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Prion diseases are characterized by an accumulation of PrPs, a
misfolded isoform of the normal cellular prion protein, PrP¢. We
previously reported the bioactivity of acridine-based compounds
against PrPsc replication in scrapie-infected neuroblastoma cells
and now report the improved potency of bis-acridine compounds.
Bis-acridines are characterized by a dimeric motif, comprising two
acridine heterocycles tethered by a linker. A library of bis-(6-chloro-
2-methoxy-acridin-9-yl) and bis-(7-chloro-2-methoxy-benzo[b][1,5]-
naphthyridin-10-yl) analogs was synthesized to explore the effect of
structurally diverse linkers on PrP5¢ replication in scrapie-infected
neuroblastoma cells. Structure-activity analysis revealed that linker
length and structure are important determinants for inhibition of
prion replication in cultured scrapied cells. Three bis-acridine ana-
logs, (6-chloro-2-methoxy-acridin-9-yl)-(3-{4-[3-(6-chloro-2-methoxy-
acridin-9-ylamino)-propyl]-piperazin-1-yl}-propyl)-amine, N,N’-bis-(6-
chloro-2-methoxy-acridin-9-yl)-1,8-diamino-3,6-dioxaoctane, and
(1-{[4-(6-chloro-2-methoxy-acridin-9-ylamino)-butyl]-[3-(6-chloro-2-
methoxy-acridin-9-ylamino)-propyl]-carbamoyl}-ethyl)-carbamic acid
tert-butyl ester, showed half-maximal inhibition of PrP5c formation at
40, 25, and 30 nlM, respectively, and were not cytotoxic to uninfected
neuroblastoma cells at concentrations of 500 nM. Our data suggest
that bis-acridine analogs may provide a potent alternative to the
acridine-based compound quinacrine, which is currently under clinical
evaluation for the treatment of prion disease.

he prion protein (PrP) is an essential element in the patho-

genesis of a devastating group of neurodegenerative disor-
ders called prion diseases or transmissible spongiform enceph-
alopathies (1). At a molecular level, the prion diseases are
characterized by an accumulation of PrPS¢, an abnormal, B-rich
isoform of the host-encoded a-helix-rich PrP (PrPS; refs. 2 and
3). PrP5¢ is the only known component of the infectious prion
particle. Accumulation of PrPS¢ in the CNS precedes spongiform
degeneration and astrocytic gliosis (4). Patients with prion
disease develop progressive neurologic dysfunction that results
in death typically within 1 yr after the first clinical symptoms
appear.

Prion diseases are unique in that they present as spontaneous,
inherited, or infectious maladies. In humans, sporadic
Creutzfeldt-Jakob disease (CJD) is the most prevalent form,
presenting with ataxia and dementia (5). Familial forms of prion
disease account for 10—-15% of cases and include Gertsmann—
Stréussler—Scheinker syndrome, familial CJD, and fatal familial
insomnia (6). The emergence of variant CJD (vCJD) in Europe
heightened public awareness of prion disorders. Compelling
evidence links vCJD to exposure to beef infected with bovine
spongiform encephalopathy prions (7). Recent studies have
suggested that blood-borne transmission of CJD is possible (8).

Although animal models have been essential in developing an
understanding of prion diseases, the long incubation times have
forced drug-discovery efforts to focus on scrapie-infected neu-
roblastoma (ScN2a) cells. Many groups have successfully used
ScN2a cells to identify antiprion compounds (9), including
Congo red (10), polyamine dendrimers (11), tetrapyrroles (12),
and pyridine-based compounds (13). Several compounds have
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been shown to prolong the incubation period in prion-inoculated
rodents (14). However, the protective effect of these compounds
is observed only when administered around the time of prion
inoculation, or after a period of exposure to the inoculum before
administration of the compound. To be clinically useful, a
compound must be effective when administered around the time
that neurologic symptoms develop. No compound has met this
test. Furthermore, many of the compounds identified to date
have limited clinical applications due to unacceptable toxicity as
well as poor penetration into the brain parenchyma.

The ability of compounds to cross the blood-brain barrier
(BBB) in part determines their efficacy in treating neurologic
disorders. In searching for compounds active against PrPSc
formation, we chose those known to transit the BBB to drive our
discovery efforts. We screened structurally distinct psychoactive
pharmaceuticals for their ability to reduce PrPS¢ concentrations
in ScN2a cells (15) and found that tricyclic acridine- and
phenothiazine-based compounds inhibit prion replication (ECs
= 300-5,000 nM). Quinacrine, an acridine-based compound,
was identified as a potent inhibitor of PrPS¢ formation (ECsp =
300 nM), confirming an earlier independent report on the
antiprion activity of this compound (16). Since this observation,
clinical studies have been initiated to test the efficacy of quin-
acrine in the treatment of human prion disease (17). Recently,
we focused our medicinal chemistry efforts on further charac-
terizing acridine-based compounds as a novel class of antiprion
compounds. Emphasis was placed on characterizing analogs of
quinacrine to derive detailed structure-activity data and to
arrive at superior compounds with which to treat prion disease.
Due to the propensity of PrPS to assemble into multimers, we
postulated that covalent dimers of quinacrine could be more
potent inhibitors of prion replication because of an increased
local concentration of the active moiety. We have identified
bis-acridine compounds that are 10 times more effective (ECs
= 25-40 nM) than quinacrine in ScN2a cells. We report here the
bioactivity of bis-(6-chloro-2-methoxy-acridin-9-yl) and bis-(7-
chloro-2-methoxy-benzo[b][1,5|naphthyridin-10-yl) compounds,
tethered via alkyl, polyamine, heterocyclic, and alkyl-ether
linkers. A comparison of the bioactivity of these second-generation
compounds revealed the importance of the linker length and
structure for activity against PrPS¢ formation. Our data define
bis-acridine compounds as a novel class of compounds capable of
reducing PrPS¢ concentrations in ScN2a cells and with a potentially
acceptable therapeutic index.

Materials and Methods

Equipment and Reagents. 'H and '3C NMR were performed on a
Varian Inova-400 NMR spectrometer; shifts are quoted relative to
an internal tetramethylsilane standard. Mass spectral analyses were
performed at the Mass Spectrometry Facility (University of Cali-

Abbreviations: PrP, prion protein; PrPS, host-encoded PrP; PrP5¢, abnormal isoform of PrP;
N2a, mouse neuroblastoma; ScN2a, scrapie-infected N2a; ScGT1, scrapie-infected mouse
hypothalamus; PK, proteinase K.
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fornia, San Francisco) by using a Perkin—Elmer Sciex API300
electrospray MS. Flash-column chromatography was carried out on
silica gel 60 (230-400 mesh) from Sigma-Aldrich. Preparative
HPLC was performed on a Varian Prostar 210, fitted with a Varian
Prostar 345 dual wavelength UV/Vis detector. Injections were
made to a Peeke Scientific (Redwood City, CA) Combi-A 5 um
RP-C;g semipreparative column. 6,9-Dichloro-2-methoxyacridine,
and 7,10-dichloro-2-methoxy-benzo[b][1,5|naphthyridine were pur-
chased from Sigma-Aldrich and diamines from Sigma-Aldrich and
ACROS Organics (Geel, Belgium). N-Boc-Ala-Gly-OH (Boc, tert-
butoxycarbonyl) was purchased from Bachem. N-Boc-Ala-OH was
from Fluka and PyBrop from Novabiochem.

Preparation of Bis-(6-chloro-2-methoxy-acridin-9-yl) and Bis-(7-
chloro-2-methoxy-benzo[b][1,5]naphthyridin-10-yl) Compounds 1-11,
13, 14, 20, and 21. With the exception of compounds 13, 15, and
21 (see spectral assignment in Supporting Text, which is published
as supporting information on the PNAS web site, www.pnas.org),
all compounds have been reported (18, 19). Compounds were
synthesized according to established procedures (20). Com-
pounds 9 and 20 were prepared as hydrochloride salts by adding
drops of concentrated hydrochloric acid to a solution of the
crude-free base in acetone and were recrystallized from meth-
anol. The structures of the bis-acridine compounds were
confirmed by 'H and '3C NMR, electrospray MS, and when
possible, from a comparison with previously published spectral
data (18, 19).

Preparation of Acylated Bis-(6-chloro-2-methoxy-acridin-9-yl) Com-
pounds 16-19. All N-acylated compounds have been published
and were prepared by established procedures (18). Treatment
of compounds 17 and 19 with 50% trifluoroacetic acid/
dichloromethane (10 mM) for 4 h at room temperature afforded
the N-tert-butoxycarbonyl deprotected compounds, 16 and 18,
respectively (18). Essentially pure samples (>95% by HPLC)
were obtained by RP-C;s HPLC (methanol/water/0.1% triflu-
oroacetic acid). The structures of the acylated analogs were
confirmed by 'H and '3C NMR, electrospray MS, and from a
comparison of published spectral data (18).

PrPsc Inhibition Screening Assay in ScN2a Cells. The ScN2a cell-
screening assay was adapted from published methods (13, 15).
Neuroblastoma (N2a) cells were infected with the Rocky Moun-
tain Laboratory strain of mouse-adapted scrapie prions and
subcloned as described (21). Cells were maintained at 37°C in
MEM (Cell Culture Facility, University of California, San
Francisco) supplemented with 10% FCS (GIBCO/BRL), 1%
Glutamax (GIBCO/BRL), and 1% streptomycin—penicillin
(GIBCO/BRL). A 100-mm confluent plate of ScN2a cells was
split, and a drop of cells was transferred to a 60-mm plate
containing MEM (4 ml). Identically seeded six-well plates were
used for the screening assay. Stock solutions of compounds 1-21
were prepared fresh in either PBS, DMSO, or methanol at 1 mM
and stored at 4°C. Before use, compounds were diluted to 0.1
mM with PBS, then filtered through a 0.2-um syringe filter to
sterilize. Control cells were unaffected when treated with solvent
alone. ScN2a cells were incubated with compound at 50, 200, and
400 nM for 3 d, after which cells were lysed with cold lysis buffer
(500 pl/10 mM Tris'HCI, pH 8.0/150 mM NaCl/0.5% Nonidet
P-40/0.5% deoxychlolate), and the protein was collected. Pro-
tein concentration was determined by using the BCA assay
(Pierce) and samples normalized to 0.5 mg of protein. Samples
were digested with proteinase K (PK; GIBCO/BRL) at 20
pgml~! for 1 h at 37°C. Digestion was inhibited with PMSF
(2 mM) and the samples ultracentrifuged (4°C; 100,000 X g) for
30 min. Protein pellets were resuspended in lysis buffer (10 ul)
and SDS loading buffer (10 ul), then boiled for 5 min. Samples
were loaded onto a 12% SDS/PAGE precast gel (Criterion,
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Bio-Rad). Western blot analysis was performed as de-
scribed (15).

Cell Viability Assay. Uninfected N2a cells were identically seeded
onto six-well plates containing MEM (3 ml, supplemented as
above). Compounds 1-21 were added at 50, 200, and 500 nM
concentrations. Medium was exchanged, together with the com-
pound, every 3 d. After 7 d, thiazolyl blue (300 ul of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma—
Aldrich) in PBS (5 mgml™!), previously sterile filtered, was
added. Cells were incubated at 37°C for 5 h. The medium was
removed, and DMSO (3 ml) was added and repeatedly aspirated
to solubilize the converted dye. Absorbance was recorded in
duplicate at 562 nm, from two independent experiments.

Curing and Reinfection of Scrapie-Infected Mouse Hypothalamus
(ScGT1) Cells. ScGT1 cells were grown in DMEM (4 ml, supple-
mented as above) on 60-mm plates in the presence of compound
11 at concentrations of 0.5 and 1.0 uM. Control cells were not
treated with compound. Media were exchanged every 3 d
(together with compound, where appropriate), and cells were
split after 1 wk by a 1:20 dilution onto a 60-mm plate. Samples
were retained for Western blot analysis. Cells were grown for an
additional 2 wk in the absence of compound 11, with media
exchanged every 3 d and cells split every 7 d. Samples were
retained after this period for later analysis.

“Cured” ScGT1 cells were split 1:10 onto 24-well plates in
DMEM (1 ml). A scrapied cell homogenate was prepared from a
mixture of ScN2a and ScGT1 (1:1) as described (21). Scrapied cell
inoculum (30 wl) was added to the cured cells and incubated for 4 d.
Cells were maintained in DMEM, split every 3-4 d onto 24-well
plates, for a total of 29 d. After this time, cells were split to a 60-mm
plate and maintained for 7 d. Cell lysates were collected, and all
samples were analyzed by Western blot, as described.

Molecular Modeling. Molecular modeling was carried out on an
02 Silicon Graphics (Mountain View, CA) workstation by using
ACCELRYS CERIUS? 4.7. Diamines were drawn in extended stag-
gered conformation and energy minimized by using the Steepest
Descent function. The distance between distal primary nitrogens
was measured in angstroms.

Results

PrPS¢ and PrP€ differ in many ways, including secondary struc-
ture content, protease resistance, and oligomeric state. Many
therapeutic efforts have focused on breaking the B-sheet struc-
ture of PrPS¢ (22) or stabilizing PrP¢ (23). Although the mech-
anism by which some acridine compounds block PrPS¢ formation
is unclear, we reasoned that the potency of acridine compounds
could be improved by forming covalent acridine dimers. In
effect, dimeric analogs could increase the local concentration of
the active moiety and would exploit the propensity of PrPS¢ to
form multimers. To explore this hypothesis, we synthesized a
library of bis-acridines and bis-aza-acridines, with which to
determine the effect of linker length and conformational con-
straint on bioactivity (20). We incorporated different acridine
linkers, including alkyl (e.g., 1-4, Table 1), polyamine (e.g.,
5-10), alkyl ether (e.g., 13) and heterocyclic moieties (e.g., 11 and
12). To understand whether additional activity could arise from
linker substituents, we also synthesized a series of N-acylated and
N-alkylated analogs (14-19, Table 1).

A qualitative ScN2a cell screening assay was used to derive
trends in bioactivity across the compound library and to identify
potential lead bis-acridine compounds. Antiprion activity was
determined from Western blot densitometry of the PK-resistant
PrPS¢ and is expressed as an average percent reduction of PrPSe
compared with untreated control cells (Table 1). Control cells
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Table 1. Efficacy and cellular toxicity screen of bis-acridine compounds for PrP5¢ inhibition in ScN2a cells

% PrPsc (=SEM), nM

% Cell viability (+SEM), nM

Compound* 50 200 400 50 200 500
Alkyl

1 72 (x1) 65 (£2) 54 (=1) 100 (+9) 100 (+9) 100 (=6)

2 84 (+6) 50 (=7) 41 (=3) 90 (£3) 96 (£3) 82 (£3)

3 93 (+7) 71 (%3) 78 (+2) 100 (*=4) 100 (*+2) 97 (+6)

4 100 (+2) 58 (=4) 20 (=1) 99 (*£21) 95 (+£21) 90 (£17)
Polyamine

5 90 (+7) 58 (£1) 44 (£10) 100 (*+20) 100 (+9) 100 (=18)

6 98 (£5) 59 (+6) 46 (=8) 98 (£5) 33 (x1) 1(=1)

7 61 (+3) 26 (+2) 13 (£3) 26 (+1) 8 (1) 1(x1)

8 72 (+6) 19 (£3) 9 (+4) 100 (*=13) 23 (+10) 1(x1)

9 85 (=1) 32 (£3) 13 (£5) 92 (£7) 16 (=7) 10 (=2)

10 72 (£3) 71 (£5) 31 (x6) 100 (+4) 43 (£5) 1(=1)
Heterocyclic

1 61 (£3) 19 (£5) 4(x2) 94 (x11) 89 (+9) 79 (£1)

127 80 (x2) 75 (£6) 67 (1) 100 (=10) 100 (=6) 100 (=11)
Alkyl ether

13 41 (=8) 29 (£8) 15 (=7) 97 (£8) 90 (+9) 98 (=11)
N-Alkylated polyamine

14 78 (+9) 49 (+8) 38 (+9) 73 (+2) 59 (*8) 1(x1)

15 88 (+2) 41 (=6) 11 (=1) 100 (=5) 77 (£4) 0(=1)
N-Acylated polyamine

16 100 (*6) 80 (+12) kS 100 (*+22) 59 (+13) 0(x1)

17 84 (=10) 36 (=1) 7(=1) 98 (£12) 85 (£6) 84 (£3)

18 90 (£5) 83 (£5) 79 (£3) 96 (+4) 93 (x1) 0(£1)

19 97 (+2) 84 (+6) 72 (+10) 88 (+18) 78 (=13) 70 (+12)
Bis-aza-acridines

20 88 (£3) 82 (£8) 65 (=1) 100 (+15) 100 (+9) 88 (£8)

21 100 (+6) 88 (+8) 77 (£3) 95 (+3) 100 (+6) 96 (+5)

Assayed as a 1:1 mixture of regioisomers.

*Structure-activity data reveal that both efficacy and cytotoxicity of bis-acridine compounds depend on the structure of the acridine
linker. Compounds are grouped according to the structure of the bis-acridine linker. Individual compounds were incubated with ScN2a
cells at 50, 200, and 400 nM concentrations for 3 d. ScN2a cell lysates were PK-digested prior to immunoblot (Fab D13). PK-resistant PrP
was quantified by immunoblot densitometry. Activity is expressed as the average percent of PK-resistant PrP remaining after incubation
with compound at the given concentration, versus control cells incubated with no compound (standard errors from at least three
independent immunoblots are given). N2a cells were incubated with individual compounds at 50, 200, and 500 nM concentrations for
7 d. Cell viability was determined by the thiazolyl blue (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) cytotoxicity assay
and is expressed as an average percent of viable cells versus control cells treated with no compound (standard errors from two
experiments are given). The structural formulas are depicted in Table 2, which is published as supporting information on the PNAS web
site. T, Heterocyclic compound 12. #, Toxic at 400 nM concentration.

treated with solvent alone showed no detectable reduction in
PrPS¢ concentrations.

Activity data derived from this initial screen revealed that
structural features of the linker contribute to activity against
PrPS¢ formation. Compounds tethered by polyamine (e.g., 5-10)
or alkyl-ether linkers (e.g., 13) showed improved activity relative
to alkyl-linked bis-acridines (e.g., 1-4). The increase in activity
may result from additional hydrogen-bonding interactions be-
tween the heteroatoms of the linker and the target receptor.
Additionally, the increased hydrophilicity of a heteroalkyl linker
may improve the localization of these compounds to the sub-
cellular compartment, where their effect on PrPS¢ concentration
is exerted. N-Alkylated and N-acylated analogs (e.g., 14-19,
Table 1) had variable activities depending on the size and
polarity of the N-substituent. The data suggest that linker
substituents can contribute favorably to bioactivity; however, this
activity can be compromised by modest increases in the molec-
ular volume of the substituent, presumably due to steric
constraints.

The activity of polyamine-linked compounds 5-11 allowed us
to correlate the length of the polyamine linker with activity
against PrPS¢ formation. The energy minimized staggered con-
formation of polyamine linkers used in compounds 5-11 was
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modeled in compuo and the distance between distal nitrogens
measured. The lengths of the polyamines ranged from 7.4 to 16.0
A (Fig. 1), and the bioactivity of compounds 5-11 correlated
with the interacridine distance. Optimal activity was observed
when the acridine heterocycles were separated by more than
~10.0 A (Fig. 1).

Bis-acridines are known to be cytotoxic due to DNA bis-
intercalation of the acridine heterocycles according to the near-
est-neighbor exclusion principle (24). Accordingly, we used cell
cytotoxicity as additional selection criteria in our study of
bis-acridine compounds. Uninfected N2a cells were incubated
with individual compounds, and cell viability was determined by
using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide assay (Table 1). The results obtained reflect previously
reported cytotoxicity data for this class of compounds (18, 25).
Notably, we observed that polyamine-linked bis-acridines were
generally cytotoxic to N2a cells. For example, the spermidine-
linked analog, compound 7, a known bis-intercalator, proved to
be cytotoxic to N2a cells, with only 26% of cells remaining viable
at 50 nM. However, bis-intercalation requires both a permissible
linker length and conformational flexibility; thus cells remained
viable (>85%) when incubated with bis-acridines comprising
alkyl (e.g., 1-4), alkyl ether (13), and certain sterically hindered
linkers (e.g., 11 or 17).

May et al.



-
=
o

i60 T A
o050 "M[.&Yn o -
% /AV
: A
§E 60 1200 nM 1 ¥ ¥
ot K /
i | 400 nM \ /
- NN 7 ]
0 1
20 \ !\ T T/ /L
2 2 S
X N—
T 'y x LY
[ 7 8 k] 10 1 12 |13 14 T16 ';3
Compound 5 6 7 8 11 9 10
Linker Length (A)
Fig. 1. The observed bioactivity of polyamine-linked bis-acridines in ScN2a

cells correlates to the length of the polyamine linker. The energy-minimized
staggered conformations of polyamine linkers from compounds 5-11 were
modeled in compuo. The linker length (A) was measured as the distance
between distal nitrogens. Average percent reduction in PrP5¢ concentrations
in ScN2a cells (Table 1) is plotted versus the length of the polyamine linker
(bars represent standard errors from at least three independent immuno-
blots). Optimal bioactivity was observed when pendant acridine heterocycles
were separated by more than ~10 A.

We previously showed the importance of the tricyclic acridine
scaffold for activity against PrPS¢ formation in ScN2a cells (15).
Phenothiazine- or quinoline-based analogs were shown to give
reduced bioactivity in ScN2a cells relative to acridine-based
compounds. Bis-acridine analogs 20 and 21 (Table 1) incorpo-
rate a substituted benzo[b][1,5]naphthyridine (“‘aza-acridine”)
heterocycle. Benzo[b][1,5]naphthyridines differ from acridines
by having an additional ring nitrogen. The activity of bis-aza-
acridine analog 20 was reduced relative to the equivalently linked
bis-acridine, 7. Additionally, 20 was nontoxic to N2a cells at 500
nM, whereas we observed 99% cell death with an equivalent
concentration of the bis-acridine 7. We have also observed that
a monomeric aza-quinacrine analog (“azacrine”) (26), in which
the acridine heterocycle of quinacrine was replaced by a
benzo[b][1,5]naphthyridine heterocycle, displayed reduced ac-
tivity relative to quinacrine. Azacrine was inactive in ScN2a cells
at concentrations between 100 nm and 400 nM, whereas quin-
acrine has an ECsy of 300 nM (B.C.H.M.,S.B.H.,L.W.D.,S.B.P.,
and F.E.C,, unpublished data). Thus, the bioactivity of acridine-
based compounds can be compromised by small structural
changes to the heterocyclic scaffold, even a carbon-to-nitrogen
substitution.

From these bioactivity and cytotoxicity screens, we identified
three bis-acridine compounds (11, 13, and 17) that warranted
further characterization. Compounds 11, 13, and 17 showed
similar bioactivity to that of flexible polyamine-based analogs of
a similar linker length (e.g., 7 and 8) in a 3-d incubation with
ScN2a cells. N2a cells remained viable (>85%) when incubated
with up to 500 nM concentrations of compounds 11, 13, or 17,
whereas other bis-acridine compounds were cytotoxic at this
concentration. The linker lengths of compounds 11, 13, and 17
were calculated at 12.63, 10.68, and 11.11 A, respectively, and
thus lic_outside the observed minimal distance constraint of
~10.0 A for optimal bioactivity against PrPS¢ formation, as
observed for polyamine-linked analogs (Fig. 1). Compound 11
was shown to reduce PrPS¢ levels in ScN2a cells in a dose-
dependent manner (Fig. 24), without affecting PrP¢ (Fig. 2B).
In contrast to other polyamine-based antiprion compounds (e.g.,
polyamine dendrimers; ref. 11), the bioactivity of compound 11
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Fig. 2. Piperazine-based bis-acridine, 11, reduces PrP5 concentration from
ScN2a cells in a dose-dependent manner. ScN2a cells were incubated with
compound 11 at the concentrations indicated (10-200 nM) for 7 d. Control
cells (Co) were untreated. Cell lysates were harvested and either PK-digested
(A) or undigested (B) before immunoblotting with anti-PrP Fab D13. (A)
Dose-dependent reduction of PrP5¢ concentration in ScN2a after incubation
with compound 11. (B) PrP¢ levels remained unchanged by treatment. (C)
Immunoblot of undigested cell lysate probed with antitubulin.

was not compromised when incubated with the lysosomotropic
agent, chloroquine, in cultures of ScN2a cells (results not shown).

Dose-response curves were derived after incubating ScN2a
cells with compounds 11, 13, and 17 for 7 d at concentrations
between 5 and 500 nM (Fig. 3). Cell lysates were analyzed by
ELISA (D. Peretz, personal communication). The ECsy of
compounds 11, 13, and 17 were 40, 25, and 30 nM, respectively.
A ScN2a cell dose-response curve for compound 11 was also
derived by Western blot densitometry. Results from both West-
ern blot and ELISA methods were consistent. The bioactivity of
these compounds is ~10-fold greater relative to the monomeric
acridine-based compound, quinacrine (ECsp = 300 nM).

Incubation of ScN2a cells with compound 11 at concentrations
of 250 and 500 nM for 1 wk resulted in the complete clearance
of protease-resistant PrPS, as determined by Western blot
analysis (Fig. 44). After this treatment, cells were serially
passaged for an additional 3 wk in the absence of compound 11.
Cell lysates were collected at 1-wk intervals and analyzed for
PK-resistant PrPS¢ by Western blot. PrPS¢ could not be detected
in cell lysates after treatment with compound 11, suggesting that
treatment permanently cured ScN2a cells of PrPSc.

The mouse hypothalamic cell line, GT1, can be infected with
mouse scrapie prions and can produce stable levels of PrPSe
(ScGT1) (27). To validate the observed reduction in PrPSe
concentrations in ScN2a cells on treatment with bis-acridines, we
also treated ScGT1 cells with compound 11. Bis-acridine com-
pound 11 reduced PrP¢ in a dose-dependent manner at con-
centrations between 100 and 500 nM, as determined by Western
blot analysis of PK-digested cell lysates (data not shown).
Additionally, ScGT1 cells could be cured of PrPS¢ after a 1-wk
incubation with compound 11 at either 0.5 or 1.0 uM (Fig. 4B).
Similar to the observed curing of ScN2a cells by compound 11
(Fig. 4A4), PrPSc was not detected in ScGT1 cell lysates 2 wk after
discontinuation of treatment. These cured ScGT1 cells could
subsequently be reinfected by incubation with a prion inoculum
(Fig. 4B). However, the prion titer obtained in these reinfected
cells depended on the concentration of compound 11 originally
used to cure the cells. Thus, treatment with compound 11
appears to decrease the capacity of ScGT1 cells to be reinfected
with prions, relative to controls.
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Fig. 3. Dose-response curves for bis-acridine compounds 11, 13, and 17,
nanomolar inhibitors of PrP5¢ replication in ScN2a cells. ScN2a cells were
incubated for 7 d with compound 11, 13, or 17 at concentrations between 5
and 500 nM. PK-digested cell lysates were analyzed by ELISA (squares, lower
curve), by using the procedure of D. Peretz (personal communication). The
ECso of 11, 13, and 17 were 40, 25, and 30 nM, respectively (bars represent
standard error from three independent experiments). A dose-response curve
for compound 11 was also derived by Western blot densitometry of PK-
digested cell lysates (diamonds, upper curve). Both the Western blot and ELISA
methods were in good agreement.

Discussion

The protein deposition diseases, including the prion diseases,
Alzheimer’s and Parkinson’s diseases, involve multimerization
and aggregation of specific misfolded proteins (28, 29). As
expected, in vitro and in vivo models have demonstrated that
increases in protein concentration can initiate or accelerate
misfolding and aggregation. Therapeutic strategies targeting
these diseases have focused on either increasing the lability of the
aggregated state or inhibiting initial multimerization of the
aberrant, misfolded protein (30). In the latter case, removal of
the supply of the oligomeric precursor proteins is often sufficient
to reverse aggregation as the concentration equilibrium shifts to
favor plasma-soluble species. Oligomerization of PrP seems to be
central to the mechanism of PrPS¢ formation (31), suggesting
that high local protein concentrations are achieved in all steps of
multimerization leading to the aggregated endpoint. Thus, we
reasoned that a covalently linked dimer of a compound that
reduced PrPS¢ concentration in ScN2a cells would be more
potent than its monomeric counterpart. This multivalency strat-
egy may be generally applicable to other diseases of protein
conformation, in which species along the pathway to the aggre-
gated endpoint are characterized by high protein concentrations.

Bis-acridines are well characterized in medicinal chemistry
due to their cellular toxicity (24). This has been exploited in their
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Fig.4. (A) Treatment of ScN2a cells with compound 11 for 7 d clears existing

PrP5¢ and cells remain clear of PrP5¢ 3 wk after discontinuation of treatment.
ScN2a cells were incubated with compound 11 at 100, 250, and 500 nM for
1 wk. After treatment, the cells were serially passaged for an additional 3 wk
in the absence of compound 11. Cell lysates were collected at the end of each
week and PK-digested before Western blot analysis (anti-PrP Fab D13). Three
weeks after discontinuation of treatment, protease-resistant PrP5¢ could not
be detected in cell lysates, suggesting that bis-acridine, 11, permanently cured
ScN2a cells after treatment for 1 wk. (B) ScGT1 cells were incubated for 1 wk
with compound 11 at concentrations of 0.5 and 1.0 uM. Cell lysates were
collected and analyzed by Western blot after 1 wk of treatment to reveal the
absence of PK-resistant PrP. The cells were maintained in supplemented
culture medium for an additional 2 wk in the absence of 11, then reinfected
with a prion inoculum. Cells were grown in the presence of the inoculum for
4d, then maintained for an additional 5 wk. After this period, cell lysates were
collected and analyzed for PK-resistant PrP. PrP>¢ was detected in cells that had
previously been cured by compound 11.

evaluation as compounds to treat cancer (20, 25). The challenge
in targeting bis-acridine-based therapies is to separate the de-
sirable bioactivity of these compounds from their DNA bis-
intercalative cytotoxicity. Therapeutic indices have been used in
pharmacology to express the ratio between the efficacious and
injurious concentrations of a compound. For compounds de-
signed to treat moderate chronic diseases, these ratios over-
whelmingly favor efficacy. For most cancer chemotherapeutics,
the therapeutic index is unfortunately close to unity.

We initially targeted a small library of bis-acridines to explore
anti-PrPS¢ activity and cellular cytotoxicity, with the aim of
identifying bis-acridines with an acceptable therapeutic index.
Our previous structure-activity data on monoacridine com-
pounds (e.g., quinacrine) revealed a heavy dependence on the
length and composition of the dibasic alkyl substituent peri to the
ring nitrogen (15). Thus, we reasoned that bis-acridine com-
pounds may have a similar side-chain dependence to their
monoacridine counterparts. In this instance, the side-chain
serves as a linker to tether two pendant acridine heterocycles.
The focused library of bis-acridine compounds explored toler-
ances for linker length and composition and defined a strong
correlation between structural features of the acridine linker
and bioactivity against PrPS¢ formation. We have also explored
the dependence on the heterocyclic scaffold for activity against
PrPS¢ formation. The reduced bioactivity of aza-acridine
compounds 20 and 21 illustrated the specific contribution to
activity made by the acridine scaffold. Such a dramatic reduc-
tion in activity by transforming a scaffold carbon to a nitrogen
atom is surprising. These observations add to the accumulating
structure—activity relationship data for acridine compounds, the
subtlety of which suggests that these compounds do not work via
a generalized mechanism (e.g., lysosomotropic). Given the par-
allel structure dependence, both for the side-chain and acridine
scaffold, it is interesting to speculate that mono- and bis-acridine
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compounds access an equivalent mechanism to reduce PrPS¢
load in ScN2a and ScGT1 cells.

Bis-intercalative cytotoxicity has been well characterized for
bis-acridine compounds. To achieve a balance between desirable
bioactivity and cytotoxicity, we targeted sterically constrained
bis-acridine analogs. Intercalation of bis-acridines can be miti-
gated by using rigidified or sterically constrained linkers to tether
the acridine heterocycles (32). Following this rationale, we
targeted the piperazine-linked analog compound 11, and N-
acylated analog compound 17. In a previous study, compound 11
was shown to be less cytotoxic to MRC-5 fibroblast cells than
nonconstrained polyamine-linked bis-acridines (e.g., 7; ref. 18).
This suggests that inclusion of the piperazine heterocycle disfa-
vors DNA complexation, either through steric hindrance or by
restricting the conformational flexibility of the acridine hetero-
cycles, such that bis-intercalation is mitigated. Additionally, we
considered that the conformational restriction imparted by the
piperazine heterocycle or bulky N-substituents may be beneficial
to activity against PrPS¢ replication. Conformational restriction
has been used extensively in drug design to preorganize ligands
into a bioactive conformation. A rigid scaffold can correctly
position and orient key structural features without having to
undergo an entropically costly conformational rearrangement
before binding. Thus, constrained ligands can have improved
bioactivity relative to their unrestrained counterparts, if the
constraints are compatible with the ultimate receptor-relevant
conformation. A balance between cellular efficacy and toxic-
ity was observed with compounds 11 (ECsy = 40 nM) and 17
(ECso = 30 nM, Fig. 3). We are encouraged by the improved
therapeutic index of compounds 11 and 17 relative to flexible
polyamine-linked analogs, and plan to synthesize a third-
generation compound library to explore constrained bis-acridine
analogs.

It is interesting to speculate about the mechanism of action of
bis-acridine compounds. The linker dependence observed for
the polyamine series (5-11, Fig. 1) hints at a possible binding
mechanism whereby both acridine heterocycles can occupy
independent binding sites to affect PrPS¢ load in scrapied cells.
Analogs linked by less than ~10 A had reduced bioactivity,
suggesting that in these instances, the pendant acridine hetero-
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cycles could not bind cooperatively due to the distance con-
straint. Similarly, as the linker length increased above the
observed optimum (=~12.5 A), bioactivity decreased, possibly
due to entropic considerations of the longer and hence more
flexible analogs. Determining the mechanism of action of acri-
dine compounds will greatly aid in developing this class of
compound for the effective treatment of prion disease.
Complex cellular pathways have been dissected by using small
molecule agonists or antagonists of biological function. Selective
inhibitors have been used to probe the proteome, to elucidate
function, and to identify directly novel receptor molecules.
Because the conversion of PrPC¢ to PrPS is not clearly under-
stood at either a molecular or cellular level, compounds that
exert a dramatic effect on PrPS¢ concentrations, such as bis-
acridines, can serve as tools to probe prion biology. The subtle-
ties in structure—activity dependence of both mono- and bis-
acridine-based compounds suggest that this class of compounds
has a specific binding interaction with a novel receptor molecule
that participates in either PrPS¢ formation or clearance. We have
synthesized labeled acridine analogs with photolyzable crosslink-
ing moieties that are bioactive against PrPS¢ load in ScN2a cells.
Given that high protein concentrations are inherent to the
mechanism of prion aggregation, we rationalized that covalent
acridine dimers could be more potent than monomeric equiva-
lents. We have used a traditional medicinal chemistry approach
to explore this notion. The data presented here define bis-
acridines as a potent class of compounds that demonstrate an
acceptable therapeutic index in a cell-based model of prion
disease. We have identified three lead compounds, 11, 13, and
17, that reduce PrPS¢ levels at nanomolar concentrations. Al-
though we currently do not understand the mechanism by which
acridine compounds affect PrPS¢ formation, these compounds
offer unique tools to study the mechanism of prion replication.
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