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Protein quality control systems are crucial for cellular function and organismal health.
At present, most known protein quality control systems are multicomponent
machineries that operate via ATP-regulated interactions with non-native proteins to
prevent aggregation and promote folding', and few systems that can broadly enable
protein folding by a different mechanism have been identified. Moreover, proteins
that contain the extensively charged poly-Asp/Glu (polyD/E) region are commonin
eukaryotic proteomes?, but their biochemical activities remain undefined. Here we
show that DAXX, a polyD/E protein that has been implicated in diverse cellular
processes® %, possesses several protein-folding activities. DAXX prevents
aggregation, solubilizes pre-existing aggregates and unfolds misfolded species of
model substrates and neurodegeneration-associated proteins. Notably, DAXX
effectively prevents and reverses aggregation of its in vivo-validated client proteins,
the tumour suppressor p53 and its principal antagonist MDM2. DAXX can also restore

native conformation and function to tumour-associated, aggregation-prone p53
mutants, reducing their oncogenic properties. These DAXX activities are
ATP-independent and instead rely on the polyD/E region. Other polyD/E proteins,
including ANP32A and SET, can also function as stand-alone, ATP-independent
molecular chaperones, disaggregases and unfoldases. Thus, polyD/E proteins
probably constitute a multifunctional protein quality control system that operates via
adistinctive mechanism.

DAXX was initially identified as an adaptor protein associated with the
intracellular death domain of the apoptosis receptor Fas (also known
as CD95 or Apo-1)>*. It was subsequently implicated in additional
apoptotic scenarios and a wide range of other cellular processes®°.
Deficiency of Daxx results in embryonic lethality in mice", whereas
recurrent somatic mutations in DAXX are associated with human
tumours™?®, Although in most cases a specific mechanism has been
proposed for its action, the association of DAXX with numerous cellular
proteinsraises anintriguing question as to whether DAXX possesses a
biochemical activity that underlies, or contributes to, its remarkably
diverse functions. We reasoned that if such a unifying activity exists
for DAXX, it might be related to protein folding. Here, we explore this
possibility.

DAXX is an effective molecular chaperone

Molecular chaperones inhibit protein misfolding and aggregation'. To
investigate whether DAXX can act as a molecular chaperone, we puri-
fied recombinant full-length DAXX protein from bacterial, insect and
mammalian cells (Extended Data Fig. 1a—e) and tested it on the model
chaperone substrate luciferase and neurodegeneration-associated,
misfolding-prone proteins. When luciferase was incubated at an

increased temperature, it lost enzymatic activity rapidly and coalesced
into aggregates detectable by light scattering. DAXX purified from
bacteria protected luciferase from heat-induced inactivation (Fig. 1a,
Extended DataFig. 1f) and aggregation (Fig. 1b), akin to HSP70 together
with its co-chaperone HSP40. DAXX protein purified from insect Sf9
or human HEK293T cells also protected luciferase against thermal
denaturation (Extended Data Fig. 1g—j).

Neurodegenerative disease-associated proteins can spontaneously
assemble into aggregated species including amyloid fibrils. When
incubated in vitro, ataxin-1 protein with an expanded polyglutamine
tract (ATXN1(82Q)), which is associated with spinocerebellar ataxia
typel, formed pelletable aggregates that were soluble with SDS. DAXX
strongly prevented the aggregation of ATXN1(82Q), keeping almost all
ATXN1(82Q) molecules in the supernatant (Fig. 1c).

Highly-ordered amyloid fibrils, which consist of B-strands that are
stacked perpendicularly to the fibril axis (cross-p structure), are a path-
ological hallmark of neurodegenerative diseases including Parkinson’s
disease and Alzheimer’s disease™. DAXX inhibited fibrillization of Par-
kinson’s disease-associated protein a-synuclein (a-Syn), as shown by
thioflavin T (ThT)-binding assay (Fig. 1d), electron microscopy (Fig. 1e)
and adotblot assay that detected SDS-resistant as well as SDS-soluble
pelletable aggregates (Fig. 1f). A small amount of DAXX (0.1-0.4 pM)
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Fig.1|DAXX prevents protein misfolding and aggregation.

a, b, Heat-induced luciferase inactivation (a, 5nM) and aggregation (b, 200 nM)
inpresence or absence of GST, DAXX and HSP70-HSP40 at 200 nM (a) or at the
indicated molar ratios (b). c, Aggregation of ATXN1(82Q) (50 nM) in the
presence or absence of glutathione S-transferase (GST) or DAXX (200 nM
each).Raw datafor thisand other gels are found in Supplementary Fig 1.

PE, pelletable aggregates that were soluble with SDS; SN, supernatant.

d-f, Fibrillization of a-Syn (70 pM) in the presence GST, HSP70-HSP40, HSPs
(HSP70-HSP40-HSP104(A503S)) (200 nM each) and DAXX (100-400 nM) was
assayed by ThT-binding (d), electron microscopy (e; red arrows, fibrils; blue
arrows, large oligomers; scale bar,100 nm), and sedimentation followed by dot
blot for SDS-soluble and SDS-resistant (SR) aggregates and total a-Syn and by
disuccinimidyl suberate (DSS) cross-linking for soluble oligomers (f). IB,
immunoblot. g-i, Fibrillization of AB42 monomers (10 M) in the absence or
presence of DAXX (50-600 nM) (g, h), and viability of SH-SY5Y cells treated
with AB42 pre-incubated with or without DAXX (i). An ATP-regeneration
systemwasincluded with heat-shock proteins but not DAXX (all subsequent
experiments with heat-shock proteins, but not experiments with DAXX, also
contained an ATP-regeneration system). Dataare meanormean ts.d. (n=4for
i,and 3fortherest) and are representative of threeindependent experiments.
*P<0.05,NS, notsignificant; unpaired Student’s t-test.

was sufficient to prevent aggregation of a-Syn monomers that were
approximately 175- to 700-fold in molar excess (70 pM). This activity
of DAXX seemed to be stronger than that of HSP70-HSP40 and on a par
with that of HSP70-HSP40 plus HSP104(A503S), a potentiated version
of the yeast disaggregase HSP104 (ref. ).

Amyloid fibrils can propagate in a prion-like, self-templating manner,
aproperty that probably underlies the spread of fibrillar aggregates
along interconnected neuronal regions in patients'. Aggregation
of soluble a-Syn monomers was accelerated by preformed fibrils
(PFFs) of a-Syn (Extended Data Fig. 2a). DAXX suppressed this seeded
fibrillization at sub-stoichiometric molar ratios to a-Syn monomersin
adose-dependent manner and near-completely blocked itatarelatively
high dose (Extended Data Fig. 2b).

Tofurther assess the effect of DAXX on protein fibrillization, we used
asubstrate with a stronger propensity to aggregate, the Alzheimer’s
disease-associated amyloid-f3 peptide AB42. DAXX inhibited fibrilliza-
tion of AB42 atlow molar ratios (1:200 to1:17), maintaining itin asolu-
ble state even after a prolonged incubation (Fig. 1g, h, Extended Data
Fig. 2c-e). Consequently, in the presence of DAXX, A42 monomers

could not form PFFs that accelerated aggregation of fresh AB42 mon-
omers (Extended Data Fig. 2f). Moreover, DAXX near-completely
abolished AB42 PFF-induced aggregation of fresh AB42 monomers
(Extended DataFig. 2g). Therefore, DAXX suppresses both spontaneous
and seeded aggregation of disease-associated proteins.

Preceding fibrillization, a-Syn and AB42 monomers form soluble
oligomers thatare neurotoxic”. DAXX blocked the formation of a-Syn
oligomers of various sizes, akin to HSP70-HSP40-HSP104(A503S)
(Fig. 1e, f). Moreover, although AB42 peptides pre-incubated alone
were toxic to human neuroblastoma SH-SY5Y cells, AB42 peptides
pre-incubated with DAXX displayed minimal toxicity (Fig. 1i). Therefore,
DAXX prevents the formation of toxic prefibrillar oligomers.

Unlike canonical chaperones, the activity of DAXX did not require
the addition of ATP (Fig. 1, Extended Data Figs. 1f-j, 2b-h); nor was it
affected by the treatment of the ATP-diphosphohydrolase apyrase
(Extended Data Fig. 2h, i). DAXX was unable to bind to ATP (Extended
Data Fig. 2j). Canonical molecular chaperones often assemble into
adimer or a large oligomeric complex’. By contrast, size-exclusion
chromatography and chemical crosslinking assay suggested that DAXX
exists predominantly asa monomer (Extended Data Fig. 2k, I).

DAXXis a protein disaggregase

Disaggregases dissolve pre-existing protein aggregates, permitting
refolding of misfolded proteins and hence avoiding the energetically
costly process of protein degradation and re-synthesis's. DAXX pro-
tein purified from bacteria was able to dissolve luciferase aggregates
generated by thermal denaturationand reactivate theminatime-and
dose-dependent manner (Fig. 2a, Extended Data Fig. 3a-c). DAXX
protein purified from Sf9 or HEK293T cells exhibited a similar abil-
ity (Extended Data Fig. 3d-f). DAXX achieved a maximal recovery of
luciferase activity at fivefold excess (Extended Data Fig. 3g). A circular
dichroism spectroscopic analysis showed DAXX reduced the 3-strand
content of heat-treated luciferase to a level close to that of unheated
luciferase (Fig. 2b, Extended Data Fig. 3h), which indicates that DAXX
returns the core structure of denatured luciferase to a nearly native
state.

Although luciferase formed aggregates of relatively small sizes after
heat treatment, it generated aggregates of large sizes upon ureatreat-
ment® (Extended Data Fig. 3i). DAXX exhibited little activity towards
urea-produced luciferase aggregates, whereas HSP70-HSP40-
HSP104(A503S) showed a modest activity (Extended Data Fig. 3j-1).
When tested on disease-associated proteins, DAXX exhibited potent
activity towards some, but not other, aggregates. DAXX readily disas-
sembled the amorphous ATXN1(82Q) aggregates (Fig. 2c), and could
also convert virtually all AB42 fibrils into a soluble state (Fig. 2d, e).
However, DAXX was unable to dissolve a-Syn fibrils by itself; nor did
it synergize with HSP70-HSP40-HSP104(A503S) for disaggregation
(Extended Data Fig. 3m-p). As for its chaperone activity, the disag-
gregase activity of DAXX wasindependent of ATP (Fig. 2a-e, Extended
DataFig. 3).

DAXX s a protein unfoldase

Unfoldases can release stable misfolded monomers from kinetically
trapped states, a property previously shown for the HSP70 chaperone
system™?°, To test whether DAXX possesses unfoldase activity, we
used the luciferase mutant LucDHis, (LucD), which adapts acompact,
monomeric misfolded state uponrepeated freeze-thaw cycles®. Mis-
folded LucD monomers bind more ThT than native LucD, reflecting a
high B-sheet content®. DAXX decreased the binding of misfolded LucD
monomers to ThT, consistent with unfoldase activity (Fig. 2f). Sensi-
tivity to brief trypsin digestion is another indicator for the unfolded
state?® (Extended Data Fig. 4a). Incubation with DAXX for ashort period
of time (2 min) enhanced the sensitivity of LucD to trypsin, which
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Fig.2|DAXX dissolves protein aggregates and unfolds misfolded species.
a, Activity of heat-denatured luciferase (5 nM) treated with GST, DAXX or HSPs
(100 nM each). b, B-stand contents of native luciferase or heat-denatured
luciferase (1M each) treated with or without DAXX (0.1and 0.5 uM).

¢, Sedimentation analysis of ATXN1(82Q) aggregates (50 nM) treated with or
without of GST or DAXX (200 nM).d, e, ThT binding (d) and sedimentation

(e) analyses of AB42 fibrilsincubated with GST, HSPs (0.2 uM each) or DAXX
(0.1,0.2and 0.4 pM). f, DAXX reduces the binding of monomeric misfolded
LucD (3pM) to ThT. g, Sensitivity to trypsin digestion of monomeric misfolded
LucD (50 nM) afterincubation with DAXX, GST or HSPs (100 nM each) for the
indicated times. h, Kinetic analysis of LucD reactivation by DAXX or HSPs.

i, Percentage of U20S cells containing ATXN1(82Q) inclusions of different sizes
inthe presence or absence of DAXX or HSP70. Dataare mean +s.d. (n=3) and
arerepresentative of two (b) or three (the rest) independent experiments.
*P<0.05,**P<0.01,***P<0.001; unpaired Student’s -test for band d, two-way
analysis of variance (ANOVA) fori.

suggests rapid unfolding of the compact LucD monomers, whereas
alonger incubation with DAXX (5-30 min) progressively reduced
LucD sensitivity to trypsin while increasing its enzymatic activity
(Fig. 2g, Extended Data Fig. 4b, c), which indicates the refolding of
LucD to the native state. These effects of DAXX were similar to those
of HSP70-HSP40-HSP104(A503S). Moreover, reactivation of LucD
inthe presence of DAXX followed saturation kinetics with maximum
reaction rate (V,,,,) and Michaelis constant (K,,,) values comparable
to those in the presence of HSP70-HSP40-HSP104(A503S) (Fig. 2h).
Collectively, these results suggest that DAXX serves as a catalyst to
unfold misfolded monomers.

Effect of DAXXincells

To evaluate the effect of DAXX on protein aggregation in cells, we
co-expressed it with a nucleus-localized luciferase (nLuc) or its struc-
turally destabilized derivative (nLucDM)* in HEK293T cells. DAXX
increased the levels of nLucDM, but not nLuc, in a dose-dependent
manner (Extended Data Fig.4d). Moreover, in U20S cells, DAXX reduced
the size and number of ATXN1(82Q) inclusions, with an effect stronger
than that of HSP70 (Fig. 2i, Extended Data Fig. 4e, f).

To further assess the effect of DAXX on oligomeric intermediates,
we used a bimolecular fluorescence complementation (BiFC) system
inwhich a-Syn was fused to the N-terminal (V1) or the C-terminal (V2)

134 | Nature | Vol 597 | 2 September 2021

fragment of the Venus protein? (Extended Data Fig. 4g). When V1-a-Syn
(V1S) and a-Syn-V2 (SV2) were expressed together, but notindividually,
reconstitution of the Venus fluorescence occurred (Extended Data
Fig.4h-j), reflecting a-Syn oligomerization that brought the split Venus
moieties into proximity. DAXX markedly reduced the BiFC signal, but
not ViSand SV2 protein levels (Extended Data Fig. 4h-j). Together, these
resultsindicate that DAXX suppresses the formation of aggregates and
prefibrillar oligomersin cells.

Role of the polyD/E domain

The various activities of DAXX in assisting protein folding suggested an
intrinsic ability to recognize misfolded conformations. Consistently,
when DAXX and nLuc were co-expressed in HEK293T cells, theirinterac-
tion was increased upon heat shock (Extended Data Fig. 5a). In vitro,
DAXX preferentially bound to heat-denatured over native luciferase
(Extended Data Fig. 5b), which indicates that DAXX can distinguish
misfolded and native conformers of the same polypeptide.

Canonical molecular chaperones and disaggregases can recognize
linear peptide segments of unfolded proteins that are enriched in
hydrophobic amino acids’. To define the molecular basis by which
DAXXrecognizes misfolded proteins, we generated a cellulose-bound
peptide library consisting of peptides derived from luciferase, four
physiologically relevant client proteins (p53, MDM2, H3.3 and H4)¢ 8,
and DAXX itself. DAXX bound to asmall subset of this library (Extended
DataFig.5c), whichindicates its ability to discern peptides with differ-
entamino acid compositions. An analysis of the relative occurrence of
each amino acid residue in DAXX-interacting peptides versus thatin
all peptides of the library revealed that DAXX strongly favoured basic
residues Argand Lys and, toaless extent, hydrophobicresidueslleand
Leu, while disfavouring acidic residues Asp and Glu; polar residues Cys,
Asn and Ser; and the aromatic residue Trp (Fig. 3a). Therefore, DAXX
probably recognizes misfolded proteinsin part through electrostatic
interactions.

To test this notion, we examined the activity of DAXX to recover
denatured luciferase inthe presence of increasingly higher salt concen-
trations (0-300 mMKCl). The activity of DAXX initially strengthened
(0-25mM), reached amaximum (25-150 mM), and then progressively
declined (150-300 mM) (Fig. 3b). By contrast, the activity of HSP70-
HSP40-HSP104(A503S) remained largely unchanged (Fig. 3b). The
decrease in DAXX activity at high ionic strength is consistent with the
involvement of electrostatic interactions. But the initial increase in,
and the subsequent maintenance of, its activity distinguish DAXX from
polyanions such as nucleic acids®, which show amonotonical decrease
in activity with increasing salt®. Thus, DAXX might use electrostatic
interactionsinaregulated manner.

Of note, DAXX contains a region of mainly Asp and Glu® (Extended
DataFig.5d). We generated mutants lacking this polyD/E region (AD/E)
or consisting mostly of it (D/E) (Extended Data Fig. 5e). DAXX(AD/E)
did not protect luciferase from heat inactivation (Fig. 3¢c), solubilize
luciferase aggregates (Fig. 3d) or unfold LucD monomers (Extended
Data Fig. 5f-h); nor did DAXX(D/E). Thus, the polyD/E region of
DAXX is necessary, albeit insufficient, for various protein-folding
activities.

Activity of other polyD/E proteins

Proteins that contain an extended polyD/E region with one or
more continuous sequences of Asp and Glu (acidic runs) were first
reported no later than the 1970s**, and were subsequently found in
various eukaryotes?. To investigate whether other polyD/E proteins
can facilitate protein folding, we analysed ANP32A and SET, both of
which contain a polyD/E region at their C termini** (Extended Data
Fig. 6a). Recombinant ANP32A and SET proteins protected luciferase
against heat-induced aggregation (Fig. 3e, f) and partially prevented
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Fig.3|Other polyD/E proteins canfunction as molecular chaperones,
disaggregases, and unfoldases. a, The occurrence of each aminoacidin
DAXX-binding peptides relative toits occurrencein the peptide library (100%).
b, Reactivation of denatured luciferase (50 nM) by DAXX and HSPs (100 nM) in
the presence of increasing salt concentration. ¢, d, Activity (c) and solubility (d)
of denatured luciferase (d-Luc; 5 nM) after incubation with DAXX, DAXX(AD/E),
or DAXX(D/E). n-Luc, native luciferase. e, f, Heat-induced aggregation of
luciferase (200 nM) in the absence or presence of GST,ANP32A (e) or SET (f). g,
i, Prevention (g) and reversal (i) of ATXN1(82Q) (50 nM) aggregation by SET and
ANP32A (200 nMeach). h, j, Reactivation of heat-denatured luciferase (5nM)
(h) and misfolded LucD monomers (50 nM) (j) by SET and ANP32A (200 nM
each). Dataare meanor mean +s.d. (n=3) and are representative of three
independent experiments.

ATXN1(82Q) from spontaneous aggregation (Fig. 3g). Unlike DAXX,
however, ANP32A and SET did not block a-Syn fibrillization (Extended
DataFig. 6b, c).

ANP32A and SET could also reactivate heat-denatured luciferase
(Fig.3h) and dissolve ATXN1(82Q) aggregates (Fig. 3i). Similar to DAXX,
they were unable to reactivate urea-denatured luciferase (Extended
Data Fig. 6d) or a-Syn fibrils (data not shown). ANP32A and SET could
release misfolded LucD monomers from the energetically-trapped
state and facilitate their re-folding (Fig. 3j, Extended Data Fig. 6e, f).
Removing 14 amino acid or more from the SET polyD/E region markedly
reduced its ability to reactivate luciferase (Extended Data Fig. 6g-i),
whichsuggests that most of the polyD/E regionisrequired for optimal
activity.

PolyD/E proteins were previously surveyed on the basis of relatively
long acidic runs®>?. An analysis of polyD/E domains in DAXX, ANP32A
and SET showed that the occurrence of Asp and Glu residues is equal
to, or greater than, 35in a 50-amino acid window. Using this criterion,
we searched various proteomes and identified a sizable number of
polyD/E domain proteinsinmetazoansincluding45in humansand51in
mice. These proteins also existin Arabidopsis (25) and S. cerevisiae (18),
butnotinE. coli. (Extended DataFig. 6j, Supplementary Table1). Gene
Ontology analysis showed that human polyD/E proteins are involved
in various cellular processes (Extended Data Fig. 6k, I). The precise
number of these proteins requires additional analysis of the composi-
tion of the polyD/E region that contributes toits activity. Nevertheless,
polyD/E proteins seem to be prevalent in eukaryotic genomes, and their
number has expanded significantly during evolution.
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Fig.4| DAXX maintains and restores the native conformation of p53 and
MDM2. a, Prevention of p53 (100 nM) aggregation by DAXX (200 nM).

b, d, g, Solubilization of p53 (b), MDM2 (d) and p53(R175H) (g) (100 nM each)
aggregates by DAXX (200 nM). ¢, Immunoprecipitation (IP) of native p53
(n-p53), or denatured p53 (d-p53) incubated with GST or DAXX, with PAb1620,
PAb240 or DO1 (pan-p53 antibody).RM, proteins remained in supernatants.

e, Ubiquitination of p53 (20 nM) by MDM2 (45 nM) in the presence or absence of
DAXX (100 nM), or by denatured MDM2 (45 nM) pre-incubated with or without
DAXX.f, Prevention of p53 and p53(R175H) (5 uM) fibrillization by DAXX (5 pM).
h, i, Representativeimages of U20S cells transfected with p53(R175H) or
p53(R175H) plus DAXX (h), and percentage of cells containing p5S3(R175H)
puncta (i). Scale bar, 10 pm. j, p53(R280K) aggregates in controland
DAXX-knockdown MDA-MB-231 cells. k, Fluorescence intensity of anti-p53
(DO-1) and anti-pre-fibril oligomers (A11) staining in control MDA-MB-231cells
or MDA-MB-231 cells transfected with DAXX siRNAs and/or Flag-DAXX.

1, Number and size of soft-agar colonies form by control and DAXX-
overexpressing MDA-MB-231 cells. Dataare mean +s.d.and arerepresentative
of two (j) or three (the rest) independent experiments. *P<0.05,**P< 0.01,
***P<0.001; unpaired Student’s ¢-test.

DAXX chaperones folding of p53 and MDM2

To evaluate whether polyD/E proteins promote the folding of their
in vivo-validated client proteins, we examined the effect of DAXX on
p53 and its ubiquitin ligase MDM2 (refs. 7). pS3 is a highly labile pro-
tein, and purified recombinant p53 readily misfolds and aggregates™.
DAXX blocked p53 aggregation, keeping almost all p53 molecules in
the soluble form (Fig. 4a). p53 can also form amyloid fibrils***, which
wasalso abrogated by DAXX (Extended Data Fig.7a). Moreover, DAXX
displayed potent disaggregase activity towards pre-existing p53 aggre-
gates, converting virtually all of them back to the soluble state (Fig. 4b).
By contrast, neither DAXX(AD/E) nor DAXX(D/E) exhibited chaperone
and disaggregase activities towards p53 (Extended Data Fig. 7b, c).
Using antibodies specific to the wild-type (PAb1620) or mutant
(PAb240) conformation of p53, we observed that DAXX restored mis-
folded p53 toits native conformation (Fig. 4c). Moreover, a thermal
denaturation shift assay® showed that while DAXX did not significantly
affect the transition temperature (7,,) of native p53, it increased the
T..of denatured p53 to that of native p53 (Extended Data Fig. 7d,e).
Asfor p53, DAXX was able to solubilize MDM2 molecules from aggre-
gates and restored their native conformation (Fig. 4d, Extended Data

Nature | Vol 597 | 2 September 2021 | 135



Article

Fig. 7f-h). DAXX enhanced native MDM2-mediated ubiquitination of
p53, and partially restored ligase activity to heat-treated MDM2 (Fig. 4e,
Extended Data Fig.7i). MDM2 ubiquitinated denatured p53 more read-
ily than native p53. Pre-incubation with DAXX reduced ubiquitination
of denatured p53 (Extended Data Fig. 7j), again indicating that DAXX
restores the native conformation of p53.

Consistent with its ability to promote MDM2-mediated p53 ubiquit-
ination, DAXX reduced p53 protein levels in U20S cells (Extended Data
Fig.7k,1). DAXX also decreased p53 proteinlevelsin H1299 cells where
p53 was inducibly expressed, and lowered expression of p53 target
genes (Extended Data Fig. 7m-o). Collectively, these results indicate
that DAXX maintains the native conformation of both p53 and MDM2,
enhancing the robustness of the p53-MDM2 regulatory network.

Effect of DAXX on mutant p53

p53is the most frequently mutated gene in human tumours, A sub-
stantial fraction of tumour-associated mutations destabilize confor-
mation of p53 protein and accelerate its aggregation, contributing to
more aggressive tumour phenotypes. To investigate whether DAXX can
rescue the function of mutant p53, we used a ‘hotspot’ conformational
mutation, R175H. Compared with wild-type p53, p53(R175H) aggregated
at a faster pace. Still, DAXX nearly completely prevented p53(R175H)
aggregation (Extended Data Fig. 8a). p5S3(R175H) more readily gen-
erated amyloid fibrils, which was again effectively blocked by DAXX
(Fig.4f). DAXX also rendered preformed p53(R175H) PFFs incapable of
inducingfibrillization of wild-type p53 (Extended DataFig. 8b). Further-
more, DAXX was able to transition nearly all pre-existing p5S3(R175H)
insoluble aggregates back into solution (Fig. 4g).In U20S cells, DAXX
strongly reduced p53(R175H) aggregates that appeared as puncta
(Fig.4h, i, Extended Data Fig. 8c). DAXX also reduced protein, but not
mRNA, levels of p53(R175H) in H1299 cells that inducibly express this
mutant andincreased the expression of p53 target genes including p21
and Puma (Extended Data Figs. 7m, n, 8d). These results suggest that
DAXX converts p53(R175H) to the native state, rendering it responsive
to MDM2-mediated degradation and restoring its normal function.

To further examine the influence of DAXX on mutant p53 and the
associated oncogenic phenotypes, we chose breast cancer MDA-MB-231
cells, which contained the conformational mutant p53(R280K) that
aggregates into amyloid fibrils*®. Knocking down DAXX by independ-
ent small hairpin RNAs (shRNAs) increased intracellular pS3(R280K)
fibrillar aggregates (Fig. 4j, Extended Data Fig. 8e, ). Knocking down
DAXX by a small interfering RNA (siRNA) yielded a similar result
(Fig. 4k, Extended Data Fig. 8g). By contrast, forced expression of
siRNA-resistant DAXX not only reversed the effect of the DAXX siRNA
butalso further decreased p53(R280K) aggregates (Fig. 4k, Extended
DataFig. 8g).

Knocking down DAXX increased proliferation of MDA-MB-231 cells
on adherent plates (Extended Data Fig. 8h), and enhanced their abil-
ity to grow in soft-agar medium (Extended Data Fig. 8i, j), an in vitro
measure of tumorigenicity. By contrast, forced expression of DAXX
impeded adherent proliferation of MDA-MB-231 cells (Extended Data
Fig.8k) and reduced the number and size of soft-agar colonies formed
by these cells by approximately 50% and 40%, respectively (Fig. 41,
Extended DataFig. 8l). Collectively, these data suggest that DAXX may
restore the native conformation and function to aggregation-prone
p53 mutants, reducing their oncogenic properties.

Discussion

This study reveals that DAXX and other polyD/E proteins can partici-
pate in several aspects of protein quality control: preventing protein
aggregation, dissolving preformed protein aggregates and unfold-
ing monomeric misfolded proteins. The polyD/E proteins tested here
seem to have different potencies, with DAXX being stronger than SET
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and ANP32A, which might reflect a hierarchy within this family or a
difference in substrate specificity. DAXX is particularly effective for
p53 and MDM2, which suggests that polyD/E proteins may be crucial
for modulating conformation of their in vivo clients. Thus, DAXX and
perhaps other polyD/E might have arole in both global and specific
protein folding processes.

Protein folding and misfolding have been rationalized mainly in the
context of hydrophobicinteractions'. The involvement of the polyD/E
regionsuggests that electrostaticinteractions may also contribute sub-
stantially to protein folding and misfolding, as well as the mechanism of
action of proteins containing this region. Nevertheless, DAXX does not
merely actasapolyanion. Instead, the other portions of DAXX probably
regulate the action of the polyD/E region in a dynamic manner. The
importance of electrostaticinteractions, along with ATP-independence
and multifunctionality, indicate that polyD/E proteins may represent a
new class of protein-folding enablers, which are mechanistically distinct
from canonical ATP-dependent systems as well as ATP-independent
systems such as that consisting of tripartite motif (TRIM) proteins®>*,

Giventhe prevalence of p53 mutations in human tumours, restoring
thermostability and normal function of p53 mutants would be highly
beneficial for cancer therapy®. Nevertheless, development of small
compoundsto achieve such an outcomeis challenging even forasingle
p53 mutant. This study suggests that DAXX can restore activity toa
wide range of p53 mutants. Therefore, bolstering DAXX function might
represent an alternative approach to therapeutically re-establish the
tumour suppressive function of mutant p53.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Antibodies and recombinant proteins

Antibodies against the following proteins/epitopes were purchased
from the indicated sources: GAPDH (sc-47724), His tag (sc-8036),
GST (sc-138), p53 (D01, sc-126), MDM2 (sc-965), DAXX (sc-8043),
a-synuclein (syn211, sc-12767) (Santa Cruz Biotechnology); Flag tag
(14793) and DAXX (4533S) (Cell Signaling Technology); p53 (PAb1620,
OP33; PAb240,0P29), MDM2 (OP46) (Calbiochem); HA tag (ab137838)
and luciferase (ab21176) (Abcam); and -Amyloid 1-42 (AB42, 805509)
(BioLegend). HRP-conjugated anti-rabbit IgG (7074S) and anti-mouse
IgG (7076S) antibodies were purchased from Cell Signaling Technology;
IRDye 800CW (926-32211, anti-Rabbit) and IRDye 680RD (926-68070,
anti-Mouse) secondary antibodies from Li-Cor; anti-Flag M2 Affinity
Gel (A2220), 3xFlag peptide (F4799), firefly luciferase (L9420), and
AB42 (A9810) from Sigma Aldrich; HSP70 (human HSP72, ADI-NSP-555),
HSP40 (human HDJ1, ADI-SPP-400), and ATP regeneration solution
(BML-EW9810-0100) from Enzo Life Sciences; and 6xHis-ubiquitin
(U-530), UBE1 (E-304), and UBE2D2 (E2-622) from Boston Biochem.
a-Synuclein (RP-003, RP-001) was purchased from Proteos. For western
blot, anti-DAXX, p53, MDM2, and a-synuclein antibodies were used at
1:1,000 dilution, IRDye 800CW and IRDye 680RD at 1:10,000 dilution,
and all other antibodies at 1:2,000 dilution.

Plasmids

Plasmids encoding HA-DAXX, Flag-DAXX, Flag-DAXX(AD/E), Flag-p53,
Flag-p53(R175H), Flag-MDM2, Flag-ATXN1(82Q), HA-ATXN1(82Q),
Flag-nFluc-GFP, and Flag-nFlucDM-GFP were constructed in pRKS,
and GFP-HSP70 was constructed in pEGFP-C3, as previously descr
ibed”****3%%_Plasmid expressing LucDHis,, a Photinus pyralis lucif-
erase variant in which the C-terminal 62 residues were replaced by
SKLSYEQDGLHAGSPAALE followed by a 6xHis tag (pT7lucC-His), wasa
gift from P. Goloubinoff*. V1S and SV2 plasmids were generated by clon-
ing a-synucleininto pBiFC-VN173 (Addgene, #22010) and pBiFC-VC155
(Addgene, 22011), respectively. DAXX shRNA plasmids were generated
into pLKO.1with oligo sequences as following: shDAXX#1, GCCTGATA
CCTTCCCTGACTA; shDAXX#2, GCCACACAATGCGATCCAGAA. Bacte-
rial expression plasmid encoding GST-DAXX-6xHis and GST-DAXX(D/E)
were generated in pGEX-1ZT, a derivative of pGEX-IAT that contains
additional cloning sites. Plasmids encoding ANP32A, SET, and SET
deletion mutants were generated in pET28a. For protein expression
ininsect cells, DAXX-6xHis was cloned into pFastBac-GST.

Cell culture

HEK293T, H1299, U20S, MDA-MB-231, SH-SY5Y and Sf9 cells were pur-
chased from ATCC. HEK293T cells were cultured in DMEM medium,
H1299 cells in RPMI-1640 medium, MDA-MB-231 cells in L15 medium,
U20S cells in McCoy’s 5 medium and SH-SYS5Y cells in DMEM/F12
(1:1) medium, each containing penicillin/streptomycin and 10%
FBS. These cells were cultured at 37 °C in a humidified incubator
with 5% CO,. Sf9 cells were cultured in Sf-900 Ill medium containing
antibiotic-antimycotic at 27 °C.

Protein purification

HSP104(A503S) was purified as previously described"”. To express DAXX
in bacteria and insect cells, pGEX-GST-DAXX-6xHis was transformed
into Rosetta 2 (Novagen), and pFB-GST-DAXX-6xHis was transformed
in Sf9 cells. Cells were lysed with Ni-NTA lysis buffer (50 mM NaH,PO,,
300 mM NaCl, 10 mMimidazole at pH 8.0,1mM PMSF,2 mM DTT and
1mg ml™lysozyme) followed by sonication. Lysates were incubated

with glutathione beads (GE Healthcare, 17527901) at 4 °C for 4 h to
overnight. Glutathione beads were washed sequentially with Ni-NTA
lysis buffer containing additional 0, 0.25, 0.5,1, 0.5, 0.25 and 0 MKClI,
respectively, and twice with AcTEV buffer (50 mM Tris-HCI at pH 8.0
and 0.5 mM EDTA). The beads were then incubated at 25 °C for 2-3 h
with ACTEV protease (Invitrogen, 12575015) in ACTEV buffer supple-
mented with25 mM DTT. The supernatant was collected and incubated
with Ni-NTA beads (Invitrogen, R90115) at 4 °C for 2-4 h. The Ni-NTA
beads were washed with Ni-NTA wash buffer (50 mM NaH,P0O4,10 mM
NaCl and 10 mM imidazole at pH 7.0) and eluted with Ni-NTA elution
buffer (50 mM NaH,PO,, 10 mM NaCl and 500 mM imidazole at pH
7.0) at 4 °C for 1 h. After elution, DAXX-6xHis was loaded onto PD 10
desalting columns (GE Health, GE17-0851) with Tris Buffer 20 mM
Tris-HCI, 150 mM NaCl, pH7.4,2mM DTT) or sodium phosphate buffer
(20 mM sodium phosphate buffer pH7.4,0.2 mMEDTA, 0.02% sodium
azide). 6xHis-tagged ANP32A, SET and SET fragments were purified
frombacteriaby Ni-NTAbeads. GST and GST-DAXX(D/E) were purified
frombacteria using glutathione beads and eluted with35mMreduced
glutathione at4 °Cfor1h.

To purify proteins from HEK293T cells, Flag-DAXX, Flag-p53, Flag—
p53(R175H), Flag-MDM2 and Flag-ATXN1(82Q) were transfected into
HEK293T cells. Cells were lysed in IP-lysis buffer (20 mM Tris-HCl at pH
7.4,150 mMNacCl, 0.5% Triton X-100, 0.5% NP-40 and 10% glycerol) with
sonication. Supernatants were incubated with anti-Flag M2 Affinity Gel
(Sigma) at 4 °C for 4 h to overnight. The gel was washed sequentially
with lysis buffers containing additional 0,0.25,0.5,1,0.5,0.25andO0M
KCl, and then with Tris buffer or sodium phosphate buffer. Recombinant
proteins were eluted with 3xFlag peptide at 4 °C for1h.

Proteins was further purified by Mono Q (GE), Superdex 200 Increase
10/300 GL (GE), and/or Superose 610/300 GL columns that were driven
by an NGC Chromatography System (Bio-Rad) or an AKTA FPLC sys-
tem (GE Healthcare). DAXX-6xHis purified from bacteria was used in
Figs. 1a, b, 2a, 3¢; Flag-DAXX purified from HEK293T cells was used
in Fig. 4a-g; and DAXX-6xHis purified from Sf9 cells was used in the
other experiments unless otherwise indicated.

Prevention of protein misfolding and aggregation

For luciferase inactivation assay, 5 or 50 nM luciferase was heated at
42 °Calone or in the presence of the indicated proteins in luciferase
refolding buffer (LRB: 25 mM HEPES-KOH at pH 7.4, 150 mM potassium
acetate, 10 mM magnesium acetate and 10 mM DTT). Heat shock pro-
teins were used as a positive control. ATP-Mg?" and an ATP-regeneration
system (Enzo Life Sciences) were included in samples with heat shock
proteins, but not in samples with DAXX. When indicated, the concen-
tration is referred to that of HSP70, and the concentrations of HSP40
and HSP104 were a half and twice, respectively, of that of HSP70. The
concentration of HSP104 was that of monomers. Luciferase activities
were measured using the Luciferase Assay System (Promega, E1500)
inaMicroplate Reader (BioTek). Data were acquired by BioTek Gen 5
and are expressed as percentages of the native luciferase control. To
assay luciferase aggregation, 200 nM luciferase was heated at 42 °C
aloneorinthe presence of indicated proteins in HEPES buffer (50 mM
HEPES-KOH, pH7.4,50 mM KCl, 5 mMMgCl,and2mM DTT). Luciferase
aggregation was monitored by measuring the absorption at 600 nm
inaMicroplate Reader (BioTek).

Aggregation of ATXN1(82Q), p53, a-Syn and A42 were assayed by
sedimentation. After incubated in the presence of the indicated pro-
teins at 37 °C with constant shaking, the reaction mixtures were centri-
fuged at17,000g and 4 °C for 15-30 min. The supernatant fraction of
a-Synwas treated with or without 0.1mM disuccinimidyl suberate (DSS,
Thermo Scientific, 21555) at 25 °C for 30 min. The pellet and supernatant
fractions were then separated and analysed by westernblot. For o-Syn
and AP42, the SDS-soluble and SDS-resistant aggregates in the pellet
fraction, as well as the total inputs, were also examined by dot blot on
nitrocellulose membrane.



Protein fibrillization

Spontaneous and/or PFF-induced fibrillization of a-Syn, AB42 and p53
was analysed by real-time quaking induced conversion assay (RT-QuIC)
as previously described with modifications*****°, PFFs were created by
incubating a-Syn (1mgml™), AB42 (10 uM) and p53(R175H) (10 pM) at
37 °Cwithcontinuousshaking (1,000 rpm)for7days,1dayand2h, respec-
tively. PFFs were sonicated for 2 min before use. a-Syn PFFs (133 nM)
were added to human «-Syn monomers (13.3 pM) in Tris-HCl buffer (20
mM Tris-HCI, pH 7.4,150 mM NaCl) in the presence of 10 pM ThT. Fibrilli-
zation of AB42 (10 uM) was performed in the sodium phosphate buffer
(20 mM sodium phosphate buffer, pH8.0,0.2 mMEDTA, 0.02% sodium
azide) with 10 uM ThT. When indicated, Af42 PFFs (6 nM) was added
to induce fibrillization. Fibrillization of p53 and p53(R175H) (5 pM)
was performed in Tris-HCl buffer with 25 uM ThT. When indicated,
p53(R175H) PFFs (1 uM) was used to induce fibrillization. RT-QulC assay
was performed in Nunc MicroWell 96-well optical-bottom platesin a
microplate reader (BioTek). The reaction mixtures were incubated at
37 °Cand shakenintermittently (1-min shake-1-minrest cycle) for the
indicated durations. ThT fluorescence wasrecorded every 2, 5or 15min
throughout the experiment.

Fibrillization of a-Syn was also assayed by transmission electron
microscopy at the Electron Microscopy Resource Laboratory at the
University of Pennsylvania. Samples were stained via negative staining
and scanned by FEI Tecnai-12 electron microscope.

Disaggregation and reactivation of protein aggregates
Firefly luciferase (Sigma) was heat inactivated at 42 °C for 10 min and
distributed to reactions at a final concentration of 5 or 50 nM in lucif-
erase refolding buffer. Denatured luciferase incubated with indicate
proteins at 25 °C for 90 min or the indicated times. Reaction mixtures
were assayed for luciferase activity, as well as for luciferase solubility
by sedimentation.

o-Syn fibrils (0.5 pM of monomer concentration) were incubated
with GST (0.5 uM), DAXX-6xHis (0.25, 0.5 or 1 pM) or HSPs (0.5 pM)
in the presence of an ATP regeneration system (Enzo) for 90 min at
30 °C. The samples were centrifuged at 17,000g and 4 °C for 20 min.
The supernatants were removed, and the pellets were boiled in pellet
buffer (50 mM Tris-HCI, pH 8.0, 8 M urea, 150 mM NaCl plus protease
inhibitor cocktail). The total, supernatant, and pellet samples were then
blotted on nitrocellulose membrane and incubated with anti-a-Syn
antibody. Samples were quantified using ImageJ and normalized as
(signal in supernatant)/(signalin pellet + signal in supernatant).

Aggregated ANTX1(82Q), p53 and p53(R175H) were generated by
incubating these proteins at 37 °C shaking for 24-48 h. Aggregated
MDM2 was generated by heat-inactivation at 50 °C for 10-15 min.
Aggregated ATXN1(82Q), p53 and MDM2 proteins were centrifuged
at17,000g for 15 min. Pellets were resuspended and were incubated
withtheindicated proteins at 25 °C. Reaction mixtures were centrifuged
at17,000g and 4 °C for 15 min. The pellet and supernatant fractions
were thenresuspendedinsample buffer and analysed by western blot.

Unfoldase assays for LucD

LucD was inactivated by freeze—thaw circles, and monomers were
isolated as previously described®. For ThT assay, misfolded LucD mon-
omers (3 uM) wereincubated with inthe presence of indicated concen-
tration of DAXX and 60 uM ThT. The addition of ThT had no detectable
effects on the activity of DAXX. ThT binding was measured by micro-
plate reader (BioTek) with excitation/emission spectrum 450/485 nm
as previously described®. For trypsin digestion assay, LucD (50 nM)
was incubated alone or in the presence of indicated proteins at 25 °C
for different times. The samples were then treated with trypsin (2.5 uM)
at 22 °C for 3 min and analysed by western blot®. Steady-state kinet-
ics analysis was performed by incubating 100 nM DAXX or HSPs with
misfolded LucD monomers at increasing concentrations for 30 min.

Luciferase activity was assayed. Kinetic curves were fit and kinetic
parameters, V,,,, and K, were calculated by nonlinear regression using
the Michaelis-Menten calculated by Graphpad Prism 8.

Circular dichroism spectrometer

Heat-denatured luciferase (1uM) was incubated withand without GST
and DAXX as indicated in sodium phosphate buffer for 3 h. Ellipticity
wasrecorded between260 and 200 nmina quartz cuvette with10 mm
path length at 25 °C using an Aviv Circular Dichroism spectrometer.
Native and heat-denatured luciferase (1pM each) were loaded as posi-
tive and negative controls, respectively. Raw data was analysed by CAP-
ITO (https://data.nmr.uni-jena.de/capito/index.php). The background
signal from the buffer or the buffer including DAXX was subtracted.

ATP-binding assay

Binding to ATP was assayed using the ATP Affinity Test Kit (AK-102, Jena
Bioscience), which contained agarose beads conjugated with ATP via
the phosphate moiety (AP-ATP-agarose), the ribose moiety (EDA-ATP),
or the adenine base at different positions (8AH-ATP) and (6AH-ATP
agarose), and blank agarose beads without ATP conjugation. Beads
(50 plslurry) were equilibrated three times with wash buffer and then
incubated with DAXX-6xHis or HSP70 (1 pg each) at 4 °C for 3 h with
slight agitation. The beads were then washed three times with wash
buffer, and the bound proteins were eluted with elution buffer. Input
and bound proteins were analysed by western blot.

Peptide array

Cellulose-bound peptide array was made for 600 peptides representing
6 protein sequences (luciferase, p53, MDM2, H3.3, H4 and DAXX) by
Biopolymers and Proteomics Core, KochInstitute, MIT. The sequence
was synthesized aslinear 13 amino acids in length with 10 amino acids
overlapping. Recombined DAXX was used to probe the peptide assay,
and peptides that could bind to DAXX were detected by anti-DAXX
antibody. The array was scanned, and relative amino acid occurrence
was determined. The occurrence of each amino acid in probed peptides
relative toits occurrence in all peptides was determined.

Thermal shift assay

Thermal shift assays were performed as previously described®. Dena-
tured p53 or MDM2 (1 pM each) was incubated with or without DAXX
at 25 °C overnight, in a total volume of 9 pl. One microlitre of Sypro
Orange (Invitrogen, diluted1:300 before use) wasadded to each sample
ina384-well plate format. The fluorescence intensity was monitored
at the rate of 1°C per min using an Applied Biosystems 7500 RT-PCR
machine. DAXX signal was subtracted from the incubated samples as
the background.

Invitro ubiquitination

Pre-denatured Flag-p53 (20 nM) or pre-denatured Flag-MDM2 (45 nM)
was incubated with Flag-DAXX (100 nM) at 25 °C for 3 h. For
pre-denatured MDM2, 20 nM Zn*" was added into the reaction mixtures
to facilitate the folding of the Zn*-chelating RING domain. The in vitro
reactionwas performed using100 nM E1, 1pM E2 and 2 pg His-ubiquitin
(His-Ub) inafinal volume of 20 pl reaction buffer (40 mM Tris-HClat pH
7.6,2.5mMATP and 2 mM DTT) with indicated proteins. The reaction
was carried out at 37 °C for 1.5 h and was stopped by adding SDS (final
concentration1%) and boiling for 5 min. p53 and its ubiquitination was
detected by western blot.

AB42 neurotoxic assay

Cytotoxicity of AB42 oligomers was assessed in SH-SY5Y cells seeded
in 96-well plates using the CCK8 assay**. AB42 monomers (10 pM) were
incubated withDAXX-6xHis (from Sf9 cells, 0.05,0.1,0.2,0.4,and 0.6 pM)
with constant shaking (1,000 rpm) at 37 °C for 24 h to form oligomers.
The preformed oligomers were suspended in the cell culture medium
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for1hand added to SH-SYSY cells for 24 h. Viable cells were counted
by CCKS8 (Dojindo, CK04).

Immunofluorescence and BiFC assay

Cellswere plated on coverslips and transfected with the indicated siR-
NAs, shRNAs and/or cDNAs. Cells were fixed with 4% paraformaldehyde
in PBS for 15 min at room temperature and permeabilized with PBS
containing 0.25% Triton X-100 for 10 min. Cells were washed with PBS
for three times and blocked with1% BSA in PBST for 30 minat room tem-
perature, and were thenincubated withindicated primary antibodies at
4 °Covernight, followed by fluorescence-labelled secondary antibodies
incubation at room temperature for 1 h. The coverslips were mounted to
glass slidesin medium containing 4’,6-diamidino-2-phenylindole (DAPI)
(H-1200; Vector Laboratories). For BiFC assay, V1S and SV2 plasmids
were co-transfected into HEK293T cells in a molar ratio 1:1. Immuno-
fluorescence were performed 24 h after transfection. Fluorescence
images were acquired by confocal microscope (Zeiss LSM 880 with
software Zeiss Zen 2.3) and analysed by Fiji (Image ] 1.52p).

Soft agar colony formation

Cells were seeded at a density of 7,500 cells per well for MDA-MB-231
cellsinthetop layer of 0.36% soft agar premixed with culture medium
supplemented with10% FBS in 6-well plates and incubated at 37 °C for
3 weeks. Colonies were stained with 0.05% crystal violet in 4% para-
formaldehyde solution forimaging and quantification as described*°.
Images were analysed by Fiji (Image ] 1.52p).

Geneontology analysis
Geneontology analysis was performed by Panther Classification System
(http://pantherdb.org).

Analysis of polyD/E proteins

Allthe reference proteomes fastas analysed during the current study
are downloaded from Uniprot database, including Homo sapiens
[UPO00005640], mouse [UPOO000589], Caenorhabditis elegans
[UP000001940], Arabidopsis[UP000006548], yeast [UPO0O0002311]
and Escherichia coli[UPO00000625]. D/E enrichment region defini-
tion: sum of the occurrence of Asp and the occurrence of Glu equal or
greater than35inany 50 amino acid window defines as aD/E enrichment
region ((D + E)/50 > 35/50). Python notebook was used to implement
a D/E enrichment region search function. In brief, all the reference
protein sequences were examined amino acid by amino acid fromstart
toendinany possible 50-amino acids window. Once a D/E enrichment
region has been found in the protein sequence, its start position, end
position, counts of D, counts of E, and unique name of that protein
were documented as anitem. Finally, all the items of D/E enrichments
were output as an excel file per species and then different isoforms of
the same protein were excluded manually.

Quantification and statistical analysis

Quantification of protein bands on western blots, number and size of
colonies in soft-agar medium, and fluorescence signals in cells were
performed by Image]. Statistical analysis was performed by GraphPrism

8.Individual data points were shownin plots and charts. Dataare pre-
sented asmean +s.d. Anunpaired Student’s t-test was used to evaluate
the statistical significance in the mean value between two populations
(*P<0.05,*P<0.01,**P<0.001).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data supporting the findings of this study are provided within the
manuscript and its Supplementary Information. Source data are pro-
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Extended DataFig.1|Purification of recombinant DAXX proteins and their
ability to preventluciferase misfolding and aggregation. a, Scheme for
purifying DAXX-6xHis frombacteria BL21(DE3) and insect Sf9 cells. To
generate full-length protein, DAXX was fused to GST at the N terminus with a
TEV protease cleavagessiteinserted in between GST and DAXX, and to 6xHis at
the C terminus. The fusion protein was first purified with glutathione resins.
Beads-bound GST-DAXX-6xHis protein was treated with TEV protease to
released DAXX-6xHis, which was subsequently purified with Ni-NTAresins.
After elution withimidazole, DAXX-6xHis was further purified withion-
exchange and gel-filtration columns, and concentrated as needed. b, c, DAXX~
6xHis purified from bacteria BL21(DE3) cells (b) and insect Sf9 cells (c) were
analysed by SDS-PAGE and Coomassie blue staining. Bovine serumalbumin
(BSA) wasused as a protein standard (c). Mass spectrometry analysis indicated
that the vast majority of speciesin the minor bands of the DAXX preps were
derived from DAXX.d, Scheme for purifying Flag-DAXX from HEK293T cells.
Flag-DAXX was transiently transfected in HEK293T cells and purified using
anti-FlagM2beads. After elution with 3xFlag peptides, Flag-DAXX was further
purified withion-exchange and gel filtration columns, and concentrated as
needed. e, Flag-DAXX purified from HEK293T cells was analysed by SDS-PAGE
and Coomassie blue staining. Mass spectrometry analysisindicated that the
vast majority of species in the minor bands of the DAXX preps were derived

from DAXX. f-h, DAXX proteins purified from bacteria, insect cells, and
mammalian cells protect luciferase from heat-induced inactivation and
aggregation. Luciferase (f, g, 5nM; h,200 nM) was heated at 42 °Cin the
presence ofindicated concentrations of GST, DAXX-6xHis (from bacteria) or
HSP70 (plus HSP40 at a half concentration, same below) for 1min (f), orin the
presence or absence of GST, DAXX-6xHis (from bacteria), DAXX-6xHis (from
insectcells), or Flag-DAXX (200 nM each) for the indicated times (g, h). Shown
areluciferase activity relative to the native protein (f, g) and relatively turbidity
measured at ODg, (h). The DAXX protein purified from HEK293T cells
appeared to be more active than those purified from bacteriaand insectcellsi,
j, Protectiveactivity of DAXX for a higher amount of luciferase. Luciferase (50
nM) was heated at42 °Cinthe presence of the indicated concentrations of GST,
DAXX-6xHis (from Sf9 cells), or HSP70 for 1 min (i), orin the presence of
absence of GST, DAXX-6xHis (S5f9 cells) or HSP70-HSP40 (200 nM each) for the
indicated times. Luciferase activity was normalized to native protein. RT-CTRL,
control luciferase sample kept at room temperature Assaysinb, cand e have
been performed three times with similar results. Numerical dataare mean +s.d.
(n=3)andarerepresentative of three (f,j) or two (g, h, i) independent
experiments.*P<0.05,**P<0.01,***P<0.001, ns, notsignificant; unpaired
Student’s t-test.
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Extended DataFig.2|DAXX prevents a-Synand AB42 aggregation, acts
independently of ATP, and probably exists asamonomer. a, b, PFF-induced
aggregation of soluble a-Syn monomers and its inhibition by DAXX. o-Syn
monomers (13.3 uM) was incubated alone, together with in a-Syn PFFs (133 nM)
(a), or together within a-Syn PFFs (133 nM) in the presence of GST (0.2 pM),
HSPs (0.2 uM HSP70, 0.1pM HSP40, and 0.4 pM HSP104(A503S)), and DAXX~
6xHis (from Sf9 cells, 0.1,0.2,and 0.4 pM) (b). Aggregation was monitored by
real-time quaking-induced conversion (RT-QuIC) assay. c-e, DAXX suppresses
APB42fibrillization for a prolonged incubation, during which DAXX itself did
not form fibrils or other sedimentable aggregates. AB42 monomers (10 pM)
and DAXX-6xHis (from Sf9 cells, 0.05,0.1,0.2,0.4 and 0.6 pM) were incubated
alone (c, e) ortogether (d) at 37 °C for 120 h. Formation of fibrils was analysed
by ThT fluorescence assay (c, d). Solubility of DAXX was analysed by
sedimentation assay (e). f, g, DAXX blocks AB42 monomers to form PFFs that
accelerateaggregation of fresh AB42 monomers and AB42 PFF-induced
aggregation of fresh AB42 monomers. AB42 monomers (10 pM) were incubated
at37°Calone, together AB42 PFFs (6 nM) (f, g), AB42 (6 nM) preincubated with
DAXX-6xHis (from Sf9 cells) at a100:1 molar ratio (AB42/DAXX), AB42/DAXX
plus DAXX-6xHis (0.6 pM) (DAXX) (f), or AB42 PFFs (6 nM) in the presence of
DAXX (g). Formation of fibrils was analysed by ThT fluorescence assay. Assays

infand gwere done atthe sametime. h, i, The chaperoneactivity of DAXXis not
affected by the addition of ATP or the treatment of apyrase. Luciferase (0.2 pM)
was heatedat42 °Cin presence of GST (0.2 uM) (h, i), DAXX-6xHis (insect cells,
0.2 uM) with or without ATP (5 mM ATP-Mg?* plus an ATP-regeneration system)
and apyrase asindicated (h), or HSP70-HSP40 (0.2 and 0.1 uM, respectively)
with or without apyrase (i). Aggregation formation was monitored by OD at
600nm.j, DAXX does not bind to ATP. Recombinant DAXX-6xHis and HSP70
wereincubated withagarose beads conjugated without ATP (-) or with ATP via
the phosphate moiety (AP-ATP), ribose moiety (EDA-ATP), or the adenine base
atdifferent positions (6AH-ATP and 8AH-ATP). The input and pulldown samples
were analysed by westernblot. k, DAXX exists as ahomogeneous species of
relatively low molecular weights. Recombinant Flag-DAXX protein was
analysed by Superdex20010/300 GL column. Proteins standards (inkDa) are
indicated.l, DAXX likely exists asa monomer. Recombinant Flag-DAXX (1puM)
was crosslinked withindicated concentration of DSS at 25 °C for 30 min and
analysed by westernblot. Flag-p53 (1pM), whichis expected tobe atetramer,
was used as control. Similar results were obtained for DAXX-6xHis. Assays have
beenperformedthree (b-e, k,1) ortwo (a, h, i,j) times with similar results.
Numerical dataare mean+s.d. (n=3)and arerepresentative of three
independent experiments (f, g).
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Extended DataFig. 3| DAXX candissolve smallluciferase aggregates,
butnotlargeluciferase aggregates or a-Syn fibrils. a-c, DAXX dissolves and
reactivates heat-denatured luciferase aggregates. Heat-denatured luciferase
(5nM)wasincubated at 25 °C with GST (100 nM), DAXX-6xHis (from E. coli,

100 nM), and HSPs (100 nM HSP70, 50 nM HSP40 and 200 nM HSP104(A503S))
fortheindicated times (a), or with theindicated amounts of GST or DAXX-
6xHis for 90 min (b, ¢). Shown are luciferase activity relative to that of native
luciferase (b), and the amount of luciferase in the SN after sedimentation (a, c).
d, Disaggregase activity of DAXX proteins purified from different sources.
Relative activity of heat-denatured luciferase (5nM) that was incubated at 25 °C
for 90 min withincreasing concentrations of DAXX purified from the indicated
sources. e, f, Disaggregase activity of DAXX for a higher amount of denatured
luciferase. Relative activity of heat-denatured luciferase (50 nM) that was
incubated at 25 °C with the increasing molar ratios of DAXX-6xHis (from Sf9
cells) for theindicated times (e) or 90 min (f). g, DAXX achieves the maximal
recovery of luciferase activity at fivefold excess. Heat-denatured luciferase
(0.1,0.2,0.5,1and 2 pM) was incubated with DAXX-6xHis (0.1 M) at 25 °C for
90 min. Luciferase activityis relative to that of native luciferase. h, DAXX
restores the native conformation to denatured luciferase. Native or heat-
denatured luciferase (1 M) incubated alone or together with GST (1 M) or
DAXX-6xHis (0.1x: 0.1 pM; 0.5%: 0.5 pM) for 90 min were examined by circular
dichroismspectroscopy. Datawere analysed by CAPITO, with the percentages

of B-stand showninFig.2b. i, Different sizes of luciferase aggregates generated
by heatand urea treatments. Luciferase (1tM) denatured by heat or ureawas
fractionated on Superdex20010/300 GL column. Fractions were analysed by
westernblotand therelative abundance of luciferaseisindicated. j, DAXX
cannotreactive urea-denatured luciferase. Relative activity of urea-denatured
luciferase (5nM) that wasincubated with GST (0.2 uM), DAXX (0.2 and 1 uM),

or HSPs (0.2 uMHSP70, 0.1pM HSP40 and 0.4 uM HSP104(A503S)) at 25 °C for
90 min. Kk, I, Luciferase denatured by heat (k) or urea (I) was fractionated on gel
filtration chromatography. Fractionsinthe range of 44 to 2,000 kDawere
incubated with buffer, lysozyme (0.1 pM), DAXX-6xHis (0.1 M), or HSP70-
HSP40-HSP104(A503S) (0.1,0.05and 0.2 M, respectively) at 25 °C for 90 min,
and luciferase activity was determined. m-p, DAXXis unable to dissolve a-Syn
fibrils. Preformed o-Syn fibrils (0.2 uM) were treated with GST (0.2 pM) (m-p),
DAXX-6xHis at the indicated molar ratios (m, n) or at 0.2 uM (o, p), HSPs

(0.2 M HSP70, 0.1 uM HSP40, and 0.4 tM HSP104(A503S) plus ATP and an ATP
regeneration system) (m-p), orboth DAXX and HSPs (o, p). Reactions mixtures
were analysed by dot blot (m, 0), and soluble a-Synrelative to total a-Syn was
quantified (n, p) (n=3).Assaysina, ¢, h, i, k-p have been performed three times
with similar results. Numerical dataare mean+s.d.(n=3)andare
representative of threeindependent experiments (b, d-g,j). **P<0.01,
***P<0.001; unpaired Student’s ¢-test.
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Extended DataFig.4|DAXX unfolds misfolded LucD and protects against
proteinaggregation and oligomerizationincells.a, Aschematic
representation of compact misfolded LucD monomers, the unfolded
intermediates, and the native conformers, as well as their sensitivity to brief
trypsindigestion.b, DAXX changes trypsin sensitivity of LucD. LucD (50 nM) was
incubated with DAXX--xHis (100 nM), GST (100 nM), or HSPs (100 nM HSP70, 50
nMHSP40and200 nM HSP104(A503S)) at 25 °C. Atindicated time points,
aliquots of luciferase wereincubated with 2.5uMtrypsinat 22 °C for

2minand were analysed by westernblot. Shownis luciferase band intensity.
Arepresentative westernblotis presentedin Fig. 2g.c, DAXXincreases the
enzymaticactivity of LucD. Misfolded LucD monomers (50 nM) wereincubated
with GST (100 nM) or DAXX-6xHis (100 nM) forindicated durations and assayed
forluciferaseactivity.d, DAXX elevates thelevels of nLucDM, but not nLuc,
incells.nLuc or nLucDM was transfected together withempty vector (EV) or
Flag-DAXXin HEK293T cells. Cell lysates were analysed by westernblot 24 h after
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transfection. e, f, DAXX reduces aggregation, but notexpression, of ATXN1(82Q)
incells. U20S cells transfected with HA-Atxn1-82Q together with EV, Flag-DAXX
(e, f) or GFP-HSP70 (f) were analysed by westernblot (e), orimmunofluorescence
withanti-HA (red) and anti-Flag (green) antibodies (f; scale bar, 10 pm).
Quantification of the percentage of cells containing different sizes Atxn1-82Q
inclusionsisshowninFig.2i.g, Schematicrepresentation of BiFC assay based on
Venus, animproved version of yellow fluorescent protein (YFP). h—j, DAXX
inhibits a-Syn oligomerizationin cells. HEK293T cells were transfected with V1S
and SV2individually, or together with empty vector (EV) or DAXX. Cellswere
analysed by western blot for protein expression (h) and by fluorescence
microscopy for BiFCsignals and Flag-DAXX expression (i; scale bars,100 pm),
with the quantification of BiFCsignals showninj.Assayind, e, f,handihavebeen
performed two times with similar results. Numerical dataare mean +s.d. (n=3)
andarerepresentative of threeindependentexperiments (b, c,j).*P<0.05,
**P<0.01,**P<0.001; unpaired Student’s ¢-test.
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Extended DataFig.5|DAXXbinds to misfolded proteinsand dependson
the polyD/Eregion forits activity. a, The DAXX-luciferase interactionis
increased upon heat shock. HEK293T cells were transfected with HA-DAXX
andFlag-nLucasindicated, and treated with or without heat shock. Cell lysates
wereimmunoprecipitated with anti-FlagmAb (M2) beads. Input and
immunoprecipitated samples were analysed by western blot. b, DAXX
preferentially binds to heat-denatured luciferase. GST or GST-DAXX (100 nM
each) wasincubated with native (N) or heat-denatured (D) 6xHis-luciferase
immobilized on Ni-NTA agarose. The input and pulldown samples were
analysed by westernblot. ¢, Binding of DAXX to cellulose-bound peptide scans
derived fromluciferase, p53, MDM2, H3.3, H4 and DAXX. Each peptide
contained thirteen amino acid residues that overlapped adjacent peptides by
ten.d, Proteinsequence of DAXX. The poly D/E regionis marked inred colour,

and the four continuous runs of Asp/Glu (with14,11,7,and 5residues,
respectively) areunderlined. e, Schematic presentation of full-length DAXX
and its mutants. DAXX(D/E) was fused to GST at the N terminus for protein
stabilization. f, DAXX(AD/E) and DAXX(D/E) lack unfoldase activity. Misfolded
LucD monomers (50 nM) were incubated with DAXX(AD/E) or DAXX(D/)

(100 nM each) for the indicated times and assayed for luciferase activity
(,eants.d.,n=3).g, h, DAXX(AD/E) and DAXX(D/E) remain soluble during heat
treatment. Recombinant DAXX AD/E (g) and D/E (h) proteins were heated at
42 °Cfortheindicated durations. Luciferase (200 nM) was used as a positive
control. Aggregation formation was monitored by OD4,, and normalized to the
luciferase control. Assaysina-chavebeen performed two times with similar
results.Numerical dataare mean or mean +s.d. (n=3) and are representative
oftwoindependent experiments (f-h).
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Extended DataFig. 6 | Role of other polyD/E proteins in protein folding.
a,Sequences of human SET and ANP32A proteins. The poly D/Eregionis
marked inred colour, and the continuous runs of Asp/Glu are underlined.

b, c, ANP32A and SET does not block a-Syn fibrillization. a-Syn monomers (70
1M) wereincubated with SET or ANP32A (0.4 uM each) for 7 days. Samples were
analysed by electron microscopy (b) and ThT staining (c). Scale bar,100 nm.
d,SET and ANP32A are unable to solubilize urea-denatured luciferase.
Urea-denatured luciferase (5nM)wasincubated with GST, SET, ANP32A (0.2 uM
each) or HSPs (0.2 pMHSP70, 0.1 uM HSP40, and 0.4 pM HSP104(A503S)) at
25°Cfor90 min. Activity relative to that of the native control are shown.

e, f,Unfoldase activity of ANP32A and SET. Misfolded LucD (50 nM) was
incubated with GST, SET or ANP32A (200 nM each) at25°C. Atindicated time

points, aliquots of refolding luciferase were incubated with 2.5 pM trypsin at
22°Cfor2min,denaturedin SDS sample buffer, and analysed by western blot
(e), with the quantification showed in (f). g, h, Schematic presentation of SET
andits deletion mutants (g), and the numbers of Asp (D) and Glu (E) ineach
mutant (h). i, Heat-inactivated luciferase (5nM) was incubated at 25 °C with SET
oritsdeletion mutants (200 nM each) for 90 min. Activity relative to that of
native luciferase are shown. j, Number of polyD/E proteins different species.
k,1, Gene Ontology analysis of polyD/E proteinsin humans. Proteins are
classified into pie chart based on their molecular functions (k) and protein
classes (). Assays have been performed two (b) or three (e) times with similar
results. Numerical dataare mean +s.d. (n=3) and are representative of two
independent experiments (c,d, f,i). **P<0.01, unpaired Student’s t-test.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7 | DAXX maintains the native conformation ofboth p53
and MDMZ2.a, DAXX abrogates p53 fibrillization. Recombinant wild-type p53
and DAXX-6xHis proteins (5 1M each) wereincubated alone or together at
37°Cfor2hinthepresence of ThT (25 uM). Formation of amyloid fibrils was
assayed by ThT. b, ¢, DAXX(AD/E) and DAXX(D/E) cannot protect p53 from
aggregation. Native p53 (n-p53) (b), or denatured p53 aggregates (d-p53) (c),
(100 nM each) was incubated with GST, Flag-DAXX, DAXX(D/E) or DAXX(AD/E)
(200 nM each) at 37 °C (b) or at 25 °C (c) for the indicated times. Samples were
partitioned into supernatant (soluble) and pellet (insoluble) fractions via
sedimentation, and analysed by westernblot. Asin Fig.4a, b exceptthat
DAXX(D/E) and DAXX(AD/E) samplesareincluded.d, e, g, h, DAXXrestore
native conformation to denatured p53 and MDM2. Native p53 (d) or native
MDM2 (n-MDM2, g), or denatured p53 (e) or MDM2 (d-MDM2, h), (1pM each)
wasincubated alone or together with GST or DAXX-6xHis (0.5,1,2 uM, from
Sf9 cells) at the indicated molar ratios for 3 h and analysed by thermal shift
assay. The transition of the unfolding curve represents the temperature at
which the protein unfolding occurs (T;,). f, DAXX dissolve preformed MDM2
aggregates.d-MDM2 (100 nM) was incubated with Flag-DAXX (200 nM) at
25°Cfortheindicated times. Supernatant (soluble) and pellet (insoluble)
fractions after sedimentation were analysed by westernblot. i, DAXX enhances

MDM2-mediated p53 ubiquitination. Native p53 (20 nM) was incubated with
native MDM2 (45 nM) in the presence or absence of DAXX (20 or 100 nM) at
37°Cfor1.5h.E1, E2 and His-ubiquitin (His-Ub) were then added for in vitro
ubiquitination assay. The reaction mixtures were analysed by western blot.
j,Native MDM2-mediated ubiquitination of native p53 (20 nM) in the presence
orabsence of Flag-DAXX (100 nM), or of denatured p53 (20 nM) pre-incubated
withor without Flag-DAXX (100 nM) for3hat25°C.k, 1, DAXX reduces p53
levelsincells, but does notalter the largely diffuse nuclear localization pattern
of p53.Flag-p53 wastransfected into U20S cells together with empty vector or
DAXX. Cells were analysed by immunofluorescence (k) and westernblot (I).
m-0, H1299 cellsinducibly expressing wild-type p53 or p5S3(R175H) were
transfected with control vector (-) or HA-DAXX. Uponinduction of p53
expression by Dox (1 ug ml™), cells were analysed for protein levels by western
blotwithrelative p53/GAPDH ratios indicated (m) and for mRNA levels of p53
(n) and p53 target genes (0) by qRT-PCR. Scale bar, 10 pum. Assays in panels have
beenperformedtwo (d, e, g, h,k-m)or three (b, ¢, f,i,j) times with similar
results. Numerical dataare mean +s.d. (n=3) and are representative of two
independent experiments (a,n, 0).*P< 0.05,**P<0.01, ns, not

significant; unpaired Student’s t-test.
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8| DAXX restores native conformation and function of
mutantp53.a, DAXX prevents p53(R175H) aggregation. p5S3(R175H) protein
(100 nM) wasincubated with GST or Flag-DAXX (200 nM each) at 37 °C for the
indicated times. SN and pellet fractions were analysed by western blot. b, DAXX
blocks p53(R175H) PFF-induced fibrillization of p53. Wild-type p53 (5 pM) was
incubated with or without p53(R175H) PFFs and DAXX as indicated. Fibril
formation was assayed by ThT binding. c, DAXX reduces p53(R175H)
aggregatesin cells. Flag-p53(R175H) was transfected into the U20S cells
together withempty vector (Ctrl) or HA-DAXX. Cells were analysed by
immunofluorescence.Scale bar,10 um. Part of the images are also shownin
Fig.4i.d, DAXX partially restores the function of mutant p53. H1299 cells
inducibly expressing p53(R175H) were transfected with control vector (-) or
HA-DAXX. Uponinduction of p53 expression by Dox (1 pg ml™), cells were
analysed for the expression of p5S3 target genes by RT-PCR. e-g, Effect of DAXX
onaggregation of endogenous mutant p53. MDA-MB-231 cells were transduced
withlentiviral vectors expressing control or DAXX shRNA (e, f), or transfected

with control siRNA, DAXXsiRNA, and/or an siRNA-resistant form of DAXX
(Flag-DAXX) asindicated (g). Cells were immunostained with anti-p53 (DO-1)
and anti-fibrillar oligomer (A11) antibodies (e, g) and quantified (f). Scale bar,
50 um. h-j,Knocking down DAXX enhances growth and tumorigenicity of MDA-
MB-231 cells. Control and DAXX-knockdown MDA-MB-231 cells were assayed
foradherent proliferation, protein expression (h), and soft-agar colony
formation (21days), with number and sizes of colonies (i) and representative
images of colonies (j) shown.k, 1, Overexpressing DAXX inhibits growthand
tumorigenicity of MDA-MB-231cells. MDA-MB-231transduced with pBabe or
pBabe-Flag-DAXX were assay for adherent proliferation for 5 days (k) and soft-
agar colony formation (21days), with representative images of colonies shown
(). Assays have been performed two (a) or three (c, e, g) times with similar
results. Numericaldataaremean+s.d.(n=3forb,d,and 6 fori, h, k) and are
representative of threeindependent experiments.*P<0.05,**P<0.01,
***P<0.001; unpaired Student’s t-test.
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Extended Data Table 1| Human polyD/E proteins containing 35 or more D or E residues in any 50-residue window

UniProt ID Symbol Protein Name D E DIEPosition D/E sequence Molecular Function (GO)
Qsev1s casz1 Zinc finger protein castor homolog 1 19 16 16801730 ExLEL factor
37275 Z81 Zinc finger E-box-binding homeobox 1 4 31 10311081 KRAB box transcription factor
QaUFB7 ZBTB47  Zinc finger and BTB domain-containing protein 47 1 34 265-335 KRAB box transcription factor
1538 MYTH Myelin transcription factor 1 2 » 274-324 T zinc finger transcription factor
osuLes MYTIL Myelin transcription factor 1-ike protein 8 27 131181 seser zinc finger transcription factor
arzems MTERF4 factor 4, % 13 330-380 factor
Q4LE3D ARID4B  ATich interactive domain-containing protein 48 9 26 £20-570 cofactor
060841 EIFSB Eukaryoltic ranslation initiation factor 58 5 3 25575 I initiation factor
060721 SLC24A1 Sodium/potassium/calcium exchanger 1 3 32 854-904 DWPE Transporter
12830 BPTF Nucleosome-remodeling factor subunit BPTF 17 18 137187 factor
15911 ZFHX3 Zinc finger homeobox protein 3 3 :2 460-510 DNA binding
P19338 NCL Nucleolin % 19 238.288 mRNA splicing
Qesmu7 YTHDC YTH domain-containing protein 1 7 2 22.272 mRNA spicing
PODMEO SETSIP Protein SETSIP 19 20 251-301 Chaperone
1105 SET Protein SET 6 24 239-629 Chaperone
p27797 CLAR Calreticuin 2 2 %1411 QoEEQRL Calcium-binding protein
P21817 RYR1 Ryanodine receptor 1 4 31 18761926 £2G Ligand-gated ion channel
PoC7VE DCAFBL2 DDB1- and CUL4-associaled factor 8-like protein2 1 34 97-147 GesLE G-protein
P46060 RANGAP1 Ran GTPase-activating protein 1 2 3 31411 G-protein modulator
QsPL18 ATAD2  ATPase family AAA domain-containing protein2 23 12 251-301 YLRQRK Hydrolase
043847 NRDC Nardilysin 7 18 151-201 I A
arzezr HUWE1 £3 ubiquitin-protein ligase HUWE1 7 o18 24272477 Ubiquitin-protein ligase
QswyBs KATEB Histone acetyltransferase KATEB 2 3 10691119
015355 PPMIG Protein phosphatase 1G 8 27 254-314 Protein
astcyt TTBK1 Tau-tubuin kinase 1 2 3 737-787 Hon-forepton secis i eonne Grusein
2688 ANpon, ‘Ackieleicheich ncer phosphopieh 2. w1y 22 193-243 inhibitor
P39687 Anpaza Ak leucheich nudder bhocphoprciein 2 fanly. 5, 128 186-236 £EERGQ inhibitor
QUBTTO ANpgoE: fceicieichbhnicen phapiopisn Ry 7 iz 167-217 EGEEEV inhibitor
P17480 UBTF Nucleolar transcription factor 1 19 16 694744 Others
Qe9YN4 VIRMA Protein virilizer homolog ) 250-300 Others
QUUER? DAXX Death domain-associated protein 8 27 43493 Others
Qov4Be DCAF1 DDB1- and CUL4-associated factor 1 7 18 1391446 DELOTOQLLEASL Others
P CogR1  Coledi domain-containing ghtamalesch poisn 5 g 07357 i others
Qszus4 CFAPGS Giia- and flagella-associated protein 65 13 17601810 Others
PO7199 CENPB Major centromere autoantigen B 4 3 22472 Others
QsuIFs BAZzg: romocomein sdacent o 2nc frger domanpien g w17 610-660 Others

QoHAWS cLSPN Claspin 2 n ©29-679 Others
sizLs PELP1  Proline-, glutamic acid-and leucinesich protein 1~ 2 33 25.975 vEoL Others
P20962 PTMS Parathymosin 6 29 3888 Others
12899 TRIMZ6 Tripartite motif<ontaining protein 26 7 2 86436 Others
AIYPRO ZBTBTC  Zinc finger and BTB domain <ontaining protein7C 20 15 137-187 Qo1scs Others
arLoxz ERICHE Glutamate-ich protein 6 0 35 2676 Others
QseTY3 ARMH4  Armadillo-like helical domain<ontaining protein4 14 21 604-654 LogL DEGLOGOTEL Others
Qsizut FAMOA Protein FAMIA 0 35 27217 Others
AOAOAOMQVS  SETD18 Histone-lysine N-methyliransferase 15 20 10491099 Others

PolyD/E-containing proteins from human are listed with UniProt IDs (1st column), protein symbols (2nd column), and protein names (3rd column) indicated. The numbers of D and E residues
within the region are listed in the 4th and 5th columns,respectively. Sequences of poly D/E region are listed in the 6th column with D/E marked in red. GO terms are listed in the last column.
All proteins are clustered into different categories depending on the protein class or molecular function (Extended Data Fig. 6k, L).
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Data collection Zeiss Zen 2.3 was used to acquire images. Bio-Rad NGC Chromatography System was used to collect chromatography data and BioTek
Gen 5 was used to collect microplate reader data.

Data analysis Fiji (Image J 1.52p) was used to contrast and overlay images.
Prism 8 was used for all statistical analyses and graph plotting.
Asp and Glu enrichment analysis was performed with code available at https://github.com/SunmoonTao/de-enrichemnt-analysis by
Python Note (3.7.10) and Excel (version 16.5).
Jupyter notebook 5.7.8
Geneontology analysis was performed by website http://pantherdb.org
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Source code and datasets for polyD/E protein analysis are available in GitHub: https://github.com/SunmoonTao/de-enrichemnt-analysis. All other data supporting
the findings of this study are provided within the manuscript and its Supplementary Information."
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

DX Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size were not applicable.
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Data exclusions  No data were excluded from the analysis.

Replication Replicates are indicated in the Figure Legends or Methods. Luciferase activity assay, RT-QuIC assay, thermal shift assay, ThT binding assay and
microscopy experiments were done in triplicate. Experiments involving Western Blotting (eg. In vitro unbiquitination, GST-Pull Down and
sedimentation assay ) were repeated independently at least twice and all attempts of replication gave similar results.

Randomization  The cells and sample region for imaging were evenly allocated and selected randomly. There was no requirement of randomization for other
data.

Blinding The core facility staffs who performing Electron Microscope imaging and Mass Spectrum were unaware of the sample identity. For all other
experiments, investigators were not blinded to group allocation during data collection and analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X] Antibodies X[ ] chip-seq
X] Eukaryotic cell lines X[ ] Flow cytometry
D Palaeontology E D MRI-based neuroimaging

[ ] Animals and other organisms
D Human research participants

D Clinical data

MNXNXNXOO s

Antibodies

Antibodies used Antibodies against the following proteins/epitopes were purchased from the indicated sources: GAPDH (sc-47724,Mouse, WB,
IP, IF and IHC(P)), His (sc-8036, Mouse, IP, WB, IHC(P), ELISA, IF, FCM), GST (sc-138, Mouse, [P, WB, IHC(P), ELISA, IF, FCM), p53-
DO1 (sc-126, Mouse, WB, IP, IF, IHC(P) and FCM), Mdm?2 (sc-965, Mouse, WB, IP, IF and IHC(P)), DAXX (sc-8043, Mouse IP,WB,
IHC(P), ELISA, IF, FCM), a-synuclein syn211 (sc-12767, Mouse, IP, WB, IHC(P), ELISA, IF, and FCM) (Santa Cruz Biotechnology);
Flag (#14793, Rabbit, WB, IP, IHC, ChIP, IF, FCM, ELISA) and DAXX (#4533S, Rabbit, WB, IP, IHC, ChIP, IF, FCM, ELISA) (Cell
Signaling Technology); p53 (PAb1620, #OP33, Mouse, WB, IP, IF; PAb240, #OP29, Mouse, WB, IP), and Mdm2 (#0P46, Mouse,
WSB, IP) (Calbiochem); and HA (ab137838, Rabbit, WB, ICC/IF, IP) and Luciferase (ab21176, Rabbit, ICC/IF, WB) (Abcam); B-
Amyloid 1-42 (#805509) (BioLegend, Mouse, WB, IHC(P), ELISA).

HRP-conjugated anti-rabbit IgG (#7074S) and anti-mouse 1gG (#7076S) secondary antibodies were purchased from Cell Signaling
Technology; IRDye® 800CW (926-32211, Goat anti Rabbit) and IRDye® 680RD (926-68070, Goat anti Mouse) secondary
antibodies were purchased from Li-Cor.

Validation All the primary antibodies we used were commercial ones, and validated by manufacturers, please see manufacturer's website
for details.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293T cells (human, ATCC-CRL 3216)
H1299 (human, ATCC-CRL 5803)




U20S (human, ATCC-HTB 96)

MDA-MB-231 (human, ATCC-HTB 26)
SH-SY5Y (human, ATCC-CRL 2266)

Sf9 (Spodoptera frugiperda, ATCC-CRL-1711)

Authentication Cell lines are authenticated using STR profiling by DNA Sequencing Facility, Penn Medicine, University of Pennsylvania.
Mycoplasma contamination Cell lines were tested for mycoplasma contamination and no indication of contamination was observed.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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