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Abstract

Small heat shock proteins (sHSPs) are essential ATP-independent chaperones that protect the cellular
proteome. These proteins assemble into polydisperse oligomeric structures, the composition of which dra-
matically affects their chaperone activity. The biomolecular consequences of variations in sHSP ratios,
especially inside living cells, remain elusive. Here, we study the consequences of altering the relative
expression levels of HspB2 and HspB3 in HEK293T cells. These chaperones are partners in a hetero-
oligomeric complex, and genetic mutations that abolish their mutual interaction are associated with myo-
pathic disorders. HspB2 displays three distinct phenotypes when co-expressed with HspB3 at varying
ratios. Expression of HspB2 alone leads to formation of liquid nuclear condensates, while shifting the sto-
ichiometry towards HspB3 resulted in the formation of large solid-like aggregates. Only cells co-
expressing HspB2 with a limited amount of HspB3 formed fully soluble complexes that were distributed
homogeneously throughout the nucleus. Strikingly, both condensates and aggregates were reversible,
as shifting the HspB2:HspB3 balance in situ resulted in dissolution of these structures. To uncover
the molecular composition of HspB2 condensates and aggregates, we used APEX-mediated proximity
labelling. Most proteins interact transiently with the condensates and were neither enriched nor depleted
in these cells. In contrast, we found that HspB2:HspB3 aggregates sequestered several disordered pro-
teins and autophagy factors, suggesting that the cell is actively attempting to clear these aggregates. This
study presents a striking example of how changes in the relative expression levels of interacting proteins
affects their phase behavior. Our approach could be applied to study the role of protein stoichiometry and
the influence of client binding on phase behavior in other biomolecular condensates and aggregates.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Small heat shock proteins (sHSPs) are ATP-
independent molecular chaperones that are part of
(s). Published by Elsevier Ltd.This is an open ac
the cellular protein quality control system which
defends the integrity of the proteome.1 sHSPs have
the ability to bind a large variety of non-native and
misfolded proteins, thereby delaying the formation
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of irreversible protein aggregates.2 After being
bound by sHSPs, misfolded proteins are either
degraded by the proteasome or autophagosomes,
or refolded by ATP-dependent chaperones, such
as HSP70.3–7 As misfolding and aberrant aggrega-
tion of proteins are central to the etiology of numer-
ous degenerative diseases8, it is not surprising that
mutations in sHSP genes have been linked to vari-
ous pathological conditions.9

The human genome encodes ten sHSPs (HspB1-
HspB10), which strongly vary in their tissue
expression pattern and levels (Figure S1(A-B)).
Four sHSPs (HspB1, HspB5, HspB6, and HspB8)
are ubiquitously expressed at relatively high
levels,10 while others are predominantly expressed
in specific tissues (Figure S1(A-D)). For instance,
HspB2 (also known as MKBP) and HspB3 (also
known as HspL27) are upregulated during myoblast
differentiation11 and highly expressed in heart and
skeletal muscle (Figure S1(C)).11–13 All sHSPs con-
tain a highly conserved a-crystallin domain (ACD) at
their core, which is responsible for the formation of
dimers that may ultimately assemble into polydis-
perse oligomeric complexes up to 1000 kDa in
size.14 The ACD is flanked by less conserved, flex-
ible N- and C-terminal regions, which are important
for the stabilization of these oligomeric com-
plexes,15–16 and may also mediate phase
separation.17

A recent study has shown that, in differentiating
myoblasts, HspB2 forms both nuclear foci that do
not contain HspB3, as well as cytoplasmic foci
that colocalize with HspB3.18 These findings indi-
cate that HspB2 and HspB3 can form multimeric
assemblies of diverse compositions in vivo. The
dynamics, molecular composition and functional
significance of these different structures is currently
unknown. By contrast, it has been shown that
HspB2 and HspB3 form a stable hetero-tetrameric
complex with a well-defined 3:1 ratio in vitro.19,20

While it remains unclear if these chaperones inter-
act in the sameway in living cells, it is likely that their
balanced expression is important for their subcellu-
lar distribution and chaperone activity.21 The impor-
tance of a tightly regulatedHspB2:HspB3 balance is
underscored by the fact that a mutation in HspB3
which disrupts the interaction between the two pro-
teins results in aberrant HspB2 phase separation
that ultimately leads to myopathy.18 Thus far, the
effects of variation in relative HspB2:HspB3 expres-
sion levels on complex formation and distribution
inside livings cells remain enigmatic.18 Identification
of potential sequestered proteins and additional
interactors may help uncover the role of small heat
shock protein foci, thereby further elucidating their
function and involvement in the development of
degenerative diseases.
Here, we show that HspB2 forms nuclear foci

through liquid–liquid phase separation in the
absence of HspB3. Co-expression of a limited
amount of HspB3 resulted in dissolution of HspB2
2

condensates and homogeneous distribution of
HspB2 in the nucleus, while further shifting the
balance towards HspB3 resulted in the formation
of nuclear and cytoplasmic aggregates. The
cytoplasmic aggregates in particular can be very
large and dramatically impact nuclear morphology.
To elucidate the composition of HspB2
condensates and HspB2:HspB3 aggregates, we
used proximity labeling mediated by the
engineered peroxidase APEX.22 We found that
HspB2:HspB3 aggregates were highly enriched
for core autophagy factors, such as SQSTM1 (also
known as p62), suggesting that these aggregates
are targeted by the autophagosome. In contrast,
very few proteins were strongly enriched or
depleted in nuclear HspB2 condensates, suggest-
ing that most proteins are able to transiently shuttle
in and out of the condensates.

Results

HspB2 forms condensates through
liquid–liquid phase separation

As a member of the sHSP family,16 HspB2 con-
tains the characteristic a-crystallin domain (ACD)
domain, flanked by less structurally defined N-
and C- terminal tails (Figure 1(A)). Moreover, the
C-terminal tail is highly enriched in negatively
charged amino acids, including a repeat of five glu-
tamic acid (E) residues (Figure 1(A)). In recent
years, it has become evident that disordered
regions in proteins can serve important biological
functions23–24 and may mediate the formation of
condensates through liquid–liquid phase separa-
tion.25 Indeed, it has been shown that HspB2 phase
separates into nuclear condensates in differentiat-
ing myoblasts.18 However, what is not yet clear is
how variations in relative expression levels of
sHSPs, such as HspB2 and HspB3, can alter their
phase behavior.
Here, we used HEK293T cells to study the effects

of altering the relative HspB2:HspB3 expression
levels, as these cells do not express HspB2 and
HspB3 endogenously. We found that HspB2 forms
nuclear foci when overexpressed in HEK293T
cells (Figure 1(B)). To assess the contribution of
the disordered N- and C- termini to the formation
of these nuclear HspB2 foci, we generated
truncation mutants lacking these tails
(schematically shown in Figure 1(A)). While
removal of the N-terminus (DN) did not affect
HspB2 localization, removal of the negatively
charged C-terminal tail (DC) abolished the
formation of nuclear foci, and resulted in a diffuse
nuclear distribution of the truncated HspB2 protein
(Figure 1(B)), similar to what was observed
previously in differentiating myoblasts.18

The circularity of the nuclear foci implies a liquid
state, suggesting that liquid–liquid phase
separation may underlie their formation. To prove
the liquid nature of these foci, we performed live



Figure 1. HspB2 phase separation into nuclear liquid droplets is regulated by its disordered C-terminus (A)
Schematic representation of the HspB2 protein, with the a-crystallin domain (ACD) indicated in grey. Indicated below
are the truncation mutants DN and DC used in (B). The disorder score was determined using IUPRED3. On the
bottom, the position of positively (blue; lysine, arginine, and histidine) and negatively (red; aspartic acids and glutamic
acid) charged amino acid residues is indicated. (B) Confocal microscopy images of HEK293T cells expressing the
transgenic constructs depicted in (A), stained using an antibody against HspB2. The scalebar represents 10 mm. (C)
Screenshots taken from a video of a HEK293T cell expressing (GFP)-HspB2. Imaging started � 16 hours after
transfection and continued for �15 minutes with an image being taken every 2 seconds. Droplets that will undergo
fusion are indicated by closed arrowheads, the fused droplet is indicated by an open arrowhead. The scalebar
represents 10 mm. (D) Average GFP-HspB2 fluorescence intensity distribution of cells transfected with GFP-HspB2
and untagged HspB2 at a 1:8 ratio. The diffuse (non-condensate) GFP-HspB2 signal was quantified in cells in which
condensates were formed (red) and in cells lacking observable condensates (blue). Line and whiskers indicate the
mean and standard deviation. A Kolmogorov-Smirnov non-parametric test was performed to determine statistical
significance. See also Figure S2 and Videos S1-3.
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imaging and fluorescence recovery after
photobleaching (FRAP) of HEK293T cells
expressing HspB2 and GFP-tagged HspB2 at a
1:8 ratio. At this ratio, the GFP-HspB2 signal
recapitulated the nuclear foci previously observed
for untagged HspB2 alone (Figure S2(A)). During
live imaging, we predominantly observed
dynamically moving nuclear droplets (Video S1),
which fuse upon collision (Figure 1(C) and Video
S2), proving their liquid nature. As liquid–liquid
phase separation is known to occur above a
threshold protein concentration,25 we quantified
the average fluorescence intensity of the diffuse
(non-condensate) signal in cells containing HspB2
condensates and in cells lacking condensates. We
found that condensates indeed form above a
defined threshold concentration (Figure 1(D)), fur-
ther supporting that liquid–liquid phase separation
3

underlies their formation. Finally, we found that
the fluorescence signal recovers quickly after partial
photobleaching of a condensate (Figure S2(B),
Video S3A), indicating fast protein diffusion within
the droplet. Together, these data show that HspB2
forms nuclear droplets through liquid–liquid phase
separation, and that the disordered C-terminus is
required for this phase separation.

Co-expression of HspB3 disrupts the
formation of HspB2 condensates

As HspB2 directly interacts with HspB3,18–20 we
next assessed the effect of HspB3 co-expression
on the subcellular localization and phase behavior
of HspB2. We first determined how the ratio of
transfected HspB2:HspB3 plasmid DNA correlates
to the amount of protein produced (Figure S3(A-D)
and accompanying legend). While this correlation
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was not linear, the amount of transfected plasmid
DNA strongly correlated with the amount of protein
produced. We then investigated which phenotypes
emerged from co-expressing HspB2 and HspB3 at
different ratios. While HspB2 localized to nuclear
condensates in the absence of HspB3, co-
expression of a small amount of HspB3 resulted in
a diffuse nuclear distribution of HspB2, reminiscent
of the stable and soluble HspB2-HspB3 oligomers
that were reported in vitro (Figure 2(A)). Interest-
ingly however, we observed that co-expression of
a larger amount of HspB3 resulted in the localiza-
tion of HspB2 to amorphous structures, both in the
nucleus and in the cytoplasm. Although it is not
known if these structures contain irretrievably dam-
aged proteins (and as such can be considered ‘real’
4

aggregates26) or whether the proteins contained
within retain some of their biological function, we
opted to use the term “aggregate” to refer to these
amorphous HspB2:HspB3 structures throughout
the manuscript.
While nuclear HspB2 condensates are

dynamically moving circular droplets, HspB2:
HspB3 aggregates are much more static (Video
S4), irregularly shaped (Figure 2(C-D)) and do not
recover after photobleaching (Figure S2(B), Video
S3B-C), suggesting a more solid-like composition.
Both the small HspB2 condensates, as well as the
nuclear HspB2:HspB3 aggregates displaced
chromatin (Figure 2(B)), potentially affecting gene
expression and other nuclear processes.
Nonetheless, we did not observe obvious
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detrimental effects on cell survival or proliferation
for any of the HspB2:HspB3 expression ratios
used (Figure S3(E)).
To verify that some aggregates at high HspB3

levels are indeed cytoplasmic, we combined
HspB2 imaging with staining of Lamin A and
Lamin B1; structural components of the nuclear
lamina which line the inner membrane of the
nuclear envelope.27 This experiment showed that
these large aggregates are indeed outside the
nuclear perimeter (Figure S4(A)), underscoring that
HspB2 and HspB3 can aggregate in both nuclear
and cytoplasmic aggregates. Remarkably, we
found that in cells containing HspB2 condensates,
a fraction of the Lamin B1 colocalized with HspB2
(Figure S4(A-B)). In these cells, Lamin B1 still
showed a continuous lining of the nuclear envelope,
suggesting that the integrity of the envelope was not
compromised by this sequestration. In contrast with
a previous study in myoblasts,18 we did not observe
colocalization of HspB2 with Lamin A (Figure S4(C-
D)), suggesting that Lamin A sequestration in
HspB2 condensates formed in myoblasts is likely
mediated by factors that are not expressed in
HEK293T cells.
To measure HspB2 subcellular localization, and

to quantify the number, volume, and relative
intensities of HspB2 condensates and HspB2:
HspB3 aggregates, we performed high-throughput
3D imaging, followed by automated image
analysis (see Figure S5 and accompanying
Supplemental text for validation of the method).
First, we assessed subcellular localization globally
Figure 2. Relative HspB2:HspB3 levels determine the f
HspB2:HspB3 aggregates (A) Confocal images of HEK29
HspB2, or HspB2:HspB3 aggregates. GFP-tagged HspB2 w
visualize the protein directly (also for (I)). The scalebar
aggregates and the arrows designate the direction along w
Histograms depicting HspB2 and DAPI signal intensities al
circularity of HspB2 condensates and HspB2:HspB3 aggre
circularity (y-axis) of HspB2 condensates and HspB2:HspB3
nucleus and cytoplasm in HEK293T cells containing HspB2
aggregates. (F) Scatter plot depicting the volume (x-axis
condensates and HspB2:HspB3 aggregates. Bars and whis
non-parametric Kolmogorov-Smirnov tests were used to de
proportional to the number of HspB2-foci identified in each d
of HspB2 and HspB3 in lysates from HEK293T cells with ind
were lysed 16 and 24 hours after transfection and fractionat
fractions by centrifugation. (H) Quantification of three rep
dataset 1). The HspB2 signals were quantified, normalized
corresponding transfection, and expressed as a percentag
standard deviation of three biological replicates, colored do
western blot in (G) is from experiment #3, see also Suppleme
Student’s t-tests with correction for multiple testing using
statistical significance. (I) Screen shots from videos of H
nuclear HspB2 signal, and HspB2:HspB3 aggregates. Imagin
an image being taken every 15 minutes for 24 hours. Blue s
above. All scalebars represent 10 mm. See also Figures S2
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by determining the relative amount of HspB2-
signal in the nucleus and the cytoplasm. This
analysis revealed that in cells containing HspB2
condensates, the vast majority (91%) of HspB2
resides within the nucleus (Figure 2(E)). In cells
containing HspB2:HspB3 aggregates, HspB2 was
distributed equally over both the nucleus (49%)
and cytoplasm (51% - Figure 2(E)). We then
compared the volume of HspB2 condensates and
HspB2:HspB3 aggregates, as well as the average
HspB2 signal intensity in both structures. While
HspB2 condensates were on average smaller
than HspB2:HspB3 aggregates (11.5 mm3 vs.
34.6 mm3, respectively - Figure 2(F)), their
fluorescence intensity was higher, indicating that
the HspB2 concentration is higher in HspB2
condensates than in HspB2:HspB3 aggregates
(Figure 2(F)). Taken together, these results show
that HspB2 condensates and HspB2:HspB3
aggregates are different subcellular structures with
distinct physical and chemical properties.
It has been shown previously that a myopathy-

associated mutation in the HspB3 gene (HspB3-
R116P) prevents HspB3 from interacting with
HspB2.18 We used this mutant to assess whether
a direct interaction between HspB2 and HspB3 is
required for the formation of HspB2:HspB3 aggre-
gates. As in previous experiments (Figure 2(A)),
co-transfection of a high amount of wild-type (WT)
HspB3 caused colocalization of both proteins in
amorphous aggregates (Figure S3(F-G)). Replac-
ing HspB3-WT with HspB3-R116P resulted in the
formation of HspB2 condensates and distinct
ormation of liquid HspB2 condensates and solid-like
3T cells containing HspB2 condensates, diffuse nuclear
as co-expressed at a 1:8 ratio with untagged HspB2 to
represents 10 mm, arrowheads indicate cytoplasmic

hich the histograms shown in (B) were determined. (B)
ong the lines shown in (A). (C) Violin plots showing the
gates. (D) Scatter plot depicting the area (x-axis) and
aggregates. (E) The percentage of pixels located in the

condensates, diffuse HspB2 staining, and HspB2:HspB3
) and average pixel intensities (y-axis) for in HspB2
kers represent the mean and 95% confidence interval,
termine statistical significance. The width of the bars is
ataset. (G) Western blot analysis depicting the solubility
icated HspB2 subcellular distribution phenotypes. Cells
ed into total, soluble (supernatant) and insoluble (pellet)
licate western blotting experiments (See supplemental
to the a-tubulin signal in the total lysate sample from the
e of total HspB2. Bars and whiskers are the mean and
ts indicate the values from individual experiments. The
ntal Dataset 1 for the raw data underlying this bar graph.
the Holm-Šı́dák method was performed to determine
EK293T cells developing HspB2 condensates, diffuse
g started approximately 12 hours after transfection, with
hading corresponds to the position in the timeline shown
-5 and Videos S4-5.
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nuclear foci containing HspB3-R116P (Figure S(G-
H)), as observed previously.28 These findings indi-
cate that a direct interaction between HspB2 and
HspB3 is required for their colocalization in aggre-
gates and that both proteins can translocate across
the nuclear membrane independently, despite lack-
ing canonical nuclear localization sequences. This
is underscored by the fact that HspB3-WT also
accumulates in nuclear aggregates when
expressed without HspB2 (Figure S3(H)).
Separation of the soluble and insoluble fractions

of lysates prepared from cells expressing HspB2
and HspB3 at various ratios, confirms that the
diffusely distributed HspB2 forms mostly soluble
complexes (Figure 2(G-H) and Supplemental
Dataset 1). In contrast, in cells containing HspB2
condensates or HspB2:HspB3 aggregates, a
sizeable fraction of both proteins is present in
complexes that are insoluble by detergents.
In several contexts, it has been shown that liquid

droplets may transition into more solid-like
aggregates.29–31 To assess whether such gradual
solidification of liquid droplets underlies the forma-
tion of HspB2:HspB3 aggregates, we investigated
the development of HspB2 condensates and
HspB2:HspB3 aggregates over time. In the
absence of HspB3, HspB2 accumulated in dynami-
cally moving, circular condensates that nucleated in
multiple locations and progressively increased in
size through growth and coalescence (Figure 2(I)
– top row and Video S5A). HspB2 was uniformly
distributed throughout the nucleus upon co-
expression of a small amount of HspB3 (Figure 2
(I) – middle row and Video S5B). When further shift-
ing the HspB2:HspB3 stoichiometry towards
HspB3, HspB2 formed amorphous aggregates
which became observable approximately 18 hours
after transfection, and increased in size over time
(Figure 2(I) – bottom row and Video S5C). Impor-
tantly, from the moment they became detectable,
these structures were not circular, suggesting that
they did not form through fusion and gradual solidi-
fication of liquid droplets, but rather started out as
amorphous aggregates that steadily grew over
time. Altogether, these data indicate that tight regu-
lation of the relative expression of HspB2 and
HspB3 is highly important for the correct subcellular
distribution of these chaperone proteins.

HspB2 condensates and HspB2:HspB3
aggregates are fully reversible

To probe the reversibility of HspB2 condensate
and HspB2:HspB3 aggregate formation, we
performed a sequential transfection experiment, in
which we first triggered the formation of HspB2
condensates and HspB2:HspB3 aggregates, and
subsequently performed a second transfection,
which shifted the HspB2:HspB3 ratio in situ
(Figure 3(A)). It is important to note that we added
GFP-tagged HspB2 at a 1:8 ratio with untagged
HspB2 only in the second transfection to enable
6

the distinction between cells hit during the first and
second transfection. Afterwards, we assessed the
effect of shifting the HspB2:HspB3 stoichiometry
on HspB2 condensates and aggregates. In cells
transfected with HspB2 alone, we readily detected
nuclear HspB2 condensates (Figure 3(B) and
closed arrowheads in Figure 3(C)). Subsequent
transfection with myc-tagged HspB3 led to the
formation of HspB3 aggregates in cells that were
not hit in the first transfection round (open
arrowheads in Figure 3(C)), and amorphous
nuclear HspB2:HspB3 aggregates in cells that
contained HspB2 from the first transfection (arrow
in Figure 3(C)). These findings indicate that
addition of HspB3 is able to disrupt pre-formed
HspB2 condensates, resulting in the nuclear
aggregation of both chaperones.
As before, HspB2:HspB3 protein aggregates

were readily formed upon equimolar transfection
of plasmids encoding both proteins (Figure 3(D)
and closed arrowheads in Figure 3(E)).
Intriguingly, shifting the HspB2:HspB3 balance by
expressing additional HspB2 in a second
transfection resulted in the dissolution of
aggregates (arrow in Figure 3(E-F)). These data
show that HspB2 condensate and HspB2:HspB3
aggregate formation is reversible, suggesting that
the underlying intermolecular interactions are
sufficiently weak to allow for dynamic exchange of
components.

Proximity labeling of HspB2 condensates and
HspB2:HspB3 aggregates

Both condensates and aggregates are expected
to interact with, and potentially trap specific sets of
proteins, which may be linked to associated
pathologies. To elucidate the composition of
HspB2 condensates and aggregates, we
employed APEX-mediated proximity labelling.22 In
brief, plasmids encoding APEX-tagged transgenes
were transfected into HEK293T cells to trigger the
formation of HspB2 condensates, diffuse nuclear
HspB2 distribution, and HspB2:HspB3 aggregates.
As controls, cells expressing APEX fused to a
nuclear localization signal (NLS) or nuclear export
signal (NES), and cells expressing only untagged
HspB2 (no APEX) were used (Figure S6(A)). Upon
incubation with biotin-phenol and subsequent treat-
ment with hydrogen peroxide, the APEX enzyme
generates short lived biotin-phenoxyl radicals which
covalently bind to proximal proteins.32–33 After
labelling, biotinylated proteins were enriched on
streptavidin-conjugated beads and digested for
identification by mass spectrometry (Figure 4(A)).
We first evaluated the specificity of APEX-

proximity labelling by visualizing biotinylation with
an fluorophore coupled streptavidin. For all
conditions, the biotinylation patterns mirrored
those observed previously when using untagged
or GFP-tagged HspB2 constructs (Figure 4(B)).
As expected, the APEX-NES and APEX-NLS



Figure 3. Dissolution of HspB2 condensates and HspB2:HspB3 aggregates by shifting the HspB2:HspB3
ratio in situ(A) Schematic overview of the transfection schemes used in the experiment shown in Figure panels (B-
F). The colored underlining corresponds to the colors used for visualization of the various proteins in (B-F). (B-E)
Confocal images depicting HEK293T cells transfected using the transfection schemes shown in (A). Closed
arrowheads indicate cells hit with the first transfection (TF1), but not the second; open arrowheads indicate cells hit
only in the second transfection (TF2). Arrows indicate cells that were transfected in both rounds. Antibody staining
was used to visualize HspB2 and myc-HspB3, while GFP-tagged HspB2 was used to identify cells hit in the second
transfection round in indicated samples. All scalebars are 10 mm (same for (F)). (F) Magnification of the area denoted
by the dashed box in (E). The myc-HspB3 signal was digitally enhanced to improve the visibility of the weaker diffuse
signal.
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controls show cytoplasmic and nuclear
biotinylation, respectively, while no labelling is
observed in cells lacking an APEX-construct (no
APEX). We next performed streptavidin
enrichment on lysates from cells expressing the
various constructs mentioned above, and
assessed biotinylation patterns and protein
7

enrichment through western blotting (Figure 4(C)
and Figure S6(B)).
Unbound nuclear proteins can freely shuttle
between HspB2 condensates and the
nucleoplasm

Proteins biotinylated in HspB2 condensates were
purified on streptavidin beads, and digested to



Figure 4. APEX proximity labelling of HspB2 condensates and HspB2:HspB3 aggregates (A) Schematic
representation of the APEX proximity labelling approach used to determine the composition of HspB2 condensates
and HspB2:HspB3 aggregates. (B) Confocal microscopy imaging of APEX-mediated biotinylation in HEK293T cells
with indicated HspB2 phenotypes, and in no APEX, APEX-NES and APEX-NLS controls. The scale bars denote
10 mm. An Alexa488-fluorophore coupled Streptavidin was used to visualize biotinylated proteins. (C) Streptavidin
blotting of enriched proteinsfrom lysates of cells expressing various transgenes. APEX-tagged and untagged HspB2
were detected using an antibody targeting HspB2.
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peptides which were measured by mass
spectrometry. As these condensates are virtually
exclusively nuclear (Figure 2(E)), we calculated
enrichments relative to the APEX-NLS control. As
expected, HspB2 is dramatically enriched
(>26,000-fold; Figure 5(A)), indicating efficient
auto-biotinylation. In line with previous studies,34–
35 we found enrichments of HspB1 (22-fold) and
BAG3 (6-fold) in HspB2 condensates, indicating
that our method is able to identify known interac-
tions. In addition, we uncover previously unknown
interactions with various proteins including LGALS7
(�78-fold), and MEA1 (�26-fold). For gene ontol-
ogy (GO)-term enrichment analysis, we selected
the top 5% enriched factors with a P-value < 0.01
(blue in Figure 5(A), listed in Table S1A). This anal-
ysis uncovered an enrichment of components of the
HAUS complex (Figure 5(B)); a complex that local-
izes to the centrosome during in mitotic spindle
assembly. While it has previously been reported
that HspB7 associates with nuclear substructures
such as PML bodies and SC35 speckles,36 we do
not observe colocalization of HspB2 with markers
for these substructures (Figure S7(A)). Moreover,
components of these and other nuclear substruc-
tures are not enriched in our HspB2 condensate
proximity labelling dataset, indicating that HspB2
droplets represent a distinct nuclear substructure.
To analyze the group of proteins that was

depleted from HspB2 condensates, we next
8

assessed GO-term enrichment for the top 5%
depleted factors with a P-value < 0.01 (red in
Figure 5(A), listed in Table S1B). Proteins bound
to chromatin, histones and DNA are significantly
depleted from HspB2 condensates (Figure 5(C)),
suggesting that these proteins are unavailable for
shuttling into the condensates because of their
association with the genome. In line with this,
proteins enriched in HspB2 condensates are
depleted for the GO-terms chromatin-binding,
histone binding and DNA binding (n = 0, n = 0,
and n = 2 out of 48 proteins, respectively).
As intrinsic protein disorder is considered to be a

major contributing factor in condensate formation,37

we subsequently compared the amount of disorder
in proteins enriched in, and depleted from HspB2
condensates. Proteins enriched in condensates
are significantly more disordered compared to the
median degree of disorder of nuclear proteins
(33.9% vs. 25.1%, respectively; Figure 5(D)).
Intriguingly however, proteins that were significantly
depleted from condensates displayed an even lar-
ger degree of disorder (median disorder 50.2%),
which may be explained by the fact that transcrip-
tion factors and chromatin remodelers generally
contain a high degree of disorder.38–40 Furthermore,
nuclear proteins overall display a larger degree of
intrinsic disorder (25.2% - Figure S7(B)) than cyto-
plasmic proteins (11.0%) or proteins that shuttle
between nucleus and cytoplasm (17.0%). Aside
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from its disorder, a proteins charge state may
greatly affect its phase behavior.41 We therefore
also evaluated the isoelectric point (pI) of proteins
enriched in, and depleted from HspB2 conden-
sates. Proteins enriched in condensates had a sig-
nificantly lower pI compared to the proteome
(Figure 5(E)), suggesting that charge interactions
may contribute to the protein uptake into HspB2
condensates.
While it is interesting to identify specific proteins

that were enriched or depleted from condensates,
perhaps the most striking result from our proximity
labeling analysis is the fact that the vast majority
of proteins are neither enriched nor depleted. We
found that for the comparison of HspB2
condensates vs. APEX-NLS, 97.4% of all
identified proteins had log2 enrichment scores
between �2.89 (e-2) and 2.89 (e2), corresponding
to a partitioning free energy difference of less than
2 kBT (Figure S7(C)). This suggests that most of
the detected nuclear proteins are able to shuttle
freely in and out of HspB2 condensates, and have
a negligible preference for being inside the
condensate over the nucleoplasm, or vice versa. If
they would have had a strongly unfavorable
interaction with condensate components, they
would hardly enter the condensates and we would
expect these proteins to be strongly depleted in
our proximity labelling dataset. On the other hand,
if they would have a strongly favorable interaction
with condensate components, they would be
unlikely to leave the condensates and we would
expect these proteins to be strongly enriched. Our
findings suggest that the vast majority of unbound
nuclear proteins shuttle freely in and out of
condensates, without getting trapped.
To confirm that our proximity labelling of HspB2

condensates is able to identify novel interactors,
we performed colocalization imaging using an
Figure 5. Unbound nuclear proteins freely shuttle b
Volcano plot depicting the mean ratio of proximal proteins d
cells expressing APEX-NLS. The top 5% proteins enriched
indicate the 5% proteins most depleted from HspB2 cond
enriched in HspB2 condensates (blue in (A)), as determined
terms are shown, bars depict the fold enrichment over backg
FDR as determined on https://geneontology.org/. (C) Same
(red in (A)). Four terms are abbreviated due to space const
regulation of DNA-templated transcription, elongation; **
promoter, *** positive regulation of transcription by RNA-Pol
(D) Violin plots depicting the percentage distribution of disord
n = 5376), HspB2 condensate components (blue; n = 49)
n = 49) as predicted by the IUPred algorithm. Solid and dashe
Kruskal-Wallis test followed by Dunn’s multiple comparisons
for (E)). (E) Violin plots showing the isoelectric point (p
condensates, compared to the human proteome reference d
condensates in HEK293T cells, co-stained with antibodies a
the area of the image shown enlarged in (G). The scalebar d
The arrow indicates the line and direction along which sign
signal intensities of GFP-HspB2 (green lines) and indicated
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antibody against the hitherto unknown interactor
HAUS7. In line with earlier findings,42 HAUS7
shows cytoplasmic and nucleolar staining in
untransfected cells (Supplemental Dataset 2). In
HEK293T cells containing HspB2 condensates,
HAUS7 is also recruited to these nuclear foci (Fig-
ure 5(F-H)), validating the enrichment observed in
our proximity labelling. In agreement with earlier
work,43 SQSTM1 (also known as p62) localized to
cytoplasmic and nuclear foci in untransfected cells
(Supplemental Dataset 2). These foci do not colo-
calize with HspB2 condensates (Figure 5(F-H)),
which is in line with its lack of enrichment in our
proximity labelling dataset. Previous work showed
the O-GlcNAcylation-dependent translocation of
CTNNB1 to the plasma membrane.44 In line with
this, we observe CTNBB1-staining at the cell mem-
brane, which therefore does not overlap with the
nuclear HspB2-signal (Figure 5(F-H)). A schematic
representation of domain composition, charge dis-
tribution and predicted disorder of HAUS7,
SQSTM1 and CTNNB1 is shown in Figure S7(D).
HspB2:HspB3 aggregates sequester
disordered proteins and autophagy factors

We next set out to elucidate the composition of
the amorphous HspB2:HspB3 aggregates. As
these aggregates are equally present in the
nucleus and cytoplasm (Figure 2(E)), we
calculated enrichments relative to both APEX-
NES and APEX-NLS controls. HspB2 and HspB3
were strongly enriched (13,000-fold (vs.
NES)/22,000-fold (vs. NLS) and 12,000-fold (vs.
NES)/15,000-fold (vs. NLS), respectively),
indicating a very strong interaction between the
two chaperone proteins (Figure 6(A-B)). As seen
for HspB2 condensates, known interactors BAG3
(11-fold (vs. NES)/23-fold (vs. NLS)) and HspB1
etween nucleoplasm and HspB2 condensates (A)
etected upon APEX-labelling in HspB2 condensates vs.
in HspB2 condensates are depicted in blue, red circles
ensates. (B) GO-term enrichment analysis for factors
using gene ontology analysis. Only significantly enriched
round (human proteome), and the numbers indicate the
as (B) but for factors depleted from HspB2 condensates
raints (marked with asterisks). Full terms are: * positive
regulation of transcription elongation from RNA-Pol II
II; **** negative regulation of transcription by RNA-Pol II.
ered residues per protein in the nuclear proteome (grey;
, and proteins depleted from HspB2 condensates (red;
d lines indicate the median and quartiles, respectively; a
test was used to determine statistical significance (also
I) of proteins enriched in and depleted from HspB2
ataset (grey). (F) Confocal microscopy images of HspB2
gainst indicated proteins. The rectangular inset indicates
enotes 10 mm.(G) Magnification of the inset shown in (F).
al intensity was plotted in (H). (H) Histogram depicting
proteins (red shading) along the arrows shown in (G).
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Figure 6. Disordered proteins and autophagy factors are recruited to HspB2:HspB3 aggregates (A-B)
Enrichment of biotinylated proteins in HspB2:HspB3 aggregate proximity labelling relative to APEX-NES (A) and
APEX-NLS (B) controls. The 5% most enriched and depleted proteins with a P-value < 0.01 are shown in blue and
red, respectively. (C) Overview of the method used to select a high-confidence set of proteins associated with HspB2:
HspB3 aggregates by comparing against two different control datasets. (D) Gene onthology (GO)-term enrichment
analysis of the proteins identified in (C) as determined using the https://geneontology.org/ webtool. Only significant
term are shown, numbers indicate the FDR. * GO-term abbreviated, full term: ‘translation repressor activity, mRNA
regulatory element binding’. (E) Violin plots displaying the distribution of protein disorder in the human proteome
(grey; n = 61403), proteins enriched (blue; n = 98) and depleted (red; n = 87) in HspB2:HspB3 aggregates as
predicted by IUPred. The median and quartiles are indicated by solid and dashed lines, respectively; to test for
significance, a Kruskal-Wallis test followed by Dunn’s test for multiple comparisons was used (also for (F)). (F) Violin
plots displaying the distribution of isoelectric points (pI) of proteins enriched in (blue) and depleted from (red) HspB2:
HspB3 aggregates, compared to the whole proteome reference dataset (grey). (G) Confocal images of HEK293T
cells containing (GFP)-HspB2:HspB3 aggregates, co-stained with antibodies targeting indicated interactors.

J. Joosten, B. van Sluijs, W. Vree Egberts, et al. Journal of Molecular Biology 435 (2023) 168139
(8-fold (vs. NES)/43-fold (vs. NLS)) were also
enriched in HspB2:HspB3 aggregates. We
identified the top 10% enriched proteins relative to
both APEX-NES and APEX-NLS controls, and
selected those proteins (n = 98) present in both
comparisons for GO-term enrichment analysis
(Figure 6(C), listed in Table S1C). This analysis
revealed an enrichment of factors associated with
chaperone-assisted protein folding (Figure 6(D)).
In line with this, the amount of disorder in proteins
enriched in HspB2:HspB3 aggregates is
dramatically higher compared to the proteome
reference dataset (median disorder 30.7% vs.
8.6%, respectively; Figure 6(E)), suggesting that
many disordered and/or misfolded proteins are
11
associated with these aggregates. We also
evaluated the isoelectric points (pI) of selected
enriched and depleted proteins, and found that
HspB2:HspB3 aggregates are strongly enriched
for proteins with a relatively low pI (Figure 6(F)). A
lack of correlation between disorder and
isoelectric point suggests that both properties
contribute independently to a proteins uptake by
HspB2 condensates (Figure S7(E)), or HspB2:
HspB3 aggregates (Figure S7(F)).
As observed previously for HspB2 condensates,

proteins involved in the organization of the mitotic
spindle are enriched in HspB2:HspB3 aggregates
(Figure 6(D)). Moreover, enrichment of both RNA
binding proteins and proteins involved in

https://geneontology.org/


Figure 7. A common set of autophagy factors is recruited to HspB2:HspB3- and HspB5-STD/RG-aggregates
(A) Streptavidin-blotting of enriched biotinylated proteins from HEK293T cells expressing APEX-tagged wildtype (WT)
and mutant (STD/RG) HspB5. (B) Confocal microscopy images of biotinylation in HEK293T cells expressing APEX-
tagged WT and mutant (STD/RG) HspB5. An Alexa488 fluorophore-coupled streptavidin was used to visualize
biotinylation. Scale bar is 10 mm. (C) Volcano plot showing proteins enriched (blue) and depleted (red) in HspB5-STD/
RG aggregate proximity labelling relative to APEX-NES. The top 5% enriched and depleted proteins with a P-
value < 0.01 are highlighted in blue and red, respectively. (D) The overlap between the top 5% enriched factors with a
P-value < 0.01 in HspB2:HspB3 and HspB5-STD/RG aggregate datasets was determined to uncover common factors
enriched in both datasets. (E) Schematic overview of the enrichments over APEX-NES of the 13 common factors
identified in (D). Grey shading indicates the enrichment in HspB2:HspB3 (top left) and HspB5-STD/RG (bottom right)
aggregate datasets. Black lines indicate known physical interactions, and red font indicates proteins linked to GO-
terms associated with protein (mis)folding, ubiquitination, ubiquitin binding and/or autophagy. (F) Summary of the log2
fold changes of three candidate proteins in HspB5-STD/RG and -WT proximity labelling datasets. (G-H) Confocal
microscopy images of (GFP-)tagged HspB5-STD/RG (G) and -WT (H) stained with antibodies against indicated
proteins. Scalebars indicate 10 mm.
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translation repression suggests that HspB2:HspB3
aggregates may influence RNA processes,
analogous to stress granules. Lastly, factors
involved in organelle disassembly (autophagy)
such as SQSTM1 and ATG3 are strongly enriched
(see also Figure 6(A-B)), suggesting that the cell
is attempting to clear these aggregates.
Interestingly, significantly more proteins were

enriched in HspB2:HspB3 aggregates, as
12
compared to HspB2 condensates (1.2% vs. 0.6%,
respectively - Figure S7(C)), indicating that a
sizeable group of proteins is effectively trapped
within HspB2:HspB3 aggregates. Similarly, an
even larger subset of proteins is depleted from
aggregates as compared to condensates (8.1%
vs. 2.0%), indicating HspB2:HspB3 aggregates
may constitute a less favorable environment for a
larger group of proteins. Immunofluorescence
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colocalization imaging confirms the enrichment of
HAUS7 and SQSTM1 in HspB2:HspB3
aggregates (Figure 6(G)), which is in line with their
enrichment observed in proximity labelling
(Figure 6(A-B)). The strong enrichment of
disordered proteins in HspB2:HspB3 aggregates
combined with the general lack of strongly
enriched proteins in HspB2 condensates suggests
that HspB2:HspB3 oligomeric complexes bind
their substrates more tightly than those consisting
only of HspB2. As such, HspB3 may be involved
in regulating the sequestrase activity of HspB2.

HspB5-STD/RG and HspB2:HspB3 aggregates
sequester a similar autophagy machinery

To enable comparison with another aggregation
prone sHSP, we concurrently performed proximity
labelling of aggregates formed by a HspB5-mutant
(HspB5-STD/RG), which contains both the
arginine to glycine substitution at position 120
(R120G) that causes desmin-related
cardiomyopathy45–46 and three serine to aspartic
acid phosphomimicking mutations at positions 19,
45 and 59 (S19D, S45D, S59D). Prior work has
shown that this mutant accumulates in cytoplasmic
aggregates,47 similar to those seen for HspB2:
HspB3. Mapping the composition of two types of
sHSP-containing aggregates enables the identifica-
tion of common factors recruited to such structures.
Proximity labelling in cells transfected with APEX-

tagged HspB5-WT and -STD/RG constructs
resulted in distinct biotinylation patterns (Figure 7
(A)). Biotinylation in HspB5-WT cells localized
diffusely in the cytoplasm, while in HspB5-STD/
RG cells, amorphous cytoplasmic aggregates
were observed (Figure 7(B)). As HspB5-STD/RG
is exclusively cytoplasmic, we determined
enrichment and depletion of biotinylated proteins
relative to the APEX-NES control (Figure 7(C),
enriched and depleted proteins are listed in
Table S1D-E). HspB5 was enriched strongly
(1200-fold), indicating that proximity labelling was
successful.
Strikingly, numerous proteins that were found in

HspB2:HspB3 aggregates were also enriched in
HspB5-STD/RG proximity labelling, including
SQSTM1, BAG3, and HspB1 (Figure 7(C)). This
prompted us to overlap the sets of enriched
proteins in HspB2:HspB3- and HspB5-STD/RG
aggregates to identify common factors. We
selected the top 5% enriched proteins with a P-
value < 0.01 from both datasets relative to APEX-
NES control and selected common factors
(n = 13; Figure 7(D)). Among these common
factors were several proteins known to be
involved in protein folding, ubiquitination and
autophagy (Figure 7(E)). These findings suggest
that a common machinery is recruited to
aggregates nucleated by different small heat
shock proteins. As expected from their enrichment
patterns in proximity labelling (Figure 7(F)),
13
SQSTM1 colocalizes with HspB5-STD/RG
aggregates (Figure 7(G)), while no specific
colocalization is observed with HspB5-WT
(Figure 7(H)). Similarly, HAUS7 and CTNNB1 are
absent from HspB5-STD/RG aggregates, which is
in line with their depletion in proximity labelling.
Discussion

Small heat shock proteins (sHSPs) are the most
ubiquitous class of molecular chaperones, and are
conserved across all branches of life.48 A key char-
acteristic of sHSPs is that they assemble into poly-
disperse, homo- and hetero-oligomeric assemblies
of varying conformations and sizes.14–15 It is widely
believed that smaller oligomers are more active as
chaperones, while larger oligomers likely function
as storage complexes.49 Interestingly, the chaper-
one activity of sHSPs can be dynamically regulated
by shifting the equilibrium between different
sHSPs.21 To investigate the effects of shifting the
balance between components of sHSP hetero-
oligomers inside living cells, we focused on HspB2
and HspB3, two chaperones with overlapping tissue
expression patterns that have been shown to
directly interact18–20 and co-assemble at a well-
defined 3:1 ratio in vitro.20

In this study, we explored the effect of changing
HspB2:HspB3 expression ratios on the subcellular
localization and phase behavior of these proteins
inside living cells. To ensure optimal control over
relative HspB2 and HspB3 expression levels
without the need for suboptimal knockdown or
laborious knockout approaches, we used
HEK293T cells, as these cells do not express
HspB2 and HspB3 endogenously.50 This experi-
mental set-up therefore provided a clean slate for
the study of the effects of stoichiometric shifts in
the HspB2:HspB3 balance. We assessed the
effects of altering intracellular HspB2:HspB3 ratios
by transfecting plasmid DNA encoding these chap-
erones at various ratios. While the observed protein
expression levels roughly matched the ratio of
transfected plasmid DNA, this correlation was not
linear (Figure S3(A-D)). Upon transfection in
HEK293T cells, HspB2 and HspB3 levels are
roughly ten times higher than the amount detected
in rat hearts,11 in which these proteins are endoge-
nously expressed, indicating that our HEK293T cell
model is likely an overexpression system. While the
same amount of total plasmid DNA was transfected
in all instances, protein overexpression effects
might contribute to the observed phenotypes, as
empty vector control plasmids were used as ‘filler’
DNA. Regardless, we observed highly robust phe-
notypic differences between cells expressing only
HspB2 (HspB2 condensates), and cells co-
expressing a moderate (diffuse nuclear HspB2 dis-
tribution) or high amount of HspB3 (HspB2:HspB3
aggregates). Our cell model therefore provides an
experimentally amenable and tunable system to
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trigger condensate and aggregate formation inside
living cells. Yet, as interactions with client proteins
and other interacting proteins may affect the phase
separation behavior of chaperone proteins, the
physicochemical properties of HspB2 condensates
and HspB2:HspB3 aggregates may differ from
those of other protein systems. In addition, as
HspB2 is not expressed endogenously in HEK293T
cells, mapping its interactome in these cells might
yield non-physiological interactions (false positives)
or missed interactions of physiological substrates
that are not expressed in HEK293T cells (false neg-
atives). Reassuringly, most strong interactors iden-
tified in this study (HspB1, BAG3, SQSTM1, and
HAUS1, �7, and �8) are highly expressed in mus-
cle tissues.42 The physiological relevance of these
interactions however, should be verified in a system
which expresses HspB2 and HspB3 endogenously,
such as LHCNM2 or C2C12 cells. Yet, as these cell
lines are relatively difficult to culture and transfect,
interactome studies in the experimentally amenable
HEK293T cell system provide an excellent starting
point.
Numerous studies have shown that homo- and

hetero-oligomeric sHSP assemblies dramatically
differ in their chaperone activity.21,51–52 For
instance, while HspB2 and HspB3 homo-
oligomers display moderate chaperone activi-
ties,53–55 HspB2:HspB3 hetero-oligomers have
poor chaperone activity.20 In contrast, hetero-
oligomers of HspB4 and HspB5 outperform homo-
oligomers consisting of either of the two proteins
in chaperone activity assays,56 and hetero-
oligomerization with HspB6 increases chaperone
activity of HspB5.21 While such insights are invalu-
able, these studies rely on in vitro incubation of puri-
fied chaperones with client proteins, thus ignoring
the complexity of the cellular environment in which
these proteins naturally operate. Our experimental
approach of controllable sHSP expression in
HEK293T cells can be used to investigate sHSP oli-
gomer assembly inside living cells. HspB2 readily
phase separates into nuclear droplets in a
concentration-dependent manner in HEK293T cells
(this study), as well as in differentiating myoblasts
and HeLa cells,18 suggesting that condensate for-
mation is an intrinsic feature of HspB2. Yet, the lat-
ter study also reported the accumulation of
overexpressed HspB2 in large amorphous, solid-
like intranuclear compartments, which were not
observed in our study. Moreover, Lamin A is
sequestered inside HspB2 compartments in differ-
entiating myoblasts,18 but not in HspB2 conden-
sates in HEK293T cells. These findings suggest
that HspB2 phase behavior is, in part, cell type
specific, which may result from variations in the
expression patterns of interacting proteins (such
as Lamin A) and other biomolecules, as has been
shown previously for other interaction networks.57–
59
14
Other sHSPs have been found in condensates or
condensate-like structures. For instance, HspB1
and HspB8 locate to stress granules upon
proteotoxic stress,60 and both HspB7 and pseu-
dophosphorylated HspB5 are found in nuclear gran-
ules.36,61 However, condensate formation induced
solely by overexpression is a unique feature of
HspB2. The reason why HspB2 is able to form con-
densates on its own remains unclear, but may be
related to another unique feature of HspB2, namely
its ability to form HspB2/HspB3 tetramers with an
anomalous 3:1 ratio. The formation of this unusual
tetrameric conformation may require attractive
homotypic HspB2-HspB2 interactions that could
also underlie condensate formation in the absence
of HspB3.
Phase separated condensates are widely

believed to sequester and bring together
biochemical components within cells.62–63 It is
therefore tempting to speculate that HspB2 conden-
sates may concentrate chaperones and clients to
promote chaperone-guided protein refolding. Argu-
ing against this hypothesis, however, is the fact that
traditional chaperone clients such as FUS and a-
synuclein are not enriched in HspB2 condensates.
It is more likely that HspB2 condensates serve as
a way to prevent potential toxic effects of excessive
HspB2 levels in absence of its partner HspB3. In
addition, HspB2 condensates may serve as nuclear
chaperone storage pools, from which HspB2 can
rapidly be released in times of stress. It is however
important to verify this hypothesis in cells that
endogenously express HspB2 at physiological
levels.
Co-expression of an intermediate amount of

HspB3 prevented HspB2 phase separation, while
addition of a larger amount triggered the formation
of large cytoplasmic and nuclear aggregates.
These findings illustrate the dramatic effects of
stoichiometric shifts in hetero-oligomer
composition, and underscore the importance of
maintaining the correct expression balance for
sHSP physiological functioning. Remarkably, we
observed no obvious detrimental effects on cell
survival and proliferation, suggesting that both
structures are tolerated by the cells. HspB2
condensates can be dissolved in situ by
expression of HspB3 at a later stage, showing that
HspB2 condensates are reversible and exchange
biomolecules with their surroundings. To our
surprise, we found that HspB2:HspB3 aggregates
can also be dissolved by shifting the stoichiometry
towards HspB2, indicating that formation of these
solid-like structures is also reversible, at least in
the timeframe we monitored. These results show
that both condensates and aggregates are likely
formed by transient, weak interactions with other
cellular proteins. Whether the observed structures
may have longer-term toxic effects remains to be
seen.
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APEX-mediated proximity labelling of HspB2
condensates revealed that only few of the
detected proteins are strongly enriched in, or
depleted from HspB2 condensates, suggesting
that most proteins are able to freely diffuse in and
out of these droplets, without getting trapped. In
comparison, substantially more proteins are
enriched in, and depleted from solid-like HspB2:
HspB3 and HspB5-STD/RG aggregates, indicating
subsets of proteins are specifically trapped inside
these structures. Interestingly, a specific group of
proteins is enriched in both HspB2:HspB3 and
HspB5-STD/RG aggregates. This group includes
proteins involved in ubiquitination and autophagy
including SQSTM1, and may therefore represent a
common molecular machinery aimed at clearing
sHSP aggregates. SQSTM1 accumulation has
previously been observed in HspB5-STD/RG
aggregates,64 and is often interpreted as a marker
for defects in autophagic degradation.65–66Whether
autophagy of the sHSP aggregates observed here
is effective, or inhibited because of entrapment of
these factors within aggregates remains to be
explored.
In differentiating myoblasts, HspB2 subcellular

localization is highly heterogeneous, ranging from
nuclear condensates and diffuse distribution, to
amorphous compartments.18 This dramatic pheno-
typical variation likely stems from cell-to-cell varia-
tion in the differentiation stage and related HspB2:
HspB3 expression levels. The HEK293T cell plat-
form we developed here allows more control over
relative sHSP expression levels, enabling the study
of sHSP structures with uniform biophysical proper-
ties and subcellular localization phenotypes. As
such, this approach allowed us to map the compo-
sition of HspB2 condensates and HspB2:HspB3
aggregates, as well as HspB5-STD/RG aggre-
gates. We anticipate that our approach can be used
for the study of biophysical properties and composi-
tion of other sHSP structures, as well as the inves-
tigation of the effects of disease-related sHSP
mutants.67 Our findings may help shed light on the
origins of phenotypes associated with mutations in
sHSPs that cause inclusion bodies, and improve
our understanding of the functions andmechanisms
of sHSPs.

Materials and methods

Analysis of sHSP expression

For the generation of the sHSP expression
heatmaps depicted in Figure S1, RNA and protein
expression data was extracted from the Human
Protein Atlas (www.proteinatlas.org).42 The
extracted RNA-expression data is a consensus
dataset derived from the RNA-seq dataset gener-
ated internally by the Human Protein Atlas (HPA),
RNA-seq data from the Genotype-Tissue Expres-
sion (GTEx) project, and CAGE data from the FAN-
TOM5 project. Expression values from the three
15
datasets were normalized to generate the Normal-
ized eXpression (NX) values depicted in Figure S1(-
A-B). For the tissue enrichment analysis, a
pseudocount of 0.1 was added to all NX-values.
This tissue-specific expression values were subse-
quently divided by the average sHSP expression
value across all tissues as a measure of tissue-
specific enrichment. The data was then log2 trans-
formed to produce the heatmap depicted in Fig-
ure S1(C). Protein expression data is derived from
immunohistochemically stained tissues, using four
levels of expression (high, medium, low, and not
detected).
Protein disorder and isoelectric point
prediction

To predict intrinsically disordered regions within
HspB2 and candidate proteins, we used IUPred 3
(https://iupred3.elte.hu/),68 using default settings.
The percentage of disorder for groups of proteins
identified by mass spectrometry, as well as for the
entire human proteome was extracted from the
Disorder Atlas (https://disorderatlas.med.umich.
edu/index)69–70, which makes use of the IUPred
prediction algorithm.71–72

To determine the isoelectric points (pI) of
candidate proteins, we extracted the average pI
as determined by 17 different methods.73 In cases
where multiple isoforms of the same protein were
detected by mass spectrometry, only those that
had at least half of the peptides relative to the lead-
ing protein were retained for determination of the pI.
Culturing and transfecting HEK293T cells

HEK293T cells were maintained in DMEM
supplemented with 10% fetal bovine serum
(Sigma, #F0804) and 1% Penicillin/Streptoymycin
(HyClone, SV30010) at 37 �C and 5% CO2. Cells
were detached using Trypsin/EDTA
(0.25%/0.02%) and passaged two times per week
at a 1:10 to 1:20 ratio, depending on confluency.
For transfection of HEK293T cells seeded into a

single well of a 24-wells plate (culture volume
500 mL), 500 ng plasmid DNA was combined with
1.5 mL polyethyleneimine (PEI, 1 mg/mL, Sigma,
#p3143) in 50 mL Optimem (Gibco, #31985070).
The transfection mixture was incubated at room
temperature for 30 minutes before being added
dropwise to the cells. For larger culture volumes,
the amount of plasmid DNA, PEI, and Optimem
was increased proportionally. HspB2- and HspB3-
encoding plasmids were transfected at 9:0 and 9:1
ratios to trigger the formation of HspB2
condensates and diffuse nuclear HspB2
distribution, respectively. To trigger formation of
HspB2:HspB3 aggregates, plasmids were
transfected at an equimolar 9:9 ratio, apart from
the experiments in Figures 2(G-I) and S3(F),
where a 9:3 ratio was used to trigger aggregate
formation.

http://www.proteinatlas.org
https://iupred3.elte.hu/
https://disorderatlas.med.umich.edu/index
https://disorderatlas.med.umich.edu/index
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Live cell imaging

All live cell imaging was performed at 37 �C on the
Leica DMi8 widefield microscope in Cellvis glass
bottom dishes (cat# D60-30-1.5-N). During live
imaging experiments, HEPES was added to the
culture medium to an end concentration of 25 mM
to control fluctuations in pH in the absence of
CO2. Thunder computational clearing and
widefield deconvolution was applied to live
imaging data for background subtraction. For
Videos S1-4, bleach correction was performed in
Fiji (Image > Adjust > Bleach
Correction > Histogram Matching) to correct for
signal decay due to high scanning frequency.

Quantification of sHSP protein production
after transfection

Purified recombinant HspB2 protein and HspB2:
HspB3 3:1 protein complexes were analyzed for
purity with Coomassie staining.20 These purified
proteins were used to make standard curves
against which HspB2 and HspB3 protein levels in
transfected HEK293T cell lysates were quantified.
In parallel, transfection efficiency was determined
by transfected the biotin ligase ultraID74 fused to a
nuclear localization signal. After ultraID mediated
biotinylation, transfected cells could be readily
detected using an Alexa488 fluorophore coupled
streptavidin. Subsequently, relative and absolute
protein content was determined by combining the
outcomes of the abovementionedmethods to deter-
mine protein levels and transfection efficiency with
the number of cells underlying these lysates (as
quantified using the Luna classic cell counter prior
to lysis) and the total protein content of the lysate
(as determined by BCA assay).

Fluorescence recovery after photobleaching
(FRAP)

HEK293T cells containing HspB2 condensates
and HspB2:HspB3 aggregates were imaged under
an Olympus IX81 spinning disk confocal
microscope, equipped with an Andor FRAPPA
photobleach module and Yokogawa CSU-X1
spinning disk. The Andor 400 series solid-state
lasers were used to bleach and image the
samples. All images were recorded using a
100 � oil immersion objective (numerical aperture
1.5) and an Andor iXon3 EM CCD camera. After
taking an initial pre-bleach image, identified
condensates and aggregates were partially
bleached using a single iteration of 100% laser
power, after which post-bleach images were
acquired every 250 ms and 1000 ms for
condensates and aggregates, respectively.

Immunofluorescence analysis

Coverslips were sterilized with 100% ethanol prior
to coating with poly-L-lysine (0.1 mg/mL) for 5
16
minutes at room temperature. After thorough
rinsing with milli-Q, coverslips were allowed to dry
for at least two hours before seeding HEK293T
cells as described above. Approximately 16 hours
after seeding, cells were transfected as described
above. 24 hours after transfection, cells were fixed
in 4% paraformaldehyde (PFA; Fluka-#47629),
supplemented with 0.1% SDS, 0.5% sodium
deoxycholate and 1% Triton. After fixation, cells
were washed three times with PBS before
incubating with 200 mL ice-cold acetone for 5
minutes. After two washes with PBS, cells were
either stored under PBS-Glycine (10 mM) at 4 �C
or directly stained as below.
Subsequently, cells were treated with 0.25%

Triton in PBS for 20 minutes. Cells were
subsequently washed with PBS and incubated in
blocking buffer (3% BSA, 0.1% Triton, 10%
normal goat serum in PBS) supplemented with
100 mM glycine for 30 minutes. After blocking,
cells were incubated with primary antibodies (all at
1:100 dilution unless noted otherwise) in blocking
buffer for 1 hour at room temperature. Primary
antibodies used in immunofluorescence
experiments were rabbit-anti-HspB2 (generated in
our laboratory,75,76 mouse-anti-myc (Thermo Fisher
Scientific Cat# MA1-980, RRID:AB_558470),
mouse-anti-Lamin A (Nordic-MUbio, cat# 1101P),
rabbit-anti-Lamin B1 (Proteintech, cat# 12987-1-
AP, RRID:AB_2136290), mouse-anti-SQSTM1
(Santa Cruz Biotechnology, cat# sc-28359, RRID:
AB_628279), mouse-anti-HAUS7 (Santa Cruz
Biotechnology, cat# sc-393259), mouse-anti-
CTNNB1 (Santa Cruz Biotechnology, cat# sc-
7963, RRID:AB_626807), mouse-anti-SC-35
(Sigma-Aldrich Cat# S4045, RRID:AB_477511),
mouse-anti-PML (1:5;77). After incubation with pri-
mary antibodies, coverslips were washed three
times using 0.05% Tween in PBS for 5 minutes
before incubation with secondary antibodies (all at
1:100 dilution) in blocking buffer for 1 hour at room
temperature. Secondary antibodies used in
immunofluorescence experiments were goat-anti-
mouse Alexa 568 (Thermo Fisher Scientific Cat#
A-11004, RRID:AB_2534072) and goat-anti-rabbit
Alexa647 (Thermo Fisher Scientific Cat# A27040,
RRID:AB_2536101). Where indicated, biotinylated
proteins were visualized using a streptavidin-
alexa488 conjugate (Invitrogen, #S32354). Subse-
quently, cells were washed twice with 0.05% Tween
in PBS and twice with PBS before nuclei were coun-
terstained with 1 mg/mL DAPI in PBS for 5 minutes
at room temperature. Afterwards, cells were rinsed
twice with PBS, once with PBS-milliQ 1:1, and three
times with milliQ before mounting in Mowiol (Sigma,
#81381). After overnight hardening of the mounting
medium at room temperature, microscopy samples
were stored at 4 �C.
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Imaging of fixed cells

All images of fixed material were generated using
the Leica SP8 confocal microscope, except for
those shown in Figure S3(F), which were made
using the Zeiss Axio Imager fluorescence
microscope. The histograms depicting signal
intensity in Figures 2(B), 7(C), S3(F), S4(B), and
S4(D) were generated using Fiji.78 Intensity values
were optimized using the minimal and maximal
intensity values as borders for each channel sepa-
rately, after which smoothing was applied using a
5-pixel sliding window approach. The myc-HspB3
signal in Figure 3(F) was enhanced in Fiji
(Process > Math > Set Gamma to 0.5).

Determination of minimal concentration
threshold for condensate formation

To determine the average GFP-HspB2 signal
intensity in cells that either did or did not contain
condensates, mid- Z-stack optical sections were
selected and duplicated in Fiji
(Image > Duplicate). This duplicate was converted
to 8-bit before a threshold was applied
(Image > Adjust > Auto Threshold > Select
‘Moments’ with default setting). The thresholded,
binary duplicate was normalized to 65535 (16bit)
and subtracted from the original image using
Process > Image Calculator, and the mean
intensity value for the GFP-HspB2 signal was
determined for individual cells, correcting for the
area of the cell that was removed in the previous
step. Throughout sample processing, imaging,
and image manipulations, the same settings were
used for all samples, thus enabling direct
comparison between cells.

Determination of circularity of condensates
and aggregates

To assess circularity of HspB2 condensates and
aggregates, mid Z-stack optical sections were
selected and converted to 8-bit. Bernsen local
thresholding was performed using Fiji
(Image > Adjust > Auto Local
Threshold > Bernsen [radius = 100; parameter
1 = 100; parameter 2 = default]). Subsequently,
area and circularity of thresholded structures was
determined in Fiji (Analyze > Analyze particles
[default settings, except size (mm2) set to 0.08 –
infinity).

Automated analysis of HspB2 condensate and
aggregate size and localization

For the computational image analysis, python
(>3.7, Delaware USA) was used. For the detection
of the cells as well as the aggregates and
condensates, images were thresholded with a
global Otsu filter,79 after which a cut-off parameter
was introduced. The obtained threshold was modi-
fied by multiplying its value with the cut-off value
17
to remove weaker signals around the periphery of
the aggregates and condensates. Finally, the
remaining spurious noise in the imagewas removed
(isolated pixel islands, the filter removes pixels
when five neighbouring pixels are zero, the pixel
of interest is set to zero as well). These steps gen-
erated two parameters (a cut-off and noise
removal), which determined the size and shape of
the detected aggregates and cells. To estimate
the size of the aggregates defined in number of pix-
els, and to label individual aggregates, all possible
graphs of distance for the nodes (all nonzero pixels)
in the image matrix were created.80 Subsequently
overlap with the DAPI signal was determined to
assess whether the aggregates are located within
the nucleus. To justify the final choice for the image
analysis parameters (cut-off = 2.25 and noise fil-
ter = 5) the filtered images and data analysis for a
range of relevant parameter values are shown in
Figure S5. The code can be found on the https://
github.com/huckgroup.
Flow cytometry proliferation assay

For each condition, 1 � 105 HEK293T cells were
seeded in a single well of a 12-wells plate. After
overnight incubation, cells were incubated in
100 nM CellTrace violet (Invitrogen, C34557) in
PBS for 20 minutes at 37 �C. Subsequently, cells
were washed twice with culture medium and fresh
culture medium was added. Where specified, cells
were transfected with indicated transfection mixes
directly after incubation with the CellTrace violet
solution. As a control, an empty pIRES vector not
encoding HspB2 or HspB3 was used. At indicated
time points, cells were washed with PBS and fixed
in 4% PFA for 20 minutes. Afterwards, cells were
washed once with PBS, resuspended in 200 mL
FACS buffer (0.1% BSA, 0.05% NaN3, 0.5 mM
EDTA in PBS), and stored at 4 �C awaiting FACS
analysis. Flow cytometry was performed on a
FACSVerse (BD Biosciences) flow cytometer.
CellTrace violet was detected using the 405 nm
laser line and the 448/45 filter, GFP-HspB2 was
detected using the 488 nm laser line and the
510/20 filter. For the plots of HspB2-transfected
cells shown in Figure S3(E), only GFP-positive
cells were analyzed to correct for variations in
transfection efficiency.
Fractionation of soluble and insoluble
fractions

Cells grown in 12 wells plates were harvested
using trypsin and pelleted by centrifuging at
1500 � g for 5 minutes at room temperature.
Subsequently, cells were washed once with PBS,
split into two replicate samples, and pelleted as
before. The cell pellet of one replicate was lysed
directly in 9 mL 4x SDS sample buffer (62.5 mM
Tris-HCl [pH 6.8], 2% SDS, 5% b-
mercaptoethanol, 10% glycerol, 0.005%

https://github.com/huckgroup
https://github.com/huckgroup
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bromophenol blue) to serve as total fraction. The
other replicate was lysed in 25 mL RIPA lysis
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, 1x cOmplete protease inhibitor cocktail
[Roche-11697498001], 1 mM PMSF), incubated
on ice for 10 minutes and centrifuged for 10
minutes at 21100 � g at 4 �C. Subsequently, the
supernatant was combined with 9 mL 4x SDS
sample buffer to constitute the soluble fraction,
while the insoluble pellet was washed once in
RIPA buffer before adding 25 mL milliQ and 9 mL
4x SDS sample buffer. All samples were
subsequently heated for 10 minutes at 95 �C.
Western blotting

Samples were size separated on 12.5%
polyacrylamide gels, transferred into nitrocellulose
membranes and blocked with 5% w/v nonfat dry
milk in PBS for 30 minutes at room temperature.
In cases where membranes were stained for
biotin, 3% BSA in TBST was used for blocking
and as diluent for subsequent antibody
incubations. After blocking, membranes were
incubated for 1 hour at room temperature with
indicated primary antibodies (rabbit-anti-HspB2
[generated in our laboratory; 1:1000], rabbit-anti-
HspB3 [generated in our laboratory; 1:1000],75

mouse-anti-tubulin-b (DSHB cat# E7, RRID:
AB_528499; 1:1000]) diluted in 2.5% w/v nonfat
dry milk in PBST. After extensive washing using
PBST, membranes were incubated for 1 hour with
secondary antibodies (goat-anti-rabbit-IRDye680
[Li-Cor Biosciences cat# 926-68071, RRID:
AB_10956166], goat-anti-mouse-IRDye800 [Li-
Cor Biosciences cat# 926-32210, RRID:
AB_621842]) both at 1:10000 in 2.5% w/v nonfat
dry milk in PBST. Afterwards, membranes were
washed extensively in PBST again and imaged
using the Li-Cor Odyssey CLx.
For quantification of western blot signals in

Figure 2(H), intensity values were normalized
using the tubulin-b signals of total samples to
account for minor variations during cell culture,
lysis and gel loading. Subsequently, the amount of
HspB2 in the insoluble pellet fraction was
calculated and expressed as a percentage relative
to the HspB2 signal in the total sample.
APEX proximity labelling

Proximity labelling was performed as described
in.22 In brief, the APEX2-tag was amplified from
the APEX2-NLS plasmid gifted by Alice Ting
(Addgene plasmid # 124617) and introduced into
pcDNA5 expression vectors, containing genes
encoding HspB2, HspB5-WT, -STD/RG, and
nuclear export/nuclear localization signals as indi-
cated. Subsequently, these plasmids were trans-
fected into HEK293T cells using PEI as described
previously. 24 hours after transfection, cells were
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incubated in 500 mM biotin-phenol (BP) in full
DMEM for 45 minutes at 37 �C. Next, a fresh 100x
stock of 100 mM H2O2 in PBS was prepared, and
H2O2 was directly added to the BP-solution to a final
concentration of 1 mM. Cells were incubated for 1
minute, after which the labelling solution was
removed. Cells were washed three times in
quencher solution (10 mM sodium ascorbate,
5 mM trolox and 10 mM sodium azide in PBS)
before fixation or cell lysis.

Preparation of lysates for mass spectrometry

Plasmids encoding indicated APEX-tagged
transgenes and untagged genes were transfected
into HEK293T cells. For each lysate, 70 mg total
plasmid DNA was used to transfect two T175
flasks seeded with HEK293T cells at
approximately 70% confluency (See Figure S6(A)
for exact composition of transfection mixes). 24
hours after transfection, APEX-proximity labelling
was performed as above. After labelling, medium
was removed and cells were washed twice with
quencher solution, and twice with PBS, followed
by a final wash with quencher solution. Each wash
was performed for 1 minute, using 25 mL of wash
solution. After the final wash, cells were harvested
in quencher solution (10 mL per T175) using a cell
scraper, transferred to 50 mL Falcon tubes and
placed on ice. After all samples were harvested,
cells were centrifuged at 3000 � g for 20 minutes
at 4 �C. Cell pellets were resuspended in 1 mL
PBS, transferred to Eppendorf tubes, and
centrifuged for 2 minutes at 1500 � g. Cell pellets
were resuspended in 120 mL lysis buffer 1 (1%
SDS, 1 mM DTT, 1x complete protease inhibitors,
1 mM PMSF, 10 mM sodium ascorbate, 5 mM
trolox, 10 mM sodium azide) and heated at 90 �C
to promote solubilization of aggregated proteins.
Subsequently, lysates were sonicated three times
using a 30 sec on/30 sec off protocol. Next,
lysates were diluted by adding 1080 mL lysis buffer
2 (56 mM Tris-HCl [pH 7.5], 167 mM NaCl, 0.55%
NP-40, 0.55% sodium deoxycholate, 1x complete
protease inhibitors, 1 mM PMSF, 10 mM sodium
ascorbate, 5 mM trolox, 10 mM sodium azide) and
sonicated as before. Lysates were cleared by
centrifugation at 21100 � g, 4 �C for 10 minutes.
Supernatants were taken and dialyzed using
Slide-A-Lyzer (Thermo, #66332) cassettes to
remove free biotin-phenol. Briefly, the membranes
were hydrated, after which the samples were
loaded and dialyzed in 3 L dialysis buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM DTT) for 2
hours at 4 �C. After 2 hours, dialysis buffer was
refreshed and samples were dialyzed for an
additional 2 hours. Subsequently, dialysis buffer
was refreshed once more, and samples were
incubated overnight. The following day, lysates
were recovered, transferred to Eppendorf tubes
and glycerol was added to a final concentration of
10%. After setting aside small fractions of each
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sample for Bradford assay and a small scale
streptavidin enrichment test, lysates were snap-
frozen in liquid nitrogen and stored at �80 �C.
Protein concentration was determined using
Bradford assay.

Streptavidin enrichment and on-bead
digestion

Throughout streptavidin enrichment and washing
procedures, samples were kept on ice as much as
possible. Streptavidin Sepharose High
Performance beads (Cytiva, #17-5113-01) were
equilibrated in IP-buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 0.5% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 0.5 mM DTT,
1 � cOmplete protease inhibitor cocktail, 1 mM
PMSF, 10 mM sodium ascorbate, 5 mM trolox,
10 mM sodium azide) three times, with
centrifugation at room temperature for 2 minutes
at 2000 � g in between. For each streptavidin
enrichment, 15 mL bead slurry was used.
Purification was performed in triplicate by
combining 400 mg protein lysate in IP-buffer and
equilibrated bead suspension in a total volume of
500 mL per replicate. In addition, 20mg ethidium
bromide was added to prevent indirect, DNA-
mediated interactions. Samples were incubated
for 90 minutes at 4 �C with end-over-end rotation.
Subsequently, beads were washed twice with
wash buffer (25 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 0.5 mM DTT, 1 � cOmplete protease
inhibitor cocktail, 1 mM PMSF), twice with 1% NP-
40 in PBS (MS-grade) and twice with PBS (MS-
grade). From this point onwards, all incubations
and centrifugation steps were performed at room
temperature. The final wash was removed
completely using an insulin syringe (BD cat#
324825, gauge 30), beads resuspended in 50 mL
freshly prepared elution buffer 1 (2 M urea,
100 mM Tris-HCl [pH 8.0], 10 mM DTT) and
incubated for 20 minutes in a thermoshaker set to
1250 rpm. Iodoacetamide was added to a final
concentration of 50 mM and samples were
incubated for an additional 10 minutes on the
thermoshaker. After addition of iodoacetamide,
samples were kept in the dark as much as
possible. Subsequently, 0.25 mg trypsin (Promega,
V5111C) was added and bead suspensions were
incubated for approximately 150 minutes on the
thermoshaker at 1250 rpm. After centrifugation for
2 minutes at 2000 � g, the supernatant containing
tryptic peptides was taken and transferred to a
new Eppendorf tube. Next, 50 mL freshly prepared
elution buffer 2 (2 M urea, 100 mM Tris-HCl [pH
8.0]) was added to the beads, which were
subsequently incubated for 5 minutes at 1250 rpm
on the thermoshaker. Again, beads were pelleted
by centrifugation (2minutes,2000xg), supernatant
was collected and combined with the supernatant
taken previously. Combined supernatants were
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incubated overnight at room temperature after
addition of 0.1 mg trypsin. Samples were acidified
by adding 10 mL trifluoroacetic acid (10%), purified
and desalted on C18 StageTips81 and stored at
4 �C until measurement on the mass spectrometer.
Mass spectrometry

Peptides were separated through reverse phase
nano-HPLC on an Easy-nLC 1000 (Thermo
Fisher) coupled on-line to a Thermo Fisher
Orbitrap Exploris 480 mass spectrometer. A 60
minute gradient of buffer B (80% acetonitrile, 0.1%
formic acid) was applied and the mass
spectrometer was run in Top20 mode. After
fragmentation, peptides were added to a dynamic
exclusion list for 45 seconds.
Mass Spectrometry data analyses

The RAW data have been analyzed using
MaxQuant version 1.6.6.082 LFQ and iBAQ settings
enabled, and deamidation (NQ) added as variable
modification. The database was downloaded from
UniProtKB in June 2017 and APEX protein
sequences were added. The raw mass spectrome-
try data and Maxquant output have been deposited
to the ProteomeXchange Consortium via the
PRIDE83 partner repository with the dataset identi-
fier PXD035040. Raw MS dataset identifiers of indi-
vidual triplicates are indicated in Figure S6(A).
Mapped mass spectrometry data was processed

using Perseus 1.5.0.15.84 In brief, identified pro-
teins were filtered for contaminants and reverse
hits, after which LFQ-values were log2-
transformed. Samples were grouped into triplicates
and filtered to contain three valid values in at least
one group of replicates. Missing values were subse-
quently imputed assuming normal distribution to
allow statistical analyses. Volcano plots were gen-
erated in Perseus and replotted in GraphPad Prism
8. GO-term analysis of proteins enriched in HspB2
condensates and HspB5-STD/RG aggregates was
performed on proteins in the 95th percentile with
P < 0.01 in the appropriate comparison. Similarly,
for the analysis of proteins depleted in HspB2 con-
densates, the 5% most depleted proteins with a P-
value < 0.01 were selected. To investigate GO-
term enrichment of factors enriched in HspB2:
HspB3 aggregates, proteins in the 90th percentile
relative to both APEX-NES and -NLS controls were
selected. These datasets were then overlapped and
only those proteins present in both comparisons
were selected for GO-term enrichment analysis.
GO-term enrichment analysis85–87 was performed
by testing lists of selected proteins against the
human proteome reference list on http://geneontol-
ogy.org/. Only enriched terms with an FDR P < 0.05
are shown.

http://geneontology.org/
http://geneontology.org/
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