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Chaperones and other quality control machinery guard
proteins from inappropriate aggregation, which is a hallmark
of neurodegenerative diseases. However, how the systems that
regulate the “foldedness” of the proteome remain buffered
under stress conditions and in different cellular compartments
remains incompletely understood. In this study, we applied a
FRET-based strategy to explore how well quality control ma-
chinery protects against the misfolding and aggregation of
“bait” biosensor proteins, made from the prokaryotic ribonu-
clease barnase, in the nucleus and cytosol of human embryonic
kidney 293T cells. We found that those barnase biosensors
were prone to misfolding, were less engaged by quality control
machinery, and more prone to inappropriate aggregation in the
nucleus as compared with the cytosol, and that these effects
could be regulated by chaperone Hsp70-related machinery.
Furthermore, aggregation of mutant huntingtin exon 1 protein
(Httex1) in the cytosol appeared to outcompete and thus pre-
vented the engagement of quality control machinery with the
biosensor in the cytosol. This effect correlated with reduced
levels of DNAJB1 and HSPA1A chaperones in the cell outside
those sequestered to the aggregates, particularly in the nucleus.
Unexpectedly, we found Httex1 aggregation also increased the
apparent engagement of the barnase biosensor with quality
control machinery in the nucleus suggesting an independent
implementation of “holdase” activity of chaperones other than
DNAJB1 and HSPA1A. Collectively, these results suggest that
proteostasis stress can trigger a rebalancing of chaperone
abundance in different subcellular compartments through a
dynamic network involving different chaperone–client
interactions.

Protein homeostasis involves a network of quality control
systems for overseeing proteins through translation, folding,
delivery to the correct cellular location, and turnover at
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appropriate times. When protein homeostasis becomes un-
balanced, proteins become prone to misfolding leading to their
mislocalization and accumulation as aggregates (1, 2). The
imbalance of protein homeostasis is hypothesized to underlie
the inappropriate protein misfolding and aggregation that arise
in the brain of patients with common neurodegenerative dis-
eases including Alzheimer’s, Parkinson’s, Huntington’s, and
motor neuron diseases (3, 4). Tools that can measure pro-
teostasis imbalance therefore offer capacity to explore the
mechanisms involved.

Previously, we developed a method that enabled a measure
of the effectiveness of the quality control system in main-
taining protein homeostasis (5). The method involved the use
of a biosensor that comprised a model protein that engages
with protein quality control machinery such as chaperones.
The biosensor reported on amount of the model protein
bound to quality control proteins (which we hereon call hol-
dase activity) and on the ability of quality control proteins to
repress inappropriate protein aggregation of the model pro-
tein. The model protein was a catalytically inactive variant of
the prokaryotic ribonuclease barnase. Unfolded barnase is
both permissive to aggregation and able to bind to Hsp70 and
Hsp40 family chaperones (5). Under equilibrium conditions,
barnase is either folded or unfolded, and the distribution of the
two species follows a two-state unfolding mechanism in vitro.
The proportion of unfolded barnase relative to folded barnase
can be predictably tuned by mutation (6). Hence, a panel of
barnase variants enable different biosensors tuned to different
ratios of folded versus unfolded proteins. When the biosensor
is expressed in cells, the proportion of folded proteins can be
measured by FRET through N- and C-terminal fusions to
fluorescent protein donors and acceptors (Fig. 1A). We pre-
viously showed that the abundance of unfolded barnase is
increased in cells relative to that predicted by analysis of pu-
rified proteins because of quality control machinery forming
complexes with the unfolded-like conformations of the
biosensor and partitioning it from the equilibrium of folding
(5). Therefore, alterations in quality control levels influence
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Figure 1. Targeting the barnase biosensor into the cytosol and nucleus. A, schematic of how the biosensor works (diagram adapted from Ref. (5)). The
barnase protein is used as the “bait” for chaperones and flanked with fluorescence proteins for FRET measurements. A nuclear localization sequence (NLS)
or nuclear export sequence (NES) is appended to the construct. B, shown is the relationship between mutations in barnase, the effect on standard free
energy of folding (ΔG�

F at 20 �C), and predicted fraction folded for the various biosensor variants used in the study. WT barnase is marked with * to denote
it contains the catalytic inactivation mutation H102A. This mutation is present in all constructs in the study. C, confocal images of HEK293T cells transiently
transfected with either nuclear- or cytosol-targeting biosensor variants. The nucleus and cell edges are indicated by dashed lines. The localization of the
biosensor is shown by Venus fluorescent protein fluorescence (yellow). Representative cells with only diffuse or aggregated proteins are shown. D, urea
denaturation curves of WT* barnase biosensor variants as measured in cell lysates by FRET. E, flow cytometry strategy for monitoring foldedness and
aggregation. Here, the donor and acceptor fluorescence of cells were measured by channels (FRET and donor fluorescence were gated by the PE (575/25)
and V500 (525/50) filters, respectively, with the 405 nm laser). The inset highlights the changes that arise for cells bifurcated into “upper” and “lower” slope
populations (division shown with red arrow). Representative cells collected from gates corresponding to the upper and lower slope populations imaged by
confocal microscopy (grayscale). The orange dashed line denotes the nucleus boundary and the cyan dashed line the cell boundary. HEK293T, human
embryonic kidney 293T cell line.

Protein homeostasis supply in the nucleus versus cytosol
the total abundance of unfolded-like barnase, which we can
detect by FRET, and therefore determine changes in the overall
quality control supply available as a measure of proteostasis
capacity.

The amount of biosensor aggregation can also provide a
measure of overall chaperone activity that acts on the
biosensor. Our prior work devised a strategy that quantita-
tively measured aggregation as a complementary approach to
foldedness (5). Here, we applied our biosensor system to
examine how proteostasis balance is affected specifically
within the nucleus and cytosol. We examine these local pro-
teostasis changes that result from different triggers of stress
2 J. Biol. Chem. (2022) 298(8) 102158
either globally to the cell or locally within the cytoplasm or
nucleus.
Results

Generation of nuclear-targeted biosensors and validation of
folding stabilities

The biosensor system comprises a suite of constructs
whereby the barnase moiety has been mutated to display
different standard free energies of folding (ΔG0

F), which define
the thermodynamic equilibrium of folding Kf (Fig. 1B). These
constructs contained a nuclear export sequence (NES), which
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leads to them being restricted to a cytosolic localization (5). To
direct the constructs to the nucleus, we removed the NES and
fused a nuclear localization sequence (NLS) from the SV40
protein to the N terminus (see Fig. 1A and Table 1 for se-
quences used). The biosensor containing WT* barnase (which
is marked with * to denote it contains the catalytic inactivation
mutation H102A that is used in all our constructs), as well as
four mutants, was efficiently targeted into the nucleus
(Fig. 1C).

Because the NLS and NES could themselves affect the
folding equilibrium, we measured their effect on folding by a
urea denaturation curve, which showed no noticeable differ-
ence (Fig. 1D). Hence, we concluded that the biosensors with
NLS and NES are amenable to directly measure and compare
protein homeostasis balances between the cytosol and nucleus.

The strategy to monitor both the abundances of unfolded
barnase and aggregation behavior involved a flow cytometry
protocol we previously developed (5). In essence, cells
expressing the biosensor bifurcate into two distinct FRET
populations when cells are gated on FRET fluorescence versus
donor fluorescence (Dataset S1). The two populations describe
cells with different expression levels of barnase and a corre-
sponding FRET signal that is linearly proportional to the donor
fluorescence signal (which is proportional to the abundance of
the barnase). We describe these two populations as the lower
slope and upper slope populations (Fig. 1E). The lower slope
population contains cells that display a lower FRET signal
relative to a particular concentration of barnase. We previously
had found by microscopy that these cells only contained sol-
uble barnase without visible biosensor aggregates (5) (i.e., a
mixture of medium and low FRET states; Fig. 1, A and E). The
upper slope population contains cells with a higher FRET
signal relative to a particular concentration of barnase, and we
showed previously that these cells were enriched with visibly
aggregated biosensor (5). The higher FRET signal relates to the
aggregates directing a high level of intermolecular FRET (5).
Because the two populations are linearly distributed, we can
deduce that the gradient of the linear regression through the
populations provides information on the conformational states
that barnase adopts in the cells. This assumption holds true for
Table 1
Sequence overview of the barnase biosensor constructsa

Biosensor variant layout

pTriEx4 barnase WTa + NES
MAHHHHHHGSGEQKLISEEDLGSGSGSGGHHRVDFKTIYRAKKAVKLPDYHF
EETTMGVIKPDMKIKLKMEGNVNGHAFVIEGEGEGKPYDGTNTINLEVKE
DKGIVKVKSDISMEEDSFIYEIHLKGENFPPNGPVMQKKTTGWDASTERM
EAQALGWVASKGNLADVAPGKSIGGDIFSNREGKLPGKSGRTWREADINYTS
GDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGS
TGKLPVPWPTLVTTLGYGLMCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKD
DKQKNGIKANFKIRHNIEGTDILQKKLEELELDE

pTriEx4 barnase WTa + NLS
MCGGGPKKKRKVEDPGGSGSGGHHRVDFKTIYR-
AKKAVKLPDYHFVDHRIEILNHDKDYNKVTVYESAVARNSTDGMDELYK
YDGTNTINLEVKEGAPLPFSYDILTTAFAYGNRAFTKYPDDIPNYFKQSFPE
KTTGWDASTERMYVRDGVLKGDVKHKLLLEGSGAQVINTFDGVADYLQT
GRTWREADINYTSGFRNSDRILYSSDWLIYKTTDAYQTFTKIRAAAMDGGVQ
ITLGMDELYKGGSGGMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDA
PEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY

a Sequences are coded as: mTFP1 fluorescent protein (cp 175); WT (WT)* barnase; Ve
the lower slope population whereby the FRET signal arises
from intramolecular interactions and reflects the combination
of unfolded and folded states of barnase in equilibrium (i.e., the
average signal of low and medium FRET states from Fig. 1A).
We refer hereon to the gradients derived from the linear
regression of the lower slope population as lower slope values.
However, for the upper slope population, the intermolecular
nature of the FRET confounds a similar interpretation for
enabling levels of aggregate to be estimated. Instead of slope
values as a measure of aggregation, we use membership of the
upper slope population as a binary indicator to whether an
aggregate is present or absent (more details are explained later
as to how we use that information quantitatively). We had
previously shown that elements of quality control machinery
including Hsp70 and Hsp40 proteins HSPA1A and DNAJB1,
respectively, can bind to unfolded biosensor and hold it in an
unfolded-like state that has a low FRET signal (5) as summa-
rized conceptually in Figure 1A. This binding creates a pool of
chaperone-bound biosensor that is partitioned from the
equilibrium of folding. Greater partitioning leads to lower
FRET signals, which can thus be used as a measure of the
capacity of the quality control system to engage with the
biosensor.

Next, we examined the effectiveness of protein quality
control systems to interact with the biosensor in the nucleus
versus the cytosol. For this, we examined four previously
characterized mutants of barnase that have variable ΔG0

F

values, which correlates to different proportions of folded to
unfolded barnase at equilibrium (Fig. 2A). The partly desta-
bilized barnase variants (I88G and V45T, L89G) had higher
lower slope values in the nucleus compared with the cytosol,
which suggested that these two mutants were more folded in
the nucleus (two-way ANOVA of the control samples pro-
vided I88G and V45T, L89G with p < 0.001 for both nucleus
versus cytosol). The corresponding differences were minimal
or negligible for WT* barnase and the most destabilized
mutant I25A, I96G (and not significant by two-way ANOVA,
with p > 0.05). We note that the lack of changes for WT* and
the I25A, I96G may arise through these variants being close to
the extreme ends of the dynamic range of the biosensor
VDHRIEILNHDKDYNKVTVYESAVARNSTDGMDELYKGASGGMVSKG
GAPLPFSYDILTTAFAYGNRAFTKYPDDIPNYFKQSFPEGYSWERTMTFE
YVRDGVLKGDVKHKLLLEGSGAQVINTFDGVADYLQTYHKLPDNYITKS
GFRNSDRILYSSDWLIYKTTDAYQTFTKIRAAAMDGGVQLADHYQQNTPI
GGMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKLICT
DGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYITA

GASGGMVSKGEETTMGVIKPDMKIKLKMEGNVNGHAFVIEGEGEGKP
GYSWERTMTFEDKGIVKVKSDISMEEDSFIYEIHLKGENFPPNGPVMQK
YHKLPDNYITKSEAQALGWVASKGNLADVAPGKSIGGDIFSNREGKLPGKS
LADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAG
TYGKLTLKLICTTGKLPVPWPTLVTTLGYGLMCFARYPDHMKQHDFFKSAM
NYNSHNVYITADKQKNGIKANFKIRHNIEGTKDEL

nus fluorescent protein (cp 173).
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Figure 2. Cytosolic Hsp70 and Hsp40 activity buffer against protein misfolding and aggregation. A, lower slope values derived from flow cytometry
analysis of HEK293T cells cotransfected with the biosensors, DNAJB1 and HSPA1A or control (a nonfluorescent derivative of GFP (Y66L Emerald (12)) for
48 h. Data points indicate biological replicates, and bars indicate means ± SD. Student’s t test results are shown (2-tailed; control versus overexpression);
***p < 0.001, **p < 0.01, *p < 0.05, ns ≥ 0.05. B, aggregation analysis (A50%) using the same treatments and conditions as for A. C, shown are immuno-
fluorescence micrographs of HEK293T cells transiently transfected with either V5-tagged Hsp40 or Hsp70 proteins (DNAJB1 and HSPA1A, respectively). The
nucleus is stained with Hoechst 33342 and chaperone with Cy5-labeled anti-V5 antibody (or isotype control for specificity). Graphs indicate quantitation
with paired Student’s t test results shown (2-tailed, paired); ***p < 0.001, **p < 0.01. Data points represent immunofluorescence intensity in single cells
(paired by mean). HEK293T, human embryonic kidney 293T cell line; ns, not significant.

Protein homeostasis supply in the nucleus versus cytosol
readouts. One explanation for the higher apparent foldedness
in the nucleus for the partially destabilized barnase mutants is
that there is less supply of chaperones in the nucleus that can
otherwise bind to the unfolded states of these variants and
hold them partitioned from the equilibrium of folding.
Another possibility is that differences in the FRET arise from
nonspecific effects arising from the cellular localization.

To test for whether cellular localization may explain the
results, we examined a biosensor variant whereby the barnase
moiety has been excised, which we call the linker variant. The
linker therefore contains mTFP1 flanked directly by Venus as a
tandem fluorescent protein heterodimer, and the FRET signal
should not report on changes in foldedness (5). The linker
target showed higher lower slope values in the cytosol
compared with the nucleus (1.76%; Fig. S1, A and B), which
therefore suggested that the localization affects the inherent
FRET independently to foldedness. However, these effects
were generally opposite in direction to the changes for the
biosensor variants (which ranged from 1.66% to 0.78%;
Fig. S1C), suggesting that the differences in foldedness were
larger than distinct off-target effects arising from the different
intracellular locations.

To examine whether the pool of chaperones that can bind to
the biosensor is lower in the nucleus than the cytosol, we first
assessed the aggregation propensity of the barnase biosensor
using a previously devised method of determining the con-
centration of barnase at which 50% of the cells contain ag-
gregates (A50%) (5). A50% values are derived from plots of the
proportions of cells partitioning in the upper slope population
for a given expression level of barnase in cells. This is achieved
by binning flow cytometry based on expression level and then
4 J. Biol. Chem. (2022) 298(8) 102158
deriving the proportion of cells that are in the upper slope
(Fig.S2 and Dataset S1). Consistent with prior findings (5),
WT* barnase did not aggregate meaning that there was no
upper slope population to derive an A50% value from. The less
stable barnase variants (i.e., those with higher ΔG0

F values) did
form upper slope populations, and hence, these variants were
amenable to derivation of A50% values (Fig. S2). The mutants
that were more destabilized had lower A50% values, indicating
their heightened propensity to form aggregates (Fig. 2B). For
all the barnase variants that aggregated, the A50% values were
lower in the nucleus compared with the cytosol (two-way
ANOVA comparing the cytoplasmic versus nucleus control
samples gave p < 0.0001 for all three mutants; Fig. 2B). These
results indicated that barnase is inherently more aggregation
prone in the nucleus than the cytosol and therefore
strengthens the conclusion that there are less quality control
proteins in the nucleus that are able to bind to and stabilize
barnase and prevent aggregation.
Hsp70 and Hsp40 chaperone systems more robustly mitigate
unfolded proteins from aggregating in the cytosol than the
nucleus

Hsp70 isoforms HSPA1B and HSPA8 were previously found
in immunoprecipitation experiments as major chaperone
interactors to the destabilized barnase mutants (5). The related
Hsp70 family member HSPA1A was also previously found to
modulate both the amount of unfolded-like barnase and the
amount of barnase aggregation, suggesting it could bind to and
stabilize an unfolded-like conformation of barnase (5). While
these Hsp70 isoforms are reported to be highly abundant in
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the cytosol (7), it was unclear as to how modulating their
supply might propagate changes in the nucleus or cytosol.

To investigate the effect of upregulating the chaperones, we
cotransfected HSPA1A and a specific Hsp40 cofactor DNAJB1
(8) with the barnase biosensors and analyzed the cells after
48 h culture. The transfected HSPA1A and DNAJB1 showed a
mostly cytosolic enrichment (Fig. 2C). Transfected HSPA1A
was present at the same level as the endogenous HSPA1A (i.e.,
total levels were twofold normal), whereas transfected Hsp40
was present at �48-fold higher concentration than normal
(Fig. S3). The cotransfected chaperones significantly reduced
the biosensor lower slope values in the cytosol (Fig. 2A),
consistent with a greater abundance of chaperone bound to
unfolded barnase. The treatments also increased the A50%

values indicating that the chaperones effectively suppressed
inappropriate aggregation (Fig. 2B). We also monitored the
effect of chaperone overexpression on the total level of the
I88G barnase aggregates versus WT* barnase with a pelleting
assay, which showed that the chaperones suppressed aggre-
gation of the cytosolic barnase, although in this context
appeared to slightly increase aggregation for nuclear barnase
(Fig. S4). The reason for the opposite readouts in the two as-
says regarding nuclear aggregation of the I88G is unclear but
may relate to challenges in efficiently lysing the nucleus in the
pelleting assay and the context of a small effect. Nonetheless,
the key point from these experiments is that overexpression
preferentially deepens the pool of chaperone supply in the
cytosol, which likely is explained by the transfected chaperone
being mostly restricted to the cytosol.

To further probe the role of Hsp70 activity, we inhibited
Hsp70 in cells (without overexpressed chaperones) using the
small-molecule inhibitor VER-155008, which competitively
binds to the ATP-binding pocket of Hsp70 family proteins
and impairs substrate binding (9). VER-155008 significantly
reduced the viability or growth rate of the cells after treat-
ment, which is consistent with its role in suppressing the
proteostasis systems (Fig. S5). VER-155008 increased the
lower slope values in the nucleus but not the cytosol (Fig. 3A;
and note that the flow cytometry assay only includes live cells
in the analysis). This result suggested that while Hsp40 and
Hsp70 proteins are more effective at binding barnase in the
Control + ver155008
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Figure 3. Effect of Hsp70 inhibition on the biosensor readouts. A, lower s
fection with the biosensors for 18 h and a further treatment with 20 μM Hsp7
biological replicates, and bars indicate means ± SD. Student’s t test results ar
*p < 0.05, ns ≥ 0.05. B, aggregation analysis (A50%) using the same treatments a
not significant.
cytosol, there was higher redundancy and flexibility in the
cytosol to absorb a reduced Hsp70 activity than in the nu-
cleus. This raises the possibility that the proteostasis more
broadly may be more vulnerable to collapse in the nucleus
upon stresses to proteostasis systems. However, the increased
sensitivity to proteostasis imbalance in the nucleus was not
seen in terms of aggregation. Indeed, aggregation of the
biosensor was far more disproportionately enhanced in the
cytosol than the nucleus (Fig. 3B). These findings suggested
that the correlation of holdase activity and aggregation can be
decoupled when specific elements of the proteostasis network
are impaired. This effect may arise through redundant hol-
dase activity in the cytosol from non-Hsp70 chaperones that
are overall less effective at preventing aggregation than
Hsp70.
Aggregation of mutant Htt exon 1 in the cytosol propagates
proteostasis imbalances in the cytosol and nucleus

Next, we investigated the quality control supply in the nu-
cleus and cytosol in the context of disease-related protein
misfolding and aggregation. For this, we coexpressed the bio-
sensors with mutant Huntington exon 1 fragment containing
97 glutamines in the polyglutamine repeat sequence
(Httex197Q) fused to GFP, which forms cytosolic perinuclear
inclusions in human embryonic kidney 293T (HEK293T) cells
(10). Mutant Httex1 fragments with polyglutamine sequences
longer than 36 glutamines accumulate into inclusion bodies in
neurons of Huntington’s disease patients and have been
implicated to direct a maladaptation in protein quality control
(11). Because the fluorescence of GFP interferes with our ca-
pacity to monitor FRET, we used a variant of GFP that is
nonfluorescent as characterized previously (12) and also added
a 6-amino acid tetracysteine motif for post hoc detection by
ReAsH biarsenical dye binding (13). Live cells were examined
for inclusions, which were detectable as spherical pearl-like
structures under transmission imaging of confocal micro-
scopy, imaged for FRET, and then post hoc analyzed by ReAsH
staining to validate the inclusion structure. Because we needed
to fix the cells after imaging, which reduces ReAsH staining,
we were not able to ascertain cells containing only diffuse
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cytosolic Httex197Q. Using this approach, we observed the
barnase biosensor as enriched at the periphery of the in-
clusions suggesting a degree of coaggregation or corecruitment
to the inclusions (Fig. 4A). This was both true for the WT*
barnase biosensor, which does not aggregate by its own voli-
tion, and for the nucleus-targeted biosensors suggesting that
the biosensors were kinetically trapped on the surface of the
Httex1 inclusion. This colocalization was directed to a partial
Figure 4. Huntingtin exon 1 aggregation in the cytosol manifests proteos
showing the values proportional to the fluorescence ratio of acceptor/donor (V
nonfluorescent mutant of GFP. Selected cells are those with Httex1 inclusions (m
procedures section. Nuclear-targeted biosensors are on the right and cytosolic-
the FRET map is color coded from blue to magenta to yellow corresponding to
of biosensor at the periphery of the Httex197Q inclusion. Arrows indicate region
cytoplasmic] barnase). C, quantitation of the data in B, tracking the recovery of
individual cell. Data are normalized to the starting fluorescence value (shown a
distal to the inclusion. FRET fluorescence was measured by exciting at 458 nm
emission). Each dot represents the average fluorescence derived from a single c
lines showing 95% confidence intervals. p Value was determined by two-taile
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extent by the barnase moiety, since the mTFP1 and Venus-
alone constructs were much less associated at the inclusion
surface (Fig. S6). To assess whether the biosensor was self-
aggregated at the molecular scale, we determined their FRET
using a ratiometric analysis of the fluorescence (Fig. 4A).
Indeed, the biosensor enriched at the inclusion periphery
appeared to have higher FRET than when more distal from the
inclusions in either the nucleus or the cytosol. We further
tasis imbalances in the nucleus and cytoplasm. A, confocal micrographs
enus/mTFP) of the biosensors coexpressed with mutant Httex197Q fused to a
arked with red arrows), identified post hoc as described in the Experimental

targeted biosensors are on the left (same format for each panel). The scale of
lowest to highest FRET. B, fluorescence recovery after photobleaching (FRAP)
of bleaching (white arrow for Httex1 inclusions and red for diffuse [nuclear or
fluorescence in the bleached zone. Each color depicts the time course of an
s a dashed line). D, confocal microscopy FRET fluorescence values within cells

(mTFP1 excitation) and collecting the emission at 510 to 560 nm (Venus
ell value. Solid lines show line of best fit from a linear regression with dashed
d t test.



Figure 5. Httex197Q-induced relocalization of the cellular reserves of
DNAJB1 and HSPA1A. A, quantitation of the immunofluorescence levels in
the nucleus or cytosol of cells with versus without inclusions of Httex197Q.
Data points represent either average immunostaining in regions of cells
(excluding the areas close to the inclusions) or differences of immuno-
staining intensity in individual cells between the nucleus and the cytosol.
Differences (means and SD shown of cells from one slide) assessed by t test
with significance defined as p < 0.05 (and **** for p <0.0001, *** for p <
0.001). B, immunostaining of endogenous DNAJB1 and HSPA1A in cells
expressing the Httex197Q. The scale bar indicates 10 μm.

Protein homeostasis supply in the nucleus versus cytosol
assessed the aggregation state using fluorescence recovery after
photobleaching (Fig. 4B). A small section of the biosensor was
targeted for bleaching on the periphery of the Httex1 inclu-
sion. Both nucleus- and cytosol-targeted biosensors showed
little to no recovery after bleaching, indicating the protein was
in an immobile state on the seconds timescale (Fig. 4C). By
contrast, diffuse biosensor instantly recovered within the first
seconds upon recovery, which is consistent with its unag-
gregated status.

Because the aggregation of the biosensor at the periphery of
the inclusion is a confounding factor in whole-cell fluores-
cence analysis by our flow cytometry methods, we instead
measured FRET by microscopy targeting small subregions of
the cells away from the inclusions. This analysis revealed that
the presence of Httex197Q inclusions had no bearing on the
FRET of the WT* barnase biosensor outside that associated
with the inclusion periphery (Fig. 4D). By contrast, the I88G
barnase biosensor showed significantly changed FRET values
in regions outside the Httex197Q inclusions compared with
cells without inclusions at all. In the case of the I88G barnase
biosensor targeted to the cytosol, the FRET was increased,
which suggested a reduced overall holdase activity of chaper-
ones in the cytosol arising from Httex197Q aggregation.
However, in the case of the I88G barnase biosensor targeted to
the nucleus, the FRET was decreased. This result is consistent
with an elevated holdase activity in the nucleus when
Httex197Q aggregates form.

This result therefore suggests that when protein aggregation
occurs in the cytosol that cells can move a subset of quality
control machinery (holdases) from the cytosol into the nucleus
as part of a global coordinated stress response. To test whether
this effect arises through increased nuclear accumulation of
DNAJB1 and HSPA1A in cells with Httex1 inclusions, we
performed immunofluorescence to measure endogenous
DNAJB1 and HSPA1A levels. When Httex197Q was coex-
pressed, both DNAJB1 and HSPA1A were also recruited to the
surface of the inclusions suggesting a level of sequestration
(Fig. 5A). The levels of endogenous DNAJB1 in the nucleus
were decreased, and the levels of Hsp70 in the cytosol away
from the inclusion were decreased (Fig. 5). These data
collectively suggested that the sequestration of the chaperones
by the Httex1 inclusion reduces the wider supply of these
chaperones in both the nucleus and the cytosol. As such, these
data are not consistent with an increased holdase activity
arising from there being more DNAJB1 and HSPA1A trans-
ported into the nucleus. One explanation to account for this
result is that other chaperone systems are deployed to bind to
unfolded biosensor when Httex1 inclusions form, or that there
is altered activity of other proteostatic functions such as
degradation.
Discussion

Our studies show that the balance of resources required to
manage proteostasis is different in the cytosol relative to the
nucleus. We find evidence for there being a lower supply of
Hsp40 and Hsp70-based chaperone capacity in the nucleus
that is able to bind to the unfolded barnase and prevent its
aggregation. When we supplemented the cells with additional
Hsp70 and Hsp40 protein by their overexpression (HSPA1A
and DNAJB1), we increased holdase activity in the cytosol
and lowered the aggregation potential consistent with
these chaperones exerting a critical activity to bind
unfolded proteins and prevent their aggregation. When we
J. Biol. Chem. (2022) 298(8) 102158 7
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pharmacologically inhibited the Hsp70 chaperone system, we
observed a disproportionate impact on aggregation in the
cytosol, concordant with the cytosol being more dependent
on Hsp40 and Hsp70 chaperone–based networks to prevent
protein aggregation. We further found that the presence of
Httex1 inclusions could sequester total cellular levels of
DNAJB1 and HSPA1A, which was detrimental to barnase
aggregation in the cytosol, but led unexpectedly to an
apparent increase in holdase activity in the nucleus through
seemingly distinct quality control mechanisms (discussed
later in more detail).

Overall, these results are consistent with the greater
requirement of the Hsp70 chaperone system to engage with
unfolded or aggregation-prone proteins in the cytosol. This
finding is consistent with the high abundance of these chap-
erones in the cytosol (7), which is not surprising given that
most proteins are synthesized in the cytosol or endoplasmic
reticulum. Our findings are in agreement with prior work
suggesting that the nucleus was more sensitive to heat stress
compared with a variety of other organelles using luciferase
targeted to different organelles (14). In that study, HSPA1A
overexpression could also improve the refolding of denatured
luciferase in the cytosol and the nucleus when targeted to
those compartments. A heat shock treatment, which upregu-
lated Hsp70 levels, could also induce the preconditioning of
cells to protect from luciferase heat denaturation in both the
cytosol and the nucleus (14).

Our findings with mutant Httex197Q indicate that the ag-
gregation in the cytosol can manifest dysfunction in quality
control capacity in both the cytosol and nucleus. Consistent
with prior findings that protein aggregation can sequester
quality control resources away from “housekeeping” activities
and lead to metastably folded proteins aggregating (15), we
found that the pool of resources binding to unfolded barnase
biosensor decreased in the cytosol. Prior studies have found
that Hsp70 and Hsp40 proteins are recruited into inclusions
formed by Httex197Q and similar proteins with expanded
polyglutamine sequences (16–19). One function for this
recruitment may be disaggregation, in light of recent findings
showing the Hsp70-based chaperone machinery can dissociate
amyloid fibrils (20). More unexpected however was the finding
that there was an increase in unfolded barnase in the nucleus,
which suggests that chaperones are redirected into the nucleus
under stress to form a complex with the unfolded biosensor.
Hsp70 is known to translocate from the cytosol into the nu-
cleus upon heat shock (21–23), suggesting there is a dynamic
capacity for quality control machinery activity in the nucleus
under times of stress. This translocation is regulated by the
Hikeshi nuclear import carrier, which is crucial for cells to
recover from heat shock stress (24). DNAJB1 can also deliver
misfolded protein into the nucleus for degradation (25).
However, our data suggest that the chaperones that are
recruited to this role for the barnase biosensor are indepen-
dent to DNAJB1 or HSPA1A since these become depleted in
the nucleus when Httex1 forms cytosolic inclusions. Candidate
systems that might be engaged under such situations include
the small heat shock protein family, which are known to buffer
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proteins from aggregating under acute proteome stress and
which can relocalize to the nucleus after heat shock (26, 27).
An alternative possibility is that the increased unfolded bar-
nase in the nucleus is caused by changes in other proteostastic
functions. We performed investigations to look at degradation
of the biosensors in the presence of translation inhibitor
cycloheximide, but the generally slow rate of degradation and
variable nature of the degradation rates across different cells
meant our findings were inconclusive (not shown).

The other curious result from our study was the recruitment
of WT* barnase biosensor to the Httex197Q inclusion. We have
never observed the WT* biosensor to aggregate when
expressed on its own suggesting that the inclusion provides a
mechanism to recruit this protein to the surface. We also saw a
small amount of mTFP1 recruit to the inclusion but little
Venus, when these proteins were expressed alone, suggesting
that the phenomenon may extend to other proteins more
generally. One interesting possibility is that a small fraction of
proteins that remain in complex with chaperones can be
recruited to the surface of the inclusion by Hsp70-based triage
mechanisms that more generally handle misfolded proteins in
the cell. The different extent of WT* biosensor foldedness in
the nucleus compared with the cytoplasm supports the
conclusion that some of the WT* barnase is partitioned from
the equilibrium of folding in an unfolded-like state. Discrete
bodies containing misfolded protein including the JUNQ,
aggresome, and Q-bodies have been proposed as cellular de-
pots for processing protein aggregates and are enriched with
different Hsp70 and Hsp40 proteins (28, 29). In addition,
Hsp70 has been proposed to engage with the surface of protein
aggregates to act as a disaggregase (20). Hence, the capture of
WT* biosensor may be indicative of a wider network of
chaperone–client interactions, protein aggregate bodies in the
cell, and a broader interconnected quality control network.
And thus chaperones may have a broader function as a kind of
lubricant constantly interfacing with unfolded proteins and
aggregating proteins.
Experimental procedures

Expression constructs

The cytosolic FRET barnase biosensor library expressed in
the pTriEx4 vector was prepared as previously described (5). In
brief, the barnase moiety was flanked by circularly permuted
mTFP1 cp175 and Venus cp173 fluorescent proteins. Nuclear
localized FRET barnase was generated by the addition of an
N-terminal SV40 NLS to the original cytosolic barnase using a
synthesized gene cassette containing the relevant localization
sequences (GeneArt [Thermo Fisher Scientific]) and standard
restriction endonuclease–based ligation methods. For gener-
ation of individual mutants of targeting biosensor, the WT*
barnase biosensor kernel was replaced by the barnase mutant
of choice. This was achieved by double digestion of both the
desired barnase mutant and nuclear targeting construct plas-
mids at BamHI and KpnI restriction sites. The tetracysteine-
tagged Httex1 construct containing a tetracysteine tag at the
C terminus of the Httex1 (TC1 (13)), and a nonfluorescent
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mutant of Emerald fluorescent protein (Em), Y66L (12), was
generated in-house to yield a plasmid named Httex197QTC1-
Em Y66L in the pT-Rex vector (Invitrogen). The pT-Rex Em
Y66L construct alone was also generated in-house as described
previously (12). V5-tagged chaperone proteins were overex-
pressed from pcDNA5/FRT/TO V5 DNAJB1 and pcDNA5/
FRT/TO V5 HSPA1A provided as gifts from Harm Kampinga
(30) via Addgene.

Cell culture

HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% (w/v) fetal calf serum
and 1 mM glutamine in a 37 �C humidified incubator with 5%
v/v atmospheric CO2. Cells were seeded in poly-L-lysine–
coated plates. For microscopy experiments, cells were plated at
3 × 105 cells/ml in an 8-well μ-slide (Ibidi). For flow cytometry
experiments, cells were seeded at 1.1 × 105 cells/ml in a 48-
well plate. Cells were transiently transfected with Lipofect-
amine 3000 reagent as per manufacturer’s instructions (Life
Technologies, Thermo Fisher Scientific). For Barnase and
Httex1 cotransfections, the transfection was done in a way to
decouple the expression of the two plasmids.

HSP70 was inhibited with 20 μM VER-155008 (catalog no.:
SML0271; Sigma–Aldrich) in culture media for 18 h.

Microscopy

Cells were imaged on a TCS SP5 confocal microscope or
LCS SP8 confocal microscope (Leica Biosystems). For anti-
V5 immunofluorescence, cells were fixed in 4% w/v para-
formaldehyde for 15 min at room temperature, washed with
PBS, and permeabilized in 0.5% v/v Triton X-100 in PBS
(Sigma–Aldrich) for 30 min. After incubation in blocking
solution (5% w/v bovine serum albumin [BSA] in 0.3% v/v
Triton X-100 in PBS), cells were incubated with anti-V5
(1:250 dilution in 1% w/v BSA in 0.3% v/v Triton X-100
in PBS) (catalog no.: ab27671; Abcam) overnight at 4 �C.
Cells were then washed in 1% w/v BSA in 0.3% v/v Triton
X-100 in PBS before being stained with anti-mouse cy5
(1:500 dilution in PBS) for 30 min at room temperature.
Prior to confocal imaging, cells were stained with Hoechst
33342 (Thermo Fisher Scientific).

For anti-Hsp40 and Hsp70 immunofluorescence, cells were
fixed with prechilled methanol (−20 �C) for 7 min at 4 �C and
washed extensively with PBS, ensuring that the samples did
not dry out in between wash steps. Cells were blocked in 5%
w/v BSA in PBS for 30 min and stained with either mouse
anti-Hsp40 antibody (Abcam; catalog no.: ab78437; 1:200
dilution) or mouse anti-Hsp70 antibody (Abcam; catalog no.:
ab5439; 1:50 dilution) for 2 h at room temperature. Cells were
then washed with PBS and incubated with antimouse Cy5
(1:500 dilution in PBS) for 1 h. Cells were washed with PBS,
and the nucleus was stained with Hoechst 33342 before
imaging.

For ReAsH staining, 24 h post-transfection, cells were
washed twice with Hank’s balanced salt solution (HBSS) and
stained with 1 μM ReAsH and 10 μM 1,2-ethanedithiol in
HBSS for 30 min at 37 �C. Cells were then washed with
250 μM BAL for 15 min at 37 �C followed by a final wash in
HBSS.
Image analysis

Confocal images were analyzed using custom analysis
scripts for FIJI (31) and Python (version 3.6.7; Python Software
Foundation), available alongside example datasets at doi.org/
10.5281/zenodo.5661911.

In the case of immunofluorescence measurements, whole
cells, nuclei and, where necessary, Httex1 inclusions, were
initially identified using the machine learning package Cell-
Pose (32). Segmentation was performed on the Cy5-labeled
anti-V5 antibody (633 nm excitation, 650–750 nm emission),
Hoechst (405 nm excitation, 410–450 nm emission), and
enhanced GFP (488 m excitation, 490–520 nm emission)
channels to identify the whole cell, nuclei, and inclusion re-
gions of interest (ROIs), respectively. The accuracy of each
round of segmentation was manually inspected before per-
pixel information for each ROI collected, and then the nuclei
and inclusion ROIs were removed from the whole-cell ROI to
yield the cytosolic population. Finally, the fluorescence in-
tensity for the nucleus and cytosol was determined from the
mean of all pixels in each compartment.

To quantify fluorescence recovery after photobleaching,
ROIs for individual bleach spots were defined via automatic
Otsu thresholding of the first bleaching frame. Identical ROIs
were then manually placed for the adjacent (nonbleached) and
background regions. Where necessary, ROI positions were
manually adjusted across time points to account for cellular
drift. The mean intensity was calculated for each ROI, and
both bleached and nonbleached ROIs were then corrected
against the corresponding background ROI for each time
point, generating Bcorr and NBcorr, respectively. The ratio of
Bcorr/NBcorr at each time point was finally normalized to the
prebleach ratio of Bcorr/NBcorr to yield the relative recovery.

In the case of FRET measurements, whole cells, nuclei, and
Httex1 inclusions were initially identified using CellPose (32)
as described previously. In this case, segmentation was per-
formed on the acceptor channel (488 nm excitation,
510–560 nm emission), computationally inverted acceptor
channel, and ReAsH channel (561 nm excitation, 610–680 nm
emission) for whole cells, nuclei, and inclusions, respectively.
After manual inspection to ensure the accuracy of each round
of segmentation, per-pixel intensity values for each ROI were
collected. In the case of cytosolic barnase variants, both the
nuclei and aggregate features (which included both Httex1
inclusions and the surrounding accumulated barnase) were
excluded from the whole cell to yield the diffuse barnase
population. In the case of nuclear barnase variants, aggregate
features (which included both Httex1 inclusions and the sur-
rounding accumulated barnase) within the nuclei ROI were
similarly excluded to yield the diffuse barnase population.
Finally, the relative FRET for each ROI was calculated as the
mean pixel intensity in the FRET channel (458 nm excitation,
510–560 nm emission).
J. Biol. Chem. (2022) 298(8) 102158 9
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Ratiometric FRET maps were created using Fiji via a pixel-
wise division of the FRET channel by the mTFP channel. The
resultant image was then multiplied by a binary cell mask
derived from manual thresholding of the Venus channel
(whereby the threshold was set to capture the maximal number
of cells above the threshold) to remove the background pixels.

Flow cytometry

After 24 h (drug treatments) or 48 h (cotransfections) post-
transfection, cells were washed and harvested by gentle
pipetting in PBS. Cells were analyzed via flow cytometry as
described previously (5). In short, 150 μl of cell suspension was
analyzed at a flow rate of 3 μl/s on a BD LSRFortessa Cell
Analyzer (BD Biosciences). Acceptor (Venus) fluorescence was
collected with the 488 nm laser and FITC (530/30) filter.
Acceptor sensitized emission (FRET) and donor (mTFP1)
fluorescence were collected with the 405 nm laser with PE
(575/25) and V500 (525/50) filters, respectively. All flow
cytometry data were processed with FlowJo (version 10; Tree
Star, Inc) to exclude cell debris, cell aggregates, and untrans-
fected cells. The Venus channel was compensated to remove
bleed through from mTFP1 and FRET channels using donor
only. Data were analyzed in MATLAB (version 9; Math-
Works). The gating strategy and associated data analysis pro-
tocols are detailed previously (33).

Urea denaturation curves

Urea denaturation curves were measured on cell lysates
expressing the biosensors in 96-well format. In essence, 80 μl
of samples were prepared containing 0 M to 8 M urea in PBS.
Lysates were prepared from cells 24 h after transfection (WT*
with NES and NLS tags) by pipetting in 20 mM Tris (pH 8.0),
2 mM MgCl2, 1% v/v Triton X-100, 1× EDTA-free protease
inhibitor (Roche), 150 mM NaCl, 20 U ml–1 benzonase, and
1 mM PMSF. Aggregates and cell debris were pelleted by
centrifugation at 16,000g for 10 min at 4 �C. About 5 μl su-
pernatant was added to each urea concentration. As the
measurements were ratiometric and both fluorophores were
on the same molecule, samples were not matched for protein
concentration. Fluorescence readings (430 nm excitation,
492 nm emission and 532 nm emission) were measured at
23 �C using a Clariostar microplate reader (BMG Labtech)
every 15 min for 4 h. Relative FRET efficiencies (calculated as
acceptor fluorescence/[donor fluorescence + acceptor fluo-
rescence]) were averaged across readings and fit to a two-state
unfolding model as described previously (5).

Western blot

HEK293T cells were transfected with DNAJB1 or HSPA1A
and harvested 48 h post-transfection. Cells were pelleted
(200g, 6 min) and resuspended in radioimmunoprecipitation
assay lysis buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1% v/v
Triton X-100, 0.5% v/v sodium deoxycholate, 0.1% v/v
SDS, 250 U benzonase, and supplemented with cOmplete
EDTA-free Protease Inhibitor Cocktail pills [Roche]) and
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incubated on ice for 30 min. Lysate was matched for total
protein by Bicinchoninic Acid kit (Thermo Fisher Scientific;
catalog no.: 23225), and specific amounts of protein were
loaded on to a TGX Stain-Free FastCast Acrylamide gel (Bio-
Rad; catalog no.: 1610185) and transferred to the blotting
membrane with an iBlot2 gel transfer device (Thermo Fisher
Scientific; catalog no.: IB21001) and a polyvinylidene
difluoride iBlot2 transfer stack (Thermo Fisher Scientific;
catalog no.: IB24001). The membrane was blocked with 5% w/
v BSA in Tris-buffered saline (TBS) for 1 h at room temper-
ature. Anti-Hsp40 (Abcam; catalog no.: ab69402) and anti-
Hsp70 (Abcam; catalog no.: ab194360) were diluted 1:10,000
and 1:4000, respectively, in 5% w/v BSA in TBS containing
0.1% v/v Tween-20 and incubated on the membrane for 1 h at
room temperature. The membranes were then incubated in
anti-rabbit secondary (Invitrogen; catalog no.: 65-6120;
1:20,000 dilution) or antimouse secondary (Thermo Fisher
Scientific; catalog no.: 31430; 1:20,000 dilution) in TBS con-
taining 0.1% v/v Tween-20 for 1 h at room temperature.
Horseradish peroxidase was detected by enhanced chem-
iluminescence (Bio-Rad; catalog no.: 17050S) using the
ChemiDoc MP Imaging system (Bio-Rad). For analysis, the
band intensities were measured and background intensities
were subtracted using the ImageLabs software (Bio-Rad). For
each replicate, band intensity was normalized to the
untransfected sample, and the normalized values were plotted
and linear regression calculated. Fold overexpression was
calculated as ([band intensitychaperone – band intensityun-
transfected]/band intensityuntransfected).

Aggregation pelleting assay

At 48 h post-transfection, cells were harvested by lifting
from the plate and pelleting (200g, 6 min). The pellets were
resuspended in M-PER (Thermo Fisher Scientific; catalog no.:
78501) and incubated with shaking for 10 min. The resultant
lysates were adjusted with M-PER so that they were all the
same concentration of total protein by Bicinchoninic Acid kit
(Thermo Fisher Scientific; catalog no.: 23225) and then spun at
16,000g for 30 min to pellet aggregates. The supernatant was
transferred to a new tube, and the pellet was resuspended in
M-PER to match the supernatant volume. The supernatant
and pellet suspensions were transferred to black 384-well plate
for measurement of Venus fluorescence (513 nm excitation,
570/60 nm emission) using a Clariostar microplate reader
(BMG Labtech).

CellTitre-Glo assay

At 24 h post-transfection, HEK293T cells were detached
from the plate by gentle pipetting in PBS. The cell suspensions,
and a media-only control, were transferred to a white 96-well
plate and equilibrated at room temperature for 30 min.
Reconsitintued CellTitre-Glo reagent (Promega; catalog no.:
G7570) was added to each well and incubated on an orbital
shaker for 2 min followed by incubation at room temperature
for 10 min. Luminesence was measured using a Clariostar
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microplate reader (BMG Labtech) according to the CellTitre-
Glo manufacturer’s instructions.
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