates are driven by
an Hsp70- and actin-dependent process. Our findings show sequestration of aggre-
gates is not the primary mechanism by which DnaJB6 suppresses toxicity and raise
questions regarding how and when misfolded proteins are detoxified during spatial
segregation.
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Human proteopathies, such as Alzheimer’s, Huntington’s, and Parkinson’s diseases
and type 2 diabetes, are characterized by the aggregation of misfolded proteins

into amyloids, which are highly ordered and insoluble protein fibers of a single type of
protein (1). While the presence of amyloid is almost always associated with disease
pathology, it remains unclear if amyloid accumulation itself is toxic or instead repre-
sents an inert and possibly cytoprotective process. Particular attention has been placed
on oligomers, low-molecular-weight multimers, as a causative agent of cell death (2–4).
Amyloid generation is believed to occur through a two-step nucleation mechanism that
can produce oligomers at both stages. Primary nucleation is the initial generation of
aggregates from monomers, with oligomers arising as likely on-pathway intermediates.
Secondary nucleation produces smaller protein structures from the surfaces of amyloid
that in turn catalyze formation of new fibers (5).

Protein chaperones, which help other proteins fold into and maintain their native
conformations, can prevent amyloid formation and toxic protein accumulation (6).
Human DnaJB6, an Hsp70 cochaperone, protects yeast and mammalian systems from
Huntington’s disease-related polyglutamine (polyQ) toxicity that is caused by express-
ing a disease-related version of Huntingtin exon 1 containing 103 to 119 glutamines
and green fluorescent protein (here HttQ103-GFP) (7, 8). DnaJB6 is the J-protein most
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closely related to the yeast Sis1, which also protects cells from toxicity due to protein
misfolding (9–12).

DnaJB6 has a signature N-terminal J-domain that mediates interaction with Hsp70,
an adjacent glycine-phenylalanine (GF)-rich region that, when mutated, leads to inher-
ited myopathies, a serine-threonine (ST)-rich region that binds amyloid, and a small
C-terminal region (CTD) of unknown function (7, 13, 14). Studies of polyQ and A�

peptide aggregation in vitro show that DnaJB6 blocks both primary and secondary
nucleation processes by binding to peptides and oligomers (15, 16). The ST region of
DnaJB6 is critical for antiamyloid activity, but the J-domain is not needed for inhibiting
amyloid formation or protecting cells from polyQ toxicity. These observations imply
that DnaJB6 confers protection independently of Hsp70 (7, 8), which is unlike Sis1.

A broad aspect of cellular protein quality control (PQC) is the partitioning of
misfolded proteins into various deposition sites that are defined by their locations in
the cell and the factors involved in their formation (9, 17–22). These sites include the
perinuclear aggresomes and StiF (Sti1 foci), the juxtanuclear JUNQ and intranuclear
INQ, the cytoplasmic CytoQ (also called Q-bodies), and the perivacuolar IPOD (insoluble
protein deposit). These studies have led to the widely held view that spatial segregation
is a universal PQC process that protects cells by sequestering small, disperse toxic
aggregates into these deposition sites, where they cause less harm. Correspondingly,
studies of polyQ toxicity in yeast show that toxic forms of polyQ produce smaller,
heterogeneously sized, and disperse aggregates, whereas nontoxic versions form one
or only a few larger aggregates (23, 24).

Similarly, when DnaJB6 protects yeast cells from a toxic version of HttQ103-GFP,
smaller disperse aggregates of HttQ103-GFP are collected into a single large structure
(8). Using DnaJB6 and the yeast system, we set out to identify this structure and to more
clearly define characteristics of the species of aggregates that cause toxicity. We also
aimed to determine if this distinctive deposition site has a functional role in the
protection process or if DnaJB6 requires other PQC factors to protect cells or drive
formation of this structure. As DnaJB6 is unique in its ability to bind amyloid and alter
its self-propagating character, we also assessed how the various functional regions of
DnaJB6 contribute to the binding, shuttling, and detoxification of HttQ103-GFP aggre-
gates. We found binding of DnaJB6 to HttQ103-GFP was essential but not enough to
provide protection, and cooperation of DnaJB6 with Hsp70 and actin was needed for
collecting and partitioning of HttQ103-GFP aggregates. This spatial segregation alone
was not enough for DnaJB6 to protect cells from HttQ103-GFP toxicity. Our findings
show that sequestration of toxic aggregates is not the primary means by which DnaJB6
suppresses polyQ toxicity and raise questions about spatial segregation alone as a
general process to protect cells.

RESULTS
Bmh1 and Sti1 are not involved in toxicity prevention or HttQ103-GFP focus

formation. When HttQ103-GFP is expressed in prion-free yeast, it generally remains
diffuse in the cytoplasm and is not toxic. In yeast propagating amyloid-based prions,
which presumably act as amyloid “seeds,” HttQ103-GFP assembles into multiple dis-
perse aggregates and is toxic (25) (Fig. 1A and B). Coexpressing DnaJB6 prevents the
toxicity and causes these aggregates to be collected into a single larger structure (8)
(Fig. 1B). Galactose-induced expression of DnaJB6 was itself somewhat toxic in our
strains (Fig. 1A, compare growth of cells expressing DnaJB6 with that of cells carrying
only empty vectors). The reason for this effect is unclear, but as versions of DnaJB6
lacking the J-domain do not have a similar effect, it could involve impairment of
important Hsp70 functions if DnaJB6 competes with endogenous J-proteins for binding
to Hsp70.

Given the broad involvement of J-proteins and Hsp70s in protein quality control, the
HttQ103-GFP structure formed in cells expressing DnaJB6 could represent any of
several subcellular protein deposition compartments (21, 22).

Kumar et al. Molecular and Cellular Biology

December 2018 Volume 38 Issue 23 e00437-18 mcb.asm.org 2

https://mcb.asm.org


Toxicity of HttQ103-GFP in yeast is muted if it contains the proline-rich region of
Huntingtin exon 1 (HttQP103-GFP). Earlier work showed that HttQP103-GFP is gathered
into a single perinuclear structure representing an aggresome, a collecting site for
misfolded proteins at the microtubule organizing center (24). Bmh1 is necessary for
aggresome formation in yeast, and in bmh1� cells HttQP103-GFP remains in smaller
disperse aggregates and is toxic. When we expressed HttQ103-GFP and DnaJB6 in
bmh1� cells, we found Bmh1 was not required for prevention of toxicity by DnaJB6 or
for formation of the large aggregate (Fig. 1C). Thus, the HttQ103-GFP focus does not
represent an aggresome, indicating that DnaJB6 does not promote sequestration of
polyQ lacking the proline-rich region to the aggresome, and that the ability to form an
aggresome is not necessary for DnaJB6-mediated protection.

Deleting Sti1, a cochaperone of Hsp70 and Hsp90, sensitizes cells to toxic effects of
HttQ103-GFP and increases both the number and dispersion of small HttQ103-GFP
aggregates in yeast cells (9). In contrast, elevating Sti1 protects cells from HttQ103-GFP
toxicity and causes HttQ103-GFP aggregates to assemble into one or two perinuclear
foci. These foci are called StiF (Sti1 foci), as they are distinct from aggresomes JUNQ and
INQ. We found that in cells lacking Sti1, DnaJB6 still neutralized toxicity (Fig. 1D) and
directed formation of HttQ103-GFP foci. Thus, Sti1 has no role in the ability of DnaJB6
to protect cells from HttQ103-GFP toxicity or to drive focus formation, and the foci
formed by DnaJB6 are not StiF.

Hsp42, Btn2, and Cur1 are not needed for toxicity prevention or HttQ103-GFP
focus formation. Under conditions of stress, Hsp42 directs misfolded proteins to CytoQ
sites, while Btn2 and the structurally related Cur1 direct them to the INQ (17, 19, 20, 22,
26, 27). Under nonstress conditions, elevating expression of Hsp42, Btn2, or Cur1 can
cure cells of amyloid-based [URE3] prions by collecting disperse protein aggregates into
one or a few larger aggregates (18, 28, 29). DnaJB6 also cures cells of [URE3] but seems
to do so by arresting amyloid formation and causing eventual disappearance of prion
aggregates (8, 29). There is complicated cross talk among these factors, as curing of

FIG 1 Neither Bmh1 nor Sti1 is needed for DnaJB6 to block HttQ103-GFP toxicity. Wild-type cells lacking
prions (strain NK104) and expressing galactose-inducible proteins (ev, empty vector; Q, HttQ103-GFP; B6,
DnaJB6) were grown overnight in SRaf medium and 5-fold serially diluted, and 5-�l drops were
inoculated onto noninducing (�Gal) or inducing (�Gal) medium as indicated. Panels on the left show
growth inhibition caused by HttQ103-GFP, and panels on the right show aggregation status of HttQ103-
GFP in the same overnight cultures used for the toxicity assay after shifting to liquid SGal medium for
4 h. (A) Cells lacking prions; HttQ103-GFP does not form toxic aggregates. (B) As described for panel A,
except cells propagate both [PSI�] and [PIN�] prions (strain NK101). HttQ103-GFP forms multiple disperse
aggregates that are toxic in wild-type cells. Coexpression of DnaJB6 prevents toxicity and drives the
smaller aggregates into single large foci. (C and D) As described for panel B, except cells lack Bmh1 (C)
or Sti1 (D). DnaJB6 retains the ability to protect cells and assemble disperse aggregates into large foci
when Bmh1 or Sti1 is absent.
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[URE3] by Btn2 depends on Hsp42, curing by Cur1 is partially dependent on Hsp42, and
curing by Hsp42 requires Cur1 but not Btn2 (28).

To determine if these factors are involved in the neutralization of HttQ103-GFP
toxicity or the collecting of the smaller aggregates into one place, we tested effects of
DnaJB6 in cells lacking Hsp42, Btn2, Cur1, or both Btn2 and Cur1 (Fig. 2A to D).
HttQ103-GFP was slightly less toxic in cells lacking Btn2 or Cur1, and cells lacking both
grew more slowly, even in the absence of HttQ103-GFP. These results suggest Btn2 and
Cur1 enhance polyQ toxic effects slightly. Alternatively, depletion of Btn2 and Cur1
might cause a stress that induces other PQC factors, which provide modest protection.
Regardless, in all of the mutants HttQ103-GFP was clearly toxic, and DnaJB6 clearly
neutralized this toxicity and caused HttQ103-GFP to form one or two large foci per cell.
Thus, none of these three proteins are needed for DnaJB6 to protect cells from
HttQ103-GFP toxicity or to drive formation of the large foci. These results suggest the
large foci are different from CytoQ or INQ.

Hsp42 is required for proteins to be collected into CytoQ deposition sites after cells
are exposed to stress and proteins in these sites are solubilized or degraded as cells
recover under nonstress conditions (19, 20, 27). In contrast, HttQ103-GFP aggregates
form in the absence of Hsp42 and remain small and disperse (Fig. 2A), which also
indicates the small aggregates are different from CytoQ. Accordingly, Hsp42-mCherry

FIG 2 Hsp42, Btn2, and Cur1 are not needed for DnaJB6 to block HttQ103-GFP toxicity. (A to D) [PSI�]
[PIN�] cells were grown and plated as described in the legend to Fig. 1. Cells lacking Hsp42, Btn2, or Cur1
(as indicated) respond to HttQ103-GFP like the wild type. DnaJB6 similarly reduces toxicity and causes
assembly of the disperse aggregates into large foci. (E and F) Cells carrying plasmids encoding
Hsp42-Cherry (E) or Btn2-RFP (F) were grown in SRaf, transferred to SGal, and visualized by confocal
imaging after 4 h. (E) Hsp42-Cherry colocalizes with single foci of HttQ103-QGFP in the presence of
DnaJB6 (88% of cells, n � 100) but only partially with smaller foci when DnaJB6 is absent (51% of cells,
n � 150). (F) Btn2-RFP colocalizes with HttQ103-GFP foci in 86% of cells (n � 55) without DnaJB6 and
in 78% of cells (n � 89) coexpressing DnaJB6. Qualitative confocal microscopy was used to monitor these
features. CMAC (blue) stains vacuoles. Panels are sized for consistency; all scale bars are 3 �m.
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only partially colocalized with the smaller aggregates, although it did colocalize almost
entirely with the large foci in cells expressing DnaJB6 (Fig. 2E). Additionally, although
Btn2 needs Hsp42 to colocalize with CytoQ sites, we found Btn2-RFP colocalized
strongly with the disperse HttQ103-GFP punctae in cells without DnaJB6. It also
colocalized with the large GFP foci in cells coexpressing DnaJB6 (Fig. 2F). These results
are consistent with Hsp42 and Btn2 recognizing HttQ103-GFP aggregates as misfolded
protein, but they are not needed for formation of these small foci and they do not
detoxify them.

Large HttQ103-GFP foci resemble IPOD. In stressed cells HttQ97-GFP can be
targeted to the IPOD, as are other proteins prone to forming amyloid (e.g., yeast prion
proteins Rnq1 and Ure2) (17, 27). The amyloid-forming region of Sup35 fused to GFP
also collects at the IPOD, and this process relies on the actin/myosin machinery (30). It
was possible that DnaJB6-directed sequestration of HttQ103-GFP aggregates by a
similar process under nonstress conditions when stress-induced chaperones are not
highly expressed and proteins in general are not aggregating.

To determine if the large foci of HttQ103-GFP reside at a specific site near the
vacuole or nucleus, we stained these organelles and monitored fluorescence in cells
expressing HttQ103-GFP. We also monitored red fluorescent protein (RFP)-tagged
wild-type and modified versions of DnaJB6 in the same cells. When HttQ103-GFP was
expressed alone, the multiple aggregates it formed were dispersed randomly in the
cytoplasm (Fig. 3A, upper left). When DnaJB6-RFP was expressed alone it was diffuse in
the cytoplasm with a noticeable concentration in the nucleus (Fig. 3A, lower left). When
both were expressed in the same cells, DnaJB6-RFP caused HttQ103-GFP to form single
large structures, indicating the RFP tag did not inhibit DnaJB6 function, and DnaJB6-RFP
colocalized with them (Fig. 3A, right). In the absence of prions, both HttQ103-GFP
and DnaJB6-RFP remained diffuse (Fig. 3B). These results do not establish whether or
not DnaJB6 binds to soluble HttQ103-GFP in vivo, but they are consistent with the
ability of DnaJB6 to bind polyQ oligomers in vitro and suggest it binds directly to
aggregates of HttQ103-GFP in vivo.

FIG 3 DnaJB6 colocalizes with HttQ103-GFP foci adjacent to vacuole but not nucleus. (A) [PSI�] [PIN�]
cells carrying plasmids encoding the indicated galactose-inducible proteins (ev, empty vector; QGFP,
HttQ103-GFP; B6RFP, DnaJB6-RFP) grown in SRaf were transferred to SGal, grown for 4 h, and visualized
by confocal imaging. The nucleus was visualized by DAPI and the vacuole was stained with FM464 (red)
or CMAC (blue). Panels on the left show separate expression of HttQ103-GFP (upper) and DnaJB6-RFP
(lower). HttQ103-GFP forms multiple foci scattered in the cytoplasm rather than adjacent to the vacuole
(FM464, red). DnaJB6-RFP is diffuse in the cytoplasm. Panels on right show cells expressing both
HttQ103-GFP and DnaJB6. Multiple HttQ103-GFP foci are collected into one location mostly coincident
(89% cells, n � 62) with DnaJB6. (B) As described for panel A but using cells lacking prions ([psi�] [pin�]).
Panels are sized for consistency; all scale bars are 3 �m.
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These single structures were not consistently located adjacent to the nucleus (Fig.
3A, upper right), which confirms they are not aggresomes, StiFs, JUNQ, or INQ, but they
were observed consistently adjacent to vacuoles (Fig. 3A, lower right). Together our
results suggest that DnaJB6 neutralizes toxicity of HttQ103-GFP by interacting with it
directly and that it facilitates sequestration of disperse HttQ103-GFP aggregates to a
site near the vacuole.

The perivacuolar IPOD forms adjacent to the preautophagosomal structure (PAS;
also called the phagophore assembly site), where formation of autophagosomes is
initiated (17, 30). The autophagy-related protein Atg8 concentrates at the PAS and
therefore colocalizes strongly near the IPOD. In addition, accumulation of amyloido-
genic proteins at the IPOD does not depend on Hsp42 (26, 27). As our observations
point to the large DnaJB6-driven HttQ103-GFP foci observed in our cells as residing at
the IPOD, we expected to find RFP-Atg8 concentrated very near these foci in cells
expressing DnaJB6. We expressed RFP-Atg8 in cells expressing both HttQ103-GFP and
untagged DnaJB6 and found it formed bright foci near the vacuole, presumably at the
PAS (Fig. 4A). In greater than 80% of cells, however, the RFP-Atg8 foci were well
separated from the DnaJB6-driven perivacuolar HttQ103-GFP foci, indicating that these
foci were not localized primarily adjacent to the PAS. A detectable amount of more
diffuse RFP-Atg8 did overlap more consistently with the HttQ103-GFP foci, however,
indicating a smaller portion of perivacuolar RFP-Atg8 colocalized with the large foci.

In cells expressing HttQ103-GFP without DnaJB6, a portion of HttQ103-GFP did
localize with Atg8 near the vacuole (Fig. 4A). Much of the HttQ103-GFP fluorescence in
these cells resided in smaller cytoplasmic punctae, only some of which overlapped with
RFP-Atg8 that presumably represent Atg8-associated autophagic vesicles. Under con-
ditions of stress, transport of proteins to the IPOD relies on a vesicular actin/myosin-
directed process that can be similarly associated with Atg8 (19, 30). The presence of
Atg8 vesicles in our cells suggests the smaller dispersed HttQ103-GFP aggregates cause
enough of a stress to induce an autophagic response. Although some polyQ aggregates
appeared to be associated with these vesicles, they were not processed efficiently
enough to overcome the toxicity or to be collected in one place. Thus, a stronger stress
might be needed to process polyQ aggregates efficiently or for IPODs to form at
the PAS.

We did not observe such cytoplasmic RFP-Atg8 punctae in cells expressing DnaJB6,
which is consistent with the nonstress conditions we use and the detoxification and
collection of HttQ103GFP aggregates before they cause an Atg8-associated response.
The sequestration of polyQ aggregates by DnaJB6 is therefore much more effective
than the Atg8-associated pathway in the absence of exogenous environmental stress.
Together with the observation that DnaJB6 causes foci to form distantly from the PAS,
it seems DnaJB6 prevents polyQ from causing a stress and collects polyQ aggregates to
an IPOD-like structure by a process separate from the autophagy system.

In agreement with this interpretation, we found atg5� cells were killed by HttQ103-
GFP and that DnaJB6 both protected them from this HttQ103-GFP toxicity and caused
formation of single foci (Fig. 4B). Thus, autophagy does not seem to be involved in the
toxicity or the protection and focus formation provided by DnaJB6.

Since the localization of DnaJB6-driven HttQ103-GFP foci with the PAS was notice-
ably different from earlier observations, some uncertainty remained about whether the
foci represent a characteristically defined IPOD. We therefore tested if sequestration of
HttQ103-GFP aggregates depended on actin filaments by monitoring formation of
HttQ103-GFP foci in cells treated with latrunculin A, which depolymerizes actin fila-
ments. We found that latrunculin A efficiently blocked DnaJB6-driven formation of the
large foci (Fig. 4C). Thus, actin filaments were needed for sequestration of polyQ
aggregates by DnaJB6, which is a characteristic of deposition of amyloidogenic protein
to the IPOD.

STC regions of DnaJB6 are enough to protect from toxicity, showing Hsp70
independence. The ST region of DnaJB6 (defined here as amino acid residues 132 to 195)
(Fig. 5A) binds polyQ to prevent amyloid formation in vitro, and it is required for prevention
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of HttQ103-GFP toxicity in mammalian cells (7, 31). Mutations or deletions in this region,
particularly from residues 155 to 195, impair the protein’s protective functionality (7, 13).

To assess the contribution of this and other structural domains to the ability of
DnaJB6 to protect cells, we tested effects of mutating or deleting the J-domain, ST, or
CTD (Fig. 5B). The D33N mutation, which disrupts the ability of the DnaJB6 J-domain to
interact with and regulate Hsp70, only partially reduces its ability to protect mammalian
cells from polyQ toxicity and does not affect its ability to cure cells of [URE3] prions (7,
8). In addition to being crucial for protecting mammalian cells from polyQ toxicity, the
ST region is necessary for curing of [URE3]. As we earlier found the CTD of DnaJB6
(residues 196 to 241) strongly influenced curing yeast of amyloid-based prions (8), we

FIG 4 Autophagy pathway is not involved in DnaJB6-driven HttQ103-GFP focus formation or toxicity
prevention, but latrunculin A blocks focus formation. (A) Cells expressing RFP-Atg8 and empty vector
(ev), HttQ103-GFP (QGFP), or nontagged DnaJB6 (B6) were visualized using confocal microscopy.
RFP-Atg8 localizes at the PAS (phagophore assembly site) adjacent to the vacuole (CMAC blue) (upper-
most images). In cells expressing both proteins, most foci of RFP-Atg8 (76%, n � 51) overlap HttQ103-
GFP aggregates, but most HttQ103-GFP foci do not overlap RFP-Atg8. When DnaJB6 is also expressed,
HttQ103-GFP forms single foci well separated from RFP-Atg8 foci in most (82%, n � 58) cells. Panels are
sized for consistency; all scale bars are 3 �m. (B) An atg5 deletion strain expressing the indicated
galactose-inducible proteins was grown and plated as described in the legend to Fig. 1. DnaJB6 protects
cells and assembles disperse aggregates into large foci when Atg5 is absent. (C) Latrunculin A (lat A) or
DMSO was added to cells expressing galactose-inducible HttQ103-GFP without (ev) or with coexpression
of DnaJB6 (B6), and cells were monitored microscopically after inducing for 4 h.
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sought to determine if this region also was important for protecting yeast from
HttQ103-GFP.

In our toxicity assay DnaJB6-D33N protected cells from HttQ103-GFP like wild-type
DnaJB6 (Fig. 5B), suggesting that protection from HttQ103-GFP toxicity did not depend
on interaction of DnaJB6 with Hsp70. In contrast, DnaJB6 lacking only its ST (ΔST;
residues 155 to 195) or its CTD (ΔCTD; residues 196 to 241) failed to protect cells,
indicating both of these regions are important for detoxifying HttQ103-GFP.

To determine if the ST region alone was enough to provide cytoprotective functions
or if it needed to cooperate with the CTD, we assessed effects of expressing only the
ST region (residues 132 to 195) or the combined ST and CTD regions (STC; residues 132
to 241). We found that ST alone provided little protection, but the STC consistently
protected cells from HttQ103-GFP toxicity (Fig. 5B). Thus, the CTD cooperates with the
ST region to provide protection. Since STC lacks the entire J-domain that mediates
interaction with Hsp70, these results further support the conclusion that DnaJB6 does
not need to cooperate with Hsp70 to protect yeast from HttQ103-GFP toxicity. More-
over, the GF region, mutations of which can cause human myopathies (32–34), is also
dispensable for protection.

It was possible that the CTD residues simply stabilized conformation of the ST
region, which we presumed was binding directly to the aggregates rather than con-
tributing a specific function. We therefore tested effects of tagging RFP to the ST region
in place of the CTD and to the C-terminal end of STC. Although there were modest
differences among experiments, probably due to variations in batches of media or
cell-to-cell expression levels of the Gal-induced proteins, we found that ST-RFP behaved
like ST and STC-RFP behaved like STC (Fig. 5B). Thus, appending RFP to the ST or STC

FIG 5 STC regions are necessary and sufficient for protection from toxicity but cannot gather disperse aggregates. (A)
Domain structure of DnaJB6 is diagrammed with amino acid residues delineating domains indicated above (J, J-domain;
GF, glycine-phenylalanine rich; ST, serine-threonine rich; CTD, C-terminal domain). (B, left) Cells expressing galactose-
inducible HttQ103-GFP together with wild-type and mutant versions of DnaJB6 as indicated (C, CTD; R, RFP). Cells carrying
plasmids encoding the indicated galactose-inducible proteins (ev, empty vector; Q, HttQ103-GFP; B6, DnaJB6; D33N, point
mutation in J-domain) were grown and plated as described for Fig. 1. (Right, upper) Versions of DnaJB6 without
coexpressing HttQ103-GFP. (Lower) Independent replicate of the experiment shown on the left but done on a different
lot of medium. (C) Microscopic observation of aggregation status of HttQ103-GFP 4 h after inducing cultures used for the
toxicity assay shown in panel B. (D) Cells expressing HttQ103-GFP- and RFP-tagged versions of DnaJB6 mutants ST (top),
STC (middle), and D33N (bottom) were monitored by confocal microscopy. All mutant versions of DnaJB6 are diffuse when
expressed alone. All also colocalize completely with multiple HttQ103-GFP foci (91%, n � 149; 94%, n � 189; 92%, n �
153, respectively) but fail to collect them. Panels are sized for consistency; all scale bars are 3 �m.
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did not alter their cytoprotective properties. These results show that the combined STC
is necessary and sufficient for protecting cells from HttQ103-GFP toxicity and support
the conclusion that CTD has more than a stabilizing role in this DnaJB6 function.

Focus formation is not needed for DnaJB6 to detoxify HttQ103-GFP. We ob-
served that the HttQ103-GFP aggregates in cells coexpressing STC or DanJB6-D33N
remained numerous and disperse (Fig. 5C). Thus, although these mutants protected
cells from HttQ103-GFP toxicity, they lost ability to drive the small HttQ103-GFP
aggregates into large foci. Together, our data show that neither interaction with Hsp70
nor collecting the smaller aggregates of HttQ103-GFP into one place is needed for
DnaJB6 to protect cells from toxicity and suggest that the assembly of the small
disperse aggregates of HttQ103-GFP into large foci by DnaJB6 is an Hsp70-dependent
process that occurs separately from neutralization of HttQ103-GFP toxicity.

The ST region is the part of DnaJB6 that possesses amyloid-binding properties, so
we presumed ST-RFP and STC-RFP both would bind HttQ103-GFP aggregates in cells.
We observed ST-RFP and STC-RFP each did indeed colocalize predominantly with the
numerous, smaller HttQ103-GFP aggregates that remain dispersed in the cytoplasm
(Fig. 5D). Thus, the ST alone was enough to bind to the HttQ103-GFP aggregates, and
the CTD must provide a function beyond specifying this binding to protect from
toxicity.

Notably, although DnaJB6ΔCTD failed to protect cells from HttQ103-GFP toxicity, it
collected smaller aggregates into larger foci (Fig. 5C). Thus, the CTD was dispensable for
DnaJB6 to sequester HttQ103-GFP aggregates into one place, and spatial segregation
alone did not provide protection.

Redundant and divergent functions of DnaJB6 and DnaJB7. DnaJB7, which is
structurally related to DnaJB6, sequesters polyQ aggregates very inefficiently and
provides less protection from polyQ toxicity (8). Our findings here suggest the J-domain
and CTD of DnaJB6 possess partially independent modular activities, raising the ques-
tion of whether these regions of DnaJB7 possess similar functions. To test this idea, we
separately replaced the J-domain and CTD of DnaJB6 with those from DnaJB7. Since
nuclear localization of DnaJB7 via a nuclear localization signal at its C terminus probably
limits cytoplasmic DnaJB7, we used only the parts of its CTD with the closest homology
to DnaJB6b (Fig. 6A). We also tested complementary hybrid proteins with the CTD and
J-domains of DnaJB7 replaced by those of DnaJB6 to assess if the functions were
transferable.

In cells expressing DnaJB6 with the J-domain or CTD of DnaJB7 (designated
DnaJB6-7J and DnaJB6-7C, respectively), aggregates of HttQ103-GFP were collected
into single foci, which shows redundancy of J-domain function and is consistent with
the CTD being dispensable for sequestration. In contrast, both DnaJB7-6J and
DnaJB7-6C failed to sequester HttQ013-GFP aggregates, indicating something more
than Hsp70 interaction is needed for this process.

DnaJB6-7C was able to protect cells, but not to the same degree as DnaJB6. Thus,
the CTD of DnaJB7 exhibits cytoprotective activity that partially overlaps that of
DnaJB6. The reduced cytoprotection could reflect a difference in intrinsic activity of the
CTD of DnaJB7 or its ability to cooperate with the adjacent ST region. Alternatively,
differences between the DnaJB6 and DnaJB7 CTDs could determine differences in
interactions with other PQC factors that are needed for protection.

In addition to failing to drive formation of foci, DnaJB7-6J did not protect cells and
DnaJB7-6C protected only marginally. Thus, a specific DnaJB6 function in addition to a
general J-domain function was needed to confer spatial segregation activity, and the
DnaJB6 CTD required other DnaJB6 activity to confer effective protection.

Our data show that cooperation of the ST and CTD regions of DnaJB6 was important
for cytoprotection, and we suspected the ST region of DnaJB7 was defective either in
cooperating with the CTD of DnaJB6 or simply in binding the polyQ aggregates. We
replaced ST residues 155 to 195 of DnaJB6 with homologous residues 151 to 191 from
DnaJB7 and found this DnaJB6-7ST protein sequestered aggregates but did not protect
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cells very well from polyQ toxicity. These results suggest that the ST of DnaJB7 binds
polyQ aggregates, which is needed to collect them, but cannot cooperate with the
DnaJB6 CTD to provide effective protection. Together with our other findings, they also
suggest the GF region of DnaJB6 is involved in the sequestration process, and the GF
of DnaJB7 lacks this function.

Unexpectedly, DnaJB6-7J was much less effective at protecting cells than DnaJB6. As
the J-domain mutant DnaJB6-D33N protected cells like DnaJB6, these results suggest
that activity of the DnaJB7 J-domain actually interferes with the ability of the rest of
DnaJB6 to protect cells from polyQ toxicity. How this inhibitory effect is mediated is as
yet uncertain.

Table 1 summarizes the abilities of the different DnaJB proteins to protect cells from
polyQ toxicity and to drive spatial segregation of polyQ aggregates. The hybrid proteins
again showed that sequestering of polyQ aggregates was separable from protection
from polyQ toxicity.

DISCUSSION

Our data suggest that DnaJB6 protects yeast cells from HttQ103-GFP toxicity
through a direct interaction with HttQ103-GFP aggregates, which agrees with earlier
work showing DnaJB6 can bind polyQ peptides and amyloid directly (7, 15, 31).
Consistent with this conclusion, the ability of DnaJB6 to cure yeast of amyloid-based
prions correlates with its ability to bind the prion proteins directly and block their
amyloid nucleation and assembly (8). If such a direct interaction of DnaJB6 with
HttQ103-GFP aggregates does confer protection, then some aspect of amyloid forma-
tion, growth, or replication must underlie the toxicity.

FIG 6 Redundant and diverse functions of DnaJB6 and DnaJB7 domains. (A) Amino acid sequence of homologous regions
of DnaJB6 and DnaJB7 J-domains (differences dotted) and CTDs. Residues 245 to 309 of DnaJB7, which include a nuclear
localization signal, are not shown. (B) Focus formation in cells expressing HttQ103-GFP and the indicated versions of
DnaJB6 (JB6), DnaJB7 (JB7; lacks residues 227 to 234, underlined, and 245 to 309), and DnaJB6/7 hybrid proteins. JB6-7J
is DnaJB6 with residues 1 to 70 replaced by those of DnaJB7; JB6-7C is DnaJB6 with residues 196 to 241 replaced by
residues 192 to 244 (lacking 227 to 234) of DnaJB7. JB7-6J is JB7 with residues 1 to 70 replaced by those of DnaJB6. JB7-6C
is JB7 with residues 192 to 244 replaced by residues 196 to 241 of DnaJB6. Cells were grown and images captured as
described in the legend to Fig. 1.
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We did not identify particular species of polyQ aggregates that cause toxicity, so
the properties that make aggregates toxic remain uncertain; however, the ability of
DnaJB6 to bind polyQ aggregates at various stages of assembly could counteract
toxic effects in a number of ways. DnaJB6 does not prevent polyQ aggregates from
forming in yeast cells, but it does neutralize their damaging properties, perhaps by
disrupting amyloid-forming properties. As polyglutamine aggregates interact with
many cellular proteins (10, 24, 35–37), it is possible that binding of DnaJB6 to polyQ
protects cells simply by masking surfaces that would otherwise bind and deplete
cellular factors. Alternatively, by binding directly to oligomeric polyQ species that
cause the toxicity, DnaJB6 might disrupt their ability to maintain or propagate
structures that confer harmful properties. Direct binding to less toxic small or large
aggregates might also allow DnaJB6 to prevent them from developing into or
nucleating more toxic species.

These explanations are consistent with both a widespread view that smaller aggre-
gates or oligomers cause the toxicity and that DnaJB6 can bind substoichiometrically to
polyQ and A� peptides and oligomers, which block further assembly into amyloid (15,
16, 31). This direct neutralization of HttQ103-GFP toxicity by DnaJB6 is qualitatively
different from that by Btn2, which we find binds the small multiple polyQ aggregates
in vivo but does not protect cells.

The way DnaJB6 acts on Ure2 amyloid to cure cells of [URE3] is also different from
Btn2 and Hsp42. Btn2 and Hsp42 act as aggregases (20) that collect Ure2 amyloid into
large cytosolic clumps, which can be restricted from spreading between dividing cells
to produce prion-free cells (18, 28, 29). We do not evaluate it here, but increasing
expression of Hsp70 system chaperones can also protect cells from polyQ toxicity
without diminishing aggregation, leading to a similar view that driving lower-
molecular-weight oligomers or other on-pathway intermediates into possibly more
inert amyloid forms is protective (38–40). In contrast, and in line with its ability to
disrupt amyloid propagation, DnaJB6 binds to Ure2 amyloid and blocks continued
assembly and secondary nucleation (8), which results in gradual loss of [URE3], pre-
sumably as the amyloid is continually processed by the cellular disaggregation ma-
chinery (29).

Unlike the way it acts on [URE3], DnaJB6 drives assembly of the detoxified polyQ
aggregates into a large perivacuolar IPOD-like structure. These findings suggest DnaJB6
similarly disrupts propagation of Ure2 and polyQ amyloid in yeast cells, but DnaJB6-
bound polyQ is subsequently acted on by PQC factors that process it for spatial
segregation. The properties of polyQ and Ure2 aggregates that underlie their differ-
ences in how they are processed are not yet known but might be connected to the
requirement of Hsp70 specifically for polyQ sequestration. The J-domain of DnaJB6 is
not required for curing of [URE3] or for protection from polyQ toxicity, but it is required
for segregation of polyQ aggregates.

TABLE 1 Summary of protection from polyQ toxicity and spatial segregation of polyQ
aggregates by DnaJB proteinsa

Protein Toxicity protection Spatial segregation

DnaJB6 � �
JB6-D33N � �
JB6-STC only � �
JB6-ST only � �
JB6ΔST � �
JB6ΔC � �
DnaJB6-7J � �
DnaJB6-7C �/� �
DnaJB6-7ST � �
DnaJB7 � �
DnaJB7-6J � �
DnaJB7-6C �/� �

aFigures 5 and 6 provide experimental data. �, yes; �, no; �/�, partial; �/�, noticeable but weak.

DnaJB6 Detoxifies and Segregates PolyQ Separately Molecular and Cellular Biology

December 2018 Volume 38 Issue 23 e00437-18 mcb.asm.org 11

https://mcb.asm.org


As sequestration by DnaJB6 still occurs when its J-domain or ST region is replaced
by those of DnaJB7, the GF region of DnaJB6 seems to be specifically required for
spatial segregation of HttQ103-GFP aggregates. Functional specificity of J-proteins is
influenced by GF regions (41, 42), and alterations in this part of DnaJB6 cause various
inherited myopathies (32–34), underscoring its physiological importance. The require-
ment of the GF region for spatial segregation of polyQ aggregates is probably mediated
through a specific effect on Hsp70, but how GF regions regulate functions of this
machinery remains an open question.

Just as transport of amyloidogenic proteins to the IPOD is dependent on an
actin-myosin process, we find formation of the large HttQ103-GFP foci driven by
DnaJB6 relies on actin. This collecting process also depends on Hsp70 in an apparently
early step. J-proteins are considered obligate cochaperones of Hsp70 (43). As J-proteins,
particularly the yeast Sis1, are involved in spatial segregation and detoxification of
several types of protein aggregates (9–12), we suspect that Hsp70 has a similar general
role in such segregation processes.

Several earlier studies show that, aside from simply preventing spreading of aggre-
gates, similar assembly and spatial segregation of aggregates of polyQ and other
misfolded proteins by other PQC factors is crucial for protection from toxicity (9, 12, 17,
19, 20, 23, 24, 44). These and other studies support a view that such sequestration of
toxic aggregates is a general response by the cell to defend against toxicity of
misfolded proteins.

Here, however, we find spatial segregation is not needed for DnaJB6 to detoxify
HttQ103-GFP aggregates, which suggests DnaJB6 neutralizes them before they are recog-
nized and processed as substrates for sequestration. Moreover, we find that spatial segre-
gation of HttQ103-GFP aggregates driven by DnaJB6 does not itself protect cells from
polyQ toxicity, which suggests toxic polyQ aggregates are too small to be detected by our
methods and the CTD is needed to direct them to the segregation process. Alternatively,
aggregates within the deposit remain toxic and the CTD somehow suppresses this prop-
erty. These findings raise questions of whether sequestration of other harmful misfolded
proteins by other PQC processes is itself providing the protection or if it can occur
separately from detoxification. It is possible that in some other instances the collecting of
misfolded proteins to segregated deposition sites is a secondary process that consolidates
and segregates debris that is not so harmful or has already been detoxified.

The way DnaJB6 protects mammalian cells from polyQ toxicity relies on similar
DnaJB6 functions but differs somewhat from what we observe here. The CTD region as
we define it here is dispensable for protecting mammalian cells, but we find it was
necessary for protecting yeast. Although the CTD is not needed to link DnaJB6-bound
polyQ to the segregation machinery, its role in blocking toxicity of polyQ aggregates is
so far unknown. The CTD might recruit other PQC factors or be needed for DnaJB6
dimerization (14), which could influence functional consequences of DnaJB6 binding to
polyQ. Additionally, formation of variably sized insoluble aggregates in mammalian cells is
associated with toxicity, and DnaJB6 markedly reduces the accumulation of aggregates,
resulting instead in a diffuse polyQ phenotype (7). DnaJB6 seems to prevent initial assembly
of polyQ into the aggregates that would be recognized by mammalian PQC systems as
targets to be sequestered. Thus, it likely protects mammalian cells by binding oligomers at
early stages of assembly that could be toxic or by preventing them from subsequently
producing or developing into more toxic species of aggregates.

Because of its potent antiamyloid activity, DnaJB6 is considered to have realistic
potential in therapeutic approaches to amyloid diseases. Our work supports a view that
direct neutralization of amyloid toxicity by DnaJB6 could provide a relatively straight-
forward approach.

MATERIALS AND METHODS
Yeast strains and growth conditions. Yeast strains used are listed in Table 2. All are isogenic to

NK101, which propagates prions [PSI�] and [PIN�]. [PSI�] is a prion of Sup35, and [PIN�] (also known as
[RNQ1�]) is a prion of Rnq1 (46, 47). Deletion mutants were generated by standard methods (48). To
obtain strain NK104 lacking prions, cells were grown in YPAD (1% yeast extract, 2% peptone, 2%
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dextrose, and 400 mg/liter adenine) containing 3 mM guanidine for 16 to 24 h and then spread onto 1/2
YPD (0.5% yeast extract, 2% peptone, 2% dextrose). [PSI�]/[psi�] status was then assessed by white/red
colony color (8) and [PIN�]/[pin�] status by transforming cells with a plasmid encoding Rnq1-GFP and
monitoring GFP aggregation by fluorescence microscopy.

Minimal media were used for plasmid selection. Synthetic dextrose (SD) medium contains 2%
dextrose and 0.7% yeast nitrogen base supplemented with required amino acids. SRaf is similar but has
2% raffinose in place of dextrose. SGal is SRaf plus 2% galactose. Solid media are the same but contain
2% agar (Difco). Cells were grown at 30°C unless indicated otherwise. From a 4 mM stock solution in
dimethyl sulfoxide (DMSO), latrunculin A was used at a final concentration of 200 �M.

Plasmids. Plasmids used are listed in Table 3. Most yeast expression plasmids are derived from pRU4,
a centromeric LEU2-marked plasmid with the GAL1 promoter and CYC1 terminator. DnaJB6 and DnaJB7
cDNA were gifts from H. Kampinga. They were subcloned as described previously (8). Truncated gene
JB6-ST, JB6-STC, ST-RFP, and STC-RFP plasmids were synthesized by Genewiz, Inc. Hybrid DnaJB6/JB7
plasmids were made by using QuikChange lightning site-directed mutagenesis kit (Agilent) and an
overlapping PCR approach and then cloned into plasmid pRU4.

HttQ103-GFP toxicity assay. Transformants of strain NK101 carrying plasmids for expressing
HttQ103-GFP and DnaJB6b under the control of the GAL1 promoter or control vectors were grown
overnight first in SD and then in SRaf. Cultures were diluted to an optical density at 600 nm (OD600) of
0.2, and 5-�l aliquots of 5-fold serial dilutions were dropped onto noninducing (SRaf) and inducing (SGal)
plates, which were incubated at 30°C for 3 days and then scanned.

Fluorescence microscopy. Transformants grown in SD overnight were diluted in SRaf and grown
overnight. Cells were then subcultured in SGal liquid medium for 4 h. For monitoring RFP-Atg8, copper
sulfate was added to 100 �M. Images were captured with a Nikon Eclipse Ni microscope equipped with
a Q-Imaging Retiga Exi digital camera, Plan APO VC 60�/100� oil immersion differential interference
contrast (DIC) optics, and GFP filter.

TABLE 2 Yeast strains used in this studya

Strain Genotype

NK101 MATa kar1-1 ade2-1 SUQ5 his3�202 leu2�1 trp1�63 ura3-52 [PSI�] [PIN�]
NK104 NK101 [psi�] [pin�]
1611 NK101 MAT� sti1::HIS3
1673 NK101 hsp42::KanMX4
1778 NK101 bmh1::KanMX4
1780 NK101 btn2::TRP1
1782 NK101 cur1::KanMX4
1784 NK101 btn2::TRP1 cur1::KanMX4
1341 NK101 atg5::KanMX4
aAll strains are isogenic to NK101, a confirmed [PSI�] [PIN�] version of strain 779-6A (45).

TABLE 3 Plasmids used in this study

Name Description Promoter Marker
Source or
reference

pYES2-Q103GFP Q103-GFP GAL1 URA3 24
pRU14 DnaJB6b GAL1 LEU2 8
pJE201 DnaJB6b GAL1 TRP1 This study
pJE202 DnaJB6b GAL1 HIS3 This study
pMR360 DnaJB6-RFP GAL1 LEU2 8
pNK104 JB6-ST only GAL1 LEU2 This study
pNK105 JB6-STC only GAL1 LEU2 This study
pNK106 ST-RFP GAL1 LEU2 This study
pNK107 STC-RFP GAL1 LEU2 This study
pRU29 DnaJB6ΔST GAL1 LEU2 This study
pJE195 DnaJB6ΔCTD GAL1 LEU2 This study
pRU22 DnaJB6-D33N GAL1 LEU2 This study
pJE204 DnaJB6D33N-RFP GAL1 LEU2 This study
pDK58 Btn2-RFP GAL1 LEU2 49
pHsp42-Cherry Hsp42-Cherry GAL1 LEU2 29
pJB6-7J JB6 � JB7 J-domain GAL1 LEU2 This study
pJB6-7C JB6 � JB7 CTDa GAL1 LEU2 This study
pJB7 DnaJB7a GAL1 LEU2 This study
pJB7-6J JB7a � JB6 J-domain GAL1 LEU2 This study
pJB7-6C JB7 � JB6 CTD GAL1 LEU2 This study
pRS315RNQ1-GFP Rnq1-GFP RNQ1 LEU2 50
pCUP1-DuDre-Atg8-404 RFP-Atg8 CUP1 TRP1 51
aCTD of DnaJB7 in these constructs lacks residues 227 to 234 and 245 to 309 (Fig. 6A).
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Confocal microscopy. Confocal images were taken on a Nikon Eclipse TE-2000U spinning disk
confocal microscope with a 100�/1.4 numerical aperture objective and a C9100-13 electron-multiplying
charge-coupled device camera by Hamamatsu. HttQ103-GFP was imaged with a 491-nm laser at
40% intensity, and RFP-tagged plasmids were imaged with a 561-nm laser. 4=,6-Diamidino-2-
phenylindole (DAPI) and 7-amino-4-chloromethylcoumarin (CMAC) were imaged using a DAPI filter.
z stacks were taken at 0.2-�m intervals. Images were analyzed using Imaris software 8.4.1 and
prepared for display using Adobe Photoshop. Briefly, images were opened in Surpass view of Imaris
and intensity adjusted while maintaining a gamma value of 1.0. Single cells were cropped using the
Crop 3D option.

In all cultures, we observed broad variability among individual cells with regard to expression of the
different proteins. Many cells expressed neither or only one of the two expected proteins. Examples of
representative fields of view and how the data were processed for presentation are shown as images in
the supplemental material. Data were quantified as indicated in the text or figure legends.

DAPI staining. Log-phase cells (OD600 of 0.4 to 0.6) growing in SRaf were transferred to SGal for 4
h and then fixed with 4% formaldehyde (28906; ThermoFisher) at 23°C for 1 h. Fixation was quenched
by using 2.5 M glycine, and then cells were washed with 1� phosphate buffer saline (PBS), suspended
in 1� PBS, mixed with DAPI (1 mg/ml stock), and incubated on a roller drum at 23°C for 1 h in the dark.
Cells were harvested at 3,000 rpm, washed thrice with 1� PBS, and mounted in Vectashield (Vector
Laboratories) on slides with 3% agarose pads.

Vacuole staining. Vacuoles were stained with CellTracker blue CMAC (Y-7531; ThermoFisher), which
selectively stains the yeast vacuole lumen. One ml of cells (106 cells/ml) was collected and suspended in
10 mM HEPES buffer, pH 7.4, containing 5% glucose. CMAC was added to a final concentration of 100
�M for 25 min at room temperature in the dark. Cells were harvested, washed, and suspended in 1� PBS.
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