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Structure-based drug design identifies polythiophenes
as antiprion compounds
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Prions cause transmissible spongiform encephalopathies for which no treatment exists. Prions consist of PrPSc, a
misfolded and aggregated form of the cellular prion protein (PrPC). We explore the antiprion properties of lumi-
nescent conjugated polythiophenes (LCPs) that bind and stabilize ordered protein aggregates. By administering
a library of structurally diverse LCPs to the brains of prion-infected mice via osmotic minipumps, we found that
antiprion activity required a minimum of five thiophene rings bearing regularly spaced carboxyl side groups.
Solid-state nuclear magnetic resonance analyses and molecular dynamics simulations revealed that anionic side
chains interacted with complementary, regularly spaced cationic amyloid residues of model prions. These find-
ings allowed us to extract structural rules governing the interaction between LCPs and protein aggregates, which
we then used to design a new set of LCPs with optimized binding. The new set of LCPs showed robust prophy-
lactic and therapeutic potency in prion-infected mice, with the lead compound extending survival by >80% and
showing activity against both mouse and hamster prions as well as efficacy upon intraperitoneal administration
intomice. These results demonstrate the feasibility of targeted chemical design of compounds thatmay be useful
for treating diseases of aberrant protein aggregation such as prion disease.
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INTRODUCTION

Prions, infectious agents that cause transmissible spongiform ence-
phalopathies, consist of PrPSc, a misfolded and aggregated form of
the cellular prion protein (PrPC) (1). The search for antiprion drugs
has focused on compounds that reduce expression of PrPC, interfere
with the transition process of PrPC into PrPSc, dissociate PrPSc, or tar-
get the toxic cascades triggered by prion infection (2–4). Among the
latter, compounds inhibiting the unfolded protein response (UPR)
pathway or 3-phosphoinositide–dependent kinase-1 (PDK1) activity
showed encouraging therapeutic activity (5, 6). However, because these
compounds act on downstream effectors of neurodegeneration and
display significant target-related toxicity, they are unlikely to be cura-
tive andmay need to be combinedwith inhibitors of prion replication.

Antibodies to PrPC can prevent prion neuroinvasion (7), yet are less
effective in therapeutic settings (8) and may cause acute toxicity (9, 10).
Furthermore, most drug-like compounds showing prionostatic activ-
ity in vitro have failed in vivo because of poor bioavailability, toxicity,
short metabolic half-life, or because their activity was limited to a nar-
row range of prion strains (11). “Compound B,” IND24, and anle138b
prolonged the life of mice infected with Rocky Mountain Laboratory
(RML) prions by ~2-fold (12–15), but none have yet been shown ef-
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fective against any human prion strain. Pentosan polysulfate (PPS)
(16), thought to interfere with the conversion of PrPC to PrPSc, prolongs
the survival of prion-infected mice in a strain-independent manner,
but intraventricular administration of PPS to prion-affected patients
was unsuccessful (17). Quinacrine raised high hopes because it clears
PrPSc fromprion-infected cultured cells (18), yet was ineffective in hu-
man prion diseases (17, 19) and may foster drug resistance of prions
(20), perhaps by promoting conformational changes (21). Doxycy-
cline was once considered promising, yet a clinical trial found it to
be ineffective (22). Hence, there is an alarming dearth of clinically ef-
fective antiprion compounds.

When evaluating amyloid-interacting compounds as potential
therapeutic agents, one should consider that the frangibility (that is,
the propensity to break up into fragments) of protein aggregates and
oligomers may be deleterious rather than beneficial. Because the mini-
mal infectious unit (the “propagon”) (23) is thought to comprise a single
aggregate of PrP, breaking down fibrils into a larger number of smaller
unitsmay actually accelerate the disease. Theoretical considerations and
experimental data suggest that the frangibility of amyloid fibers is a
crucial determinant of their infectiousness (24).

Luminescent conjugated polythiophenes (LCPs) are polymeric
thiophene-based fluorescent molecules that preferentially bind to pro-
tein aggregates with repetitive cross-b sheet structures, including those
formed by PrPSc, and can be used to stain many different amyloids in
tissues (25–30). LCPs detect PrPSc aggregates with greater sensitivity
and specificity than Congo red, and their characteristic emission spec-
tra can be exploited to differentiate distinct prion strains (29) and non-
prion amyloids (28). Hence, LCP fluorescence spectra inform about the
specific supramolecular conformation of many different protein aggre-
gates. Monodisperse versions of LCPs with defined numbers of thiophene
rings were found to discriminate protein aggregates better than hete-
rodisperse mixtures (30–32). Crucially, LCP treatment of prion-infected
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 1
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brain homogenates from mice and of cultured organotypic cerebellar
slices reduced prion infectivity. This prionostatic effect seemed to rely
on hyperstabilization, rather than dissociation, of PrP aggregates (33). A
similar mechanism of hyperstabilization was hypothesized for the anti-
prion effect of thienyl pyrimidine derivatives (34).

Here, we tested the prophylactic and therapeutic value of LCPs in
a mouse model of prion disease. We studied a chemically diverse
library of LCPs and identified compounds that prolonged survival
in prion-infectedmice.We then used the results to derive structural fea-
tures necessary for antiprion activity. Solid-state nuclear magnetic
resonance (NMR) experiments and explicit solventmolecular dynamics
simulations with model amyloids suggested that binding relied on the
electrostatic interactionwith several pivots per LCP. This allowed us to
predict the efficacy of newly designed LCPs in in vivo experiments and
to rationally design newLCPswith enhanced prophylactic activity and
strain-independent therapeutic potency. Because LCPs are active
against many amyloids, this strategy can be extended to proteinopa-
thies beyond prion diseases.
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RESULTS

Intraventricular infusion of four distinct LCPs in
prion-infected mice
We first investigated the prophylactic efficacy of an “LCP mix” com-
bining four LCPs (the heterodisperse compound LIN1001, aswell as the
chemically defined compoundsLIN5001, LIN5002, andLIN7002) (Fig. 1A)
in prion-infected wild-type CD1 mice and in PrPC-overexpressing
tga20mice (35). To attain adequate local doses and circumvent brain
penetrance issues, we administered compounds at a concentration of
4 mg/ml (ca. 5 mM) by continuous intraventricular infusion using os-
moticminipumps, corresponding to 3.3mg/kg perweek.We implanted
the pumps and started the infusions 1 week before intracerebral infec-
tion with RML6 (RML strain mouse-adapted scrapie prions, passage 6)
prions [36 pg of total brain homogenate in 30 ml, corresponding to 3 ×
103 median lethal dose (LD50) units]. Depleted pumps were replaced
with fresh ones at 35 days post-inoculation (dpi).

LCPmix–treated prion-infected wild-type CD1mice (Fig. 1B) and
tga20 mice (Fig. 1C) showed prolonged survival (+12%, P = 0.0025
and +25%, P = 0.0004, respectively; log-rank Mantel-Cox test) over
vehicle-treated (PBS) prion-infected controls (table S1). None of the
LCPmix–treated mice exhibited signs of acute toxicity. The diagnosis
of prion disease was confirmed histologically and biochemically in all
terminally diseased mice. Comparable levels of proteinase K–resistant
PrP (PrPSc) were identified by Western blot analysis in the brains of
vehicle- and LCP-treatedmice (fig. S1, A and B). However, LCP-treated
brains exhibited enhanced levels of PrP aggregates resistant to boiling
in SDS (fig. S1, A and B), similar to prion-infected LCP-treated orga-
notypic slice cultures (33). Quantification of PrP aggregates by the
misfolded protein assay (33, 36–39) showed reduced levels in brains
of LCP-treated wild-type CD1 mice (Fig. 1D) and tga20mice (Fig. 1E
and table S1), reflecting the efficiency of the LCP mixture in delaying
disease progression.

Intraventricular infusion of individual LCPs in
prion-infected mice
To evaluate the antiprion activity of the individual LCPs, we admin-
istered LCP mix and each single LCP (LIN1001, LIN5001, LIN5002,
www.Scien
and LIN7002; 3.3 mg/kg per week each) to tga20mice (Fig. 1F). Treat-
ment was started prophylactically 7 days before intracerebral injection
of RML6 prions (3.6 mg of brain homogenate in 30 ml, corresponding to
3 × 105 LD50 units). Mice treated with LCPmix showed prolonged sur-
vival (+20.5%, P = 0.0007), indicating that this treatment was efficient
even after inoculation of a 100-fold higher prion load. LIN5001
(+36.4%,P= 0.031) and LIN7002 (+16.7%,P= 0.007) showed the high-
est efficacy in prolonging survival, whereas LIN5002 had no effect.
LIN5001 and LIN7002 differ from LIN5002 by the presence of biter-
minal anionic groups, suggesting that these moieties are essential to
their antiprion properties. LIN1001 was not only ineffective but also
caused acute toxicity including convulsions and sudden death.

LCP treatment did not affect brain PrPSc levels, except for LIN7002,
which caused a modest PrPSc reduction. Conversely, all LCPs, regard-
less of their antiprion potency, induced SDS-stable PrPSc aggregates
(including prominent dimers and trimers), suggestive of aggregate hy-
perstabilization (fig. S1C). As in the previous experiment, themisfolded
protein assay revealed decreased numbers of PrP aggregates in LCP-
treatedmice (Fig. 1G). Total PrPwas unaffected by treatment with ther-
apeutically effective and ineffective LCPs (fig. S1D).

LIN5001 treatment in the presymptomatic and clinical stage
of prion disease in mice
Having identified LIN5001 as the most effective compound of this se-
ries, we asked whether the survival of prion-infected mice could also
be increased by administering LIN5001 in a therapeutic regimen, that
is, when administered after prion infection rather than prophylactical-
ly. When started at 20 dpi, LIN5001 treatment prolonged the survival
time after infection (incubation time) by +20.5% (P = 0.0036) com-
pared to vehicle-treated (median, 66 days) or non-operated animals
(median, 65 days; Fig. 1H). Even when treatment was first started at
50 dpi (Fig. 1I), that is, in the presence of advanced disease with clini-
cally overt neurological signs (tail rigidity and hindlimb paresis), there
was a trend toward increased survival compared to vehicle-treated and
non-operated prion-infected mice (+7.3%, P = 0.12 and +13.1%, P =
0.014, respectively). Western blots confirmed the presence of protein-
ase K–resistant PrPSc in the brains of all prion-infectedmice (fig. S1, E
and F) and of SDS-stable PrPSc oligomers even when using an increased
proteinase K concentration (fig. S1G). The readings of the misfolded
protein assay, which are a quantitative measure of protein aggregates,
were decreased in the brains of LIN5001-treated mice (Fig. 1J).

Defining the structure-activity relationship of LCPs
Next, we explored the chemical space of LCPs by designing a library of
new compounds with a conjugated backbone but differing in their
terminal groups or in the backbone length, as well as selenophenes
with constrained backbone flexibility (Fig. 2A). These new LCPs were
tested in a prophylactic regimen (Fig. 2B). Replacement of the
terminal carboxyl groups by aldehyde residues (LIN5032) abolished
all antiprion efficacy (median, 63 days; P = 0.66), and ketone group
substitution (LIN5029) greatly reduced it (median, 68.5 days; +6%,
P = 0.015; Fig. 2B). Elongation of the LCP backbone with two thio-
phene rings (LIN7001) resulted in similar efficacy (median, 82 days;
+27%, P = 0.04) as LIN5001 (median, 78 days; +20.9%, P = 0.0002).
Because replacement of sulfur with selenium enhances the axial rigid-
ity of LCPs (40, 41), we replaced the central or the two terminal thio-
phenes of LIN5001 and LIN5002 with selenophenes (LIN5050 and
LIN5051, respectively). Similar to its ineffective thiophene counterpart,
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 2
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Fig. 1. Treatment with
thiophene-basedcompounds

extends the survival time of
prion-infected mice. (A) Mo-
lecular structures of the com-
pounds contained in the “LCP
mix.”All LCPswerepolyanionic.
LIN1001 consists of heterodis-
perse polymers (n = 11 to 20),
whereas LIN5002, LIN5001,
and LIN7002 aremonodisperse;
the first digit indicates thenum-
ber of thiophene groups. Da,
dalton; MW, molecular weight.
(B and C) Survival curves of
RML6-infected CD1 mice (B;
n = 8) and tga20 mice (C; n =
7) prophylactically treated
with LCPmix (4mgkg−1) or ve-
hicle [phosphate-buffered sa-
line (PBS);n=4 in each series].
LCP mix–treated wild-type (B)
and tga20 mice (C) showed a
+12 and +25% life extension,
respectively (P = 0.0025 and
P = 0.0004, respectively; log-
rankMantel-Cox testwas used
for survival analyses; details
in table S1). (D andE) Themis-
folded protein assay showed
reduced PrP aggregates in
brains of LCP mix–treated
prion-infected wild-type CD1
mice (left) (D) and tga20mice
(right) (E). Negative control,
brain homogenate of non-
infected mice (NBH). Data are
means ± SEM of relative light
units (RLU) mg−1 of total pro-
tein. *P<0.05; **P<0.01; ***P<
0.001; Student’s t test. (F) Sur-
vival of RML6-infected tga20
mice treated prophylactically
with LCPmixor individual LCPs
(4 mg kg−1). LCP mix, LIN7001,
and LIN5001 (but not LIN5002
or LIN1001) extended survival
compared to vehicle controls.
Each group included six mice.
(G) Brain PrP aggregates in
RML6-infectedmice,measured
by themisfolded protein assay,
were reduced by efficacious
LCPs and, to a lesser extent,
by the ineffective compound
LIN5002. For all multiple com-
parisons of misfolded protein
assay data, one-way analysis of
variance (ANOVA)withDunnett’s

posttest was used. (H) Significantly prolonged survival of RML6-infected
tga20 mice treated with LIN5001 starting in the presymptomatic phase
at 20 dpi (+21%; n = 9) compared to vehicle-treated and non-operated
mice (n= 7 and n=10, respectively). (I) Sameas (H)with LIN5001 treatment
started in the symptomatic phase (50 dpi) showing a trend (+7.3%; n = 8)
www.Scienc
toward extended survival (vehicle-treated mice, n = 8). (J) Misfolded pro-
tein assay showing reduced PrP aggregates in brains of prion-infected
mice treatedwith LIN5001 starting at 20 dpi, compared to vehicle-treated
(*P < 0.05) and untreated (**P < 0.01) mice. One-way ANOVAwith Dunnett’s
posttest was used for statistical analysis.
eTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 3



R E S EARCH ART I C L E

on
 A

ug
us

t 2
7,

 2
01

5
D

ow
nl

oa
de

d 
fr

om
 

E

C

PK − + ++ ++++++

NBH

RML − − ++ ++++++

25 kD

37 kD

NBH
LIN

5002

LIN
5032

LIN
5029

LIN
5051

LIN
5001

LIN
7001

LIN
5050

Vehicl
e

20 kD

LIN5032; MW: 668.7 Da LIN5029; MW: 696.7 Da

LIN5051; MW: 608.67 Da

LIN7001; MW: 948.9 Da

LIN5050; MW: 722.65 Da

B
Vehicle (median 64.5 d)
LIN5001 (+13.5 d; P = 0.0002)
LIN5002 (+0.5 d; P = 0.63)

LIN5032 (–1.5 d; P = 0.66)
LIN5029 (+4 d; P = 0.015)

LIN5050 (+32.5 d; P = 0.022)
LIN5051 (–1.5 d; P = 0.45)
LIN7001 (+18.5 d; P = 0.04)

0 35 60 77 100 120 140
0

25

50

75

100

−7

%
 S

u
rv

iv
al

       Days p.i.IPI PC PC

I: prion inoculation
PI: pump implantation
PC: pump change

G

D

A

Fractions 
10% 40%OptiPrep

2 4 6 8 10 12 14 16 18 20
NBH

Vehicle

LIN5002

LIN5001

25 kD

25 kD

25 kD

25 kD

H

F

0

10

20
NBH
Vehicle
LIN5002
LIN5001

1 201918171612 13 15146 10 119875432Fraction #

%
 o

f t
ot

al
 s

ig
na

l

*

Ve
hic

le

LI
N50

32

LI
N50

29

LI
N50

01

LI
N70

01
NBH

LI
N50

50

LI
N50

51

300

R
L

U
/m

g
 p

ro
te

in

100

200

*

NBH
LIN

5002

LIN
5032

LIN
5029

LIN
5051

LIN
5001

LIN
7001

LIN
5050

Vehicl
e

RML − ++ ++++++

25 kD 

37 kD 

20 kD 

Actin
Fig. 2. Potencyof rationally
designed LCPs. (A) Structures

of rationally designed LCPs.
(B) LIN5001 (+20.9%; n = 7),
LIN7001 (+27.1%; n = 7), and
LIN5050 (+57.3%; n = 11) sig-
nificantly increased survival of
RML6-infected tga20 mice
compared to vehicle-treated
mice (n= 6), whereas LIN5029
(n = 6) had only a marginal
(+6.2%) effect. LIN5032 (n = 7),
LIN5002 (n = 7), and LIN5051
(n = 7) had no effect on sur-
vival. Threemice treatedwith
LIN5050diedprematurely for
undetermined reasons. Log-
rank Mantel-Cox test was used
for survival analyses. (C) West-
ern blot analyses of brain ho-
mogenates from prion-infected
(RML+) and non-infected (RML−)
tga20 mice treated with LCPs
as indicated. PK+, predigested
with proteinase K; PK−, not di-
gested with proteinase K. (D)
Same as (C), but without pro-
teinase K digestion. Antibody
POM1wasusedforPrPdetection
in all Western blots presented
in this study. Loading control,
b-actin. (E) PrP aggregates in
the brain homogenates of
LIN7001-treatedRML6-infected
miceweresignificantly reduced,
whereastheotherLCPsshowed
a trendtoward reductionofPrP
aggregates as measured by
the misfolded protein assay.
One-wayANOVAwithDunnett’s
posttest was used for statisti-
cal analysis. (F) Western blot
analyses for PrP of differen-
tially fractionated brain homog-
enates fromnon-infected (NBH)
andprion-infectedmice treated
withvehicle, LIN5002, or LIN5001
(density gradient ultracentrif-
ugation, OptiPrep 10 to 40%).
The samplesof thevehicle- and
LIN5002-treated animals elic-
ited most of the signal in the
lower (1–5) andhigher fractions
(11–14). Prion-infected mice
treated with LIN5001 showed
reduced signals in fractions
11 to 14. (G) Quantification
of ultracentrifugation studies
using three biological repli-

cates per condition (mean ± SEM). (H) HADDOCKmodel of LIN5001 docked
to HET-s(218–289)E265K based on NMR-derived distance restraints (table S2).
The two key residues for binding, K229 and K265, are marked in two different
www.Scienc
shades of blue. Four of 10 lysine residues are occupied by carboxylic acid
side-chaingroups of LIN5001. Twovisualizations fromdifferent angles, illustrat-
ing the details of the interaction between LCP and amyloid, are shown.
eTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 4
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LIN5002, the selenophene LIN5051 had no antiprion effect (median,
63 days; P = 0.45; Fig. 2B). Conversely, LIN5050, the thioselenophene
variant of LIN5001, delayed the disease (median, 97 days; +50.3%, P =
0.021; Fig. 2B), although threemice died prematurely for undetermined
reasons. These results confirmed that the terminal carboxyl groups
are important for in vivo therapeutic potency of both thiophenes and
thioselenophenes.

PrPSc and total PrP were present at similar levels in brains of term-
inally sick vehicle- and LCP-treated mice, and most LCPs induced
SDS-stable oligomers (Fig. 2, C and D, and fig. S1, H and I). However,
LIN5001-treated brains showed slightly decreased PrP deposition and
gliosis (fig. S2), and revealed reduced readings in themisfolded protein
assay, roughly reflecting the therapeutic efficacy of the respective LCPs
(Fig. 2E).

To gain insight into the relationship between treatment and PrP
aggregation states, we performed density gradient ultracentrifugation
experiments using rate-zonal separation, which differentiates particles
according to their size and shape (42, 43). Brain homogenates of non-
infected mice and of RML-infected mice treated with either vehicle,
LIN5001, or the ineffective compound LIN5002 were fractionated
over a 10 to 40% OptiPrep density gradient, and fractions were ana-
lyzed byWestern blotting for total PrP. In RML-infected mice treated
with vehicle or LIN5002, most PrP was detected in the lowest and
higher fractions (fractions 1 to 5 and 11 to 14; Fig. 2, F and G). Con-
versely, PrP from prion-infected mice treated with LIN5001 migrated
almost exclusively with fractions 1 to 5. Quantification of three bio-
logical replicates (Fig. 2F and fig. S3) for each group (three independent
ultracentrifugation runs using 10 to 40% OptiPrep density gradients)
revealed a strong reduction in high–molecular weight species (thought
to represent oligomeric PrP aggregates) in brain homogenates of LIN5001-
treated mice (Fig. 2G).

We then performed another fractionation experiment using a 5 to
20% OptiPrep density gradient (fig. S4). Again, most PrP in RML-
infected mice treated with vehicle or LIN5002 was detected in fractions
1 to 8 and 19 to 20, whereas samples from prion-infected mice treated
with LIN5001 showed again a strong reduction in higher–molecular
weight species. These results strongly support our hypothesis that
LIN5001 intervenes at early stages of the aggregation process by stabi-
lizing small PrPSc aggregates, possibly preventing their disassembly and
inhibiting secondary nucleation.

LCP binding at atomic resolution
Because the precise structure of PrPSc is unknown, we based our structure-
activity relationship (SAR) studies on the assumption of an in-register
b sheet conformation, for which most experimental evidence exists
(44–46). We opted to approximate the latter with the prion-forming
domain of the fungal HET-s prion, the only self-propagating amyloid
whose atomic structure has been solved. Although the amino acid se-
quence of PrP andHET-s diverge, we reasoned that the empirical con-
gruence of therapeutic efficacy with the SAR predictions might vindicate
the validity of our choice.

We therefore investigated the binding of LIN5001 to HET-s aggre-
gates by solid-state NMR spectroscopy. HET-s(218–289) oligomers be-
have as prions, have a fully assigned NMR spectrum, and represent one
of the structurally best-defined amyloids;HET-s(218–289) forms ab sole-
noidwith two turns permolecule (47). LikePrPSc fibrils,HET-s(218–289)
prions are intensely stained by Congo red; Congo red binding relies on
the electrostatic interaction between the negatively charged sulfonate
www.Scien
groups of Congo red and the positively charged lysine residues on
every fourth b strand on the HET-s(218–289) amyloid as well as the
presence of a pronounced groove on the amyloid surface at the site
of an arc between two b sheets (48). To mimic a parallel in-register b
sheet representative for an amyloid with a single molecule per turn, we
produced the E265Kmutation of HET-s(218–289) that features a lysine
ladderwith a 4.8-Å spacing between lysines, including the ones involved
in binding to Congo red (48).

The two-dimensional (2D) NMR spectra [proton-driven spin diffu-
sion (PDSD)] of wild-type HET-s(218–289) and of HET-s(218–289)E265K

(fig. S5A, black and blue) were superimposable except at the site of the
mutation, indicating that they share an identical fold. We measured
chemical shift perturbations (CSPs) and direct polarization transfer
(PT) from LIN5001 to the residues of wild-type HET-s(218–289) and
of HET-s(218–289)E265K. Neither CSP nor PT was detected in the wild-
type spectrum (fig. S5B), whereas the addition of LIN5001 to the E265K
mutant elicited strong CSP and PT peaks similar to those observed for
Congo red (fig. S5, C and D), indicating a high-affinity binding site and
characterizing it by 15 specific experimental restraints.

To identify the bindingmode, the CSP and PT data were translated
into distance restraints from which a model was generated using
HADDOCK docking (49) (Fig. 2H and table S2). Binding of the four
unequally spaced negatively charged carboxyl groups of LIN5001 to
the positively charged lysines of the mutant was best modeled by a
K229/K229/K265/K265 pattern involving three HET-s molecules with a
total of six b strands and a bindingmode similar toCongo red but with
a 10 Å/5 Å/10 Å distance pattern between the partnering residues on
the different b sheets. In wild-type HET-s, position 265 is occupied by
a glutamate instead of a lysine residue, thus precluding a sterically fa-
vorable 10 Å/5 Å/10 Å interaction with the carboxyl groups of LIN5001.
This explains whyNMR failed to detect binding of LIN5001 to wild-type
HET-s (50). These docking data suggest that the binding of LIN5001
exploits the steric complementarity between its negative charges spaced
at 5 and 10 Å in a “regioregular” pattern and the positive charges on the
amyloid surface. In the simplest case, these conditions exist on each b
strand of in-register parallel b sheet aggregates with surface-exposed ar-
ginine (R) and lysine (K) side chains (48), and define theminimal struc-
tural features necessary for LCP binding to prions.

Molecular dynamics simulations to predict the binding of
the LCPs to fibrils
The above observations defined the minimal structural features nec-
essary for LCP binding to prions. We therefore created a number of
LCPs with negative charges regularly spaced at about 5 Å and used the
umbrella sampling simulation protocol to calculate the free energy
profile of their binding to a model amyloid. The simplest instance
of an amyloid satisfying the requirement of repetitive positive charges
along the fibril axis exists in fibrils composed of in-register parallel b
sheet strands with surface-exposed arginine (R) and lysine (K) side
chains. This is congruent with a plausible structural model of PrPSc

predicting an in-register b sheet core extending between residues
~166 and 220 (44) and rich in K and R residues.

We therefore devised aminimal LCP binding site consisting of eight
tripeptides (S-A-K) arranged in a parallel in-register b sheet (Fig. 3A).
The initial coordinates were derived from the HET-s(218–289) NMR
structure [Protein Data Bank (PDB) code 2LBU], in which the docked
Congo red lies in a groove perpendicular to the solenoid b sheet. The
groove originates from parallel b strands of alternating S227-A228-K229
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 5
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Fig. 3. Atomistic simulations to
design new LCPs with enhanced

antiprion properties in vivo. (A)
In-register parallel b sheet consisting
of eight 3-residue peptides used to
compute the free energy profile of
binding. The unbinding pathway used
for the umbrella sampling protocol
was determined by pulling the center
of the LCP in the direction shown by
the arrow with a velocity of 5 nm/ns.
(B) For each LCP, except for LIN5050
and LIN5051 (because of missing pa-
rameters in the CHARMM force field
for selenium-containing molecules),
the free energy profile of binding to
themodel peptide T-A-Kwas calculated
using the umbrella sampling molecular
dynamics protocol and the weighted
histogram analysis method (79). Ab-
scissa, distance of the LCP center of
mass from the bound state; W, aver-
age reversible thermodynamic work
done by themean force along the dis-
tance. Free energy profiles were shifted
vertically to overlap at the bound state,
so that relative affinities could be in-
ferred from theplateau corresponding
to theunboundstate (distance,>0.8nm).
(C) Structural stability of in-register par-
allel b sheets consisting of eight hexa-
peptides (ITIKQH) containing the TIK
motif as binding groove, in the absence
and presence of LCP LIN5001 (mean,
2.2; P = 0.000022) and LIN5044 (mean,
1.8; P= 0.000000018). Each bar reflects
the number of strands, that is, hexa-
peptides, in the b sheet averaged over
the final snapshots of 30 independent
runs of 20 ns each. These results
support the conjecture that LCPs hy-
perstabilize amyloid fibrils. (D) Molec-
ular structures of LCPs selected from in
silico predictions for in vivo testing. (E)
Free energy profiles as a function of
the distance from the bound state of
selected LCPs into octameric T-A-K
in-register parallel b sheets. (F) The
strong binders LIN5044 (n = 6),
LIN5045 (n = 6), and LIN7004 (n = 5)
extended the survival of prion-infected
mice compared to vehicle-treated
controls (n= 7) by up to 87.5%,whereas
treatment with the weaker binders
LIN4027 (n = 7), LIN4003 (n = 7), and
LIN5043 (n = 6) was ineffective. Log-
rank Mantel-Cox test was used for sur-
vival analyses. (G) Western blot of
brain samples from prion-infected and

LCP-treated tga20 mice. (H) Misfolded protein assay showing significant re-
duction of PrP aggregates in brains of LCP-treated prion-infectedmice. One-
way ANOVA with Dunnett’s posttest was used for statistical analysis. ns, not
significant. (I) Western blot of standard prion inoculum exposed to
increasing concentrations of LIN5044 showing concentration-dependen
stabilization of aggregates. Di-, mono-, and non-glycosylated PrP are indi
cated by black arrows and higher-order SDS-stable species by a gray arrow
(J) Western blot of rPrP fibrils incubated with LIN5044.
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and S263-V264-E265 segments. The backbones of the central residues
(Ala228 andVal264) form the floor of the groove, whereas the side chains
of residues S227/S263 andK229/E265 form thewalls. To generate the initial
parallel in-register b sheet arrangement of eight S-A-K peptides, resi-
dues V264 and E265 were changed to Ala and Lys, respectively, using vis-
ual molecular dynamics (51). S-A-K yielded a high binding affinity,
supporting the validity of our calculations. On the basis of the PrP se-
quence between codons 178 to 212, seven further putative binding sites
were selected and modeled by the octameric tripeptides (X-A-R/K):
M-A-K, E-A-K, D-A-K, T-A-K,H-A-K,M-A-R, andV-A-R. The side
chains of K and R provided positive charges, whereas A was chosen to
model the groove of the fibril and X represents residues at the ±2
positions of K or R from the PrP sequence between codons 178 to
212. We then calculated the free energy profiles of LIN5001 binding
to the various model fibrils (fig. S6A). Themodel consisting of octameric
T-A-K yielded the most favorable binding free energy for LIN5001 and
was used for all further calculations (movies S1 and S2). For octameric
D-A-K, LIN5001 became unbound within 10 ns and was therefore not
included in the graph.

The free energy profiles of binding of the LCP that had been
tested in vivo (Fig. 3B) were consistent with the experimental data.
Strikingly, the strongest binders (that is, LIN5001 and LIN7001) were
also the most efficacious antiprion molecules. The in silico regio-
specific interactions between the carboxylic groups of LIN5001 and
the lysine side chains of the S/T-A-K groove were congruent with
the interactions between the HET-s prion and the LIN5001 observed
by NMR (Fig. 2H). In addition, multiple unrestrained molecular
dynamics runs were carried out starting from a parallel in-register b
sheet consisting of eight hexapeptides (I-T-I-K-Q-H, with the T-I-K
motif forming a binding groove) in the “apo” form and bound to
LIN5001 or LIN5044. These unbiased simulations revealed that
LIN5001 and LIN5044 enhance the structural stability of the octameric
I-T-I-K-Q-H b sheet (Fig. 3C).

The structural stability of in-register parallel b sheet oligomers con-
sisting of eight copies of the 177–216 segment of themouse prion pro-
tein was investigated by explicit solvent molecular dynamics in the
absence and presence of LIN5001 (fig. S7A). The initial conformation
was prepared using the PIRIBS-A model as previously reported (46).
Three copies of LIN5001 were manually docked into the groove be-
tween residues T183-I184-K185, T192-T193-K194, and K204-M205-M206 or
R208-V209-V210, respectively. Multiple independent simulations of
100 ns each were carried out for each system using different random
assignments of the initial velocities. The CHARMM36 force field was
used, and the temperature was kept constant at 310 or 360 K to en-
hance the sampling (fig. S7B). The distance between the C-a atoms
of the neighboring residues (K185, K204, or R208)was significantly shorter
(P < 0.01) in the presence of LIN5001, providing support to the conjec-
ture that LIN5001 stabilizes ordered in-register parallel b sheet oligo-
meric assemblies.

To investigate whether LCPs might also stabilize other amyloid
structures, we carried out explicit solvent molecular dynamics simula-
tions of eight copies of the Ab10–20 peptide segment (octameric Ab10–20)
in the presence and absence of LIN7001. The hendecapeptide (11-mer)
segment Ab10–20 includes the basic side chain of K16 as well as the hy-
drophobic and amyloidogenic stretch L17VFF20. The starting confor-
mationwas the parallel in-register b sheet arrangement extracted from
the solid-state NMR structure of the Osaka mutant of Ab40 (PDB code
2MVX). The simulation protocol was identical to that for themolecular
www.Scien
dynamics runs of the multimeric prion segments, and two independent
200-ns runs were performed for each of the apo structures and the
structure with bound LIN7001. The structural stability of the octameric
b sheet was higher in the presence of LIN7001, particularly at the
N-terminal region, which showed significant fluctuations only in the
apo simulations (fig. S8 and movies S3 and S4).

Binding affinities of LCPs to in vitro–generated
recombinant PrP fibrils
Next, we measured the dissociation constants (Kd) of LCPs bound to
bona fide PrP fibrils and compared them to the free energy of in silico
binding.Kd values were determined by titrating LCPs against fibrils of
recombinant mouse PrP (residues 23 to 231, rPrP, 5 mM). For each
dilution step, fluorescence excitation spectra were recorded. Upon
binding to the rPrP fibrils, LCPs underwent conformational changes
that induced a shift of the excitation maximum (Excmax), toward lon-
ger wavelengths, as well as increased fluorescence intensity (fig. S9A).
The binding curves for distinct LCPs were generated by plotting the
normalized ratio Excmax(bound)/Excmax(unbound) against the LCP
concentration (fig. S9B). Kd values were obtained by fitting the curves
to a hyperbola function. LIN5044, among the strongest binders iden-
tified in silico, displayed the lowest Kd and therefore the highest affin-
ity (fig. S9A and table S3). The remaining LCPs showed intermediate
Kd values (table S3) with a ranking that was mostly congruent with in
silico predicted binding energies.

In vivo testing of in silico predicted LCPs
On the basis of the above results, 14 molecules (Fig. 3D and fig. S10)
were selected for in silico testing from a library of 50 LCPs, and their
free binding energy profiles were predicted using the octameric tri-
peptide model (Fig. 3E and fig. S6, C to E). These simulations led us
to evaluate the in vivo antiprion activity of six compounds having four
(LIN4027 and LIN4003), five (LIN5043, LIN5044, and LIN5045), and
seven (LIN7004) thiophene rings. The free energy profiles of the
LIN4027, LIN4003, and LIN5043 predicted a lower affinity than the
ones for LIN5001 and LIN7001 (Fig. 3E), which may translate into
poor in vivo efficacy. In contrast, the free energy profiles of the five-
ring LIN5045 and LIN5044 as well as the seven-ring LIN7004 pre-
dicted high-affinity binding and potentially better in vivo efficacy.

Six LCPs (Fig. 3D) selected by their in silico properties were ad-
ministered prophylactically to tga20mice infected with RML6 prions.
As predicted by the molecular dynamics simulation, LIN4027, LIN4003,
and LIN5043 did not prolong survival over vehicle-treated animals
(median, 64 days; Fig. 3F). Instead, the strong binder LIN5044 was
found to be the most efficient of the entire series. Survival was pro-
longed by 87.5% (median, 120 days; P = 0.001). LIN5045 and
LIN7004, which were predicted to bind to fibrils efficiently, prolonged
survival by 51.6% (median, 97 days; P = 0.0004) and by 31.25% (me-
dian, 84 days; P = 0.017), respectively. As a further control, LIN5001
was again effective in this series, prolonging survival time by 21.8%
(median, 78 days; P = 0.001). Western blots of brain homogenates
of LCP-treated RML6-infected animals displayed strongly reduced
PrPSc signals in mice treated with strong binders (LIN5045, LIN5044,
and LIN7004; Fig. 3G and fig. S1, J andK), whereas total PrP levels were
not affected (fig. S6F). Misfolded protein assay of brain homogenates
evidenced a reduction in the signal that correlated with the antiprion
efficiency of the respective LCPs, with LIN5044 decreasing the signal
most effectively (Fig. 3H).
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 7



R E S EARCH ART I C L E

on
 A

ug
us

t 2
7,

 2
01

5
D

ow
nl

oa
de

d 
fr

om
 

Preincubation of RML6-infected brain homogenateswith increasing
concentrations of LIN5044 and of rPrP fibrils with LIN5044 in vitro
increased resistance of PrP to proteinase K (Fig. 3, I and J), in agreement
with the notion that LCPs exert their antiprion effect by stabilizing PrP
oligomers and with our in silico findings (Fig. 3C). As with PrPSc and
rPrP fibrils, incubation of HET-s(218–289)E265K fibrils with LIN5044
enhanced the levels of SDS-stable higher–molecular weight species
(fig. S11).Histological analyses of the brains ofmice treatedwith themost
efficient compound LIN5044 revealed an overall reduction in spon-
giosis, PrP deposition, and astrogliosis at the terminal stage of the dis-
ease, suggesting attenuation of the neurodegenerative process (fig. S12).

Therapeutic potency of LIN5044
To determine the upper limit of its therapeutic potential, lead com-
pound LIN5044 was administered intraventricularly or intraperitoneally
to prion-infectedmice that had progressed to the symptomatic phase of
the disease. The latter was determined by monitoring a cohort of non-
infected and prion-infected tga20 mice for motor performance using
rotarod assays. A significant decline in performance became evident at
48 dpi (fig. S13A). On the following day (49 dpi), prion-infected tga20
mice were randomly assigned to one of the following treatment arms:
LIN5044 (intracerebrally), vehicle (intracerebrally), LIN5044 (intraperi-
toneally) (400 mg in 100 ml of PBS, three times weekly), or vehicle (intra-
peritoneally). LIN5044, administered intracerebrally or intraperitoneally,
significantly prolonged survival (+21.8%, P = 0.0018 and +14.5%, P =
0.044, respectively; median survival of vehicle-treated mice, 66.5 days;
Fig. 4, A and B). Brain immunoblots from mice treated with LIN5044
revealed the presence of SDS-stable oligomers and slightly reduced PrPSc

(Fig. 4, C and D), whereas PrPC was not reduced (fig. S13, B and C).
The effectiveness of antiprion compounds is often limited to spe-

cific prion strains; compound B inhibits the propagation of RML but
not of 263K prions (13). We therefore asked whether LIN5044 would
be beneficial to tg81 mice overexpressing Syrian hamster Prnp (52)
infected with hamster-adapted 263K prions (53). Intraperitoneal ad-
ministration of LIN5044 starting at 20 dpi (400 mg in 100 ml, three times
weekly) delayed the progression to the end stage of the disease by
+13.1% over vehicle-treated controls (median, 69 days; P < 0.0003;
Fig. 4E). Western blots revealed reduced PrPSc levels and SDS-stable
oligomers (Fig. 4F). PrP levels were again not affected (fig. S13D).
Hence, treatment with LIN5044 is efficient also in tg81 mice infected
with 263K prions.

To explore the efficacy of lead compound LIN5044, we sacrificed a
cohort of tga20mice infectedwith 3.6-mg of RML6 brain homogenate in
30 ml intracerebrally, corresponding to 3 × 105 LD50 units, that had re-
ceived prophylactic LIN5044 or vehicle treatment. At 63 dpi, vehicle-
treatedmicewere approaching the terminal stage of the disease (median
survival at this dose of RML6 prion, 64 days). However, LIN5044-treated
mice lacked overt clinical signs and showed no discernible or strongly
reduced spongiosis and neuronal cell loss (Fig. 4G).

As a further model of prion propagation, we assessed the capacity
of brain homogenates to seed the fibrillation of rPrP in vitro. Brain
homogenates from RML6-infected, vehicle-treated mice (terminally
sick and sacrificed at 63 dpi; fig. S14, A and B) induced rPrP fibril for-
mation in all samples, whereas Prnp−/− brain homogenates did not
seed. However, the seeding capacity of brain homogenates from
LIN5044-treated mice sacrificed at 63 dpi was conspicuously depleted
(11% conversion), whereas brain homogenates from terminally sick
LIN5044-treated mice exhibited the same seeding potency as homo-
www.Scien
genates from terminally sick vehicle-treated mice (fig. S14, A and C).
These results imply that LIN5044 delays prion replication in vivo and
adds to the evidence that LIN5044 mitigates the disease by reducing
the efficiency of prion self-perpetuation.
DISCUSSION

Rational drug design requires detailed understanding of the interactions
between compounds and their targets. Because the structure of PrPSc is
unknown, such understanding was approximated with a variety of
structural and computational approaches. PrPSc is hypothesized to form
a b-helix fold (54), a spiral (55), or a parallel in-register b sheet (44, 46, 56),
with the latter model being supported by most experimental evidence
(45). The mutant fungal prion HET-s(218–289)E265K was selected as a
plausible structural proxy, because it represents the only available high-
resolution structure of a prion and its stacked lysine residues are ar-
ranged in a single-layer repeat amyloid as expected for PrPSc.

LCP binding to HET-s(218–289)E265K relies on electrostatic pivots
created by positively charged lysines, arranged with a periodicity of
4.8 Å along themajor axis of the amyloid fibrils, and similarly spaced
negative charges on the LCPs. Although each individual interaction
is weak, because of desolvation and entropic penalties, the repetitive na-
ture of both stacked lysines within the b sheet and thiophene moieties
results in cooperative, high-avidity binding.

We simulated in silico the binding of LCPs to a parallel in-register b
sheet model and correlated their computed binding energies to their
antiprion efficacy in vivo. Gratifyingly, the LCPs displaying the most
favorable binding energies were the therapeutically most effective
ones. Crucially, when the model was used to instruct the de novo de-
sign of additional LCPs, the estimated binding energies were predic-
tive of antiprion activity in vivo. Therefore, molecular dynamics
simulation of binding to fibrils allows for the design and optimization
of antiprion compounds.

The above results allowed us to extract a set of rules that predicted
the activity of LCPs. First, the backbonemust contain at least five thio-
phene or selenophene moieties, because two LCPs consisting of only
four thiophene moieties had no antiprion activity. A conjugated
backbone consisting of ≥5 thiophene moieties is also required to de-
tect other amyloids (31, 32), suggesting that it represents a minimal
generic anti-amyloid LCP pharmacophore. Second, therapeutic effica-
cy requires charged side groups, because carboxylic acids and acetic
acids (but not aldehydes or ketones) conferred effectiveness. Third,
compounds comprising five thiophene or selenophene rings are only
effective when bearing anionic side groups linked to the terminal thio-
phene rings. LIN5001 featured biterminal carboxyl residues, whose re-
moval, or replacement with aldehydes or ketones, greatly reduced its
efficacy. Similarly, the biterminally carboxylated LIN5050 was thera-
peutic, whereas the nonfunctionalized homolog (LIN5051) was in-
effective. The terminal carboxyl groups are also important for
differentiating Ab from tau aggregates by fluorescence spectroscopy
(30–32), suggesting that they contribute to the binding of many diverse
amyloids. Fourth, the periodicity of the anionic side groups controls the
antiprion properties, with the most effective pattern of regioregular
charges being≈5Å–10Å–5Å (as in LIN5044). In contrast, the sequence
≈10 Å–5 Å–10 Å (as in the LIN5044 isomer, LIN5001) led to reduced
activity. Parallel b sheets of amyloids are spaced 4.8 Å apart, suggesting
that LCPs form electrostatic bonds to complementary cationic side
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 8
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Fig. 4. Antiprion potency of lead
compound LIN5044. (A) Thera-

peutic administration of LIN5044
by continuous intracerebral (ic) in-
fusion starting at 49 dpi prolonged
the life of prion-infected tga20mice
(n = 8) by 21.8% over vehicle (n = 6;
P = 0.0018). Log-rank Mantel-Cox
test was used for survival analyses.
(B) Intraperitoneal injections of
LIN5044 (3 times perweek) also sig-
nificantly increased the survival of
RML6-infected tga20 mice (+14.5%;
n = 6) compared to vehicle (n = 4;
P = 0.044). (C) Western blot analysis
of brains from prion-infected tga20
mice treated by intracerebral infu-
sion of LIN5044 and vehicle-treated
controls. LIN5044-treated animals
showed a reduction in proteinase
K–resistant PrP. (D) Same as (C) for
RML6-infected tga20 mice treated
with intraperitoneal (ip) injections
of LIN5044 or vehicle. (E) Treatment
with LIN5044 extended the survival
of mice expressing hamster prion
protein (tg81) and infected with a
263K prion strain (n = 9; +13.1%; P =
0.0003) compared to vehicle treat-
ment (n = 5). (F) Western blot analy-
sis of proteinase K–digested samples
from brain homogenates of 263K-
inoculated tg81 mice treated with
LIN5044 intraperitoneally (eight
representative samples) compared
to four representative samples from
vehicle-treated controls. (G) Histo-
pathological analysis of brain sections
from RML6-infected tga20mice pro-
phylactically treated with vehicle
or LIN5044 and sacrificed at 63 dpi.
Neuronal cell loss, spongiformchanges
[hematoxylin and eosin (H&E)], and
astrocyte reactivity [glial fibrillary
acidic protein (GFAP)] in CA1 of the
hippocampus were consistently de-
tected in vehicle-treated mice but
were strongly reduced or absent in
LIN5044-treated mice. Non-infected
tga20mice did not showany changes
in brain tissue. Scale bars, 200 mm,
20 mm, and 50 mm.
www.ScienceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 9



R E S EARCH ART I C L E

on
 A

ug
us

t 2
7,

 2
01

5
D

ow
nl

oa
de

d 
fr

om
 

chains of amyloids. We verified this conjecture here experimentally for
LIN5001 complexed toHET-s(218–289). Additionally, the regioregular-
ity of the carboxyl groups influences the efficacy of LCPs, likely because
of the structural constraints imposed by the b sheet stacks. Accordingly,
the asymmetric LIN5043 was ineffective despite its pentathiophene
backbone and biterminal carboxyl groups.

PrPSc can appear as SDS-stable dimeric species (57). LCP treatment
in vivo was associated with the enhanced appearance of proteinase K–
resistant PrPSc and SDS-stable high–molecular weight PrP oligomers,
similar to co-incubation of LCPs with brain homogenates of prion-
infected mice (Fig. 3I) (33). Furthermore, molecular dynamics simula-
tions indicate that octameric b sheets acquired an enhanced structural
stability upon binding to LIN5001. These findings support the conjec-
ture that LCPs hyperstabilize PrP oligomers, thereby inhibiting the pos-
itive feedback loop in protein aggregation that generates new propagons
through fragmentation or secondary nucleation (33). LCPs predicted to
bind strongly by molecular dynamics simulations (LIN5044, LIN5045,
and LIN7004) not only were themost efficient therapeutic molecules
in vivo, but also resulted in reduced PrPSc load and also in reduced
numbers of PrP aggregates as measured by the misfolded protein assay.
Reduced PrP deposition was confirmed by immunohistochemistry in
brainstems ofmice treatedwith LIN5044 andwas associatedwith a con-
spicuous reduction in vacuolation and astrocytosis. In summary, (i)
LCP treatment led to the appearance of protease- and SDS-resistant
PrP oligomers, (ii) LCP treatment with the most active compounds
reduced the amount of proteinase K–resistant PrPSc, (iii) molecular
dynamics simulations suggested stabilization of oligomers, (iv) the mis-
folded protein assay highlighted a drastic reduction in PrP aggregates,
(v) PrP deposition in histological sections was reduced, (vi) gradient
ultracentrifugation showed reduced higher–molecular weight species,
and (vii) seeding activity in vitro was reduced.

Fibril stabilization, and therefore reduced frangibility, might not be
the only possible mode of action. The reduced seeding efficiency could
also be due to slower nucleation, slower elongation, or inhibition of
secondary nucleation. However, on the basis of the structural analyses,
we deem it plausible that therapeutically efficacious LCPs bind and hy-
perstabilize small PrPSc propagons, thereby reducing their infectivity.
Furthermore, the increased survival of LIN5044-treated mice even
when administered to preterminally scrapie-sick mice suggests that
LCPs may attenuate PrPSc toxicity. Because the latter cannot be directly
quantified, this possibility must remain open. The findings described
above validate the use of LCPs as candidate antiprion agents. LIN5044
was effective not only for prophylaxis but also during the symptomatic
phase of the disease and, crucially, was active even after systemic admin-
istration, suggesting favorable pharmacodynamics/pharmacokinetics
and brain penetration. Reassuringly, none of the monodisperse LCPs
induced acute toxicity. The toxic heterodisperse LIN1001 was synthe-
sized by random oxidative polymerization with FeCl3, and its toxicity
may be related to residual iron contaminants.

Strain selectivity often limits the practical usefulness of antiprion
compounds (13, 14). However, LIN5044 was efficacious against both
RML and 263K prions when administered to mice expressing mouse
or hamster PrPC (52), raising hopes that LCPs may generically target
multiple strains and perhaps even PRNP mutants.

There are some limitations to our study. HET-s is the only prion for
which an atomic resolution structure was obtained. Several models for
mammalian prions have been proposed, but no consensus has emerged
yet, and there is no experimentally verified high-resolution structure.
www.Science
BecauseHET-s and PrPSc are very differentmolecules, onemaywonder
whether any HET-s–based rules for constructing LCP-based pharma-
cophores would be valid for PrPSc. In the instances explored here, the
rules derived from the HET-s model predicted the biological activity of
LCPs againstmammalian prions.However, because this correlationwas
empirically derived, it may not retain validity for the entire chemical
space of polythiophenes. Conversely, any deviations of future LCPs
from the SAR relationships enunciated above may help in deriving
structural information on the composition of mammalian prions.

Another potential limitation relates to the potential generalization
of the above SAR rules to amyloids other than prions. Such generaliza-
tion posits the existence of a common structural motif on the surface of
chemically diverse amyloids. Because high-resolution structures are
unavailable for most amyloids, it is currently impossible to test this as-
sumption directly. Notwithstanding these limitations, our molecular
dynamics simulations using octamers of the Ab10–20 peptide segment
suggest the existence of a periodically repeated LIN7001 binding site
consisting of regularly spaced cationic residues (KLVFF) in a parallel
in-registerb sheet, similar to PrP andHET-s.Hence, the SARdescribed
heremay be applicable to additional amyloids. This presumption, how-
ever, is currently speculative and may be superseded in the future, as
the structural models of amyloids become refined.

In Alzheimer’s disease, antibodies against Ab can impressively re-
duce the plaque load in bothmice (58, 59) and humans (60, 61) but have
not yet been proven clinically efficacious (62, 63), possibly because large
amyloid plaques are less relevant to disease progression than smaller
aggregates. Accordingly, the amount and density of Ab plaques corre-
late poorly with disease severity (64), whereas Ab dimers from human
brains are highly neurotoxic (65). In view of these findings, the prefer-
ential targeting of oligomers by LCPs may represent a therapeutic ad-
vantage. In conclusion, an iterative cycle of chemical synthesis, in vivo
studies, solid-state NMR, and molecular dynamics simulations has iden-
tified LCPs as promising antiprion compounds (fig. S15). This cycle
may be used for the discovery and optimization of further compounds
with improved properties, thereby expanding the toolbox of therapeutic
interventions against prion diseases and other proteinopathies.
MATERIALS AND METHODS

Study design
The purpose of this study was to evaluate the therapeutic potential of
LCPs in amousemodel of prion disease (fig. S15).We selected themost
efficient compound and chemicallymodified the backbone and the side
chain to define the structure needed for therapeutic activity. Further,
LCPs binding to the fungal HET-s model fibrils were obtained using
solid-state NMR. We then performed molecular dynamics to calculate
the free binding energies of newly designed LCPs tomodel fibrils. Final-
ly, LCPs with high and low free binding energies were tested for their
therapeutic efficiency in prion-infected mice, and a compound with
enhanced prophylactic and therapeutic properties was found. The ex-
periment was performedwith age- and sex-matched randomly assigned
mice, blinded to the experimenters. Mice were sacrificed at the terminal
stage of the disease.

Mice and prion inoculations
Wild-type CD1 and PrP-overexpressing mice [tga20 (35)] were inocu-
lated into the left hemisphere with 30 ml of RML6 brain homogenate.
TranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 10



R E S EARCH ART I C L E

on
 A

ug
us

t 2
7,

 2
01

5
D

ow
nl

oa
de

d 
fr

om
 

The concentration was 0.001 and 0.1%, corresponding to 3 × 103 and
3 × 105 LD50 (0.036 and 3.6 mg of total brain homogenate, respectively).
Mice overexpressing hamster PrPC (tg81) (52) were injected in the left
hemisphere with 30 ml of 263K (53) at a concentration of 0.1%. Mice
were monitored in the presymptomatic phase every second day and
in the clinical phase, on a daily basis. Scrapie was diagnosed according
to clinical criteria including ataxia, kyphosis, tail rigidity, and hind leg
paralysis. Mice were sacrificed at the terminal stage of the disease. All
operated mice were kept in single cages and maintained under highly
hygienic conditions.Mouse experimentswere performed under licenses
130/2008, 41/2012, and 90/2013, and according to the regulations of the
Veterinary Office of the Canton Zürich.

Organs for further study were taken as follows: the left sagittal half
of the brain was fixed in 2% paraformaldehyde for immunohisto-
chemistry. The cerebellum and the forebrain were separated from
the other half of the brain. The remaining forebrain and cerebellar tis-
sues were snap-frozen and stored for further biochemical analysis.

Rotarod assay
To assess the initial clinical signs in prion-infected mice in an observer-
independent manner, rotarod measurements that assess motor coordi-
nation and balancewere performed. For the habituation phase, themice
were placed on the rotating drum (4 rpm) for three sessions, lasting
1min eachwith 10min between each session.After an interval of 15min,
the test phasewas started that consisted of four trials separated by 15-min
intervals. Each session lasted up to 300 s, whereas the rod accelerated
from5 to 40 rpm. Latency to fall was determined as the time pointwhen
the mouse was no longer able to run on the accelerating rod and either
slipped from the drum or passively rotated with the rod. The experi-
menter was blinded to the treatment of the mice. The sessions were al-
ways performed at the same time of the day (10:00 a.m. to 12:00 p.m.).

Synthesis of LCPs
The syntheses of LIN1001, LIN4003, LIN5001, LIN5002, LIN 5043,
LIN5050, LIN5050, LIN7001, and LIN7002 have been described previ-
ously (30–32, 66). The syntheses of LIN4027, LIN5029, LIN5032,
LIN5043, LIN5044, LIN5045, and LIN7004 are described in detail below.

General procedures. NMR spectra were recorded on a Varian 300
instrument or a Varian 500 instrument (Varian Inc.) operating at 300
or 500MHz for 1Hand75.4 or 125MHz for 13C, using the residual solvent
signal as reference. Infrared (IR) spectra were acquired on a PerkinElmer
Spectrum 1000 using KBr pellets. Chemicals and solvents were obtained
from commercial sources and used as received. Thin-layer chromatogra-
phy was carried out on Merck precoated 60 F254 plates using ultraviolet
light (l = 254 and 366 nm) and charring with ethanol/sulfuric acid/p-
anisaldehyde/acetic acid 90:3:2:1 for visualization. Column chromatog-
raphy was carried out on silica gel Merck 60 (40 to 63 mm).

General procedure for Suzuki coupling. PEPPSI-IPr (5 mol %) was
added to a mixture of the bromothiophene/selenophene derivatives
(1 to 2 equiv), K2CO3 (3 equiv per bromine), the desired boronic acid
or pinacol esters (1 to 2 equiv per bromine) in 1,4-dioxane/methanol
(8:2, 8 ml/mmol, degassed). The mixture was heated to 70°C for 20 min,
cooled to room temperature, adjusted to pH 4 by 1 M HCl, extracted
with dichloromethane (DCM) (3× 30ml/mmol), andwashedwithwater
(3× 30 ml/mmol) and brine (30 ml). The combined organic phases were
dried overMgSO4, and the crude product was either subjected to column
chromatography or treated with appropriate solvent to give desired
products.
www.Science
General procedure for bromination. A solution ofN-bromosuccinimide
(1 or 2 equiv) inN,N′-dimethylformamide (DMF) (3ml/mmol)was added
dropwise to the desired thiophene derivative in DMF (2ml/mmol) at
0°C. The mixture was allowed to reach room temperature overnight
for 16 hours. Water was added, and the product was extracted with
DCM (3× 30 ml/mmol). The combined organic phases were washed
with water (3 × 30 ml/mmol), then brine (30 ml), dried over MgSO4,
and the solvent was evaporated under reduced pressure.

General procedure for hydrolysis ofmethyl esters. NaOH(1M, 1.5 equiv
per ester) was added to a solution of the oligothiophene/selenophene
in 1,4-dioxane/H2O (4:1, 7 ml/mmol) and heated to 60°C. The solution
was stirred until precipitation, whereupon water was added and the
solution was lyophilized.

LIN5044
Compound 4was synthesized as reported (67). Themethyl ester pro-
tected product 7 was synthesized from compounds 4 and 6 (Sigma-
Aldrich) according to the general procedure for Suzuki coupling (fig.
S16A). By applying the general procedure for hydrolysis of methyl
esters, LIN5044 was rendered as a red solid.

IR (neat) 1572, 1453, 1391, 1379, 1319, 1255, 984, 881, 826, 801,
784, 772 cm−1. 1H NMR (500 MHz, D2O) d 7.45 (d, J = 3.6 Hz, 1H),
7.15 (s, 1H), 7.06 (d, J= 3.6Hz, 1H), 7.04 (s, 1H), 3.64 (s, 2H). 13CNMR
(126 MHz, D2O) d 179.2, 169.6, 140.0, 139.7, 135.5, 135.1, 134.8, 131.3,
130.8, 128.1, 125.8, 124.7, 38.1.

LIN7004
Compounds 4 and 8 were synthesized as reported (67). The methyl
ester protected product 9 was synthesized from compounds 4 and 8
according to the general procedure for Suzuki coupling (fig. S16A). By
applying the general procedure for hydrolysis of methyl esters,
LIN7004 was rendered as a red solid.

IR (neat) 1558, 1457, 1431, 1379, 1267, 986, 906, 879, 802, 773 cm−1. 1H
NMR(500MHz,D2O)d 7.41 (d, J=3.4Hz, 1H), 7.31 (s, 1H), 7.01 (m,2H),
3.63 (s, 2H). 13CNMR (126MHz, D2O) d 179.1, 169.5, 141.9, 139.7, 139.6,
137.0, 135.0, 134.8, 131.5, 131.1, 130.9, 128.9, 127.8, 125.6, 38.3.

LIN4027
Compound 11was synthesized as reported previously (68). Themethyl
ester protected product 12 was synthesized from compounds 10
(Sigma-Aldrich) and 11 according to the general procedure for Suzuki
coupling (fig. S16B). By applying the general procedure for hydrolysis of
methyl esters, LIN4027 was rendered as a red solid.

IR (neat) 1576, 1405, 1351, 1282, 981, 881, 822, 794, 777 cm−1. 1H
NMR (500 MHz, D2O) d 7.96 (d, J = 16.1 Hz, 1H), 7.36 (s, 1H), 7.20 to
7.04 (m, 2H), 6.28 (d, J = 16.1 Hz, 1H). 13C NMR (126 MHz, D2O) d
175.8, 169.3, 139.6, 137.8, 137.6, 136.4, 135.2, 133.6, 126.3, 125.9, 124.9,
122.6.

LIN5045
Compounds 13 and 14were synthesized as reported (67), and dimer 15
was synthesized from compounds 13 and 14 according to the general
procedure for Suzuki coupling (fig. S16C). Compound16was generated
from compound 15 by the general procedure for bromination. The
methyl ester protected product 17 was synthesized from compounds
6 (purchased) and 16 according to the general procedure for Suzuki
coupling. By applying the general procedure hydrolysis ofmethyl esters,
LIN5045 was rendered as a red solid.
TranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 11
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IR (neat) 1576, 1389, 1281, 1155, 986, 918, 880, 833, 789 cm−1. 1H
NMR (500 MHz, D2O) d 7.23 (s, 1H), 7.18 (s, 1H), 7.09 (d, J = 3.6 Hz,
1H), 6.94 (d, J = 3.6 Hz, 1H), 3.75 (s, 2H), 3.68 (s, 2H).13C NMR (126
MHz,D2O) d 179.4, 179.0, 139.2, 135.2, 134.0, 133.6, 133.5, 131.5, 130.1,
127.8, 126.8, 125.4, 124.5, 38.5, 38.0.

LIN5029
Themethyl ester protected productwas synthesized fromdibrominated
thiophene trimer 18 (30, 31) using compound 19 (Sigma-Aldrich)
according to the general procedure for Suzuki coupling (fig. S16D).
During workup, the methyl ester protected product precipitated and
was washed thoroughly with warm dioxane and added to a solution
of dioxane/NaOH (1M, aqueous), then heated at 75°C until everything
dissolved. Acidification byHCl (1M, aqueous) resulted in precipitation
of the deprotected neutral product, which was washed with water and
dried and dissolved in NaOH (1.5 equiv per carboxylic acid) to give
LIN5029 (1.05 g, 83%) as a red solid.

1H NMR [300 MHz, dimethyl sulfoxide (DMSO)–d6] d 7.85 (d, J =
4.0Hz, 2H), 7.46 (s, 2H), 7.40 (d, J=4.0Hz, 2H), 7.30 (s, 2H), 3.75 (s, 4H),
2.49 (s, 6H); 13CNMR (75MHz, DMSO-d6) d 190.3, 171.4, 143.4, 142.4,
135.1, 134.6, 133.4, 133.3, 132.3, 130.3, 127.7, 125.3, 34.7, 26.3.

Compound 21
The methyl ester protected compound 21 was first synthesized from
dibrominated thiophene trimer 18 (30, 31) using compound 20
(Sigma-Aldrich) according to the general procedure for Suzuki coupling
(fig. S16E). Purification by flash column chromatography (toluene/ethyl
acetate, 6:1) and subsequent recrystallization from methylene chloride
and methanol gave 21 (0.84 g, 75%) as a red solid.

1H NMR (300 MHz, DMSO-d6) d 9.90 (s, 2H), 8.00 (d, J = 3.9 Hz,
2H), 7.57 (s, 2H), 7.56 (d, J = 4.0Hz, 2H), 7.36 (s, 2H), 3.90 (s, 4H), 3.68
(s, 6H); 13C NMR (75 MHz, DMSO-d6) d 183.9, 170.4, 144.3, 141.7,
139.2, 134.6, 133.4, 133.1, 132.6, 130.8, 128.1, 125.7, 52.1, 34.1.

LIN5032
Compound 21 (0.50 g, 0.816 mmol) was dissolved in dioxane (5 ml),
and NaOH (1 M, aqueous, 2.45 ml) was added. The solution was
stirred until precipitation, whereupon water (5 ml) was added and
the solution was lyophilized to quantitatively render LIN5032 as a
red solid.

1H NMR (300 MHz, DMSO-d6) d 9.88 (s, 2H), 7.97 (d, J = 3.9 Hz,
2H), 7.54 (s, 2H), 7.51 (d, J = 4.0 Hz, 2H), 7.36 (s, 2H), 3.75 (s, 4H); 13C
NMR (75 MHz, DMSO-d6) d 35.4, 125.4, 127.7, 131.1, 132.8, 134.1,
134.7, 139.1, 141.4, 144.6, 171.6, 183.7.

Preparation of LCP stock solutions
The synthesis of the different LCPs has been described elsewhere (66).
Stock solutions of lyophilized LCPs were prepared at a concentration of
4 mg/ml in PBS and stored at 4°C, protected from light.

Treatment of mice with LCPs
For the intracerebral treatment series, an osmotic pump (ALZETModel
2006; 0.15 ml/hour) was filled 48 hours before surgery with a stock sol-
ution (4mg/ml) of the compounds or PBS as control and kept in PBS at
37°C or PBS as control. CD1 and tga20 mice were anesthetized with
isoflurane and placed in a motorized stereotaxic frame controlled by
a software with a 3D brain map (NeuroStar), allowing for real-time
monitoring of intraventricular infusion cannula (Alzet Brain Infusion
www.Science
Kit 3) placement. The skull was exposed by cutting along the mid-
line, a small hole was drilled using a surgical drill, and a cannula was
placed at the following coordinates from bregma: anteroposterior,
−0.22 mm;mediolateral, 0.9 mm; and dorsoventral, 2.5 mm. The can-
nula, connected through a tube with the osmotic pump embedded in
the subcutaneous tissue of the mice, was fixed to the skull with glue
(AdheSE One F VivaPen Refill and Heraeus Kulzer Flowline). During
and 12 hours after intervention, mice were treated with subcutaneous
injections of Temgesic (Buprenorphin; 0.1 mg/kg), Finadyne (Flunixin;
5 mg/kg), and glucose 5% (20 ml/kg) to alleviate postoperative com-
plications. At the first postoperative day, mice received Finadyne
(2.5 mg/kg, two times per day) subcutaneously. Drinking water was
supplemented with 2 ml of Borgal (trimethoprim/sulfadoxine) 24%
and 30 g of sugar per liter for 1 week after surgery. The pump change
was performed at 42 days after implantation. After skin incision, the
old pump was replaced by a new one. Apart from the first LCP mix
series, where only one pump change was performed, the pumps were
changed every 42 days until the mice were terminal.

Prophylactic treatment was started 7 days before intracerebral
injection of RML6 prions. LCP mix–treated tga20 and CD1 mice in
the first set of experiments were inoculated intracerebrally with
RML6 prions (36 pg of total brain homogenate in 30 ml, corresponding
to 3 × 103 LD50 units). For all the other experiments, we used a 100-
times higher RML6-prion titer corresponding to 3 × 105 LD50 units
(3.6 mg of total brain homogenate in 30 ml).

For the therapeutic LIN5044 experiments, the prion-infected tga20
mice were randomly assigned to one of the following treatment arms:
LIN5044 intraventricularly (3.3 mg/kg per week), vehicle intracerebrally,
LIN5044 intraperitoneally (400 mg in 100 ml of PBS, three times weekly),
or vehicle intraperitoneally.

Preparation of mouse brain homogenates
Brain homogenates of RML6-infected or non-infected tga20mice were
prepared in 0.32 M sucrose in PBS at a concentration of 20% (w/v) by
two runs in a Precellys tissue homogenizer with cooling on ice between
each run. Protein concentrations of RML6 or CD1 brain homogenates
were determined by the bicinchoninic acid assay (Pierce).

Western blot analyses
PrPSc was detected by limited proteolysis with proteinase K (Roche)
and analyzed by Western blotting. Samples were adjusted to 20 mg of
protein in 20 ml and digestedwith proteinase K (25 mg/ml) in digestion
buffer [0.5% (w/v) sodium deoxycholate and 0.5% (v/v) NP-40 in
PBS] for 30 min at 37°C on the thermoshaker. These conditions
allowed for the specific detection of PrPSc. Proteinase K digestion
was terminated by adding 7 ml of 4× loading buffer (NuPAGE, Invi-
trogen) and boiling samples at 95°C for 5 min. Ten microliters of the
samples was separated on a 12% bis-tris SDS polyacrylamide gel
(NuPAGE, Invitrogen) and blotted onto a nitrocellulose membrane.
Membranes were blocked for 1 hour at room temperature with 5%
(w/v) Top-Block (Fluka) in tris-buffered saline supplemented with
Tween 20 [150 mM NaCl, 10 mM tris-HCl, 0.05% Tween 20 (v/v)]
and incubatedwithPOM1mouse immunoglobulinG1 (IgG1) antibody
to PrPC (anti-PrPC) (200 ng/ml) as primary antibody. Horseradish
peroxidase–conjugated rabbit anti–mouse IgG1 (1:10,000; Zymed)
was used as a secondary antibody. The blots were developed using
SuperSignal West Pico chemiluminescent substrate (Pierce) and de-
tected in a LAS3000 system (Fuji).
TranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 12
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Atomistic simulations
We devised a minimal model of an LCP binding site on a prion fibril
that, despite its simplicity, captures themain interactions at the atomic
level of detail. The model consisted of eight 3-residue peptides (S-A-K)
arranged in a parallel in-register b sheet. The initial coordinates were
derived from the HET-s NMR structure (PDB code 2LBU), in which
the docked Congo red lies within a groove that is perpendicular to
the solenoid b sheet (48). The groove originates from parallel b
strands of alternating S227-A228-K229 and S263-V264-E265 segments
where the backbone atoms of the central residues (that is, A228 and
V264) form the floor of the groove and the side chains of residues S227/
S263 and K229/E265 represent the walls. To generate the initial parallel
in-register b sheet arrangement of eight S-A-K peptides, residues V264

and E265 were mutated into Ala and Lys, respectively, using visual mo-
lecular dynamics (51). The peptide termini were neutralized, whereas
the Lys side chains were considered charged. The LCPs were docked
manually according to the bindingmode ofCongo red, that is, with each
carboxylate group of the LCPs pointing toward the nearest Lys side
chain nitrogen.

The structure of the parallel in-register b sheet (consisting of eight
S-A-K peptides or other tripeptides) in the complex with themanually
docked LCP was immersed in a cubic box of pre-equilibrated water
molecules. The size of the box was chosen to have a minimal distance
of 10 Å between the boundary and any atom of the protein. Water
molecules within 2.4 Å of any heavy atom of the peptide or LCPs were
removed. Sodium and chloride ions were added to compensate for the
total charge of the b sheet–LCP system and to obtain a final ion con-
centration of 150 mM. All molecular dynamics simulations were
carried out with GROMACS (69) using the CHARMM22 force field
(70, 71) and the TIP3Pmodel of water (71) (note that the CHARMM36
force field was not yet available when this project was started). The pa-
rameters of LCP were determined according to the general CHARMM
force field (72, 73).

Periodic boundary conditions were applied, and electrostatic inter-
actions were evaluated using the particle mesh Ewald summation
method (74, 75). The van der Waals interactions were truncated at a
cutoff of 10 Å. The temperature during themolecular dynamics simu-
lations was kept constant (310 K) by the v-rescale algorithm (75), and
the pressure was kept at 1 atm by the Berendsen algorithm (76). The
linear constraint solver algorithm (77) was used to fix the covalent
bonds involving hydrogen atoms, which afforded a time step of 2 fs.

The free energy profiles were calculated by the umbrella sampling
protocol (78) as implemented in GROMACS. The non-hydrogen
atoms of the peptides were restrained to the initial octameric b sheet
structure with a harmonic potential of 10,000 kJmol−1 nm−2. First, the
LCP was pulled at a rate of 5 nm ns−1 of the binding groove along the
direction spanned by the center of mass of the octameric b sheet and
the center of mass of the LCP. The umbrella sampling protocol con-
sisted of a series of simulations along the unbinding pathway with a win-
dow size of 0.05 nm using a harmonic potential of 3000 kJ mol−1 nm−2

applied at the center of mass of the LCPs. The free energy profile over
the reaction coordinate was constructed using the weighted histogram
analysis method (79).

Misfolded protein assay
Aggregated PrP was assessed by using the misfolded protein assay
(33, 36–38). Sixty micrograms of total protein [brain homogenate pre-
pared as 1% (w/v) in 0.32 M sucrose in PBS] from brain homogenates
www.Science
in 60 ml of TBSTT [50 mM tris-HCl (pH 7.5)/137 mMNaCl/1% Tween
20/1% Triton X-100] was diluted 100-fold in TBSTT. One hundred
microliters was then subjected to precipitation using magnetic beads
coupled to the peptoid PSR1 (36) for 1 hour at 37°C under permanent
agitation (750 rpm). Beadswerewashed anddenaturedwith 0.1NNaOH
(pH 12.3). After neutralization [0.3MNaH2PO4 (pH 4.3)], samples were
placedonamagnet, and the supernatantwas transferred to POM19 (80)–
coated enzyme-linked immunosorbent assay plates. After incubation
(1 hour at 37°C, 300 rpm), plateswerewashed, and alkaline phosphatase–
conjugated POM2 (80) was added. After incubation with substrate [100 ml
of Lumi-Phos Plus substrate (Lumigen)], plates were read in a lumino-
metry reader (Luminoskan Ascent; Thermo Fisher Scientific).

In vitro binding assay
The expression and purification of recombinantmouse rPrP (residues
23 to 231) were performed as described (81–83). rPrP fibrils were
prepared by incubating the protein in 50 mM tris-HCl, 1 M GdnHCl,
and 150 mM sodium chloride (pH 7.5) for 48 hours at 37°C and
shaking at 600 rpm (84). The concentration of rPrP fibrils was based
on the concentration of the monomeric rPrP. After fibrillation, the
absence of nonfibrillated rPrP was determined by measuring the con-
centration of rPrP in the supernatant. Fibrils were washed three times
with 50 mM tris-HCl (pH 7.5), and LCP binding to the fibrils was in-
vestigated by mixing increasing amounts of the various LCPs ranging
from 0 to 1000 nMwith rPrP fibrils of a final concentration of 5 mM in
50mM tris-HCl (pH 7.5). Binding of the LCPs was thenmonitored by
fluorescence emission at a fixed wavelength while scanning the exci-
tation spectra of the LCPs between 360 and 520 nm using the
Paradigm SpectraMax Plate Reader (Corning 96-well half area black
flat bottom plates). The fixed emission wavelengths used for the dif-
ferent LCPs were 545 nm for LIN5001, LIN7002, and LIN5029, and
540 nm for all other LCPs. The ratio of the maximum excitation in-
tensities (Excmax) for bound and unbound LCPs were calculated and
normalized. The Excmax values for bound LCPs were between 460 and
470 nm, except for LIN4027 and LIN4003, whichwere 435 and 410 nm,
respectively. For unbound LCPs, Excmax values between 370 and 390 nm
were used for the different LCPs, except for LIN7001 and LIN7004,
where 415 and 425 nm, respectively, were used. For better distinction be-
tween the values of unboundandboundLIN5043, LIN5044, andLIN4045,
the less well-pronounced Excmax at 385 and 390 nm, respectively, of the
unbound LCPs were used as unbound Excmax values. Data were then
fitted with a hyperbola function in GraphPad to obtain the apparent
Kd values. Measurements were performed in triplicates.

Resistance of rPrP fibrils to proteolysis in the
presence of LIN5044
rPrP fibrils were prepared as described above, washed with 50mM tris-
HCl (pH 7.4), and incubated in the absence and presence of 50 mM
LIN5044 at 37°C for 60 min on a thermoshaker at 900 rpm. Forty mi-
croliters of nontreated and LIN5044-treated fibrils with a concentration
of 0.1 mg/ml was incubated with 0.4 M GdmHCl for 1 hour at room
temperature. Fibrils were diluted with 360 ml of 10 mM tris-HCl (pH
8.0), 150 mMNaCl, 0.5% NP-40, and 0.5% deoxycholate, and digested
with proteinase K (0.05 mg/ml) for 60 min at 37°C. Proteinase K diges-
tion was terminated by adding phenylmethylsulfonyl fluoride at a final
concentration of 1.5 mM. Proteins were precipitated with four volumes
of ice-cold acetone overnight and centrifuged at 16,000g for 1 hour.
Forty microliters of lauryl dodecyl sulfate loading buffer diluted in
TranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 13
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PBSwas added. Samples were boiled at 95°C for 5min before loading
on anSDS–polyacrylamide gel electrophoresis (SDS-PAGE) (NuPAGE,
Invitrogen). Eighteen microliters of proteinase K–digested fibrils and
5 ml of undigested fibrils were loaded onto each lane. Samples were
then analyzed by Western blotting.

Histological analysis
Formalin-fixed tissues were treated with concentrated formic acid
for 60 min to inactivate prion infectivity. Postfixation in formalin was
performed, and tissues were embedded in paraffin. Paraffin sections
(2 mm) of brains were stained with H&E. Antibodies against GFAP
(astrocyte-specific, 1:300; Dako) were applied and visualized using stan-
dardmethods.After deparaffinization, sectionswere incubated for 6min in
98% formic acid and washed in distilled water for 30min. Sections were
then heated to 100°C in a steamer in citrate buffer (pH 6.0) for 3 min
and allowed to cool down to room temperature. Sections were incubated
in Ventana buffer, and stains were performed on a NEXEX immuno-
histochemistry robot (Ventana Instruments) using an iVIEWDABDe-
tection Kit (Ventana). After incubation with protease 1 (Ventana)
for 16 min, sections were incubated with anti-PrP SAF-84 (SPI-Bio,
A03208, 1:200) for 32min. Sectionswere counterstainedwithhematoxylin.

NMR sample preparation
Uniformly labeled [15N and 13C] and perdeuterated [2D, 15N, and 13C]
HET-s(218–289)E265K protein as well as wild-type HET-s(218–289)
were recombinantly expressed, and fibrils were prepared as described
previously (48, 85). NMR samples were prepared by staining fibrillized
protein with a fivefold molar excess of LIN5001 in deionized water
overnight and gently mixing at room temperature. Unbound dye was
subsequentlywashed off by 10 cycles of centrifugation and resuspension
in 10 ml of 50 mM tris-HCl (pH 7.4) (protonated samples for CSP) or
pureD2O (perdeuterated samples for PT). The supernatant after the last
centrifugation was nearly colorless. Samples for CSP measurements
were finally suspended using 50 mM tris-HCl buffer (pH 7.4) or
D2O, respectively. A reference sample without LCP was prepared from
each batch of protein and treated identically at all times.

NMR measurements
NMR spectra for CSP/PTwere recorded at sample temperatures of 5° to
10°C on Bruker Avance II+/Avance III 600/850 spectrometers operating
at static magnetic fields of 14.1/20.0 T using a Bruker 3.2-mm triple-
resonance probe spinning at 13/19 kHz, respectively. PDSD spectra with
50-ms mixing time were recorded with an initial cross-polarization step
of 0.5mswith radio frequency fields of 92 kHz onprotons and 81 kHz on
carbons. The maximal acquisition times were 13 ms in the indirect and
16 ms in the direct dimension. PT spectra used dipolar recoupling
enhanced by amplitudemodulation (DREAM)mixing andwere recorded
with an initial cross-polarization step of 9.0 ms, optimized for the long-
distance transfer from the LCP protons to the protein 13C spin, with radio
frequency fields of 86 kHz on protons and 70 kHz on carbons, and 4-ms
DREAM mixing time. The maximal acquisition times were 5 ms in the
indirect and 15 ms in the direct dimension. The total measurement times
were 1 day for the PDSD spectra and 2.5 days for the PT spectra. Process-
ing and analysis of the spectra were performed as described in (48).

Model building
Docking was performed in HADDOCK (49) as described (48). The
E265K point-mutated fibril of HET-s(218–289) was generated from
www.Science
PDB 2RNM using PyMOL (the PyMOL Molecular Graphics System,
version 1.2r3pre; Schrödinger, LLC) (http://pymol.sourceforge.net/
faq.html). PT and CSP data were translated into unambiguous 4.0-Å
upper distance restraints between aliphatic atoms in the core region
of the protein and any atom of LIN5001 (table S2). For the terminal
lysine side-chain atoms (CD and CE) that displayed the strongest CSPs,
these limits were reduced to 3.0 Å and implemented explicitly to the
carboxyl atoms of LIN5001 identified in the initial docking, namely,
K229/K229/K265/K265. It should, however, be noted that the carboxyl
residue of LIN5001 can electrostatically interact with two adjacent ly-
sines (K229 and K265) simultaneously. A 10 Å/10 Å/10 Å pattern as it
exists on wild-type HET-s cannot be fulfilled by LIN5001. One thou-
sand structures were calculated using rigid-body docking, the best
200 were chosen for semiflexible docking and subsequent explicit sol-
vent refinement. The docking converged to a single cluster. The
complexes were favorable in terms of van derWaals electrostatic energy
(−90.1 ± 18.4 kcal/mol) and buried surface area (779.2 ± 23 Å2).

Seeding fibril conversion assay
Natively folded His-tagged rPrP (mouse PrP23-230) was purified as
previously described (86), and a final concentration of 5 mMPrP in buf-
fer F [50mMphosphate (pH7.4), 100mMNaCl, 50mMKCl]was used
for all experiments. Brain homogenates from experimental animals and
Prnp−/− animals (87) were prepared as previously described forWestern
blots. The following sample groupswere selected for the conversion assay:
vehicle-treated sacrificed at 63days (n=3) andat the terminal stage (n=2),
LIN5044-treated sacrificed at 63 days (n = 3) and at the terminal stage
(n=2), LIN5043-treated at the terminal stage (n=2), andLIN5001-treated
at the terminal stage (n=2).Brainhomogenate fromapool ofPrnp−/−mice
was used as negative control. The homogenates were diluted to 0.1% in
buffer F, vortexed, and supplemented to experimental reactions at a final
concentration of 0.01%. ThTwas added to the sample at a final concen-
tration of 2 mM. Fibrillation kinetics wasmonitored using a Tecan Safire2

plate reader (88). In brief, 100 ml of samples was linearly shaken at 37°C,
and ThT intensity at 480 nm (excitation, 440 nm) was monitored every
15min during the time course of the experiment (96 hours). All samples
were run in six replicates. Fibril conversion was defined by a ThT flu-
orescence threshold reaching >1000 arbitrary fluorescence intensity
units, whichwas twice the intensity compared to initial conditions. Final
fluorescence intensitywas 10,000± 5000 for converted samples and 700±
300 for nonconverted samples after 96 hours.

Density gradient centrifugation
A total amount of 400 mg of mouse brain homogenates was solubi-
lized by adding 200 ml of solubilization buffer [50 mMHepes (pH 7.4),
300mMNaCl, 10mMEDTA, 2mMdithiothreitol (DTT), 4% (wt/ vol)
dodecyl-b-D-maltoside (Sigma)] and incubated for 45 min on ice. Next,
200-ml of sarkosyl (N-lauryl sarcosine; Fluka) was added to a final con-
centration of 2% (w/v), and the incubation continued for a further 30min
on ice. Four hundred microliters of the samples was loaded on a 3.6-ml
continuous 5 to 20% (OptiPrep, Sigma), with a final concentration of
25mMHepes (pH 7.4), 150mMNaCl, 2mMEDTA, 1mMDTT, and
0.5% sarkosyl. The gradients were centrifuged at 52,000 rpm for 90min
at 4°C (with a Discovery M150SE Micro-Ultracentrifuge and S52-ST
swinging bucket). Fractions of 200 ml were collected, and 20 ml was ana-
lyzed on 12% bis-tris SDS polyacrylamide gel (NuPAGE, Invitrogen)
followed by Western blotting as described above. For proteinase K
digestion, 20 ml of sample was treated with proteinase K (20 mg/ml).
TranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra123 14
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Treatment of HET-s(218–289)E265K fibrils with LIN5044
Fifty micrograms of aggregated and HET-s(218–289)E265K was incu-
bated without and with 1 mM LIN5044 in 100 mM tris-HCl, 150 mM
NaCl (pH 8.0) for 1 hour at 37°C under shaking (600 rpm) in a volume
of 50 ml. After the incubation, one volume of SDS-PAGE loading buffer
was added, and samples were heated at 100°C for 5min. Tenmicroliters
of each reactionwas analyzed by SDS-PAGE followed by silver staining.

Statistical analyses
Survival times were analyzed by Kaplan-Meier survival curves using a
log-rank Mantel-Cox test for curve comparisons. One-way ANOVA
with Dunnett’s posttest was used for statistical analysis of experiments
involving the comparison of three or more samples. Paired Student’s t
test was used for comparing two samples. Results are displayed as the
average of replicates ± SEM.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/299/299ra123/DC1
Fig. S1. Western blot analyses of samples from brain homogenates of RML6-infected tga20
mice treated with the LCP mix or the single compounds.
Fig. S2. Histopathological analysis of brain sections from tga20 mice treated with vehicle,
LIN5032, LIN5001, or LIN5050.
Fig. S3. Western blots of fractions after density gradient ultracentrifugation for two further
biological replicates of brain homogenates of non-infected, prion-infected vehicle-, LIN5002-, and
LIN5001-treated mice using a 10 to 40% OptiPrep gradient.
Fig. S4. Western blots of fractions after density gradient ultracentrifugation of brain homoge-
nates of non-infected, prion-infected vehicle-, LIN5002-, and LIN5001-treated mice using a 5 to
20% OptiPrep gradient.
Fig. S5. Aliphatic region of solid-state NMR spectra of HET-s(218–289).
Fig. S6. Free energy profiles of binding of newly designed LCPs.
Fig. S7. The structural stability of in-register parallel b sheet oligomers consisting of eight copies of
the 177–216 segment of the mouse prion protein in the absence and presence of LIN5001.
Fig. S8. Structural stability of in-register parallel b sheet oligomers consisting of eight copies of
the segment of Ab10–20 in the absence and presence of LIN7001.
Fig. S9. Fluorescence excitation binding curves of different LCPs to recombinant rPrP fibrils as
a function of LCP concentration.
Fig. S10. Molecular structures of additional LCPs used in the in silico approach, but not for in vivo
testing.
Fig. S11. Silver-stained SDS-PAGE of HET-s(218–289)E265K incubated with LIN5044 (1 mg/ml).
Fig. S12. Brain histology of terminal prion-infected tga20 mice treated with LIN5044, LIN5043,
or vehicle compared to non-infected, untreated tga20 mice.
Fig. S13. Rotarod and Western blot analysis.
Fig. S14. In vitro seeding efficiency for LCP- and vehicle-treated mice studied by the ThT flu-
orescence fibril conversion assay of rPrP.
Fig. S15. Flow chart of the iterative cycle of chemical synthesis, in vivo studies, solid-state NMR,
and molecular dynamics simulations for the discovery of antiprion drugs.
Fig. S16. Schemes of the synthesis of the different LCPs.
Table S1. Results of the in vivo experiments.
Table S2. NMR-derived distance restraints for the HADDOCK model of LIN5001 in complex with
the E265K point mutant of HET-s(218–289).
Table S3. Binding affinities of selected LCPs to rPrP in vitro.
Movie S1. LIN5001 bound to fibrils consisting of T-A-K.
Movie S2. LIN5001 pulled out of the binding with T-A-K.
Movie S3. Molecular dynamics simulation of the octameric hendecapeptide segment Ab10–20
in the apo form.
Movie S4. Molecular dynamics simulation of the octameric hendecapeptide segment Ab10–20
in the presence of LIN7001.
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