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Structure–activity relationship study of 9-aminoacridine compounds
in scrapie-infected neuroblastoma cells
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Abstract—A focused library of variously substituted 9-aminoacridine compounds was screened for bioactivity against accumulation
of the infectious prion protein isoform, denoted PrPSc, in a cell model of prion replication. The efficacy of compounds against PrPSc

accumulation was influenced by both substituents of the distal tertiary amine and acridine heterocycle, while cellular cytotoxicity
was encoded in the acridine heterocycle substituents.
� 2006 Elsevier Ltd. All rights reserved.
In the prion diseases, the cellular prion protein, denoted
PrPC, undergoes a conformational conversion to a path-
ogenic isoform, designated PrPSc.1 PrPSc is characterized
structurally by substantial beta-sheet content and a ten-
dency to exist as higher-order oligomeric species.2

A search for potential therapeutic compounds by phe-
notypic screening in PrPSc-infected cells identified 9-ami-
noacridine-based compounds, including quinacrine
(Fig. 1, 1), that were effective at reducing PrPSc in these
cell-based models of prion replication.3–5 Quinacrine has
since been evaluated in animal models of prion disease6,7

and is the focus of clinical studies to evaluate its useful-
ness in the treatment of human prion diseases.8 Our
medicinal chemistry efforts have focused on defining a
relevant structure–activity relationship (SAR) for 9-ami-
0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.06.050

Keywords: Prion; PrP; PrPSc; PrPC; 9-Aminoacridine; Quinacrine;

ScN2a.
* Corresponding author. E-mail: bmay@ind.ucsf.edu
noacridine compounds, with a goal of identifying more
potent compounds for therapeutic application. Recent
ADMET studies highlighted the undesirable toxicity of
quinacrine, a relatively high rate of P-glycoprotein–med-
iated efflux that reduces effective CNS concentrations,
and P-450 instability.9–12 Thus, it is imperative to iden-
tify not only potent 9-aminoacridine compounds, but
also analogs that may overcome some of the pharmaco-
kinetic limitations of quinacrine.
Figure 1. The 9-aminoacridine compound, quinacrine, 1. 9-Aminoac-

ridine numbering, 2.
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To begin to define in more detail the structural
requirements of bioactive 9-aminoacridine
compounds, a library of variously substituted com-
pounds was prepared and screened for bioactivity
in mouse neuroblastoma cells persistently infected
with PrPSc (ScN2a).13 The synthesis of the acridine
compound library has been reported in detail
elsewhere.14 The compound library of 144 unique
compounds was synthesized in parallel, and in such
a way as to allow diverse substituents to be incorpo-
rated into the acridine heterocycle as well as into
the distal dibasic side chain at C-9 (see Fig. 1, 2
for acridine numbering).

The purity and identity of library components was
confirmed by LC–MS prior to screening in culture.
Acridine compounds were assayed for both cellular
cytotoxicity and efficacy against PrPSc accumulation
using a duplex screening assay that has been described
previously.15

Briefly, ScN2a cells are incubated on microtiter plates
in the presence of the test compound for five days, at
which time, cell viability is determined using the
fluorescent probe, Calcein-AM. Subsequently, cells
were lysed, digested with proteinase K (PK), and the
PK-resistant fragment of PrPSc, designated PrP
27-30,16 was precipitated using sodium phosphotung-
stic acid (PTA).17 PrP 27-30 is quantified by ELISA
using high-affinity antibodies directed against PrP.18

The acridine library was initially screened at 1 lM
concentration, then certain 9-aminoacridine com-
pounds were selected for further characterization over
a concentration range of 0.01 to 25 lM. The duplex
screening assay quantifies both cellular cytotoxicity,
expressed as the concentration required to reduce
viable cells to 50% (Table 1, LD50), and bioactivity
(Table 1, EC50), expressed as the compound concen-
tration needed to reduce PrPSc to 50%, relative to
untreated control ScN2a cells.

Certain 9-aminoacridine compounds are cytotoxic due
to intercalation of the acridine heterocycle between
adjacent nucleic acid bases.19 This feature has made
acridine compounds useful nuclear imaging agents,20

and targets for cancer chemotherapies.21 However,
the resulting cytotoxicity must be mitigated when con-
sidering the potential therapeutic applications of this
class. The substituents of the acridine heterocycle
appeared to be the dominant factor in determining
cytotoxicity of the library components. Acridine
heterocycles substituted with 3-fluoro-6-methoxy-
4-methylacridine (e.g., 11, LD50 = 0.6 ± 0.1 lM and
12, LD50 = 0.6 ± 0.1 lM) and 3-methoxy-5-methylacri-
dine (e.g., 13, LD50 = 1.3 ± 0.1 lM and 14, LD50 =
1.4 ± 0.1 lM) demonstrated potent toxicity, with
LD50 values approximately 10-fold lower than quina-
crine (1, LD50 = 9.6 ± 0.7 lM). The ScN2a cell cyto-
toxicity of 9-aminoacridine compounds was validated
by screening select compounds for cellular cytotoxicity
in human kidney (HEK293) and liver (HEPG2)
cells.22 LD50 values (Table 1) derived from HEK293
and HEPG2 cell lines generally paralleled cytotoxicity
SAR derived from ScN2a cells. Notably, compound 7
was approximately 2-fold less cytotoxic than quina-
crine toward both HEK293 and HEPG2 cell lines.
The potent toxicity resulting from 3-fluoro-6-meth-
oxy-4-methyl- (e.g., 11) and 3-methoxy-5-methyl-
(e.g., 13) substitution patterns has not previously been
described. The resultant toxicity of these substitution
patterns would exclude their use in future studies
directed toward developing prion therapeutics, but
may have an application in the development of potent
cancer chemotherapeutics.

Previous SAR studies on 9-aminoacridine compounds re-
vealed a dependence of bioactivity on the steric and elec-
tronic features of the acridine C-9 substituent, with potent
compounds bearing alkyl diamine substituents.4 In addi-
tion to the bioactive C-9 substituent of quinacrine (e.g., 1,
EC50 = 0.5 ± 0.1 lM and 6, EC50 = 0.7 ± 0.1 lM), the
current acridine library explored a variety of additional
diamine substituents, where diversity was incorporated
at the distal tertiary amine. The chemistry allowed for
the synthesis of both symmetric (Fig. 1, 2, R3 = R4) and
non-symmetric (2, R3 5 R4) distal tertiary amines. Com-
pounds with smaller alkyl-substituted distal amines (e.g.,
7, EC50 = 0.4 ± 0.1 lM and 8, EC50 = 0.8 ± 0.1 lM) had
greater bioactivity over those with larger aryl substituents
(e.g., 9, EC50 = 7.1 ± 0.4 lM and 10, EC50 = 3.9 ±
0.3 lM). A variety of acridine heterocycle substituents
were tolerated (Table 1). The 6-chloro-2-methoxyacridine
substitution (e.g., 3, EC50 = 0.6 ± 0.1 lM) and regiomeric
pattern, 2-choloro-6-methoxyacridine (e.g., 5, EC50 =
0.4 ± 0.1 lM), both performed well. Of note were
2-(trifluoromethyl)-6-methoxyacridine–substituted com-
pounds (e.g., 7, EC50 = 0.4 ± 0.1 lM and 8, EC50 = 0.8
± 0.1 lM), which were typically bioactive at nanomolar
concentrations when substituted with appropriate distal
amines.

Given the existing toxicity of the acridine class, it is
useful to consider a therapeutic index [LD50/EC50]
when evaluating acridine compounds for overall effi-
cacy in a cell-based assay of prion accumulation.
For clinical application, an ideal therapeutic index
would be large. However, given the uniformly fatal
progression of the prion diseases, therapeutic indices
of lower values may be tolerated. Acridine
compounds 6 (LD50/EC50 = 23.3 ± 6.3) and 7 (LD50/
EC50 = 28.6 ± 6.8) had therapeutic indices equivalent
to quinacrine (1, LD50/EC50 = 18.5 ± 2.9). Additional-
ly, compound 7 had reduced cytotoxicity toward liver
and kidney cells, relative to quinacrine. As such,
these compounds may warrant further ADMET char-
acterization and evaluation in animal models of prion
disease.

In summary, we have further defined the SAR of
anti-prion 9-aminoacridine compounds using a focused
library of substituted acridine analogs. Our findings
demonstrate the importance of the acridine heterocycle
in determining compound cytotoxicity and the involve-
ment of both the heterocyclic scaffold and C-9
substituent in determining bioactivity against PrPSc

accumulation.



Table 1. Bioactivity and cytotoxicity of 9-aminoacridine compounds

Compound ScN2a EC50

± SEa (lM)

ScN2a LD50

± SEb (lM)

Therapeutic

index ± SEc

HEK293 LD50

± SEb (lM)

HEPG2 LD50

± SEb (lM)

1 (quinacrine) 0.5 ± 0.1 9.6 ± 0.7 18.5 ± 2.9 7.6 ± 0.8 7.9 ± 0.8

3 0.6 ± 0.1 6.4 ± 0.1 10.9 ± 1.3 NDd ND

4 0.6 ± 0.1 8.5 ± 1.8 13.6 ± 4.4 4.4 ± 0.6 6.9 ± 1.7

5 0.4 ± 0.1 6.0 ± 0.3 15.8 ± 2.1 10.7 ± 1.1 13.8 ± 0.1

6 0.7 ± 0.1 17.4 ± 1.7 23.3 ± 6.3 NDd ND

7 0.4 ± 0.1 11.7 ± 1.3 28.6 ± 6.8 16.4 ± 2.3 18.1 ± 3.5

8 0.8 ± 0.1 7.6 ± 1.0 9.8 ± 1.8 14.6 ± 1.4 16.5 ± 3.8

9 7.1 ± 0.4 18.3 ± 4.0 2.6 ± 0.7 22.4 ± 2.4 >25

10 3.9 ± 0.3 13.0 ± 1.8 2.6 ± 0.7 23.1 ± 1.9 >25

11 NDd 0.6 ± 0.1 ND 0.8 ± 0.1 0.7 ± 0.1

12 NDd 0.6 ± 0.1 ND 0.7 ± 0.1 0.6 ± 0.1

13 1.0 ± 0.2 1.3 ± 0.1 1.3 ± 0.3 1.4 ± 0.4 0.7 ± 0.1

14 1.0 ± 0.4 1.4 ± 0.1 1.3 ± 0.5 0.7 ± 0.1 0.7 ± 0.1

a Compound concentration required to reduce PrPSc to 50%, relative to untreated ScN2a cells.
b Compound concentration required to reduce the number of viable cells to 50%, relative to untreated control cells, either ScN2a, HEK293 or

HEPG2 cells.
c Ratio LD50/EC50 for ScN2a cells.
d Not determined; insufficient data to derive full dose–response curves. Dose–response curves were performed in triplicate and derived from three

independent experiments. Standard errors (SE) are rounded to two significant figures.
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