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BIOPHYSICS

Copper drives prion protein phase separation and

modulates aggregation

Mariana Juliani do Amaral'?, Satabdee Mohapatra?, Aline Ribeiro Passos>,
Taiana Sousa Lopes da Silva', Renato Sampaio Carvalho', Marcius da Silva Almeida®*t,
Anderson Sa Pinheiro®t, Susanne Wegmann®#, Yraima Cordeiro'*

Prion diseases are characterized by prion protein (PrP) transmissible aggregation and neurodegeneration, which
has been linked to oxidative stress. The physiological function of PrP seems related to sequestering of redox-
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active Cu?*, and Cu®* dyshomeostasis is observed in prion disease brain. It is unclear whether Cu?* contributes
to PrP aggregation, recently shown to be mediated by PrP condensation. This study indicates that Cu** pro-
motes PrP condensation in live cells at the cell surface and in vitro through copartitioning. Molecularly, Cu**
inhibited PrP -structure and hydrophobic residues exposure. Oxidation, induced by H,0,, triggered liquid-to-
solid transition of PrP:Cu®* condensates and promoted amyloid-like PrP aggregation. In cells, overexpression of
PrPC initially protected against Cu>* cytotoxicity but led to PrP® aggregation upon extended copper exposure.
Our data suggest that PrP condensates function as a buffer for copper that prevents copper toxicity but can

transition into PrP aggregation at prolonged oxidative stress.

INTRODUCTION

The prion protein (PrP) is highly expressed in neurons of the central
nervous system. PrP is an extracellularly presented glycosylphos-
phatidylinositol (GPI)-anchored plasma membrane protein that
is enriched at presynaptic sites, and about 10 to 20% of total PrP
is found in the cytosol (I-3). In prion diseases, PrP undergoes
self-propagating misfolding into a pathogenic P sheet enriched
form that is associated with scrapie prion disease (PrP*°). Prion dis-
eases are fatal and the only known transmissible proteinaceous dis-
eases in humans and other mammals (I).

PrP*“infected cell models and mice show metal ion (e.g., Cu®",
Zn*>*, Fe*, and Mn>") dyshomeostasis and reduced cellular re-
sponse to oxidative stress (4—6). Moreover, the lack of PrP€ in
neurons from prnp-knockout mice leads to enhanced susceptibility
to oxidative stress (7, 8). Copper binding to PrP was described in
vitro (9) and in vivo (10) and occurs with different affinities de-
pending on Cu** availability, exhibiting positive (10) or negative co-
operativity (11), which suggests a role of PrP as a Cu®" buffering
system (9, 12) and in other biological functions (13). For example,
PrP appears to facilitate the internalization of Cu®* (9) and Zn>*
(14), whereby a reduction to Cu" likely occurs in acidic endosomes
(9, 15). Furthermore, PrP has been suggested to “quench” redox ac-
tivity of Cu®" and other neurologically relevant transition metals
(Fe, Zn, and Mn) (16—18).

The main Cu** binding activity is encoded in the PrP N-termi-
nal domain whereby four histidine residues (H61, H69, H77, and
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H85; human protein residue numbering) within the octarepeat
region (60 to 91; four PHGGGWGQ tandem repeats) and two
nearby histidines (H96 and H111) coordinate copper ions (at pH
~ 7) (18). Recently, two C-terminal histidines, H140 and H177,
were shown to cobind Cu**, thereby tethering PrP N- and C-termi-
nal domains and promoting their interaction (19). In addition,
H187 was also shown to coordinate Cu®" (20). The Cu*" coordinat-
ing octarepeat region of PrP was predicted to contain a distinctive
uniform distribution of aromatic residues (21) and to form low-
complexity amyloid-like kinked segments (LARKS) (22, 23),
which establish transient P sheet interactions and seem to be in-
volved in driving liquid-liquid phase separation of low-complexity
domains in proteins forming biomolecular condensates, e.g., mem-
brane-less organelles. Protein condensates are dynamic liquid-like
assemblies that can act as reaction hubs or structural entities, and
contribute to the spatiotemporal organization of cellular processes
(24, 25). However, for proteins related to different neurodegenera-
tive diseases, e.g., fused in sarcoma (FUS) and hnRNPA1 in amyo-
trophic lateral sclerosis (ALS), TAR DNA-binding protein 43 (TDP-
43) in frontotemporal dementia and ALS, a-synuclein in Parkin-
son's disease, and Tau in Alzheimer's disease, a transition from
liquid-like condensates to gel- or solid-like structures has been de-
scribed and linked to their aggregation and neuropathological po-
tential (26, 27). PrP has been shown to undergo phase separation in
vitro, modulated by nucleic acids, other proteins, and the physico-
chemical environment (28, 29).

We hypothesized that Cu®*, via its multivalent interactions with
LARKS-containing octapeptide region and other domains of PrP,
could promote physiological PrP condensation and even be in-
volved in driving pathological PrP aggregation. Using a multipara-
metric biophysical and biochemical approach combining in vitro
and live cell data, we revealed that Cu** promotes the condensation
of recombinant PrP (PrP) in vitro, as well as membrane anchored
PrP€ in cells. In vitro, Cu®* together with hydrogen peroxide, mim-
icking oxidative stress, decreased the molecular diffusion inside PrP
condensates, followed by a liquid-to-solid transition and the
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formation of amyloid-like PrP aggregates enriched in dityrosine
cross-links. In cells overexpressing fluorescently labeled PrP®, Cu?
" promoted the formation of membrane bound and cytoplasmic
PrP€ condensates. PrP“ overexpression protected against Cu** cy-
totoxicity, indicating that PrP® condensation may function as a
copper buffering system by sequestering Cu®" ions. Our data indi-
cate that PrP condensation may be an integral mechanism for a
variety of copper- and other metal ion-related functions, such as
metal ion sensing, uptake, transport, and storage, which are impor-
tant processes in signaling and oxidation protection. However, re-
active oxygen species (ROS) production due to prolonged Cu** or
H,0, exposure can induce a liquid-to-solid transition of PrP:Cu**
condensates, which can drive pathological PrP aggregation.

RESULTS
PrP° undergoes membrane-associated condensation
in cells
PrP is a cell surface protein that carries a GPI anchor on its C ter-
minus, which is essential for the intracellular trafficking of PrP®
from the endoplasmic reticulum (ER) through the Golgi, and its an-
choring to the outer leaflet of the plasma membrane (30). In vitro,
recombinant PrP can form biomolecular condensates triggered by
macromolecular crowding, nucleic acids, and protein interactors
(APo, aSyn, and Tau) (28, 31, 32). Whether and where—at the
membrane or in the cytosol—PrP® forms condensates in the cellu-
lar environment is not known. In addition, it remains unclear what
molecular partners, including metal ions, can modulate the liquid-
liquid phase separation of PrP in living cells. To assess PrP© phase
separation, we used a construct containing PrP® fused to yellow
fluorescent protein followed by a GPI-anchor (PrP€-YFP-GPI)
and expressed it in human embryonic kidney (HEK) 293 cells.
Live cell confocal microscopy showed that most of PrP-YFP-
GPI localized to the membrane (Fig. 1A, top left). PrP is a copper
binding protein (9-12, 18), and this metal ion up-regulates its ex-
pression (33). We found that treatment with 300 pM CuCl, (from
here on: Cu®*) for 1 hour appeared to increase the accumulation of
PrPC-YFP-GPI at the membrane, especially pronounced at the cell-
cell interface, where the membranes of two adjacent cells expressing
PrPC-YFP-GPI were in contact (Fig. 1A, bottom left). Line plots
across cell-cell interfaces and individual membranes of the same
cells (examples in Fig. 1B) revealed a ~2-fold higher PrP“-YFP-
GPI fluorescence intensity at cell-cell interfaces (I;) compared to
the sum of the respective individual membranes (Iy;; + Iy), indi-
cating a cooperative assembly of PrP°-YFP-GPI at the interface of
Cu**-treated cells [simple addition of PrP°-YFP-GPI signal from
adjacent membranes would give values of Ii/(Iy;; + Iyp) < 1]
(Fig. 1C). In untreated cells, the cell-cell interface had only 1.2-
fold higher intensity indicating a less cooperative assembly for no
Cu** versus Cu”" (P = 0.0001). The PrP-YFP-GPI expression
levels and absolute fluorescence intensity were similar between
treated and untreated cells (fig. S1A). Cells expressing YFP-GPI
did not show enrichment at the cell-cell interface (Fig. 1C).
Cooperative assembly is a characteristic of condensation,
whereby proteins concentrate in a dense liquid-like phase. Proteins
inside biomolecular condensates show a reduced molecular
diffusion and a lower fraction of mobile molecules compared to
freely diffusing cytosolic proteins, which can be observed as
slower and/or less fluorescence recovery after photobleaching

do Amaral et al., Sci. Adv. 9, eadi7347 (2023) 3 November 2023

(FRAP). Condensates of membrane proteins show an additional
FRAP delay because of restricted two-dimensional diffusion (34).
To test whether Cu®*-promoted enrichment of PrP“-YFP-GPI at
cell-cell interfaces is driven by condensation of extracellularly
presented PrP®, we compared FRAP of PrP°-YFP-GPI in untreated
and Cu®'-treated cells (Fig. 1D). In response to Cu®", PrP“-YFP-
GPI showed significantly less recovery (no Cu®*: ~70% versus
Cu®": ~55%; P = 0.0054) indicating less mobile PrP species inside
assemblies. FRAP of YFP-GPI was as expected for noncondensing
membrane proteins and did not change by Cu®" treatment
(Fig. 1D). In contrast, individual cell membranes showed a high
mobile population of PrP°-YFP-GPI (~87%), as observed for
YFP-GPI (~87%). Cu®* treatment decreased the mobile species of
PrP“-YFP-GPI (no Cu*": ~87% versus Cu’": ~75%; P = 0.0196) at
the same extent as for cell-cell interfaces (~15% less recovery for
Cu®" interfaces versus ~12% Cu”" individual membranes; Fig. 1D),
indicating that Cu”* increases densely packed PrP“. Together, these
results suggest that PrP“-YFP-GPI phase separates at cell-cell
interfaces. Moreover, Cu** co-condensation occurs at the plasma
membrane irrespective of site, as shown by the ~12 to 15% less re-
covery upon Cu”" treatment in both individual cell membranes and
cell-cell interfaces.

To further examine liquid-like characteristics of PrP conden-
sates, we performed confocal time-lapse imaging. Both fusion and
fission events of small PrP“-YFP-GPI clusters occurred at the mem-
brane, and Cu®* promoted “puncta”-like structures in the plasma
membrane (Fig. 1F and fig. S1D). Compared to green fluorescent
protein (GFP), PrPC-YFP-GPI—expressing cells showed a higher vi-
ability at increasing CuCl, concentrations in the culture medium
(Fig. 1E and fig. S2, A, B, D, and E; P = 0.0111 at 600 pM and P
= 0.002 at 1 mM CuCl,), indicating that PrP® exerted a protective
effect against Cu**-induced cytotoxicity.

In addition to the plasma membrane—bound main pool, we ob-
served a small fraction of PrP°-YFP-GPI as highly mobile, small
(diameter < 1 pm), round structures in the cytosol, often near the
membrane (fig. SID and movie S1), which is consistent with previ-
ously reported PrP® puncta in hippocampal cells (35). Time lapse
imaging showed coalescence of cytosolic PrP“-YFP-GPI and the ex-
change of PrP©-YFP-GPI signal between cytosolic structures and
the membrane within seconds—in both directions (Fig. 1F, fig.
S1D, and movies S1 and S2). These events are reminiscent of con-
densate fusion and fission. PrP“-YFP-GPI cytosolic circular struc-
tures did not colocalize with membrane-bound organelles, i.e.,
endocytic compartments (fig. S3A), lysosomes (fig. S3B), and ER
(fig. S3C), suggesting the absence of membranes around PrP®-
YFP-GPI condensates.

In some cells, we observed large accumulation of PrP next to
the nucleus (fig. S1B), corroborant to previous observations on
PrP overexpression (36), which may be related to misfolded
protein accumulation at the aggresome (2). Notably, cells main-
tained in RPMI 1640 [containing 10% fetal bovine serum (FBS)],
Opti-MEM, or imaging solution showed similar subcellular distri-
bution of PrP“-YFP-GPI (fig. S2C), and because 300 uM Cu** (for 1
hour) did not significantly impair cell viability, we used this condi-
tion for all experiments in Fig. 1. Collectively, our data suggest that
the presence of Cu®* enhances the accumulation of PrP€ at cell-cell
interfaces driven by condensation and, simultaneously, reduces
PrP® molecular diffusion inside condensates. Sequestration of
Cu®" into PrP“ condensates might reduce oxidative stress, which
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Fig. 1. PrP€ condensation at cell-cell contacts is promoted by Cu?*. (A) Confocal images of HEK293 cells transfected with PrP*-YFP-GPI or YFP-GPI showing localization

at the plasma membrane and accumulation of PrPC-YFP-GPI at cell- ceII interfaces in untreated (top) or Cu**-treated (300 UM CuCl,) cells (bottom). White lines across cell
membranes (M1 and M2; not in contact with other cells) and interfaces (1) indicate positions and numbering of line plots in (B). Arrows mark the start and direction of
measurement. (B) Line plots from (A) showing fluorescence intensity of individual membranes (M1 and M2) and the interface (I) of two adjacent cells treated with Cu®*
not. (C) Fluorescence quantification at cell-cell interface relative to the sum of intensities measured for individual membranes of the contacting cells [///(ly; + Iw2)]. Data
shown as mean + SEM, n = 20 to 23 measurements per group, one-way analysis of variance (ANOVA) (Tukey). ****P < 0.0001 and ***P < 0.001; ns, not significant. (D) FRAP
shows a lower recovery of PrP-YFP-GPI at individual cell membranes or cell-cell interfaces upon Cu?* treatment, indicating less molecular diffusion, as opposed to YFP-
GPI with Cu®* treatment or not. n = 23 to 26 bleached circular areas per group. Fitting to obtain times to half recovery (t;»; inside rectangles) are shown in black. Insets:
Examples of bleached circular areas from PrP<-YFP-GPI in the individual cell membranes (top) or interfaces (bottom). Pseudocolored intensity scale shown on the right. (E)
Cell viability assay of HEK293 cells transfected with PrP -YFP-GPI or GFP treated with increasing concentrations of CuCl, for 1 hour. *P < 0.05 and ***P < 0.001. Data shown
as mean + SEM, n = 3 independent replicates, one-way ANOVA (Sidak). (F) Time-lapse confocal imaging of Cu®*-treated cells showing liquid-like fission (i) and fusion (ii
and iii) of small PrPS-YFP-GPI clusters at the membrane or in the cytosol (iv). Time points indicated inside micrographs. Scale bars, 20 pm (A), 1 um (D), and 5 pum (F). a.u.,
arbitrary units. PM, plasma membrane.
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would explain the increased cell viability upon Cu®" treatment in
PrPC-expressing cells.

Cu?* triggers recombinant PrP condensation at
physiological conditions in vitro

We proceeded to investigate the molecular mechanisms of Cu?
*_driven PrP condensation in vitro. Different bioinformatic predic-
tion tools for the liquid-liquid phase separation propensity of pro-
teins [Fuzdrop (37), catGRANULE (38), ParSe (39), and PScore
(40)] agreed that the octarepeat region of PrP (residues 60 to 91),
which binds Cu®" ions via four histidine residues, has the highest
probability to undergo phase separation (Fig. 2A), probably
because of the five LARKS. PrP mutants with extra octarepeats
that cause early-onset inherited prion diseases (41) showed en-
hanced phase separation propensities (fig. S4A), highlighting the

relevance of this region for both phase separation and pathology
and suggesting a modulation of PrP phase transitions by copper.
To examine how the binding of Cu®*—the best-known function
of the octarepeat region (10, 18)—would modulate PrP condensa-
tion, we incubated recombinant PrP in physiological ion and mo-
lecular crowding conditions [physiological buffer (PhysB);
including 6% polyethylene glycol (PEG)—4K; 25°C; Table 1] with
different concentrations of CuCl, and monitored phase separation
by microscopy (25 uM PrP; Fig. 2B) and turbidity (10 uM PrP;
Fig. 2C). While PrP alone did not phase separate in these condi-
tions, the addition of equimolar or higher amounts of CuCl, trig-
gered the rapid formation of PrP condensates. PrP turbidity
measurements indicated that phase separation plateaued at a PrP:
Cu®" molar ratio of 1:4 (Fig. 2C). Tryptophan fluorescence anisot-
ropy confirmed the formation of higher-order oligomers or
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Fig. 2. Cu?* drives recombinant PrP condensation. (A) Phase separation prediction of PrP (UniProt ID P04156) by FuzDrop (37) (top, gray line, left axis), catGRANULE (38)
(top, black line, right axis), ParSe (39) (bottom, gray line, left axis), and PScore (40) (bottom, black line, right axis). Middle: Amino acid sequence of PrP N-terminal domain
(23 to 120) with indicated copper-coordinating His. Five octarepeats (blue shading) are predicted to be LARKS. Top inset: PrP C-terminal domain structure (residues 121 to
231, PDB 1XYX) with Cuz*-coordinating His side chains in blue. Bottom inset: Octarepeats structure (residues 23 to 106, PDB 2KKG) with evenly interspaced Trp (green)
and Tyr (white) side chains that potentially contribute to phase separation. (B) Micrographs of PrP at 25 pM incubated for 2 hours with 25 to 200 pM CuCl,. (C) Turbidity
[absorption at 350 nm (A3so nm)] of 10 uM PrP at increasing CuCl, concentration. (D) Structure of Zincon:Cu®* complex. (E) Microscopy images of 25 uM PrP with 200 uM
CuCl, captured by a color high-resolution camera followed by Zincon addition. Zoomed-in of numbered regions are shown. (F) FRAP of 10 uM PrP (0.1% Alexa Fluor 647—
labeled protein) with 80 uM CuCl, (1:8 molar ratio), performed immediately after sample preparation. Data shown as mean + SEM (n = 3 condensates). Time to half
recovery (t;,,) is shown in the rectangle. (G) Turbidity of PrP:CuCl, (1:8 molar ratio) condensation upon increasing 1,6-HD concentrations (measured after 6 min). (H)
Differential interference contrast (DIC) and fluorescence images of 20 uM PrP (0.1% Alexa Fluor 647-labeled protein) with 160 uM CuCl, (1:8 molar ratio) show wetting of
poly-p-lysine—coated glass surfaces over time. Data in (C) and (G) shown as mean + SD (n = 3), one-way ANOVA (Tukey). ****P < 0.0001 and **P < 0.01. Scale bars, 20 um (B
and H), 50 pm (E), and 2 pm (F).
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Table 1. Composition of the physiological buffer used in this study
and relevant physiological concentrations of copper ions reported in
the literature. PhysB, physiological buffer.

PhysB
Salt Concentration
Hepes pH 7.2* 10 mM

Copper ions

Lomt’onconcenm’t’on .............
.t ereb rospma| ﬂu'd .................................................... - 70 HM (85) ...............
Humanbram ............................................................. - 30 HM (37) ...............

Synaptic vesicle ~291 uM (89)
Synaptosome ~48 uM (89)
~15 uM (90)

*Replaced to K;HPO,/KH,PO, in some experiments due to technical
hindrance. Buffer composition was adapted from the “cytomix” buffer (97,
92) together with findings on the ionic composition, and the pH values
reported for mammalian cells and reviewed in (93).

condensates at PrP:Cu** molar ratios of 1:4 and 1:8 (fig. S4B). AtpH
4.7, when the octapeptide histidine residues are protonated and
metal coordination is negligible (42), no condensation occurred
(fig. S4C), even with higher molecular crowding (10% PEG4K or
PEG20K) (fig. S4D) or low temperature (fig. S4E, top image).
Notably, at nonphysiological conditions of high protein concentra-
tions (~70 uM at ~13°C; fig. S4G), very high molecular crowding
(10% PEG20K; fig. S7, C and D), and low temperatures (25 uM at
~10°C; fig. S4, E and F), we were able to observe "homotypic” con-
densation for PrP alone, which seemed to be inhibited at low pH 4.7
(fig. S4, C to E) and promoted by high NaCl (300 to 500 mM) in the
buffer (fig. S4G).

To ascertain whether Cu®* ions are partitioning into conden-
sates, we used the dye Zincon (Fig. 2D) (43). Microscopy
(Fig. 2E) and spectrophotometric quantification of the dense
phase with Zincon revealed that Cu®* ions enriched at least 10-
fold in the PrP:Cu** condensates (fig. S5). To test whether the
Cu”" in the condensates was essential for their stability, we added
EDTA to preformed PrP:Cu®" condensates, expecting this chelator
would dissolve the condensates by complexing Cu** necessary for
condensation. Turbidity measurements suggested that EDTA dis-
solved PrP:Cu®* condensates within a few minutes (fig. S6A). Mi-
croscopy showed the formation of larger vacuolated intermediates
that gradually dissolved (fig. S6B). Likewise EDTA, tris coordinates
Cu?" ions (44) and has been shown to outcompete Cu?t binding to
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octarepeat peptides derived from PrP (45). Compared to “Cu’" non-
coordinating” Hepes buffer (46), six times less PrP:Cu®" conden-
sates were observed in tris buffer (fig. S6, C to E).

We further investigated the conditions at which Cu®*-induced
PrP condensation would occur. At a fixed, physiological relevant
concentration of CuCl, (80 uM; Table 1), liquid-liquid phase sepa-
ration depended on PrP concentration and started at 4 uM PrP (fig.
S7A). Next, we used a bis-glycine complex [Cu(Gly),] as source of
Cu®" ions to resemble the cellular milieu, in which Cu** is mostly
found protein-bound. Even in the Cu(Gly), form, Cu’" was able to
induce PrP liquid droplets (fig. S7B). In the same experiment, we
also observed the dependence of PrP:Cu(Gly), phase separation
on increasing molecular crowding (% PEG4K), indicating a
synergy between Cu** and molecular crowding in driving PrP
phase separation (fig. S7B). The amount of molecular crowding
induced by PEG with different molecular weights (fig. S7, C to F)
appeared to influence the surface attachment (fig. S7E) and shape of
PrP:Cu”" condensates (fig. S7F).

Altogether, these data show that Cu®" is a major modulator of
PrP phase separation, confirming our observations made for PrP®
in cells. PrP:Cu®" condensation occurs at physiological PrP, copper,
pH, salt, and crowding conditions.

PrP:Cu* condensation is promoted at low temperature and
higher crowding and is mostly electrostatically driven

We sought to understand which molecular interactions would drive
and stabilize PrP:Cu”* condensates. FRAP suggested liquid-like
molecular diffusion of PrP inside condensates (Fig. 2F). Turbidity
temperature ramping experiments (between 13° and 40°C) showed
that Cu®*-induced PrP condensation increased with decreasing
temperatures, starting at ~24°C, which was fully reversible upon re-
heating the sample (fig. S8A). Dynamic light scattering (DLS) con-
firmed that the majority of PrP:Cu®" condensates were larger at 20°
C (hydrodynamic radius, Ry, ~ 540 nm) than at 37°C (Ry, ~ 340 nm)
(fig. S8B), corroborating the induction of PrP condensation at lower
temperatures (fig. S8A). Notably, in PhysB (contains 6% PEG4K as
crowding agent), a small amount (mass percentage < 1%) of multi-
mers occurred (fig. S8B).

Protein condensation is driven by weak multivalent intra- and
intermolecular interactions between residue side chains and
protein structural elements, and clients (e.g., proteins, nucleic
acids, or ions) can modulate these contacts (31). To test whether
hydrophobic interactions stabilize PrP:Cu®* condensates, we
added the aliphatic alcohol 1,6-hexanediol (1,6-HD) to preformed
PrP:Cu®* condensates. 1,6-HD was reported to dissolve
condensates of PrP* 2! (residues 90 to 231) at 10% (w/v) (29),
and of PrPY145Stop (residues 23 to 144) (47) at 2% (w/v), high-
lighting the role of weak hydrophobic contacts in homotypic
liquid-liquid phase separation (LLPS) of these constructs. For
Cu**-driven PrP LLPS, we observed only a 45% decrease in turbid-
ity at 10% 1,6-HD and no effect at 2% 1,6-HD (Fig. 2G). We con-
cluded that hydrophobic interactions have a smaller contribution to
PrP:Cu®" LLPS, and electrostatic interactions may play an
important role. In the absence of counter ions in the buffer that
weaken electrostatic interactions [10 mM Hepes, (pH 7.2), no
salt], Alexa Fluor 647-PrP:Cu*" condensation was enhanced, and
pronounced wetting of positively charged (poly-p-lysine—coated)
glass surfaces occurred (Fig. 2H and movie S3). A similar behavior
was observed for electrostatically driven coacervates of Tau (48).
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We probed Cu®*-induced conformation changes at the same
conditions of our phase separation assessment. By circular dichro-
ism (CD) spectroscopy using PrP concentrations (2.5 uM) below
the critical concentration for condensation to avoid light scattering
artifacts, we observed minor increase of a-helical content (indicated
by the 222- and 208-nm bands) upon Cu’" addition (fig. S8C). In-
trinsic tryptophan fluorescence showed quenching as a function of
[CuCl,] (fig. S8D), indicative of Cu**-induced structural changes
and/or binding near tryptophan residues. The affinity of Cu**
toward PrP in PhysB (fig. S8D, inset) supported previous results
(i.e., dissociation constant Kp ~ 3 to 12 uM) (9, 11, 49). These
data suggest that Cu®*- driven phase separation is not followed by
significant secondary/tertiary structural changes. However, it is im-
portant to note that long-range interactions between the N- and the
C-terminal domains of PrP are promoted by Cu** leading to overall
compaction, as observed in high-resolution structural studies
(19, 50).

Divalent/trivalent metal ions trigger PrP phase transitions
Given that PrP® binds other divalent metal ions and regulates their
homeostasis (6), we investigated how FeCl,, ferric ammonium
citrate (FAC), ZnCl,, CoCl,, CdCl,, and MnCl, would modulate
PrP condensation. Phase contrast microscopy and turbidity mea-
surements showed that FeCl,, FAC, ZnCl,, CdCl,, and MnCl,
trigger PrP phase separation (fig. S9). Copper(II) sulfate (CuSO,)
promoted PrP phase separation like CuCly; hence, Cu®* effect on
phase separation is not dependent on the type of salt counter
anion (fig. S9, A to C). ZnCl, only triggered PrP phase separation
at higher molar ratios (1:8) and not at equimolarity like CuCl, or
CuSQ,, FeCl,, and FAC. CdCl, and MnCl, led to few micron-
sized liquid-like droplets by microscopy, albeit the increase of tur-
bidity. Both divalent (Fe** and FeCl,) and trivalent (Fe** and FAC)
iron drove PrP phase separation, whereas CoCl, did not trigger PrP
phase separation at the conditions tested. It is worth noting that Cu’
*, Fe**/Fe’*, Zn>", Co*", and Mn*" are essential trace elements in
the nervous system, especially in the synaptic cleft (6, 13). We spec-
ulate that synaptic PrP condensates could act as a buffer for regu-
lating the concentration of divalent metal ions at synapses.

H,0, promotes a liquid-to-solid transition of PrP:Cu?*
condensates

Cu”" is redox active and can engage with hydrogen peroxide (H,0,)
in Fenton reaction, generating ROS. Since PrP:Cu”* complexes can
encounter H,0, intra- and extracellularly to generate ROS, we in-
vestigated the effect of H,O, on PrP phase transitions. Adding 10
mM H,0, to PrP:Cu*" phase separation conditions produced a
mix of condensates and branched aggregates at all PrP:Cu®*
molar ratios after 2 hours, most pronounced at higher copper con-
centrations (Fig. 3, A to C, and fig. S10, A and B). H,0, alone did
not trigger PrP condensation or aggregation (fig. S11B). Conden-
sates adhered to the branches of aggregates were visualized
(Fig. 3C). Turbidity measurements of PrP:Cu** upon H,0, addi-
tion led to significantly stimulated phase separation at 1:1 and 1:2
PrP:Cu** molar ratios as compared to the absence of H,0, [PrP:Cu?
", (1:1): P<0.05; (1:2): P < 0.001; Fig. 3B and fig. S11C]. Aggregates
occurring in [PrP:Cu*" + H,0,] samples had solvent-exposed hy-
drophobic residues, revealed by SYPRO orange binding (Fig. 3C),
and showed intrinsic fluorescence upon excitation in the ultraviolet
(UV) range, suggesting amyloid-like cross—B sheet structure

do Amaral et al., Sci. Adv. 9, eadi7347 (2023) 3 November 2023

(Fig. 3D) (51). After 24 hours, amorphous and fibrillar aggregates
could be observed (fig. SI1A). FRAP in Hepes buffer (without salt)
showed ~60% recovery for PrP:Cu®* condensates [half-time (t,,,) ~
13.3 s] versus no recovery for [PrP:Cu** + H,0,] condensates/ag-
gregates (Fig. 3E and fig. S10D), indicating loss of molecular diffu-
sion. Notably, PrP:Cu’" recovery was slower than in PhysB (¢, ~
5.6 s; PhysB contains 120 mM KCI and higher ionic strength, see
Table 1) (Fig. 2F), suggesting less molecular diffusion inside PrP:
Cu®" condensates when electrostatic interactions are favored
(fig. S10C).

X-ray photon correlation spectroscopy reveals H,0,-
induced differences in PrP:Cu”>* condensates material
properties

Biomolecular condensates are metastable complex fluids that can
become less dynamic over time (52, 53). To gain further insights
into the effect of H,O, on PrP:Cu** condensate fluidity, we assessed
the dynamic properties of a fluid or polymer over the time (micro-
seconds to hours) and length (nanometers to micrometers) scales
relevant for phase separation using x-ray photon correlation spec-
troscopy (XPCS) (54, 55). Both PrP:Cu®" and [PrP:Cu’* + H,0,]
displayed a single exponential decay and dynamics in the range of
seconds (Fig. 3F). The broad exponential decay of the autocorrela-
tion functions indicated dynamical heterogeneities observed in
viscous systems (56). PrP:Cu’" condensate relaxation dynamics
were characterized by subdiffusive motion (y < 1; for comparison:
y = 1, Brownian motion; y > 1, superdiffusive) over the entire
dynamic size scale (acquisition g-range; Fig. 3G and fig. S11D).
Slow, subdiffusive relaxation is observed in the coarsening of
viscous condensates (56), e.g., during phase separation of lysozyme
(55). PrP:Cu** condensates have characteristics of a viscous fluid
that can transition into soft glassy materials, reminiscent of conden-
sates formed by the FUS protein that display an increase in viscosity
but no change in elasticity over time, described as aging Maxwell
fluids (53). FUS condensates do not show morphological changes
during aging likewise PrP:Cu®" condensates after 24 hours (fig.
S11E), albeit the observed rheological changes in FUS (53).
However, when adding H,0O,, we observed remarkable changes in
the dynamic properties of condensates (Fig. 3G). The [PrP:Cu*t +
H,0,] condensates/aggregates were characterized by superdiffusive
(y > 1) viscoelastic relaxation indicating network fluctuations in the
condensates, likely via liquid-to-solid transition during gelation/
hardening (54, 55). The loss of molecular diffusion (FRAP data,
Fig. 3E) and progressive formation of aggregated structures (mi-
croscopy data shown in Fig. 3, A, C, and D, and fig. S11A)
support this idea.

Cu?* prevents PrP misfolding but in the presence of H,0,
triggers amyloid formation
To further assess the influence of Cu®" and H,0, on PrP aggrega-
tion, we performed in vitro aggregation assays by seeding PrP with
preformed recombinant PrP fibrils produced under denaturant
condition (57), in the absence or presence of CuCl, and/or H,0,
(Fig. 4A). This condition would mimic a pathological condition
with seeded polymerization of PrP® and oxidative stress (CuCl,
+ H,0,).

DLS showed a multimodal particle size distribution for all
samples after the aggregation assay, and at least 30% of particles
were composed by multimers (R, ranging from 180 to 863 nm)
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Fig. 3. H,0, treatment triggers PrP:Cu®" liquid-to-solid phase transition. (A) Phase contrast images of 25 uM PrP incubated with increasing concentrations of CuCl, in
the presence of 10 mM H,0, (2-hour incubation). (B) Turbidity (A3so nm) of 10 uM PrP at increasing CuCl, concentrations (6 min after sample preparation) in the presence
of H,0,. Data shown as mean + SD, n = 3. (C) Phase contrast (left) and fluorescence (right) images of 25 uM PrP with 200 uM CuCl, and 10 mM H,0,, stained with SYPRO
orange after 30 min. Zooms of marked regions are shown on the right. (D) DIC (left) and fluorescence (right; intrinsic blue fluorescence characteristic of amyloids) images
of 25 uM PrP incubated with 200 uM CuCl, and 10 mM H,0, after 2-hour incubation. Marked regions are zoomed. (E) FRAP of 10 uM PrP with 80 uM CuCl, in 20 mM Hepes
(pH 7.4) (green; t1/; in seconds is shown in the rectangle) and upon addition of 10 mM H,0, (red). FRAP recorded immediately after sample preparation. Data shown as
mean + SEM, n = 3 condensates. (F) XPCS autocorrelation functions for increasing g values of PrP:Cu?* (i) and PrP:Cu* + H,0, (ii). (G) XPCS-derived Kohlrausch-Williams-
Watts (KWW) exponent, y, over the recorded g range for PrP:Cu?* (blue) and PrP:Cu®* + H,0, (red). All experiments were performed at 25°C in PhysB, unless otherwise

stated. Scale bars, 20 pm (A) and 10 pm (C and D).

(Fig. 4B). Notably, monomeric PrP not subjected to the aggregation
protocol has a Ry, of ~2.2 nm (fig. S8B). Addition of CuCl, or CuCl,
+ H,O, resulted in the lack of monomeric or low-order PrP species
(for monomer up to tetramer; Ry, ranges from 2.2 to 20 nm, consid-
ering the partially unfolded nature of PrP), suggesting a shift to
multimers of PrP. The PrP:H,0, sample did not show large particle
formation. Oppositely, the PrP:Cu** + H,0, sample showed the
highest mass of multimers (R}, > 800 nm) (Fig. 4B). Therefore,
the enhanced phase transition of [PrP:Cu** + H,0,] may synergize
with seeded aggregation of PrP. We then proceeded the character-
ization of PrP aggregates by transmission electron microscopy

do Amaral et al., Sci. Adv. 9, eadi7347 (2023) 3 November 2023

(TEM). PrP and PrP:H,0O, formed similar clusters of amorphous
aggregates (Fig. 4C). PrP:CuCl, formed circular structures reminis-
cent of condensates, few small amorphous aggregates, and diffuse
material that may correspond to soluble oligomers (Fig. 4C, blue
arrowheads). In PrP:Cu*' + H,O0, preparations, we detected
several branched aggregates as well as long fibrils and clusters of
amorphous aggregates with weaved-in circular condensate-like
structures (Fig. 4C).

To explore whether the aggregates observed by TEM contained
amyloid-like B-structure, we measured SYPRO orange fluorescence
emission (Fig. 4D). SYPRO orange binds to unfolded hydrophobic
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Fig. 4. Cu®* reduces PrP misfolding and, together with H,0,, results in dityrosine-rich PrP aggregates. (A) Experimental setup to examine PrP seeded aggregation
in vitro. PrP (25 uM) was incubated with 0.1% seeds (pre-aggregated PrP obtained from denaturation protocol with 1 M guanidinium-HCl, 3 M urea) under continuous
agitation at 42°C for 48 hours in the presence or absence of CuCl, (200 uM), H,0, (10 mM), or both. (B) DLS analysis of aggregated 48-hour samples (diluted to 1 uM for
measurements). Mass percentage of each species is plotted, and Ry, is shown within bars. Data shown as mean + SD from 10 acquisitions at 25°C. (C) Negative-stain TEM at
different magnifications. Blue arrowheads indicate circular condensate-like structures. Zoom-in of numbered regions are shown in the middle. (D) SYPRO orange emission
spectra (excitation, 495 nm; emission, 535 to 665 nm) of 48-hour aggregated samples. The illustrations show a 3 sheet-rich structure and an unfolded protein, which are
probed by SYPRO orange. (E) Dityrosine intrinsic fluorescence (excitation, 325 nm; emission, 350 to 500 nm) of 48-hour aggregated samples. Intramolecular (between two
vicinal tyrosine residues) and intermolecular (inset illustration) dityrosine cross-links can be formed in oxidative conditions (catalyzed by Cu?*/H,0,). Legend applies to
(D) and (E). All samples were prepared in PhysB pH 7.2. Scale bars are indicated inside images.
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protein surfaces, and it has been shown ~3-fold more sensitivity
than thioflavin T (ThT) for amyloid quantification (58). PrP:Cu**
+ H,0, samples showed the highest SYPRO fluorescence intensity,
followed by PrP alone, indicating misfolding and/or amyloid-like
characteristics in these samples. PrP:Cu®* and PrP:H,0, had
similar low SYPRO intensities (Fig. 4D). Notably, SYPRO fluores-
cence of PrP:CuCl, showed an 8-nm blue shift of the maximum
emission wavelength (A\,.x = 556 nm for PrP:CuCl, versus 564
nm for PrP), indicating a more hydrophobic environment. Measur-
ing the fluorescence of 1-anilino-8-naphthalenesulfonate (1,8-
ANS), whose fluorescence intensity is enhanced in hydrophobic en-
vironments, confirmed this observation (fig. S12, A and B). After 48
hours of incubation with preformed PrP seeds, PrP but not PrP:
CuCl, showed enhanced 1,8-ANS fluorescence (fig. S12B), indicat-
ing that Cu®* prevented the exposure of hydrophobic residues due
to partial unfolding of PrP. Furthermore, ThT aggregation kinetics
showed a typical sigmoidal curve for PrP aggregation (¢, = 35.3
hours). However, PrP:Cu®* showed no binding to ThT over 72
hours (fig. S12C), corroborating the absence of amyloid aggregates
in this sample. In summary, our results including DLS, TEM, and
binding to amyloid dyes suggest that H,O, promotes PrP amyloid
formation only in the presence of CuCl,, whereas Cu®* alone pre-
vents organized aggregates formation.

We wondered what would be the mechanism by which CuCl,
together with H,O, elicit PrP aggregation. First, to determine
changes in protein folding that could favor PrP aggregation, we
measured intrinsic tryptophan fluorescence during thermal denatu-
ration, right after sample preparation (fig. S13). PrP conformation
was significantly affected by CuCl, + H,O,, even at room temper-
ature, evident from a ~fourfold decreased fluorescence intensity
(versus PrP; fig. S13, D and E). In addition, the emission spectrum
exhibited a red shift (fig. S13, D and F), possibly due to dityrosine
formation (emission at 405 nm).

In metal-catalyzed oxidation conditions (e.g., CuCl, + H,0,),
covalent intra- and intermolecular cross-links that promote
protein aggregation can occur through dityrosine formation (59).
We investigated whether H,O, would trigger dityrosine formation
in PrP, which is apparent from an increase in dityrosine fluores-
cence. The presence of CuCl, + H,O; significantly increased dityr-
osine formation in PrP aggregates compared to all other conditions,
e.g., threefold increased emission at 405 nm compared to PrP:H,0,
(Fig. 4E). Eleven of 13 tyrosine residues are in the C-terminal half of
PrP that forms the protease and denaturation-resistant core of path-
ological PrP aggregates (1), likely explaining why oxidation-induced
dityrosine cross-linking favors PrP aggregation. Cryo—electron mi-
croscopy (cryo-EM)—derived structures of 263 K, aRML, wtRML,
and a22L prion fibrils [Protein Data Bank (PDB) IDs: 5031, 7qig,
7lna, and 8efu] (60) suggest the potential for establishing cross-
links between closely positioned pairs of tyrosine residues. Al-
though dityrosines were not observed in these cryo-EM models, ty-
rosine rings might adopt ortho-ortho conformation to form
cross-links.

In addition to dityrosines, ROS produced by Fenton reactions, as
catalyzed by Cu** + H,0,, induces pathological “B-cleavage” of
PrP“ around residue 90, releasing the N-terminal domain extracel-
lularly while keeping the C-terminal domain attached to the cell
surface (61, 62). We evaluated whether recombinant PrP with
CuCl, + H,0, would undergo B-cleavage in vitro (fig. S14). SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) showed that [PrP:

do Amaral et al., Sci. Adv. 9, eadi7347 (2023) 3 November 2023

CuCl, + H,0,] samples contained full-length PrP (~22 kDa) and
SDS-stable higher-order oligomers right after sample preparation
(fig. S14B, first lane). After 30 min, these PrP species started to dis-
appear, and a 15- to 20-kDa fragment appeared (~16.3 kDa; arrow;
fig. S14B), likely corresponding to the C-terminal product of B-
cleavage. After 120 min, ~75% of full-length PrP and the C-terminal
fragments were degraded in PrP:CuCl, + H,0, (fig. S14C). In
summary, the presence of copper in oxidative condition (CuCl, +
H,0,) seems to trigger PrP aggregation via multiple mechanisms,
including PrP unfolding and exposure of hydrophobic residues,
production of the aggregation-prone C-terminal fragment
through P-cleavage, and the formation of dityrosine cross-links.

Extended exposure to Cu®* induces intracellular PrP
aggregation

We asked whether CuCl, and ROS would also induce PrP aggrega-
tion in cells, for example, promoted by PrP oxidation and/or f-
cleavage. Because cellular systems naturally have H,0, and other
ROS as metabolism by-products, Cu(II)/(I) can catalyze further
ROS production by intra- and extracellular Fenton reactions. We
incubated HEK293 cells expressing PrP“-YFP-GPI with 300 uM
CuCl, for 3 hours (notably, experiments presented in Fig. 1 were
conducted within 1 hour) and tested the formation of amyloid-
like aggregates by addition of amyloid dyes. Cu** exposure for 3
hours led to AmyTracker680-positive aggregates at the cell surface
(Fig. 5, A and B). In addition, we observed the formation of vesicle-
like hollow, spherical structures in the cytosol that carried PrP®-
YFP-GPI in their surrounding membrane (Fig. 5C and movie S4).
We speculate that these structures might be stress-induced ER ves-
icles (63). When incubating cells with CuCl, in serum-free imaging
solution [lacking ROS scavenging proteins like albumin (64)], we
observed PrPC-YFP-GPI signal near the nucleus and Nile Red—pos-
itive PrP aggregates (fig. S15, A and B). Notably, HeLa cells trans-
fected with PrP¢-YFP-GPI incubated with CuCl, showed hollow
spherical ER-like structures already after 1 hour, indicating that
these cells might be more vulnerable to PrP:CuCl,-induced condi-
tions (fig. S15C). These data corroborate the observed amyloid-like
aggregates of [PrP:CuCl, + H,0,] (Figs. 3 and 4), indicating that
oxidative stress promotes PrP liquid-to-solid transition in vitro
and in celullo.

DISCUSSION

In the last 25 years, it became clear that PrP plays a key role on
copper homeostasis (10, 18) and that, in turn, copper influences
PrP aggregation (13, 50, 65). With our data, we now provide mech-
anistic evidence that both observations are related to PrP liquid-
liquid phase separation and its modulation by Cu®*. Earlier works
showed PrP (protein domains or mutants) in vitro phase separation
in simple buffer systems and without consideration of physiological
Cu®" concentration (28, 29, 47, 66-68). By investigating the effects
of Cu®" on full-length PrP condensation and aggregation at physi-
ologically relevant PrP concentrations [4 uM (28)], ionic strength,
pH, and molecular crowding, we not only complement previous
studies but are able to provide evidence for the role of PrP:Cu** con-
densation in the cellular context.
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Fig. 5. Long-term exposure to Cu?* leads to PrPS-YFP-GPI amyloid-like aggregates in cells. (A) Live cell imaging of HEK293 cells transfected with PrP-YFP-GPI. Cells
treated with 300 pM CuCl, for 3 hours (middle and bottom rows) showed AmyTracker680-positive aggregates at the cell surface. Bottom: Individual cell with PrP ag-
gregates. White lines indicate positions of line profiles shown in (B). (B) Line profiles through AmyTracker-positive PrP aggregates at the surface of the cell shown in (A,
bottom). (C) Formation of spherical hollow structures with PrP“-YFP-GPI in the surrounding membrane after 3 hours of Cu®*-treatment. Zoom-in of marked regions are
shown on the right. (D) Schematic diagram on the role of copper in PrP¢ condensation and oxidation-induced aggregation. PrP:Cu®" condensation at the cell surface
buffers Cu** concentration by sequestering redox-active excessive copper. This reduces the oxidative burden and prevents cellular damage. In the presence of ROS,
further stimulated through Fenton reactions of Cu?*/H,0,, PrP:Cu®" condensates transition into a gel-like state (less molecular mobility inside condensates) that inhibits
functional Cu?* sequestering by PrP. Moreover, ROS trigger PrP unfolding (exposure of hydrophobic surfaces), drive B-cleavage that produces aggregation-prone C-
terminal PrP fragments, and enhance dityrosine cross-linking, altogether converting PrP into amyloid-like aggregates. In summary, PrP controls copper homeostasis
and prevents ROS generation through phase separation, but abnormally high or prolonged ROS can result in aberrant PrP condensation and pathological aggregation.
Scale bars are indicated inside images, and zoom-ins correspond to 2 pm.

Molecular features of PrP:Cu’* phase separation speculate that electrostatically driven PrP LLPS would be more
We showed that PrP forms liquid-like condensates that incorporate ~ functional. Reducing Cu®* binding by EDTA or low pH reversed
and accumulate Cu®*, and this phase separation is mostly driven by ~ PrP LLPS, and Cu®* prevented PrP aggregation, suggesting that
electrostatic interactions, as 1,6-HD had a minor effect in disrupting ~ PrP:Cu** LLPS and aggregation can occur independently, similarly
condensation. PrP:Cu’" phase separation was reduced upon slowly  to what has been suggested for Tau (69), or even that PrP:Cu®" con-
heating showing a minor participation of hydrophobic contacts, densates might suppress aggregation as shown for a-synuclein (70).
since protein dehydration caused by increasing temperature The octarepeats region in PrP is conserved across mammalian and
would enhance hydrophobic interactions. Furthermore, PrP:Cu**  avian species (71), indicating that Cu**-driven PrP LLPS may play a
phase separation was enhanced at low temperatures pointing crucial role for cellular copper homeostasis.

toward a lower critical solution temperature behavior characteristic

of coacervation, whereby ionic interactions drive the intra/intermo-  Functional features of PrP:Cu>* phase separation

lecular labile cross-links involved in phase separation. PrP:Cu®"  In cells overexpressing PrP“, Cu** induced large plasma mem-
condensates incubated with PrP seeds (produced with guanidi- brane-bound PrP® clusters that showed characteristics of liquid-
nium/urea) do not show aggregation. Cu’* is known to induce com-  like condensates (i.e., reduced molecular diffusion, fission, and
pactness and stability of PrP (19, 50), which is in line with our  fusion). Absorption of Cu?" in cell surface PrP® condensates at a
results on PrP:Cu”* condensates suppressing aggregation. Because  4:1 (Cu®*:PrP) stoichiometry, similar to our in vitro observations,
recombinant PrPY145Stop (47), PrP?>3! (29), and PrP with Hof-  would provide an effective Cu?** buffering system that counteracts
meister salt (Na,S,03) (66) formed hydrophobically driven conden-  metal ion toxicity, before redox-active copper would enter the
sates that undergo a liquid-to-solid transition, it is tempting to  cytosol. In normal conditions, PrP€ is endocytosed from the cell
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surface with participation of clathrin-coated pits, caveolae, and rafts
[reviewed in (30)]. In addition, PrP€ internalization is stimulated
when neuronal cells are exposed to Cu?* (72). However, the mech-
anism by which Cu?* induces PrP® internalization remains
unknown as pointed out in many studies [reviewed in (30)]. Lyso-
somal storage of Cu®", and its redistribution to cellular compart-
ments and metalloproteins that quench Cu** redox activity (73),
could be facilitated through internalization of plasma membrane
PrP®:Cu®* condensates by the endolysosomal pathway (74). In
this case, we could expect release of Cu*" in the acidic environment
inside lysosomes (in vitro: no LLPS and no Cu** binding at pH of
~5), enabling lysosomal Cu®* storage and/or mobilization together
with the recycling of PrP“ back to the plasma membrane, to seques-
ter more Cu®" through condensation. Previous works suggested that
PrP¢ may act as copper buffer protecting cells from oxidative
burden through an unknown mechanism, for example, during neu-
ronal depolarization (18).

Our data deliver a LLPS-based cellular mechanism for these ob-
servations, in which PrP© condensates sequester copper ions and
prevent oxidative burden. Notably, PrP LLPS was also triggered
by other metal ions in vitro (fig. S9), suggesting that membrane
standing PrP condensates could provide a similar mechanism
for other metal ions as well. Dysregulation of PrP:metal ion conden-
sation could result in metal dyshomeostasis, as observed in early
onset prion disease (13). PrP:Cu** condensates formed preferen-
tially at cell-cell junctions, where PrP:Cu®* condensation could also
be involved in copper exchange between cells. PrP was reported to
interact with proteins in adherens junctions and desmosomal junc-
tions (75, 76), and we recently suggested that the multivalency of
these interactions could result in LLPS at cell-cell contacts (31).

Pathological features of PrP:Cu>* phase separation
Extended Cu®* incubation led to amyloid-like PrP® aggregation on
the cell surface, which is in line with the proposed pathological PrP“
to PrP5¢ conversion at the plasma membrane in prion diseases (2).
From our in vitro data, we would assign this observation to the pres-
ence of ROS in the culture medium. ROS formation, triggered by
Cu**-catalyzed Fenton reactions, resulted in (i) PrP B-cleavage, re-
leasing the LLPS-driving N-terminal domain of PrP (77) and pro-
ducing the aggregation-prone C-terminal fragment in minutes; (ii)
triggered dityrosine formation; and (iii) induced liquid-to-solid
transition of PrP condensates and the formation of amyloid-like
PrP aggregates. In contrast, in non-oxidizing conditions (no
H,0,), Cu®" prevented PrP aggregation, supporting earlier findings
that PrP:Cu”" aggregates do not have amyloid content (65, 78). To-
gether, our data provide mechanistic insights into Cu® * —driven
PrP condensation as a way of cellular copper ion buffering and
reveals the effects by which ROS triggers PrP aggregation in the
presence of copper (Fig. 5D).

MATERIALS AND METHODS

Recombinant protein production

The pET-41 containing the coding region for mature full-length
mouse PrP (residues 23 to 231) was transformed into competent
Escherichia coli BL21 cells. The His-Tag of pET-41 was removed
during cloning of PrP ¢cDNA into Ndel and Hind III sites (79);
hence, PrP was natively expressed without any tag. Protein expres-
sion was induced at 37°C for 16 to 18 hours in LB medium by
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addition of 0.5 mM isopropyl thio-B-p-galactoside, followed by
PrP purification as previously described (80). Briefly, purification
was achieved using Ni** affinity denaturing chromatography—
taking advantage of the intrinsic ability of PrP octarepeat region
(59-PHGGGWGQPHGGSWGQPHGGSWGQPHGGGWGQG-
90, mouse protein residue numbering) to coordinate divalent tran-
sition metal ions, being a natural affinity tag—followed by in-
column refolding and dialysis against ultrapure water. All chroma-
tography steps were performed in an AKTA prime liquid chroma-
tography system (GE Healthcare). Aliquots of PrP were kept at —20°
C for up to 6 months.

Alexa Fluor 647 labeling of PrP

Purified PrP (150 uM; 0.5 ml) in 0.1 mM sodium bicarbonate (pH
8) and 1 M NaCl was incubated with 100 pg of succinimidyl ester of
Alexa Fluor 647 (Thermo Fisher Scientific, A20006) in the dark for
1 hour at 25°C with gentle shaking. Uncoupled fluorophores were
removed by chromatography in a HiTrap desalting column (Cytiva)
equilibrated in 10 mM sodium phosphate (pH 5.8). The degree of
labeling was calculated using dye absorbance at 650 nm and a molar
extinction coefficient of 239,000 cm™ M™!. We obtained a PrP (2
uM; 3 ml) solution with a labeling yield of 1.2 mol of Alexa Fluor
647 per mol of PrP. The low protein yield is due to PrP precipitation
and aggregation at high pH.

Sample preparation for LLPS assays

Samples of 25 uM PrP were immediately suspended in 0.22-pum
filter-sterilized PhysB (Table 1). Subsequently, samples were incu-
bated with 25 to 600 uM CuCl, and/or 10 mM H,0,, a known ox-
idizing condition for PrP, as reported in (81, 82). For PhysB
preparation, CaCl, was the first to be dissolved, whereas Hepes or
K,HPO,/KH,PO, was the last one added, to prevent Ca;(PO,), pre-
cipitation (in case of K,HPO,/KH,PO,), followed by addition of
PEG4K and pH adjustment with KOH. The buffers were prepared
two times concentrated and kept at 4°C for 1 month. In the case of
turbidity measurements, the concentration of PrP in samples was 10
uM in the presence or not of 2.5 to 120 uM CuCl, and/or 10
mM H,0,.

In vitro liquid-liquid phase separation studies by
microscopy and turbidity

Ninety-six—well plates (flat-bottom, Sarstedt Inc. #82.1581) were
coated with 0.5% (w/v) bovine serum albumin (Sigma-Aldrich,
A2153) in 1x phosphate-buffered saline (PBS) for 1 hour in a see-
saw rocker followed by 2x rinsing with ultrapure water. This step
was carried out to provide a hydrophilic surface to the polystyrene
plates. Protein solutions were immediately prepared in specified
buffers as indicated in figure legends, and 50 ul (imaging) or 80
ul (turbidity) of solutions were added to each well followed by a
30-min incubation at room temperature. Imaging was carried out
immediately after reactant addition (specified transition metals or
CuCl, and/or H,0,) or at specified times in the figures. Samples
described above were imaged in an inverted phase contrast micro-
scope (EVOS FL Cell Imaging System, Thermo Fisher Scientific)
with a 40x apochromat objective. For Zincon staining, phase-sepa-
rated samples were deposited onto poli-D-lysine—coated glasses and
incubated for 30 min, followed by the addition of a 0.4 mM Zincon
solution [stock dissolved in 15 mM tris-HCI (pH 7.4)] and mount
on coverslips sealed by nail polish. Turbidity (detected as
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absorbance at 350 nm) assays were performed in a Synergy H1 spec-
trophotometer (BioTek Instruments) at 28°C.

Spectrophotometric determination of Cu?* in the

dense phase

A solution of PrP at 25 uM in 50 mM Hepes (pH 7.4), 125 mM
NaCl, 150 uM CaCl,, 5 mM MgCl,, and 6% (w/v) PEG4K was in-
cubated with 8x molar excess of CuCl, (200 uM). Upon addition of
CuCl,, phase separation was triggered, followed by sample equili-
bration for 1 hour in an ice bath at 0°C. To spin down the droplets,
the sample was centrifuged at 100g for 30 min in a temperature-
equilibrated centrifuge at 4°C. A blue pellet (i.e., dense phase) was
formed in the bottom, and all supernatant (i.e., light phase) was
removed to another tube. The pellet was weighted (0.0010 g) and
solubilized in 4 pl of the light phase with addition of urea and
nitric acid to a final concentration of 4 M and 2.4%, respectively,
totalizing 20 pl of the pellet-containing solution. For colorimetric
quantification of Cu®*, we used a previously published protocol
(43) in which samples are prepared in borate buffer containing 8
M urea (to release Cu®* from protein).

Fluorescence recovery after photobleaching

In vitro FRAP experiments were performed in a confocal micro-
scope (LSM 710, Zeiss) using a 100x oil immersion objective and
3x digital zoom. Solutions of unlabeled PrP spiked with 0.1%
PrP—Alexa Fluor 647 were imaged (excitation wavelength at 633
nm; emission 638 to 755 nm) in a confocal dish (SPL Life Sciences,
200350). Bleaching was performed with a 405-nm laser (100% in-
tensity, 1000 iterations; ~14 s total time), and started after 10 scans
(scan rate, 390 ms) in circular ROIs (0.8 to 1.0 pm in diameter), fol-
lowed by recovery monitoring for 50 to 90 s. In cellulo FRAP exper-
iments using HEK293 cells (transfected with PrP©-YFP-GPI or
YFP-GPI) were performed in a spinning disk confocal microscope
(Eclipse-Ti CSU-X, Nikon) equipped with an incubator for live cell
imaging (37°C; 5% CO,) using a 60x oil immersion objective. After
five frames (scan rate, 200 ms), bleaching was set to two loops with a
10% 488-nm laser, and the recovery was monitored for 120 s. In all
cases, unbleached and backgrounds ROIs of same size (area: 4.6
um?) were acquired simultaneously. Data were background-sub-
tracted and normalized to the reference ROI to account for photo-
fading during acquisition.

Immunofluorescence with anti-GRP78/BiP and LysoTracker
staining

Fixed cells (4% paraformaldehyde) were Triton X-100—-permeabi-
lized cells followed by incubation with anti-GRP78/BIP (1:200;
Abcam ab21685) in blocking solution [3% normal goat serum in
PBS (pH 7.4)]. Subsequently, the secondary antibody (1:1000;
goat anti-rabbit Alexa Fluor 647; Invitrogen) was added in blocking
solution followed by Hoescht 33442 staining [1:500 in PBS (pH
7.4)]. LysoTracker Red DND-99 (Invitrogen) at 50 nM in Opti-
MEM was incubated with live cells for 30 min (37°C, 5% CQO,). Sub-
sequently, cells were washed two times and fixed with 4%
paraformaldehyde.

BioTracker, AmyTracker, and Nile Red live cell staining

BioTracker 655 (Merck) was incubated at 1:500 molar ratio in Opti-
MEM for 30 min (37°C, 5% CO,) followed by two times washing
and fresh medium addition. AmyTracker 680 (Ebba Biotech)
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labeling of live cells was performed with 1:1000 of the dye in
Opti-MEM for 30 min (37°C, 5% CO,) followed by replacing
with fresh medium containing 300 uM CuCl, or not. In the case
of Nile Red staining (0.1 pg/ml; Sigma-Aldrich), incubation was
carried out in imaging solution [20 mM Hepes (pH 7.4), 140 mM
NaCl, 2.5 mM KCl, 1.8 mM CaCl,, 1.0 mM MgCl,, and 20 mM b-
glucose] for 30 min followed by replacing with fresh medium con-
taining 300 uM CuCl, or not.

Transmission electron microscopy

Micrographs of PrP in the absence or presence of CuCl,, H,0O,, or
both were acquired on a Hitachi HT7800 electron microscope op-
erating at 100 kV. Grids were prepared by spotting 5 pl of samples
on formvar/carbon-coated grid followed by contrasting with 2.0%
uranyl acetate solution.

Turbidity as a function of temperature

Absorbance readings at 350 nm were carried outin a V-730 UV-VIS
spectrophotometer (Jasco Corporation) equipped with a Koolance
Cooling System EX2-755 using the Temperature Interval Scan Mea-
surement tool. Sixty microliters of samples in 3-mm quartz cuvettes
with corresponding micro cell jackets were previously equilibrated
at the starting temperature for 30 min before measurements. A tem-
perature gradient from 38° to 14°C and the return to the start tem-
perature were run with a rate of 0.5°C/min and incubated for 30 s
before each read.

Dynamic light scattering

Reads (10 accumulations each) were collected in a DynaPro Nano-
Star equipment (Wyatt Technology, CA, USA) with a GaAs laser at
\ = 658 nm and intensity from 100 mW. Samples were immediately
prepared in PhysB pH 7.2. The hydrodynamic radius of PEG4K in
buffer solutions (without protein) was monitored and showed
monodispersity, with particles varying from 0.7 to 0.9 nm and in
all reads corresponded to 100% mass. DLS data were corrected
with buffer properties, i.e., PhysB refraction index and viscosity at
specified temperatures. The PhysB refraction index at 25°C (1.342)
was measured using an Abbe refractometer. This buffer contains 6%
(w/v) PEG4K; thus, to determine its viscosity (1)), we retrieved the
viscosity data of PEG4K aqueous solutions at 25°C determined by
(83). From the linear regression, we obtained the viscosity of the
PhysB (1.982 x 10° poiseuille).

Cell culture, transfection, and cell viability analysis

HEK293 cells were cultured in RPMI 1640 medium (Sigma-
Aldrich) supplemented with 10% (v/v) FBS and 1% antibiotics pen-
icillin/streptomycin (Gibco) at 37°C in 5% (v/v) CO, atmosphere.
For cell transfection, cells were plated in 24-well plates [(SAR-
STEDT), for viability assay] and p-Slide 8-well confocal dishes
[(Ibidi), for imaging and FRAP] and transfected after 24 hours
with Lipofectamine 2000 (Thermo Fisher Scientific) using 400 ng
to 1 pg of specified plasmids [YFP-GPI (84), PrP¢-YFP-GP], or
GFP] in Opti-MEM (Thermo Fisher Scientific). Following 48
hours posttransfection, cells were treated with 10 to 1000 uM di-hy-
drated CuCl, (Sigma-Aldrich) for 1 hour. After treatment, cells
were detached with trypsin solution (Nova Biotecnologia) and
quantified using Trypan blue solution [0.2% (w/v) in PBS] in a he-
mocytometer. For FRAP, transfected cells had medium exchanged
to fresh Opti-MEM 1 hour before addition of 300 uM CuCl,. After

12 of 16

€202 ‘90 JOqUIBAON UO UaBunyjueIy g aAITReUSBEpoINaN 1) WNUSZ SSyasine Te B10°90us 195 MMM//SA1Y WO | PSP [UMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

30 min to 1 hour of incubation with CuCl, or not, FRAP experi-
ments were performed.

Immunoblotting

Whole-cell extracts were obtained 24 hours posttransfection using
mild radioimmunoprecipitation assay buffer [50 mM tris-HCI (pH
7.4),150 mM NaCl,1 mM EDTA, and NP-40 1% (v/v)] supplement-
ed with protease inhibitor cocktail 1% (v/v) (Sigma-Adlrich) and
quantified by Bradford assay. Protein extracts (50 pg per lane)
were resolved in 15% SDS-PAGE followed by immunoblotting
using anti-GFP (AB3080P, Merck), anti-PrP monoclonal antibody
(anti-CD320, clone 6D11; BioLegend, 808001), and anti—p-actin
(Invitrogen, MA5-15739) as loading control. Horseradish peroxi-
dase-linked conjugated secondary antibodies (Invitrogen) were de-
veloped with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, 34077) using a Chemidoc scanner
(Bio-Rad).

X-ray photon correlation spectroscopy

XPCS experiments were performed at the CATERETE beamline
(Brazilian Center for Research in Energy and Materials) at a
photon energy of 10 keV (1% bandwidth). Data were collected
using a PiMega540D detector in small-angle x-ray scattering
(SAXS) geometry at a sample detector distance of 27.6 m allowing
measurement of low scattering vector (g) values (q = 4msin0/A,
being 20 the angle between the incident and scattered beam).
Samples of PrP (25 uM) with or without CuCl, (200 pM) and/or
H,0, (10 mM) were prepared immediately before measurements,
and condensate formation was monitored by differential interfer-
ence contrast (DIC) microscopy in situ (Leica LMD 7). Each
sample was filled into 1.5-mm-diameter quartz capillaries. To mit-
igate radiation damage, samples were measured with sapphire atten-
uator, and the total time was considered as time with no visible
change in the SAXS patterns. The XPCS experiments have been per-
formed below this threshold dose value. All samples were analyzed
in PhysB pH 7.2 at 25°C. The autocorrelation functions can be ex-
pressed by the Kohlrausch-Williams-Watts (KWW) model (Eq. 1)
containing information about the time scales and type of motion in
protein condensates.

g(q,1) = 1+ pexp[-2(I'1)"] (1)
where B is the contrast factor, I is the relaxation rate, t is the delay
time, g is the scattering vector, and y is the KWW exponent. The
dynamics is quantified by the relaxation rate (fig. S11D) and char-
acterized by the KWW exponent y (Fig. 3G), where y = 1 represents
a single exponential decay corresponding to Brownian diffusion.
When y > 1, the relaxation process is faster than exponential (super-
diffusive), often seen in disordered soft solids like gels, and y < 1 is
indicative of relaxation slower than exponential decay (subdiffu-
sive), commonly observed in systems with several competing relax-
ation mechanisms, such as liquids near the glass transition
temperature.

Steady-state fluorescence and anisotropy

Intrinsic tryptophan fluorescence was recorded with excitation set
at 295 nm and emission verified from 310 to 400 nm with 5 uM PrP
and varying CuCl, concentration (from 5 to 40 uM). Tryptophan
fluorescence as a function of temperature was collected upon
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slowly heating in steps of 1°C from 25° to 80°C. The center of spec-
tral mass (CM) in nanometers was calculated via the equation: CM
= X viFi/X Fi, where vi is the wavelength and Fi is the fluorescence
intensity at each wavelength. Dityrosine fluorescence was recorded
with excitation at 325 nm and emission from 350 to 500 nm. SYPRO
orange fluorescence (stock 5000x in DMSO; working concentration
50x) was recorded with excitation at 495 nm and emission from 535
to 665 nm. Both dityrosine and SYPRO fluorescence were moni-
tored for 25 uM PrP aggregated samples. The probe 1,8-ANS (at
30 uM) was added to aggregated or soluble 20 uM PrP, and its fluo-
rescence emission was collected from 400 to 600 nm upon excitation
at 360 nm. Tryptophan anisotropy (excitation, 280 nm; emission,
353 nm) of 25 uM PrP was acquired upon CuCl, titration at 25°C
in a Cary Eclipse Fluorescence Spectrophotometer (Agilent) with
slits of 5 nm (excitation) and 10 nm (emission). ThT assays were
run for 72 hours at 42°C in a ClarioStar plate reader (BMG
Labtech, Germany) using a 96-well black plate (SARSTEDT No.
82.1581.220) containing Teflon polyballs ['/g-in (0.3175 cm) diam-
eter]. Plates were sealed with an optically clear transparent film
(Axygen, #UC-500). Fluorescence emission was collected from
the top (excitation wavelength: 448 nm; emission wavelength: 482
nm), and readings were collected after double-orbital shaking
(600 rpm; 30 s) every 5 min (20 flashes per reading). Each well
had 120 pl of 25 uM PrP solutions with 0.1% seed in the presence
of CuCl, (200 pM) or not in PhysB pH 7.2 containing 30 pM ThT
and 3 mM NaNj. All assays were performed in PhysB at 25°C in a
FP-8250 Spectrofluorometer (Jasco) equipped with a thermal
control unit (with a Koolance Cooling System EX2-755), unless
otherwise stated.

Circular dichroism

CD data were collected on a Chirascan Circular Dichroism Spec-
trometer (Applied Photophysics) using 2-mm-quartz cell at 25°C.
Spectra were recorded over 190 to 260 nm wavelength range at 1-
nm intervals at a speed of 0.5 s per point and reported as the
average of three measurements. All spectra were subtracted from
the corresponding background buffer spectrum and smoothed by
a Savitzky-Golay filter with a window size of 4. Data were expressed
as molar ellipticity [0] or ellipticity (6) in millidegrees (mdeg). The
mean amino acid residue weight (MRW) of PrP is 100. Molar
residue ellipticity [0] was calculated with the following equation:
[0] = (MRW x O\)/(c x I x 10) where OX is the observed ellipticity
(millidegrees), c is the protein concentration (grams per milliliter),
and [ is the cell pathlength (0.2 cm).

Image, data, and statistical analysis

Phase contrast, DIC, and fluorescence representative micrographs
from at least three independent experiments had their brightness/
contrast corrected by histogram stretching using Fiji (85). Line
profile, image quantification, and in-cell FRAP were analyzed
using Fiji. All data and statistical tests (specified in the figure
legends) were plotted and analyzed using Prism 8.1.1 (GraphPad
Software).

Supplementary Materials
This PDF file includes:

Figs. S1 to S15

Legends for movies S1 to S4
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Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S4
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