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A synergistic small-molecule combination directly
eradicates diverse prion strain structures

© 2009 Nature America, Inc. All rights reserved.

Blake E Roberts1,3, Martin L Duennwald2,3, Huan Wang1, Chan Chung2, Nicholas P Lopreiato1,
Elizabeth A Sweeny1, M Noelle Knight1 & James Shorter1
Safely eradicating prions, amyloids and preamyloid oligomers may ameliorate several fatal neurodegenerative disorders. Yet
whether small-molecule drugs can directly antagonize the entire spectrum of distinct amyloid structures or ‘strains’ that underlie
distinct disease states is unclear. Here, we investigated this issue using the yeast prion protein Sup35. We have established how
epigallocatechin-3-gallate (EGCG) blocks synthetic Sup35 prionogenesis, eliminates preformed Sup35 prions and disrupts
inter- and intramolecular prion contacts. Unexpectedly, these direct activities were strain selective, altered the repertoire
of accessible infectious forms and facilitated emergence of a new prion strain that configured original, EGCG-resistant
intermolecular contacts. In vivo, EGCG cured and prevented induction of susceptible, but not resistant strains, and elicited
switching from susceptible to resistant forms. Importantly, 4,5-bis-(4-methoxyanilino)phthalimide directly antagonized
EGCG-resistant prions and synergized with EGCG to eliminate diverse Sup35 prion strains. Thus, synergistic small-molecule
combinations that directly eradicate complete strain repertoires likely hold considerable therapeutic potential.

Small molecules that safely eliminate self-templating amyloids and
prions as well as their cytotoxic oligomeric precursors are needed to
treat, prevent or delay many deadly afflictions that plague humans,
including Alzheimer’s disease and prion disorders1–3. Yet disrupting
the exceptionally stable protein-protein interfaces of amyloids poses
daunting challenges for small molecules4,5. Nonetheless, candidates
have emerged that inhibit6–9 and even reverse amyloidogenesis10,11.
Typically, amyloidogenic proteins fold into multiple structurally distinct amyloid forms or ‘strains’, which confer distinct phenotypes12–16.
Beyond sharing the ‘cross-β’ amyloid conformation where the β-sheet
strands run orthogonal to the fiber axis, however, little is known
about the underlying atomic structures of these distinct strains or
how structural polymorphism enciphers distinct phenotypes or disease states. This conformational diversity severely complicates the
development of small-molecule therapies, particularly because small
molecules are only likely to be administered after substantial accumulation of diverse amyloid conformers. A key unaddressed issue is
whether small molecules can directly antagonize entire repertoires of
structurally distinct misfolded forms.
For mammalian prions, this issue is recalcitrant due to substantial
difficulties in generating prion strains from solely pure protein de novo
that infect wild-type animals and cause transmissible disease12. Thus,
the direct effects of small molecules on distinct infectious PrP conformers remains unclear17, despite advances in protein misfolding
cyclic amplification18,19 and promising leads from cell culture20–22.
Furthermore, it cannot be excluded that small-molecule effects in cell
culture are indirect or reflect secondary alterations in proteostasis23,24.

Therefore, how small molecules directly affect the folding, formation
and integrity of pure mammalian prion strains remains uncertain.
We sought a defined system to study different prion strains comprised of pure protein. Hence, we used Sup35, a translation termination factor, which forms infectious amyloids that transmit heritable
reductions in translation termination fidelity and comprise the yeast
prion [PSI+]25. Sup35 is one of the best-studied amyloidogenic proteins, with analytical tools that are not yet available for other amyloids11,26,27. These tools provide unique opportunities to deduce new
mechanistic insights concerning how small molecules affect amyloid
structure. Furthermore, distinct infectious strains are readily generated using pure Sup35 (refs. 15,26), allowing the effects of small
molecules on their folding, formation and integrity to be dissected.
We used Sup35’s prion domain, termed NM (Fig. 1a), which spontaneously forms infectious amyloids after a lag phase15,26 (Fig. 1a).
During lag phase, NM rapidly partitions between monomeric (~90%
of total NM) and oligomeric (~10% of total NM) species11,28–31
(Fig. 1a, step 1). NM monomers are predominantly random coils
and rapidly sample multiple transient conformations32. However,
the specific intermolecular contacts required for prionogenesis ultimately occur in structurally fluid NM oligomers26,30,31. NM monomers within molten oligomers gradually rearrange (Fig. 1a, step 2)
to form (Fig. 1a, step 3) amyloidogenic oligomers, which have a conformation distinct to fibers31,33. The intermolecular contacts that
distinguish fibers form very rapidly after the appearance of these
obligate, transient intermediates26,30,31,33 (Fig. 1a, step 4). Fibers
then seed their own rapid assembly (Fig. 1a, step 5). Fibers elongate
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at both ends by capturing and converting monomers to the cross-β
form34 (Fig. 1a, step 5). Short prion recognition elements within the
N-terminal domain (N), termed ‘Head’ and ‘Tail’, are proposed to
make homotypic intermolecular contacts. Thus, fibers consist of alternating Head-to-Head and Tail-to-Tail contacts that are separated by a
central core16,26,27 (Fig. 1a). The Head and Tail regions can nucleate
assembly, although the Head nucleates more rapidly16,26,27.
NM assembles into distinct ensembles of infectious amyloid strains
at 25 °C versus 4 °C, termed NM25 and NM4 (Fig. 1a)15,26,35. Strain
biases can also be controlled by specifically crosslinking NM monomers in the Head or Tail region (Fig. 1a), using the flexible 11 Å
crosslinker 1,4-bis-maleimidobutane (BMB) to create covalent NM
dimers26. Strain biases created by crosslinking overcome those created
by temperature26. Thus, NM that is BMB-crosslinked in the Head
forms NM4 at 4 °C and 25 °C, whereas NM that is BMB-crosslinked
in the Tail forms NM25 at 4 °C and 25 °C (Fig. 1a)26. Infecting [psi−]
cells (which lack Sup35 prions) with NM4 induces predominantly
‘strong’ [PSI+] strains, and NM25 induces predominantly ‘weak’
[PSI+]15,26 (Fig. 1a). [PSI+] strains are distinguished using an ade1
nonsense reporter, which allows their (weak or strong) translation
termination defect to be determined25. Thus, [psi−] colonies are red
and require adenine, whereas [PSI+] colonies range from pink (weak)
to white (strong) depending on the extent of Sup35 aggregation and
contingent inactivation36,37 (Fig. 1a).
NM4 and NM25 strains have different intermolecular contacts
and sequester overlapping but distinct portions of N in their amyloid
core26,35 (Fig. 1a). The length of the central core and position of the
Tail-to-Tail contact are markedly different between different strains
(Fig. 1a). Residues N-terminal to the Head are also organized differently in NM4 and NM25 (refs. 26,35). The atomic structures of
Sup35 prion strains remain unknown, and several models have been
advanced1,16,26,27,35,38–40. Nonetheless, different strains are readily distinguished, even at the resolution of spatial arrangements of individual
amino acids26,35. Thus, Sup35 provides an unparalleled opportunity to
explore precisely how small molecules directly affect prion strains.

Here, we focused on epigallocatechin-3-gallate (EGCG; 1) (Fig. 1b,c),
which inhibits the de novo fibrillization of polyglutamine, Aβ42 and
α-synuclein6,7. We found that Sup35 folds into a spectrum of infectious
conformations with differing sensitivities to EGCG. By combining
EGCG with another small molecule, 4,5-bis-(4-methoxyanilino)
phthalimide (DAPH-12; 2) (Fig. 1b), which directly antagonizes Sup35
prionogenesis in a distinct manner11, we have uncovered how small
molecules can synergize to directly inhibit or reverse prionogenesis
and antagonize a broader spectrum of prion strains.
RESULTS
EGCG is a strain-selective inhibitor
EGCG potently inhibited NM fibrillization at 25 °C as assessed by
Congo Red (CR) binding (Fig. 2a), thioflavin-T (ThT) fluorescence
(Supplementary Fig. 1a) and sedimentation (Supplementary
Fig. 1b). By contrast, the EGCG fragments (Fig. 1b) epigallocatechin (EGC; 3) and gallic acid (4) had no effect (Fig. 2a and
Supplementary Fig. 1a–c). Similar results were obtained when NM
fibrillization was conducted at 37 °C (Supplementary Fig. 1d).
Electron microscopy (EM) revealed that fibers were scarce in the
presence of EGCG at 25 °C (Fig. 2b). Instead, oligomeric forms of
NM persisted (Fig. 2b).
By contrast, NM fibrillization at 4 °C was insensitive to EGCG
(Fig. 2a,b and Supplementary Fig. 1a,b). Very similar results were
obtained when NM fibrillization was conducted at 2 °C (Supplementary
Fig. 1d). Importantly, full-length Sup35 amyloid assembly was also
inhibited by EGCG at 25 °C but not 4 °C (Supplementary Fig. 1e,f).
These data establish that EGCG did not interfere with CR or ThT
assays by some nonspecific mechanism.
How could EGCG work at 25 °C but not 4 °C? EGCG was stable for
24 h at both 4 °C and 25 °C under our conditions (Supplementary
Fig. 1g). Furthermore, EGCG inhibited Aβ42 fibrillization at both 4 °C
and 25 °C (Supplementary Fig. 1h). Thus, EGCG was stable and could
inhibit amyloidogenesis at 4 °C. Moreover, NM reversibly bound equal
amounts of EGCG at 25 °C and 4 °C (Supplementary Fig. 1i).

december 2009

937

Condition
EGCG 25 °C
EGCG 4 °C
EGC 25 °C
EGC 4 °C
DMSO 25 °C
DMSO 4 °C

100
80
60
40
20

0
0.001 0.01 0.1 1 10 100 1,000
[EGCG] or [EGC] (µM)
120
100

4 °C

+DMSO

60

+EGCG

40
20

°
25 C
°C
4
°
25 C
°C
4
°
25 C
°
4 C
°C

4

120

Uncrosslinked

100

Small molecule
DMSO
EGCG

80
60
40

e 120
100
80

Phenotype
[psi –]
Weak [PSI +]
Strong [PSI +]

60
40
20
0

G25

lu
So

°C

4
°
25 C
°C
4
°C
25
°
4 C
°C

4

°C

0

bl
e
N
Bu M
f
D fer
M
EG SO
C
G
EG
Bu C
f
D fer
M
EG SO
C
EGG
C

20

G31 G96 Y106
Cysteine mutant

EGCG selectively antagonizes early folding events of NM25
How is selective inhibition achieved and how does NM evade EGCG
at 4 °C? We excluded that EGCG inhibited molten oligomer formation (Fig. 1a, step 1) or diverted the majority of NM into assemblyincompetent oligomers (Supplementary Results and Supplementary
Fig. 2a–d). Rather, EGCG prevented the maturation of NM oligomers
(Fig. 1a, steps 2 and 3; Supplementary Results and Supplementary
Fig. 2e,f). Early folding events within NM oligomers (Fig. 1a, step 2)
are essential for fibrillization and can be tracked using single cysteine
NM mutants labeled with acrylodan11,26,30. Sequestration of labeled
sites from solvent causes increases in acrylodan fluorescence. Specific
portions of N (residues ~21–106 at 25 °C and residues ~21–96 at 4 °C)
become solvent inaccessible in molten oligomers before fibrillization26
(Fig. 1a, steps 1 and 2). We used NM with acrylodan attached to cysteines
introduced at Asn21, Gln38, Gly86, Gly96 or Tyr106. These mutated and
labeled variants retain wild-type assembly kinetics and infectivity11,26.
After 15 min, these mutants were in lag phase (Supplementary Fig. 2g).
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EGCG might selectively inhibit NM25 formation regardless of the
assembly temperature (Fig. 1a). To test this hypothesis, we used NM
single cysteine mutants that were crosslinked with BMB26 in either the
Head (to generate NM4) or the Tail (to generate NM25) (Fig. 1a). NM
proteins that were crosslinked in the Head were insensitive to EGCG
at 4 °C and 25 °C, whereas those crosslinked in the Tail were inhibited
by EGCG at both temperatures (Fig. 2c). By contrast, uncrosslinked
NM was only sensitive to EGCG at 25 °C (Fig. 2d). BMB-crosslinked
NM G96C or NM Y106C fibrillization showed similar sensitivity to
EGCG concentration at 4 °C and 25 °C (Supplementary Fig. 1j).
Thus, EGCG was equally potent at 25 °C and 4 °C in selectively preventing the formation of fiber conformations that nucleate from the
Tail—that is, NM25 (Fig. 1a).
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Figure 2 EGCG inhibits assembly of select Sup35
prion strains. (a) Spontaneous, agitated NM
(5 µM) fibrillization after 4 h at 25 °C or 4 °C
in the presence of EGCG, EGC (0–100 µM) or
DMSO (0–1%). Fibrillization was measured by
CR binding, and 100% reflects assembly in
the absence of EGCG, EGC or DMSO. Values
represent means ± s.d. (n = 3–8). (b) NM
was assembled as in a at 25 °C or 4 °C in the
presence of DMSO (1%) or EGCG (20 µM) and
processed for EM. Bar, 0.5 µm. (c,d) NM cysteine
variants were crosslinked (c) under denaturing
conditions with a flexible 11 Å BMB crosslink
at position 25, 31, 96 or 106; alternatively, NM
cysteine variants were left uncrosslinked (d).
The indicated NM protein (5 µM) was then
assembled with agitation at 25 °C or 4 °C for 4 h
in the presence of DMSO (1%) or EGCG (20 µM).
Fibrillization was measured by ThT fluorescence.
Values represent means ± s.d. (n = 3). (e) NM (5 µM)
was incubated with agitation at 25 °C or 4 °C for
4 h in the absence or presence of DMSO (1%),
EGCG or EGC (20 µM). Reactions were dialyzed
to remove unbound small molecule, concentrated,
sonicated and transformed into [psi−] cells. The
proportion of [psi−], weak [PSI+] or strong [PSI+]
transformants was then determined. Values
represent means ± s.d. (n = 3). (f) NM-YFP was
overexpressed in [psi−] ∆pdr5 cells for 12 h in
the presence of DMSO (1%), EGCG or EGC
(125 µM). Cells were then plated on 25% YPD, and
the proportion of weak and strong [PSI+] colonies was
determined. Values represent means ± s.d. (n = 3).
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At 4 °C, EGCG had no effect on acrylodan fluorescence (Supplementary
Fig. 2h). By contrast, at 25 °C, EGCG inhibited increases in acrylodan fluorescence at positions 86, 96 and 106, but not at 21 and 38
(Supplementary Fig. 2h). Thus at 25 °C, EGCG altered the folding of
the amyloid core region of N (residues ~21–106 at 25 °C) such that
C-terminal portions of the Tail (Fig. 1a) remained solvent accessible and
failed to enter the molten interior of NM oligomers.
Nucleation of NM fibers (Fig. 1a, step 4) occurs shortly after the
appearance of an obligate oligomeric intermediate30,31 (Fig. 1a,
step 3), which is detected using a conformation-specific antibody31,41.
EGCG prevented formation of this intermediate at 25 °C but not at
4 °C, explaining why fibrillization was selectively inhibited at 25 °C
(Supplementary Fig. 2i). Circular dichroism (CD) confirmed that
EGCG trapped NM in a predominantly unstructured state at 25 °C
and prevented the acquisition of β-sheet structure (Supplementary
Fig. 2j). NM oligomers isolated after 4 h in the presence of EGCG
at 25 °C were enriched in random coil with little β-sheet content
(Supplementary Fig. 2j). At 4 °C and 25 °C, EGCG bound directly to
several regions within the unstructured N domain (Supplementary
Fig. 2k and Supplementary Results). EGCG binding precluded origination of certain fiber strains but not others. Specifically, EGCG prevented the conformational rearrangements within molten oligomers
required for NM25 nucleation (Fig. 1a, steps 2 and 3).
EGCG selectively inhibits induction of weak [PSI+]
Did EGCG preclude specific infectious conformations? NM conformers
formed at 25 °C in the presence of EGCG (Fig. 2b) failed to effectively
seed fibrillization (Supplementary Fig. 3a) or transform [psi−] cells
to [PSI+] (Fig. 2e). Transformation of [psi−] cells with NM25 yielded a
mixture of ~80% weak and 20% strong [PSI+] variants (Fig. 2e). EGCG
eliminated the appearance of weak [PSI+] and mildly reduced the

volume 5

number 12

december 2009

nature chemical biology

articles
a

Condition
25 °C + DMSO
4 °C + DMSO
25 °C + EGCG
4 °C + EGCG

2.0

200
160
120
80

Excimer ratio

1.5
1.0
0.5

5–25

20–38 41–71
Peptide
2.5 NM Y69C Y79C

88–106

0
0
10
20
30
40
50
60
70
80
9
100
110
0
12
130
140
150
0

40
0

c

Condition
4 °C + DMSO
25 °C + DMSO
4 °C + EGCG
25 °C + EGCG

2.5

240

Excimer ratio

NM bound (pmol)

280

b

NM4E fibers

2.0

1.0
0.5

G
EG
C

EG
C

r
ffe

M
D

Bu

SO

0

NM25 fibers

NM4 fibers

COOH
Tail
Central
Head NH2
NH2 Head ~21–31 NH2
Central ~32–72
Tail ~73–86
COOH
Tail
COOH
COOH
Central
Head NH2

COOH

1.5

Amino acid position

d

Tail
Tail
COOH
Central
Central
Head NH2
NH2
Head
Head ~21–38 NH Head ~21–38
2
Central ~39–78
Central ~39–90
Tail ~79–96
Tail ~91–106
COOH
COOH
Tail
Tail
COOH
Central
Central
Head NH2
Head
NH
2

proportion of strong [PSI+] colonies (Fig. 2e). NM fibers formed at
4 °C in the presence of EGCG seeded NM fibrillization (Supplementary
Fig. 3a) and induced exclusively strong [PSI+] (Fig. 2e). By contrast,
NM4 yielded ~20% weak and 80% strong [PSI+] (Fig. 2e). These
strain-selective inhibitory effects were corroborated using BMBcrosslinked NM G25C and NM Y106C (Supplementary Fig. 3b). Thus,
NM can access an EGCG-resistant prion form. Moreover, assembly in
the presence of EGCG selected for the drug-resistant strain.
Similar selectivity occurred in vivo. Overexpressing NM-YFP in [psi−]
∆pdr5 cells (which lack Pdr5, an ABC transporter that expels small
molecules from the cell11) induced ~70% weak and 30% strong [PSI+]
(Fig. 2f). EGCG reduced [PSI+] induction and formation of NM-YFP foci
in a manner that selectively antagonized weak [PSI+] ~fourfold (Fig. 2f and
Supplementary Fig. 3c). Induction of strong [PSI+] was unaffected (Fig. 2f).
Thus, EGCG selectively antagonized prions that encode weak [PSI+].
EGCG prevents select prion recognition events
To gain mechanistic insights into small-molecule action, we determined
how EGCG affected interactions between NM and short peptides

thought to represent prion recognition elements27. The peptides
comprised amino acids that overlapped with the Head (5–25 and
20–38), the core region (41–71) and the Tail (88–106) (Fig. 1a).
At 25 °C, NM did not interact with 41–71, but did interact with the
5–25, 20–38 and 88–106 peptides (Fig. 3a). These interactions resisted
2% SDS, indicating that they were sites of prionogenesis27. Indeed,
ThT-reactive fibers were recovered (Supplementary Fig. 4). Notably,
EGCG prevented these interactions at 25 °C (Fig. 3a). At 4 °C, NM
did not interact with 41–71, but did interact with the 5–25, 20–38
and 88–106 peptides in an SDS-resistant manner that was altered by
EGCG (Fig. 3a). Thus, some Sup35 prion recognition events were
EGCG-resistant, while others were EGCG-sensitive.
To analyze how EGCG affects intermolecular contact formation
(Fig. 1a, steps 4 and 5), we used pyrene-labeled single cysteine NM
mutants, which retain wild-type assembly kinetics and infectivity, indicating that pyrene does not significantly alter fiber structure11,26. Upon intermolecular contact formation, pyrene molecules
at select positions, in the Head or the Tail (Fig. 1a, steps 4 and 5),
form excimers (excited-state dimers) that produce a red shift in
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Figure 3 EGCG prevents inter- and intramolecular contact formation
of select Sup35 prion strains. (a) The indicated N peptides were
immobilized on nitrocellulose and incubated for 16 h at either 25 °C
or 4 °C with NM-his (1 µM) in the presence of DMSO (1%) or EGCG (20 µM).
The amount of NM-his bound to each peptide was then determined by
immunoblot using an anti-his antibody, followed by densitometry and
comparison to known amounts of NM-his. Values represent means ± s.d.
(n = 3). (b) Proximity analysis assessed by excimer fluorescence. NM
proteins (5 µM) carrying pyrene labels at the indicated single sites were
incubated for 4 h with agitation at 25 °C or 4 °C in the presence of DMSO
(1%) or EGCG (20 µM). The ratio of excimer fluorescence to non-excimer
fluorescence (I465nm/I375nm) is plotted. Note that EGCG causes distinct
intersubunit interfaces to form at 4 °C and prevents their formation at
25 °C. (c) NM (5 µM) labeled with pyrene at positions 69 and 79 was
incubated for 4 h with agitation at 25 °C in the absence or presence of
DMSO (1%), EGCG or EGC (20 µM). The ratio of excimer fluorescence
to non-excimer fluorescence (I476nm/I384nm) is plotted. Values represent
means ± s.d. (n = 3). (d) A new fiber strain, NM4E, forms in the presence
of EGCG at 4 °C. Note that the Head-to-Head contact and the Tail-to-Tail
contact are more N-terminal relative to NM4 and NM25 fibers.
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(b) NM-YFP was expressed for 5 h in weak or strong [PSI+] ∆pdr5 cells.
EGC
Expression was then shut off in the presence of DMSO (1%), EGCG
0
or EGC (250 µM) for 2 h, and cells were then imaged (left). Note the
EGCG
EGC
DMSO
more diffuse fluorescence in weak [PSI+] cells treated with EGCG. The
Condition
proportion of cells with NM-YFP foci was then determined (right). Values
represent means ± s.d. (n = 16). (c) The indicated [PSI+] ∆pdr5 strain variants were treated with either DMSO (1%) or EGCG (125 µM) for 48 h in
liquid culture and then processed for SDD-AGE or SDS-PAGE followed by immunoblot to detect Sup35 prion particles or Sup35 monomers. (d,e) Weak
[PSI+] ∆pdr5 were treated with DMSO (1%), EGCG or EGC (125 µM) for 48 h in liquid culture. Cells were plated on 25% YPD (d). White arrows denote
strong [PSI+] colonies that formed in the presence of EGCG, and one example is shown at higher magnification. The proportion of strong [PSI+] colonies
was determined (e). Values represent means ± s.d. (n = 9).
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a

fluorescence26. EGCG prevented contact formation at 25 °C but not
4 °C (Fig. 3b). To determine whether EGCG prevented intramolecular contacts in the central core (Fig. 1a), we used a double pyrenelabeled NM mutant (Y69C Y79C) that behaves like wild-type NM
(Supplementary Fig. 5a,b) but forms excimers exclusively in NM25
because of a strain-specific intramolecular contact between residues
69 and 79 in the central core11 (Fig. 1a and Supplementary Fig. 5c).
EGCG precluded this contact (Fig. 3c). Thus, EGCG appeared to prevent the inter- and intramolecular contacts that distinguish NM25.
A new prion strain appears to form in the presence of EGCG
Unexpectedly, NM fibers assembled at 4 °C in the presence of EGCG
configured contacts that were subtly distinct from those formed in
its absence (Fig. 3b). EGCG caused the Head and Tail contact sites to
shift toward the N terminus: positions 21, 73 and 79 showed greater
excimer fluorescence, whereas positions 38 and 96 showed reduced
excimer fluorescence (Fig. 3b). This difference was also apparent from
the peptide arrays. At 4 °C in the presence of EGCG, NM interacted
more strongly with 5–25 than 20–38 and less strongly with 88–106
(Fig. 3a). We call this new fiber conformation NM4E (Fig. 3d). This
emergence of new drug-resistant prion strains might have implications for drug design.
EGCG directly remodels specific Sup35 prion strains
Did EGCG remodel preformed prions? NM4 and NM25 fibers were
incubated with EGCG for 2 h or 24 h at 25 °C. After 24 h, but not 2 h,
EGCG effectively remodeled NM25 fibers and to a lesser extent NM4
fibers (Fig. 4a and Supplementary Fig. 6a–c). NM25 fibers were
scarce after 24 h with EGCG, and were converted to oligomers, which
ranged in size from 10–35 nm with a mean diameter of ~25 nm
(Fig. 4b and Supplementary Fig. 6d). By contrast, NM4 fibers were
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largely unaffected although more oligomers were evident (Fig. 4b).
EGCG solubilized NM25 fibers as determined by sedimentation
(Supplementary Fig. 6e). However, only ~20% of the total NM in
NM25 fibers was released as monomers, as determined by passage
through a 50 kDa filter (Supplementary Fig. 6f) and size-exclusion
chromatography (data not shown). Therefore, EGCG converted
NM25 fibers to mostly soluble oligomers, which retained some
β-sheet structure (Supplementary Fig. 6g) but were not detected
by conformation-specific antibodies that recognize amyloidogenic
oligomers31,33,41 or mature fibers31,42 (Supplementary Fig. 6h).
After 24 h (but not 2 h), EGCG remodeled NM25 fibers to species with diminished seeding and [PSI+]-inducing activity (Fig. 4c
and Supplementary Fig. 6i–k). Thus, EGCG converted NM25 fibers
to nontemplating forms. The few [PSI+] colonies that developed
were strong [PSI+] (Fig. 4c). NM4 fibers treated with EGCG did not
induce weak [PSI+], and induction of strong [PSI+] was only mildly
reduced (Fig. 4c). Similar selectivity was observed with full-length
Sup35 (Supplementary Fig. 7a,b). Thus, EGCG preferentially dismantled amyloid structures that encode weak [PSI+].
Did EGCG remodel intermolecular contacts of preformed
prions? To answer this question, we assembled NM4, NM4E and
NM25 (Fig. 3d), using pyrene-labeled, single cysteine NM mutants,
and treated them with DMSO, EGC or EGCG for 2 h or 24 h. After
2 h, contacts remained intact, and even after 24 h DMSO and EGC
had no effect (Fig. 4d). NM4E contacts resisted perturbation by
EGCG (Fig. 4d). By contrast, the intermolecular contacts of NM4
were partially susceptible to EGCG (Fig. 4d), whereas those of
NM25 were more disrupted (Fig. 4d). EGCG also remodeled
the intramolecular contacts of NM25 (Supplementary Fig. 7c).
Thus, the various contacts of distinct strains displayed differential
sensitivity to EGCG.
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Figure 6 Combinations of DAPH-12 and EGCG prevent
DAPH-12
1.75
25 °C
formation of multiple prion strains. (a) Spontaneous,
1.5
EGCG
agitated NM (5 µM) fibrillization after 6 h at 25 °C or
DAPH-12 + EGCG
1.25
4 °C in the presence of DMSO (1%), DAPH-12, EGCG or
DMSO
1.0
EGCG plus DAPH-12 (0.5:0.5). The total concentration
DAPH-12
of small molecule was kept constant at 0.125 µM,
0.75
4 °C
0.25 µM, 5 µM or 10 µM. Fibrillization was measured
EGCG
0.5
by CR binding, and 100% reflects assembly in the
DAPH-12 + EGCG
0.25
absence of DMSO, DAPH-12 or EGCG. Values represent
0
means ± s.d. (n = 3). (b) NM cysteine variants were
crosslinked under denaturing conditions with a flexible
11 Å BMB crosslink at position 25 or 96. The indicated NM protein (5 µM) was then assembled with agitation at 25 °C or 4 °C for 6 h in the presence
of DMSO (1%), DAPH-12 (10 µM), EGCG (10 µM) or DAPH-12 plus EGCG (5 µM of each). Fibrillization was measured by ThT fluorescence. Values
represent means ± s.d. (n = 3). (c) Proximity analysis assessed by excimer fluorescence. NM proteins (5 µM) carrying pyrene labels at the indicated
single sites were incubated for 6 h with agitation at 25 °C or 4 °C in the presence of DMSO (1%), DAPH-12 (10 µM), EGCG (10 µM) or DAPH-12 plus
EGCG (5 µM of each). The ratio of excimer fluorescence to non-excimer fluorescence (I465nm/I375nm) is plotted. (d) NM (5 µM) was incubated with
agitation at 25 °C or 4 °C for 6 h in the presence of DMSO (1%), DAPH-12 (10 µM), EGCG (10 µM) or DAPH-12 plus EGCG (5 µM of each). Reactions
were dialyzed to remove unbound small molecule, concentrated, sonicated and transformed into [psi−] cells. The proportion of [psi−], weak [PSI+] or
strong [PSI+] transformants was then determined. Values represent means ± s.d. (n = 3).

EGCG selectively cures weak [PSI+]
Selectivity was maintained in vivo. EGCG cured weak [PSI+] more
effectively than strong [PSI+] (Fig. 5a). Moreover, EGCG did not
cure strong [PSI+] induced by NM4E (Fig. 5a). Thus, [PSI+] exists
as a spectrum of variants with differential sensitivity to EGCG.
To test whether EGCG remodeled Sup35 prions in vivo, we
used NM-YFP, which forms fluorescent foci in [PSI +] cells but
is diffuse in [psi −] cells 43. We preformed NM-YFP foci in weak
and strong [PSI +] and then treated with EGCG. EGCG selectively
eliminated NM-YFP foci from weak [PSI+] strains, indicating that
prions were cured, whereas DMSO had no effect (Fig. 5b).
Yet prions might persist but be too small to detect by fluorescence.
Hence, we used semi-denaturing detergent-agarose gel electrophoresis (SDD-AGE), which detects prion particles 44 (750 kDa
and bigger). EGCG selectively eliminated Sup35 prion particles
in weak but not strong [PSI +], without affecting Sup35 levels
(Fig. 5c). We excluded that EGCG effects arise from Hsp104
inhibition (Supplementary Fig. 8a) or by eliciting a heat shock
or unfolded protein response (Supplementary Fig. 8b–d).
Furthermore, the growth rates of [psi −] and [PSI +] ∆pdr5 cells
were equal and unaffected by these EGCG concentrations (data not
shown). Thus, together with our in vitro findings (Figs. 2 and 4),
these data strongly suggest that EGCG cures [PSI +] by directly
remodeling Sup35 prions.
nature CHEMICAL BIOLOGY  volume 5

number 12

EGCG promotes switching from weak to strong [PSI+]
Once established, [PSI+] variants do not generally switch from weak
to strong or vice versa36,45. Notably, EGCG cured weak [PSI+] variants
and simultaneously increased switching from weak to strong [PSI+],
whereas DMSO or EGC did not (Fig. 5d,e). Some weak [PSI+] variants
may have harbored low levels of EGCG-resistant Sup35 prions that
encode strong [PSI+]. Upon exposure to EGCG, these would amplify
and cause switching to strong [PSI+]. Thus, a single small molecule
may be insufficient to eliminate all amyloid forms of a specific protein
and can select for resistant amyloid polymorphs.
Combinations of DAPH-12 and EGCG antagonize prion diversity
We reasoned that coapplication of another small molecule that anta
gonizes Sup35 prionogenesis might counter EGCG-resistant strains.
We selected DAPH-12 (Fig. 1b), which directly inhibits and reverses
Sup35 prionogenesis at 25 °C and cures strong [PSI+]11. DAPH-12
neither inhibited Hsp104 (Supplementary Fig. 8a) nor elicited a heatshock response11 (Supplementary Fig. 8c). Yet how DAPH-12 affects
different strains is unclear. In contrast to EGCG, DAPH-12 inhibited
spontaneous NM fibrillization at 4 °C and 25 °C (Fig. 6a). At higher
concentrations, DAPH-12 inhibited fibrillization seeded by NM4 and
NM25 (Supplementary Fig. 9a). However, inhibition at 4 °C was less
pronounced than at 25 °C (Fig. 6a and Supplementary Fig. 9a). This
was due to NM accessing different strains because DAPH-12 was less

december 2009

941

articles

10 µM
(total)
Condition

NM4

80
60
40
20
0

NM4E

20 µM
(total)

NM25

NM4E

Condition

c
Fiber strain

NM4

EGCG
DAPH-12 + EGCG

EGCG
DAPH-12 + EGCG

DAPH-12

EGCG
DAPH-12 + EGCG

DAPH-12

EGCG

5 µM
(total)

DAPH-12 + EGCG

DMSO

20

Fiber strain

40

NM25

100

EGCG
DAPH-12 + EGCG
DMSO
DAPH-12

Fiber strain
NM25
NM4
NM4E

60

Phenotype
[psi –]
Weak [PSI +]
Strong [PSI +]

120

DMSO
DAPH-12

EGCG

80

0

© 2009 Nature America, Inc. All rights reserved.

DAPH-12

d
Strain distribution (%)

DMSO

DAPH-12 +
EGCG

EGCG
DAPH-12 + EGCG

Condition

DMSO
DAPH-12

b

DAPH-12

Congo Red binding (%)

a 100

Amino acid position
Small molecule
DMSO

2

7

21 25 31 38 51 58 73 79 86 96 106 112 121 137 151

Excimer

ratio
Figure 7 Combinations of DAPH-12 and EGCG
remodel multiple prion strains. (a) NM25, NM4 or
2.25
DAPH-12
NM25
NM4E fibers (2.5 µM monomer) were incubated
EGCG
2.0
for 24 h at 25 °C with DMSO (1%), DAPH-12,
DAPH-12 + EGCG
1.75
EGCG or DAPH-12 plus EGCG (0.5:0.5). The total
DMSO
1.5
concentration of small molecule was kept constant
DAPH-12
1.25
at 5 µM, 10 µM or 20 µM. Fiber integrity was then
NM4
EGCG
1.0
determined by CR binding. Values represent means ± s.d.
DAPH-12 + EGCG
0.75
(n = 3). (b) NM25, NM4 or NM4E fibers (2.5 µM
DMSO
0.5
monomer) were incubated for 24 h at 25 °C with
DAPH-12
0.25
DMSO (1%), DAPH-12 (20 µM), EGCG (20 µM) or
NM4E
EGCG
0
DAPH-12 plus EGCG (10 µM of each). Reactions were
DAPH-12 + EGCG
then processed for EM. Bar, 0.5 µm. (c) NM proteins
(5 µM) carrying pyrene labels at single sites were
assembled into fibers by incubation for 16 h with agitation at either 4 °C, 25 °C or 4 °C in the presence of EGCG. Assembled fibers (2.5 µM
monomer) were then treated with DMSO (1%), DAPH-12 (20 µM), EGCG (20 µM) or DAPH-12 plus EGCG (10 µM of each) for 24 h. The ratio of
excimer fluorescence to non-excimer fluorescence (I465nm/I375nm) is plotted. (d) NM25, NM4 or NM4E fibers (2.5 µM monomer) were incubated with
DMSO (1%), DAPH-12 (20 µM), EGCG (20 µM) or DAPH-12 plus EGCG (10 µM of each) for 24 h. Reactions were then dialyzed to remove unbound
small molecule, concentrated, sonicated and transformed into [psi−] cells. The proportion of [psi−], weak [PSI+] or strong [PSI+] transformants was then
determined. Values represent means ± s.d. (n = 3).

effective in inhibiting NM mutants that were BMB-crosslinked in
the Head compared to the Tail (Fig. 1a), regardless of assembly temperature (Fig. 6b). DAPH-12 disrupted early folding events in molten
NM oligomers detected by position-specific acrylodan fluorescence
(Supplementary Fig. 9b). Unlike EGCG, DAPH-12 inhibited acrylodan fluorescence increases at N- and C-terminal portions of N,
but was less effective at 4 °C (Supplementary Fig. 9b). Furthermore,
distinct patterns of position-specific pyrene excimer fluorescence,
indicative of intermolecular prion contacts, emerged after assembly
in the presence of DAPH-12 compared to EGCG, particularly at 4 °C
(Fig. 6c). Thus, DAPH-12 and EGCG antagonized NM fibrillization
in a distinct manner. Infection of [psi−] cells revealed that prions
encoding both weak and strong [PSI+] were antagonized by DAPH-12
(Fig. 6d). However, infectious conformations encoding weak [PSI+]
were more extensively inhibited than those encoding strong [PSI+].
Next, we tested DAPH-12 and EGCG combinations. We kept the total
concentration of small molecule constant, and compared the efficacy
of an equimolar combination (0.5:0.5) to either small molecule (1:0
or 0:1) alone. Combinations of DAPH-12 and EGCG more effectively
inhibited spontaneous and seeded NM fibrillization (Fig. 6a,b and
Supplementary Fig. 9a), prionogenic folding of N (Supplementary
Fig. 9b) and intermolecular contact formation (Fig. 6c) at 4 °C and
25 °C than either small molecule alone. At lower concentrations,
DAPH-12 and EGCG synergized to inhibit both spontaneous and
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seeded assembly (Fig. 6a and Supplementary Fig. 9a). These effects
were specific for the DAPH-12 and EGCG pair. Pairing DAPH-12 or
EGCG with the inactive analogs EGC or DAPH-6 (ref. 11) (Fig. 1b; 5)
did not improve inhibition (Supplementary Fig. 9c). DAPH-12 prevented formation of NM4E strain (Fig. 3d), which formed at 4 °C in
the presence of EGCG (Fig. 6a,c,d). Indeed, the DAPH-12 and EGCG
combination restricted formation of distinct infectious conformers
more effectively than either small molecule alone (Fig. 6d).
DAPH-12 remodeled preformed NM4 and NM25 fibers (Fig. 7a).
NM25 fibers were converted to small oligomers by DAPH-12
(Fig. 7b), whereas some fibers persisted after DAPH-12 treatment of
NM4 (Fig. 7b). DAPH-12 disrupted intermolecular prion contacts of
both strains (Fig. 7c). Yet in contrast to EGCG, DAPH-12 did not disrupt the intramolecular contacts of NM25 (ref. 11) (Supplementary
Fig. 9d). The oligomers generated by DAPH-12 were not recognized
by conformation-specific antibodies31,41 that recognize amyloidogenic oligomers or mature fibers (Supplementary Fig. 9e), and had
diminished seeding activity (Supplementary Fig. 9f). Thus, DAPH-12
converted NM fibers to nontemplating species in a manner distinct
to EGCG.
DAPH-12 also partially remodeled EGCG-resistant NM4E fibers
(Fig. 7a–c). NM4E and NM4 fibers retained more seeding activity than NM25 fibers after DAPH-12 treatment in vitro and in vivo
(Fig. 7d and Supplementary Fig. 9f). Strains encoding weak [PSI+]
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DISCUSSION
Drug resistance is a severe obstacle in the fight against numerous diseases. Here, we suggest that this problem likely extends to amyloid and
prion disorders. Until now, it has been unclear how small molecules
directly affect different pure prion strains. By using Sup35, we discovered that a pure prion protein accesses multiple infectious strains
with differential sensitivity to individual small molecules that directly
disrupt amyloid structure. We demonstrated how small molecules can
directly and differentially affect the spatial arrangement of individual
amino acids that comprise the intra- and intermolecular contacts of
different prion structures. Moreover, we described the first example
to our knowledge of how two small molecules that antagonize prionogenesis by distinct mechanisms synergize to directly inhibit and
reverse the formation of diverse prion strains.
Resistance manifested in different ways depending on whether the
small molecule was present before or after prionogenesis. If EGCG was
present before prionogenesis, Sup35’s prion domain could (at 4 °C)
form infectious amyloids, which configured intermolecular contacts
that do not ordinarily assemble and resist disruption by EGCG. Thus,
a small molecule altered the folding landscapes that underpin the repertoire of accessible amyloid forms. Both NM4 and NM4E conferred
strong [PSI+]. Thus, the repertoire of fiber conformations encoding
strong [PSI+] is more nuanced than previously suspected. Notably,
nature CHEMICAL BIOLOGY  volume 5
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were more effectively remodeled by DAPH-12 than those encoding
strong [PSI+] (Fig. 7d). Moreover, DAPH-12 cured weak [PSI+] more
effectively than strong [PSI+] (Fig. 8a). Thus, like EGCG, DAPH-12
preferentially antagonized prion forms that encoded weak [PSI+].
Yet, in contrast to EGCG, DAPH-12 did not disrupt intramolecular
contacts (Supplementary Fig. 9d).
DAPH-12 and EGCG synergized in remodeling NM4 and NM25
and were more effective than either small molecule alone (Fig. 7a–c
and Supplementary Fig. 9f). DAPH-12 plus EGCG completely
resolved NM25 fibers (Fig. 7b), whereas NM4 fibers were converted
to oligomeric and short fibrillar species (Fig. 7b). Infectivity studies confirmed that DAPH-12 plus EGCG more effectively eliminated
NM4 and NM25 than either small molecule alone (Fig. 7d). By contrast, DAPH-12 and EGCG combinations were no more effective than
DAPH-12 in remodeling NM4E (Fig. 7 and Supplementary Fig. 9f).
DAPH-12 and EGCG combinations were more effective in curing
the majority of weak and strong [PSI+] strains (Fig. 8a). The only
exception was strong [PSI+] conferred by NM4E infection (Fig. 8a).
Curing kinetics also revealed DAPH-12 and EGCG synergy (Fig. 8b,c).
Finally, DAPH-12 prevented switching from weak to strong [PSI+]
elicited by EGCG (Fig. 8d). We conclude that EGCG and DAPH-12
synergize to cure multiple [PSI+] strains.

b
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[PSI +] curing (%)

Figure 8 EGCG and DAPH-12 synergize to cure various [PSI+] variants.
(a) The indicated [PSI+] ∆pdr5 strain variants were treated with DMSO
(1%), DAPH-12 (100 µM), EGCG (100 µM) or EGCG plus DAPH-12
(50 µM of each or 100 µM of each) for 72 h in liquid culture. Cells were
plated and the proportion of red [psi−] colonies was determined. Values
represent means ± s.d. (n = 4). (b,c) Weak [PSI+] ∆pdr5 cells (b) or strong
[PSI+] ∆pdr5 cells (c) were treated with DMSO (1%), DAPH-12 (100 µM),
EGCG (100 µM) or EGCG plus DAPH-12 (50 µM of each or 100 µM of
each) for 0–96 h in liquid culture. At the indicated times, cells were
plated and the proportion of red [psi−] colonies was determined. Values
represent means ± s.d. (n = 3). (d) Weak [PSI+] ∆pdr5 were treated with
DMSO (1%), DAPH-12 (100 µM), EGCG (100 µM) or DAPH-12 plus
EGCG (100 µM of each) for 72 h in liquid culture. Cells were plated and
the proportion of strong [PSI+] colonies was determined. Values represent
means ± s.d. (n = 5).
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Time (h)

EGCG affected which strain was deployed. The ability to form entirely
new strains and escape small-molecule inhibition illustrates the plasticity of prionogenesis and the problem it poses to drug development.
Small-molecule scaffolds that facilitate new amyloid polymorphs
should be identified and perhaps avoided. Equally problematic are
prion structures maintained by different intermolecular contacts that
display differential resistance to small molecules. For example, NM4
was more resistant to EGCG or DAPH-12 than NM25.
Importantly, DAPH-12 and EGCG synergized in directly inhibiting and reversing Sup35 prionogenesis in a manner that antagonized
a broader spectrum of prion forms. This synergy was likely due to
mechanistic differences in DAPH-12 and EGCG action. For example,
if present before prionogenesis at 25 °C, both DAPH-12 and EGCG
precluded the intermolecular contacts required to nucleate assembly.
They prevented NM from accessing an obligate oligomeric intermediate required for de novo fibrillization11. Formation of this intermediate requires reorganization of NM monomers within molten
oligomers30,31 (Fig. 1a, steps 2 and 3). These events can be tracked
using acrylodan-labeled NM, which has revealed that portions of
N (residues ~21–106 at 25 °C and residues ~21–96 at 4 °C) become
solvent inaccessible within oligomers during the lag phase before
fibrillization11,26. DAPH-12 prevents N- and C-terminal portions of
N from becoming solvent inaccessible11, whereas EGCG only prevented C-terminal portions. Thus, DAPH-12 and EGCG altered the
folding of Sup35’s prionogenic region in different ways.
These mechanistic differences likely determined the different
efficacies of DAPH-12 and EGCG against distinct prion strains. For
example, EGCG did not inhibit formation of strains that nucleated
from the Head, whereas DAPH-12 partially inhibited their formation
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(Fig. 6b). Both small molecules strongly antagonized strains that
nucleated from the Tail (Fig. 6b). When combined, these distinct
modes of action antagonize multiple strains. DAPH-12 and EGCG
combinations were more efficacious in inhibiting seeded fibrillization by NM4 and NM25. This was especially evident for seeding by
NM4, which was more resistant to either small molecule alone. Thus,
DAPH-12 and EGCG combinations antagonized intermolecular
contact formation even in the presence of preformed templates.
Both EGCG and DAPH-12 slowly remodeled preformed prions
to nontemplating forms. Again, EGCG and DAPH-12 displayed
subtly different modes of action, which likely contributed to their
differing efficacies against different strains. EGCG disrupted both
inter- and intramolecular contacts, whereas DAPH-12 disrupted only
intermolecular contacts. Acting alone, either small molecule converted
NM25 to distinct oligomeric forms. Yet in combination, their
subtly different activities synergized to remodel both NM4 and
NM25. This was particularly noteworthy for NM25 fibers, which were
completely resolved (Fig. 7b). These direct prion-remodeling
activities of DAPH-12 and EGCG exerted greater effects on NM25
than on NM4, which helps explain why weak [PSI+] is cured more
effectively than strong [PSI+]. DAPH-12 also inhibited and reversed
NM4E formation and prevented switching from weak to strong
[PSI+] elicited by EGCG.
Our findings have implications for developing successful smallmolecule treatments for amyloid disorders. Like [PSI+], neurodegenerative amyloidoses likely reflect a continuum of phenotypes caused
by an underlying continuum of amyloid strains and misfolded forms,
rather than a single pure form. Treatment with a small molecule that
targets only one strain can only be effective if a disease state is caused
by a purely susceptible strain. However, if mixtures of susceptible
and resistant strains cause other disease states, then the resistant
strain, even if present at low levels, might amplify. We draw analogy
from the ability of EGCG to cure weak [PSI+] but simultaneously
cause the appearance of strong [PSI+]. At the other extreme, disease
states caused by purely resistant strains would be refractory to a small
molecule that antagonizes other strains. Here, we draw analogy from
EGCG being unable to cure strong [PSI+] strains conferred by NM4E.
Such small molecules might fail in broad clinical trials if administered
alone. Thus, small-molecule therapies must mitigate the vicissitudes
of amyloidogenesis.
Ultimately, neurodegenerative amyloidoses may require combination therapies involving small-molecule cocktails that target all strain
permutations. Lessons learned from HIV and cancer treatments,
which have been hampered by amplification of rare drug-resistant
forms but eventually remedied with small-molecule cocktails 46,47,
might have important applications for neurodegenerative amyloidoses. Our observations that DAPH-12 and EGCG synergized to block
and reverse prionogenesis of multiple strains provide proof of principle that small-molecule combinations can directly counter prion
diversity. To our knowledge, this is the first example of a synergistic
small-molecule combination that directly eradicates diverse prion
strain structures.
Whether the DAPH-12 and EGCG pair will synergize against other
amyloidogenic proteins is unclear. However, we suspect that synergistic small-molecule combinations can be found for each specific
amyloidogenic protein. Even with Sup35, DAPH-12 and EGCG failed
to synergize in curing strong [PSI+] conferred by NM4E. Yet we suspect that other small-molecule combinations might. Using [PSI+], we
can screen for EGCG or DAPH-12 analogs with enhanced specificity or activity when used alone or in combination. Lead compounds
can then be assessed against disease-associated proteins, such as
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Aβ42, which are antagonized by the parental EGCG and DAPH-12
scaffolds6,11. Thus, new small-molecule combinations with optimized
activity or specificity might be identified rapidly to antagonize entire
strain spectra. Small-molecule combinations that synergistically
remodel diverse strains will provide a powerful strategy to compliment small-molecule combinations that modulate proteostasis and
synergistically ameliorate protein-misfolding disorders24,48.
METHODS
Small molecules. EGCG, EGC, gallic acid and DAPH-6 (Sigma-Aldrich)
were dissolved in DMSO. DAPH-12 was synthesized and characterized
as described49,50.
Proteins. Aβ42 was obtained from Biosource. NM, NM cysteine mutants,
Sup35 and Hsp104 were purified as described 11,26,31,33. NM ∆21–38, NM
∆83–110 and NM ∆21–38, ∆83-110 constructs were generated by Quikchange
mutagenesis (Stratagene), and proteins were purified as for NM. Single
cysteine NM mutants were labeled with either pyrene maleimide or acrylodan (Molecular Probes) or crosslinked with BMB (Pierce) under denaturing
conditions as described26. See Supplementary Methods for description of
NM EGCG binding.
Fiber assembly and disassembly. Aβ42 fiber assembly was as described11. NM
fiber assembly and disassembly was performed in the presence of the indicated concentrations of DMSO, DAPH-12, EGCG or EGC as described11,26,31.
NM (5 µM) fibrillization was in assembly buffer (AB): 40 mM Hepes-KOH
(pH 7.4), 150 mM KCl, 20 mM MgCl2 and 1 mM DTT. Unseeded reactions were
agitated at 1,400 r.p.m. in a thermomixer (Eppendorf) for the indicated time
at 4 °C or 25 °C. Seeded assembly was unagitated and was performed for 4 h
at the temperature (4 °C or 25 °C) used to make the fibers that acted as seed.
Unbound small molecules were removed from seed preparations by dialysis
for 1 h at 25 °C against AB using Slide-A-lyzer MINI dialysis unit, 10K MWCO
(Pierce). SDS-PAGE followed by Coomassie staining revealed that ~95% of the
protein was recovered after dialysis. We confirmed that ~95% of the EGCG was
removed by dialysis using nitroblue tetrazolium staining (see Supplementary
Methods). Sup35 fiber assembly was in AB supplemented with 10% (v/v)
glycerol and 1 mM GTP as described33, except that reactions were agitated
at 700 r.p.m. in a thermomixer (Eppendorf). For fiber disassembly, NM or
Sup35 fibers (2.5 µM monomer) were incubated without agitation at 25 °C
for the indicated time. Fiber assembly or disassembly was determined by CR
binding, ThT fluorescence, EM, sedimentation analysis or SDS-resistance as
described11,31. See also Supplementary Methods.
Acrylodan and pyrene fluorescence. Acrylodan and pyrene fluorescence were
as described11,26. Samples were diluted tenfold in AB before measurement to
prevent potential spectroscopic interference. Very similar results were obtained
if unbound small molecules were rapidly removed immediately before fluorescence measurements by Bio-spin 6 (Bio-Rad) gel filtration (for acrylodan
measurements) or dialysis (for pyrene measurements).
Protein transformation. Yeast cells from a W303-derived strain (MATa
leu2-3, -112 his3-11 trp1-1 ura3-1 ade1-14 can1-100 [pin−] [psi−] [ure-o]) that
contained an ADE1 nonsense mutation suppressible by [PSI+] were transformed with NM conformers and a URA3 plasmid. Unbound small molecules
were removed from seed preparations as described above. NM conformers
were then resuspended in the transformation mix15,26. The proportion of Ura+
transformants that acquired [PSI+] was determined. Very similar results were
obtained using another yeast strain, 74-D694.
Peptide arrays. The N peptides 5–25 (NQGNNQQNYQQYSQNGNQQQG),
20–38 (GNQQQGNNRYQGYQAYNAQ), 41–71 (PAGGYYQNYQGYSGYQQ
GGYQQYNPDAGYQQ) and 88–106 (YQQQFNPQGGRGNYKNFNY) were
synthesized by the Massachusetts Institute of Technology biopolymers laboratory. Peptides were dissolved in 8 M urea, 20 mM TrisHCl (pH 7.4) to yield
10 mM stock solutions, which were spotted onto nitrocellulose, dried and
blocked for 24 h with 3% (w/v) bovine serum albumin (BSA). Arrays were
then incubated with NM-his (1 µM) in AB plus 3% BSA for 16 h at 4 °C or
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25 °C in the presence of DMSO (1%) or EGCG (20 µM). Arrays were then
washed extensively with 2% (w/v) SDS. NM-his was detected using an anti-his
monoclonal antibody (GE Healthcare) followed by an HRP-coupled secondary antibody (Sigma). The amount of NM-his bound was then determined
by quantitative densitometry in comparison to known quantities of NM-his
spotted on nitrocellulose. Similar results were obtained using peptides covalently coupled to glass slides27.
[PSI+] induction. Yeast cells from a W303-derived strain (MATa leu2-3, -112
his3-11 trp1-1 ura3-1 ade1-14 can1-100 [PIN+] [psi−] [ure-o] ∆pdr5CAN
Leu2GAL-NM-YFP pRS305) were grown in liquid medium containing raffinose (SRaff-Leu) as the sole carbon source to an optical density of 1 at 600 nm.
Cultures were then diluted to an optical density of 0.1 at 600 nm with media
containing galactose as the sole carbon source (SGal-Leu) to induce NM-YFP
expression in the presence of the indicated concentrations of EGCG, EGC or
DMSO. After 12 h at 30 °C, ~103 cells were plated onto 25% (v/v) YPD or SDAde and incubated for 3–7 d at 30 °C. [PSI+] induction was scored as the number
of white (strong [PSI+]) and pink (weak [PSI+]) colonies divided by the total
number of colonies. Alternatively, the number of colonies on SD-Ade plates was
divided by the number of colonies on the corresponding 25% YPD plates. Both
assays produced virtually identical results. Alternatively, yeast cells were analyzed
by microscopy using a Leica DMR microscope and Leica IM50 Image manager
software. Pictures were taken at 40× magnification, and the proportion of cells
with one or more fluorescent focus was determined. Six different microscopic
fields with at least 80 cells in each field were scored for each condition.
[PSI+] curing. Liquid cultures of a W303-derived yeast strain (MATa
leu2-3, -112 his3-11 trp1-1 ura3-1 ade1-14 can1-100 [PIN+] [PSI+] [ure-o]
∆pdr5CAN) were grown at 30 °C in YPD containing the indicated concentrations of EGCG, DAPH-12, EGC or DMSO for 0–24 h. Cultures were
maintained in mid-log growth phase by dilution with YPD and grown for
another 24–72 h. Subsequently, ~8 × 103 cells were plated on 25% YPD for
each condition, and grown at 30 °C for 3 d. [PSI+] curing was scored as the
proportion of red ade− [psi−] colonies.
For fluorescence studies, yeast cells from a W303-derived strain (MATa
leu2-3, -112 his3-11 trp1-1 ura3-1 ade1-14 can1-100 [PIN+] [PSI+] [ure-o]
∆pdr5CAN Leu2GAL-NM-YFP pRS305) were grown in SRaff-Leu at 30 °C
to an optical density of 1 at 600 nm. Cultures were then diluted into SGAL-Leu
containing the indicated concentrations of EGCG, EGC or DMSO. After 8 h of
NM-YFP expression, cells were analyzed by microscopy as above. Alternatively,
NM-YFP was expressed for 5 h. Expression was then shut down by adding
2% (w/v) glucose in the presence of DMSO (1%), EGCG or EGC (250 µM)
for 2 h, and cells were then imaged. The proportion of cells with one or more
NM-YFP focus was then determined.
Note: Supplementary information and chemical compound information is available
on the Nature Chemical Biology website.
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Supplementary Methods
Proteins
M was purified as described1 and lysozyme was from Sigma.
Fiber Assembly and Disassembly
Fiber assembly or disassembly was determined by CR binding, ThT fluorescence, EM,
sedimentation analysis or SDS-resistance as described 2-4. For Congo Red (CR) binding,
reactions were diluted ten-fold in AB containing CR. This yielded final concentrations of
CR (10µM) and NM (0.25-0.5µM). After 30min at 25°C, absorbance was measured at
477nm and 540nm. CR binding was calculated as described 2. Similarly for Thioflavin T
(ThT), reactions were diluted ten-fold in AB containing ThT, to yield final concentrations
of ThT (10µM) and NM (0.25-0.5µM). After 10min at 25°C, reactions were then excited at
450nm (bandwidth 5nm) and emission at 482nm (bandwidth 10nm) was recorded. Dilution
of reactions eliminated any potential spectroscopic interference by the small molecules.
Sedimentation was at 436,000g for 10min at 25°C, except for the experiments in Fig. S6e
where sedimentation was at 100,000g for 10min at 25°C. To assess SDS-resistance, AB
was modified to include 150mM NaCl (instead of KCl) to circumvent solubility issues
induced by potassium dodecyl sulfate. The amount of SDS-soluble (2% SDS, 25°C) NM
was determined by quantitative densitometry of Coomassie stained gels. Values obtained
from densitometry were converted to units of pmol by comparison to standard curves with
known amounts of SDS-soluble NM. From this value, the amount of SDS-insoluble
(resistant) NM was calculated.
Stability of EGCG under NM fibrillization conditions
EGCG levels were analyzed by HPLC using a Supelcosil C18 reversed-phase column
(Sigma), essentially as described 5. Briefly, at the indicated times NM (5µM) fibrillization
reactions in the absence or presence of EGCG (20µM) were supplemented with 0.2%
ascorbic acid and 0.05% EDTA to stabilize EGCG. This mixture was extracted twice with
two volumes of ethyl acetate. Samples were vortexed for 30s and then centrifuged at
3,000g for 10min at 4°C. The upper organic phase was collected and dried using a vacuum
concentrator. Residues were dissolved in 10% acetonitrile and were loaded onto the
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Supelcosil C18 reversed-phase column equilibrated in the isocratic mobile phase (14%
acetonitrile, 0.086% citric acid). Eluates were monitored by absorbance at 280nm. By
comparing eluates to standard solutions containing known quantities of EGCG, the EGCG
concentration could be calculated.
NM-EGCG binding
NM (5µM) was incubated with EGCG (20µM) for 1h at either 25°C or 4°C. In some
experiments, oligomeric NM was separated from monomeric NM by retention on a
100kDa filter (Millipore). Unbound small molecule was then removed by gel filtration
using Bio-spin 6 spin columns (Bio-Rad). The amount of EGCG bound was then
determined by nitroblue tetrazolium (NBT) staining as described 6,7. EGCG catalyzes redox
cycling at alkaline pH in the presence of excess glycine as a reductant, and reduces
tetrazolium to formazan in the presence of oxygen 6. After gel filtration, reactions were
diluted 10-fold with 0.24mM NBT in 2M potassium glycinate, pH 10 and incubated for 1h
at 25°C. The absorbance at 530nm was then measured. Control reactions lacking NM
confirmed that free EGCG was completely removed by the gel filtration step. The amount
of EGCG bound was estimated by comparison to standard curves of known quantities of
EGCG. Reactions containing NM alone gave a negligible signal, which was subtracted
from other reactions as required.
In other experiments, EGCG was coupled to Sepharose 4B (GE) as described 8. Quenched
Sepharose 4B served as a negative control. NM, NM 21-38, NM 83-110, NM 21-38,
83-110, M, or lysozyme (5µM) in assembly buffer were incubated for 1h at 4°C or 25°C
with gentle rotation with either Sepharose 4B or EGCG-Sepharose 4B. Under these gentle
agitation conditions, no fiber assembly occurred in this time frame. Beads were recovered
by centrifugation and washed five times with assembly buffer. Proteins were eluted with
SDS-PAGE sample buffer, processed for SDS-PAGE and Coomassie stained. The amount
of protein bound was then determined by densitometry in comparison to known quantities
of protein.
Circular dichroism spectroscopy
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CD spectra were obtained using a Jasco 715 spectropolarimeter. For CD measurements, we
employed a different buffer: 5mM potassium phosphate pH 7.4 and 150mM NaCl. EGCG
was dissolved directly in this buffer and not in DMSO for these experiments. NM
concentration was 5µM. All spectra were measured with a 0.1cm pathlength quartz cuvette
from 250 to 200nm with a step size of 1nm, bandwidth of 1nm, response time of 4s, and
scan speed of 20nm/min. All spectra were buffer corrected and an average of four scans
was obtained. For measurements on NM oligomers formed during NM assembly in the
presence of EGCG at 25°C, NM oligomers were separated from monomers by retention on
a 100kDa filter (Millipore). Oligomers were resuspended and used immediately for CD
measurements. For measurements on NM oligomers that formed after disassembly of
NM25 fibers with EGCG, NM oligomers were collected from the supernatant fraction after
centrifugation at 100,000g for 10min.
Dot Blots
Dot blots to detect amyloidogenic NM oligomers or amyloid NM were as described 3.
Semi-denaturing detergent-agarose gel electrophoresis (SDD-AGE)
SDD-AGE was carried out as described 9 with the exception that the lysis buffer contained
1% SDS.
Hsp104 ATPase activity
Hsp104 ATPase activity was determined as described 10.
Measuring the heat shock response and unfolded protein response
Protein lysates of yeast cells treated as indicated were analyzed by immunoblot using antiHsp26 and anti-Hsp104 antibodies. In addition, a heat shock reporter plasmid (3XHSElacZ) was employed to quantify the induction of a heat shock response 11. Alternatively, an
unfolded protein response (UPR) reporter plasmid (UPRE-lacZ) was used to quantify the
induction of the UPR 12. Mid-log phase yeast cells were mixed with an equal volume of
assay buffer (100mM Hepes pH 7.5, 150mM NaCl; 5mM L-Aspartate, 1% BSA, 0.05%
Tween-20; 0.5% SDS, 1.2mM chlorophenolred-ß-D-galactopyranoside), incubated for
45min, and the absorbance at 578nm was measured.
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Supplementary Results
EGCG prevents the maturation molten NM oligomers that nucleate NM25 fibers
EGCG might selectively reduce the fraction of NM that forms molten NM oligomers at
25°C versus 4°C (Fig. 1a, step 1), which might inhibit fibrillization 13. However, EGCG
had no effect on molten oligomer formation at either temperature, as determined by the
amount of NM retained by a 100kDa filter (Fig. S2a) or by size-exclusion chromatography
(data not shown). Similar amounts of NM were retained by a 100kDa filter after 5min or
4h in the presence of EGCG at 25°C (Fig. S2b). Hence, EGCG did not increase the amount
of oligomeric NM. These data suggested that EGCG might trap NM at an early stage (Fig.
1a, before step 2 or 3) in lag phase at 25°C. Indeed, NM oligomers that accumulated in the
presence of EGCG at 25°C were very similar in appearance, size range (10-64nm) and
mean diameter (~33nm) to the molten NM oligomers that appeared during lag phase in the
absence of EGCG (Fig. S2c, d). Furthermore, early in lag phase at 25°C, but not 4°C,
EGCG caused NM oligomers to become SDS-resistant (Fig. S2e), even though similar
amounts of EGCG bound to NM oligomers at 25°C and 4°C (Fig. S2f). Thus, by locking
oligomers in a stable structure, EGCG might prevent the maturation of molten NM
oligomers at 25°C (Fig. 1a, steps 2 and 3) and preclude the nucleation of NM25 fibers.
EGCG binds directly to several regions within N
We employed EGCG-sepharose to explore EGCG-NM binding via affinity
chromatography. Consistent with previous reports6, EGCG did not interact with lysozyme
(Fig. S2k). EGCG has previously been suggested to interact with natively unfolded
proteins 6. We found that EGCG binds NM directly (Fig. S2k). Surprisingly, however,
EGCG did not bind to the M domain of NM, which is intrinsically unfolded14,15. Thus,
EGCG binds to regions within N. EGCG also interacted directly with NM 21-38, which
lacks the head region, but binding was reduced compared to full-length NM (Fig. S2k).
EGCG binding was further reduced but not eliminated for NM 83-110 (Fig. S2k), which
lacks most of the Tail sequence, and was even further reduced in an NM mutant (NM 2138, 83-110) that lacked the Head and Tail region (Fig. S2k). These interactions were very
similar at 4°C or 25°C (Fig. S2k). Thus, EGCG interacts with several regions within the
unstructured N domain in a manner that precludes the formation of certain fiber strains, but
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permits the formation of others.
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Figure S1. EGCG inhibits assembly of select Sup35 prion strains.
(a, b) Spontaneous, agitated NM (5µM) fibrillization after 4h at 25°C or 4°C in the
presence of EGCG, EGC (0-100µM) or DMSO (0-1%). Fibrillization was measured by
ThT fluorescence (a) or sedimentation analysis (b). 100% reflects assembly in the absence
of EGCG, EGC or DMSO. Values represent means±SD (n=3).
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(c) Spontaneous, agitated NM (5µM) fibrillization after 4h at 25°C or 4°C in the presence
of gallic acid (0-100µM). Fibrillization was measured by Congo Red binding. 100%
reflects assembly in the absence of gallic acid. Values represent means±SD (n=3).
(d) Spontaneous, agitated NM (5µM) fibrillization after 4h at 37°C or 2°C in the presence
of EGCG, EGC, gallic acid (0-100µM) or DMSO (0-1%). Fibrillization was measured by
Congo Red binding. 100% reflects assembly in the absence of EGCG, EGC, gallic acid or
DMSO. Values represent means±SD (n=3).
(e) Spontaneous, agitated Sup35 (5µM) fibrillization after 6h at 25°C or 4°C in the
presence of EGCG, EGC (0-100µM) or DMSO (0-1%). Fibrillization was measured by
ThT fluorescence. 100% reflects assembly in the absence of EGCG, EGC or DMSO.
Values represent means±SD (n=3).
(f) Sup35 was assembled as in (e) at 4°C or 25°C in the presence of either DMSO (1%) or
EGCG (20µM) and processed for EM. Bar, 0.5µm.
(g) NM (5µM) was agitated for 0-24h at 25°C or 4°C in the presence of EGCG (20µM).
At the indicated times, the amount of EGCG was determined by HPLC analysis. Values
represent means±SD (n=3).
(h) Spontaneous Aβ42 (10µM) fibrillization after 24h at 25°C (black bars) or 4°C (blue
bars) in the absence or presence of either DMSO (1%) or EGCG (10µM). Fibrillization
was measured by ThT fluorescence. Values represent means±SEM (n=3-6).
(i) NM (5µM) was incubated with EGCG (20µM) for 1h at either 25°C or 4°C. To some
reactions, 3M guanidium chloride was then added to determine if binding was reversible.
Unbound small molecule was then removed by gel filtration and the amount of EGCG
bound was determined by nitroblue tetrazolium staining and comparison to known
quantities of EGCG. Values represent means±SD (n=3).
(j) NM cysteine variants were crosslinked under denaturing conditions with a flexible 11Å
BMB crosslink at position 96 or 106. The indicated NM protein (5µM) was then
assembled with agitation at 25°C or 4°C for 4h in the presence of EGCG (0.005-100µM).
Fibrillization was measured by ThT fluorescence. Values represent means±SD (n=3).
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Figure S2. EGCG stabilizes NM oligomers at 25°C.
(a) NM (5µM) was incubated for 5min with agitation at 25°C (black) or 4°C (blue) in the
presence of either DMSO (1%) or EGCG (20µM). Reactions were then fractionated by
passage through a 100kDa molecular weight cut off Microcon filter. The retentate fraction
was resuspended in SDS-PAGE sample buffer and processed for SDS-PAGE and
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Coomassie stained. The amount of oligomeric NM was then determined by densitometry in
comparison to known quantities of NM. Values represent means±SD (n=3).
(b) NM (5µM) was incubated for 5min or 4h with agitation at 25°C (black) in the presence
of EGCG (20µM). The amount of oligomeric NM was determined as in (a). Values
represent means±SD (n=3).
(c, d) NM (5µM) was incubated with agitation at 25°C in the presence of DMSO (1%) for
15min or EGCG (20µM) for 4h. Reactions were then processed for EM. Bar, 0.5µm (c).
The diameter of 1000 oligomers was determined for each condition and plotted as a
histogram (d).
(e) NM (5µM) was incubated for 15min with agitation at 25°C (black) or 4°C (blue) in the
presence of either DMSO (1%) or EGCG (20µM). Reactions were then fractionated by
passage through a 100kDa molecular weight cut off Microcon filter. The retentate fraction
was resuspended in SDS-PAGE sample buffer, divided in two and either incubated at
25°C (unboiled) or 99°C (boiled) for 10min. Samples were then processed for SDS-PAGE
and Coomassie stained. Note that after assembly at 25°C, EGCG renders NM oligomers
SDS-resistant and less NM enters the gel. These SDS-resistant oligomers are disrupted by
boiling in 2% SDS.
(f) NM (5µM) was incubated with EGCG (20µM) for 1h at either 25°C or 4°C.
Oligomeric NM was collected as the retentate on a 100kDa filter and unbound small
molecule was then removed by gel filtration. The amount of EGCG bound was determined
by nitroblue tetrazolium staining in comparison to known quantities of EGCG. Values
represent means±SD (n=3).
(g) Wild-type (WT) NM or the indicated acrylodan-labeled NM variant (5µM) were
incubated at 25°C or 4°C for 15min or 4h with agitation. At various times the extent of
fibrillization was assessed by sedimentation analysis. Values represent means±SD (n=3).
(h) Fluorescence of NM-N21C-, Q38C-, G86C-, G96C- or Y106C-acrylodan (5µM) after
15min at 25°C or 4°C in the presence of DMSO (1%), EGCG or EGC (20µM). Values
represent means±SD (n=3).
(i) Spontaneous, agitated NM (5µM) fibrillization in the absence or presence of DMSO
(1%), EGCG or EGC (20µM) at 25°C (left) or 4°C (right). At various times, reactions
were applied to nitrocellulose and probed with anti-oligomer antibody or anti-NM antibody.
(j) NM (5µM) was assembled with agitation at 25°C in the absence (buffer) or presence of
EGCG (20µM). At the indicated times (0h or 4h), CD spectra were recorded. To assess the
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secondary structure of NM oligomers (cyan trace) that accumulated in the presence of
EGCG after 4h, NM oligomers were separated from monomers by retention on a 100kDa
filter. The retentate was resuspended and analyzed by CD.
(k) NM, NM 21-38, NM 83-110, NM 21-38, 83-110, M, or lysozyme (5µM) were
incubated for 1h at 4°C or 25°C with either Sepharose 4B or EGCG-Sepharose 4B. Beads
were recovered, washed and eluted. Eluates were processed for SDS-PAGE and
Coomassie stained. The amount of protein bound was then determined by densitometry in
comparison to known quantities of protein. Values represent means±SD (n=3).
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Figure S3. EGCG selectively inhibits assembly of Sup35 prion strains that encode
weak [PSI+].
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(a) NM (5µM) was incubated with agitation at 25°C or 4°C for 4h in the absence or
presence of DMSO (1%), EGCG or EGC (20µM). Reactions were then dialyzed to remove
unbound small molecule, sonicated and used to seed (2% wt/wt) fresh, undisturbed NM
(5µM) fibrillization. Fibrillization was measured by ThT fluorescence. Values represent
means±SD (n=3).
(b) NM cysteine variants were crosslinked under denaturing conditions with a flexible 11Å
BMB crosslink at position 25 or 106. The indicated NM protein (5µM) was then
assembled with agitation at 25°C or 4°C for 4h in the presence of DMSO (1%) or EGCG
(20µM). Reactions were then dialyzed to remove unbound small molecule, concentrated,
sonicated and transformed into [psi-] cells. The proportion of [psi-], weak [PSI+] or strong
[PSI+] transformants was then determined. Values represent means±SD (n=3).
(c) NM-YFP was overexpressed in [psi-] pdr5 cells for 12h in the presence of DMSO
(1%) or EGCG (125µM). Cells were then imaged and the proportion of cells containing
NM-YFP foci was determined. Values represent means±SD (n=3).

Nature Chemical Biology: doi:10.1038/nchembio.246

S14

Figure S4. NM fibers assemble on immobilized N peptides comprising residues 5-25,
20-38 and 88-106, but not 41-71. (a, b) The indicated N peptides were immobilized on
nitrocellulose, blocked for 24h and incubated for 0 or 16h at 25°C with NM-his (1µM) in
the presence of DMSO (1%). Material was then scraped from the surface of the
nitrocellulose and either processed for ThT fluorescence (a) or EM (b). Values in (a)
represent means±SD (n=3). Bar in (b) is 0.5µm.
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Figure S5. NM Y69C-, 79C-pyrene behaves like wild-type NM.
(a) Wild-type (Wt) NM or NM Y69C-, Y79C-pyrene (5µM) were incubated at 4°C or
25°C for 0-4h with agitation. At various times the extent of fibrillization was determined by
assessing the amount of SDS-resistant NM. Values represent means±SD (n=3).
(b) Wild-type (Wt) NM or NM Y69C-, Y79C-pyrene (5µM) were incubated with agitation
at 25°C or 4°C for 0h (soluble) or 4h. Reactions were concentrated, sonicated and
transformed into [psi-] cells. The proportion of transformants that were [PSI+] was then
determined. Values represent means±SD (n=3).
(c) Excimer fluorescence of NM Y69C-, Y79C-pyrene after assembly for 0h or 4h as in
(a). The ratio of excimer fluorescence to non-excimer fluorescence (I476nm/I384nm) is plotted.
Values represent means±SD (n=3).
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Figure S6. EGCG eliminates select NM prion strains.
(a) NM4 or NM25 fibers (2.5µM monomer) were incubated for 2h at 25°C with EGCG
(0.025-100µM). Fiber integrity was then determined by CR binding. Values represent
means±SD (n=3).
(b) NM4 or NM25 fibers (2.5µM monomer) were incubated for 24h at 25°C with either
DMSO (1%), EGCG or EGC (0.025-100µM). Fiber integrity was then determined by ThT
fluorescence. Values represent means±SD (n=3).
(c) NM4 or NM25 fibers (2.5µM monomer) were incubated with DMSO (1%) or EGCG
(20µM) for 2h. Bar, 0.5µm.
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(d) NM25 fibers (2.5µM monomer) were incubated for 24h at 25°C with EGCG (20µM)
and processed for EM. The diameter of 1000 oligomers was determined and plotted as a
histogram.
(e) NM4 or NM25 fibers (2.5µM monomer) were incubated for 24h at 25°C with DMSO
(1%) or EGCG (20µM). Reactions were then centrifuged at 100,000g for 10min and the
amount of NM in the pellet fraction determined. Values represent means±SD (n=3).
(f) NM4 or NM25 fibers (2.5µM monomer) were incubated for 24h at 25°C with DMSO
(1%) or EGCG (20µM). Reactions were then fractionated using a 50kDa Microcon filter.
The amount of NM in the filtrate fraction was then determined. Values represent
means±SD (n=3).
(g) NM25 fibers (2.5µM monomer) were incubated for 24h at 25°C with buffer or EGCG
(20µM). Reactions were then centrifuged at 100,000g for 10min and the CD spectra of the
supernatant fraction was determined (EGCG SN, green trace) and compared to NM25
fibers treated with buffer (blue trace) and unassembled NM (black trace).
(h) NM25 or NM4 fibers (2.5µM monomer) were incubated for 24h at 25°C with DMSO
(1%) or EGCG (20µM). Reactions were then applied to nitrocellulose and probed with
anti-amyloid antibody, anti-oligomer antibody or anti-NM antibody.
(i) NM25 or NM4 fibers (2.5µM monomer) were incubated with or without DMSO (1%),
EGCG or EGC (20µM) for 24h. Reactions were then dialyzed to remove unbound small
molecule and used to seed (2% wt/wt) fresh, undisturbed NM (2.5µM) fibrillization.
Values represent means±SD (n=3).
(j, k) NM4 or NM25 fibers (2.5µM monomer) were incubated in the absence or presence
of DMSO (1%), EGCG or EGC (20µM) for 2h. Reactions were then dialyzed to remove
unbound small molecule and used to seed (2% wt/wt) fresh, undisturbed NM (2.5µM)
fibrillization (j). Values represent means±SD (n=3). Alternatively (k), reaction products
were dialyzed to remove unbound small molecule, concentrated, sonicated and transformed
into [psi-] cells. The proportion of transformants that were [psi-], weak [PSI+] or strong
[PSI+] was then determined. Values represent means±SD (n=3).
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Figure S7. EGCG eliminates select Sup35 prion strains.
(a) Sup35 fibers (2.5µM monomer) assembled at 4°C or 25°C were incubated for 24h at
25°C with either DMSO (1%), EGCG (2.5-100µM) or EGC (100µM). Fiber integrity was
then determined by ThT fluorescence. Values represent means±SD (n=3).
(b) Sup35 fibers (2.5µM monomer) assembled at 4°C or 25°C were incubated with either
DMSO (1%) or EGCG (100µM) for 24h and processed for EM. Bar, 0.5µm.
(c) NM Y69C-, Y79C-pyrene fibers (2.5µM) were formed at 25°C and then incubated
with DMSO (1%), EGCG or EGC (20µM) for 24h. The ratio of excimer fluorescence to
non-excimer fluorescence (I476nm/I384nm) is plotted. Values represent means±SD (n=3).
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Figure S8. EGCG does not inhibit Hsp104 ATPase activity or induce a heat shock or
unfolded protein response.
(a) Hsp104 (0.03µM hexamer) was incubated at 25°C for 20min in the presence of 1mM
ATP and either buffer, DMSO (1%), EGCG (0.02-2µM) or DAPH-12 (2µM) and the
amount of ATP hydrolysis was determined. Values represent means±SD (n=3).
(b) [PSI+] pdr5 yeast cells were maintained in mid-log phase for 48h in liquid culture
containing either DMSO (1%) or EGCG (125µM). Alternatively, cells were heat-shocked
at 42°C for 20min. Cell lysates were then analyzed by immunoblot using anti-Hsp104, antiHsp26 and anti-Pgk1 antibodies.
(c) Cells were treated as in (b) except that cells were also maintained in the presence of
DAPH-12 (125µM). A heat shock reporter plasmid (3XHSE-lacZ) was employed to
quantify the induction of a heat shock response. Values represent means±SD (n=3).
(d) [PSI+] pdr5 yeast cells were maintained in mid-log phase for 48h in liquid culture
containing either DMSO (0.4%) or EGCG (200µM). Alternatively, cells were treated with
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tunicamycin (5µM) for 6h as a positive control for induction of the unfolded protein
response (UPR). Tunicamycin inhibits the glycosylation of proteins in the ER and induces
the UPR. An UPR reporter plasmid (UPRE-lacZ) was employed to quantify the induction
of the UPR. Values represent means±SD (n=3).
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Figure S9. The effects of DAPH-12 and EGCG on NM4 and NM25.
(a) Seeded (0.5% wt/wt) NM (5µM) fibrillization after 6h in the presence of DMSO (1%),
DAPH-12, EGCG or EGCG plus DAPH-12 (0.5:0.5). The total concentration of small
molecule was kept constant at 1µM, 2µM, 5µM or 10µM. Fibrillization was measured by
CR binding and 100% reflects assembly in the absence of DMSO, DAPH-12 or EGCG.
Values represent means±SD (n=3).
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(b) Fluorescence of NM-N21C-, Q38C-, G86C- or G96C-acrylodan (5µM) after 15min at
25°C or 4°C in the presence of DMSO (1%), DAPH-12 (10µM), EGCG (10µM) or
DAPH-12 plus EGCG (5µM of each). Values represent means±SD (n=3).
(c) Spontaneous, agitated NM (5µM) fibrillization after 6h at 25°C or 4°C in the presence
of DMSO (1%), DAPH-12, EGCG, EGC, DAPH-6 (0.25µM) or the indicated
combination EGCG (0.5:0.5). The total concentration of small molecule was kept constant
at 0.25µM. Fibrillization was measured by CR binding and 100% reflects assembly in the
absence of DMSO or small molecule. Values represent means±SD (n=3).
(d) NM Y69C-, Y79C-pyrene fibers (2.5µM) were formed at 25°C and then incubated
with DMSO (1%), DAPH-12 (20µM), EGCG (20µM) or DAPH-12 plus EGCG (10µM
of each) for 24h. The ratio of excimer fluorescence to non-excimer fluorescence
(I476nm/I384nm) is plotted. Values represent means±SD (n=3).
(e) NM25 or NM4 fibers (2.5µM monomer) were incubated for 24h at 25°C with DMSO
(1%) or DAPH-12 (20µM). Reactions were then applied to nitrocellulose and probed with
anti-amyloid antibody, anti-oligomer antibody or anti-NM antibody.
(f) NM25, NM4 or NM4E fibers (2.5µM monomer) were incubated with DMSO (1%),
DAPH-12 (20µM), EGCG (20µM) or DAPH-12 plus EGCG (10µM of each) for 24h.
Reactions were then dialyzed to remove unbound small molecule and used to seed (2%
wt/wt) fresh, undisturbed NM (2.5µM) fibrillization. Values represent means±SD (n=3).
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