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Abstract: Prion pathologies are fatal neurodegenerative diseases caused by the misfolding of the physiological prion protein (PrPc).
That leads to a p-structure rich isoform (PrP%%) which is in fact an infective agent, as it transmits its misfolding to other normally
folded PrP® molecules. Misfolded molecules then aggregate into fibrils, whose fragmentation leads to a seeding process resulting in
the replication of the agent. Moreover, binding of PrP° to other proteinaceous fibrillary aggregates is involved in Alzheimer’s disease
and other neurodegenerative diseases. To date there is no available cure for prion diseases and just a few clinical trials have been
made. The initial approach in the search of anti-prion agents had PrP*° as a target. However, there are different prion strains, that
should arise from alternative conformations of PrP%¢, so often the efficacy of the ligands is strain-dependent. That has shifted
research to PrP® ligands, which either stabilize the native conformation (chaperones), or inhibit its interaction with PrP>C. The role of
transition-metal mediated oxidation process in prion misfolding has also been investigated. Another approach which seems rather
promising is the indirect action via other cellular targets, like membrane domains or the protein-folding activity of ribosomes
(PFAR). Also, new prion-specific high throughput screening techniques have been developed. However, so far no substance has been
found to be able to extend satisfactorily survival time in animal models of prion diseases. This review describes the main features of

the structure-activity relationship (SAR) of the various chemical classes of anti prion agents.
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1. INTRODUCTION

Transmissible spongiform encephalopathies (TSESs), or
prion diseases, are a group of fatal neurodegenerative
disorders affecting both humans and animals. The
agent that causes TSEs was termed “prion” by S.B.
Prusiner and is defined as “a small proteinaceous
infectious particle that is resistant to inactivation by
most procedures that modify nucleic acids” [1].

In humans, TSE diseases include Kuru, Creutzfeldt-
Jakob disease (CJD), Gerstmann-Straussler-Scheinker
(GSS) disease and fatal familial insomnia (FFI). The
prion diseases of animals comprise scrapie, which
affects sheep and goats, bovine spongiform
encephalopathy (BSE) in cattle, and chronic wasting
disease (CWD), which affects deer and elk. Other
species are, however, susceptible to TSEs as shown by
accidental (e.g. feline spongiform encephalopathy) or
experimental (e.g. rodents, non-human primates)
transmissions. The main feature of prion disease is the
conversion of the normal cellular form of the host
encoded prion protein (PrP®) to an abnormal isoform
designated PrP*.

PrP° is a cell membrane protein whose physiological
role has not been thoroughly determined vet [2]. It is
thought to have a role in cell-cell adhesion [3],
transmembrane signaling [4] and in protection of
peripheral nerves from demyelination [5]. It is also
involved in copper cell intake and has a copper-
dependent superoxide dismutase activity. The fact that
copper stimulates the endocytosis of PrP® suggests for
this protein the role of copper carrier to intracellular
targets [6]. Besides, the Prp®-copper complex promotes
inhibition of the N-methyl-D-aspartate receptors via S-
nitrosylation of cysteine residues [7]. The PrP® is
anchored to the extracellular side of the cell membrane
at C-terminal Ser230 linked to
glycosylphosphatidylinositol. It consists of 208
residues (numeration starts from 23 as residues 1-22
are lost in the transition from the protoprotein to the
mature form). The structure comprises three a-helixes

(residues 144-156, 174-194 and 200-228), a two
stranded antiparallel B-sheet (residues 128-131 and
161-164) and an unstructured N-terminal domain
(residues 23-127). The latter includes the octapeptide
repeat region (residues 51-91) with high affinity to
copper ions [8,9]. It also includes a lipophilic portion
(residues 112-127) which plays a fundamental role in
misfolding [10].

The PrP* is derived from PrP° by a post-translational
process that seems to involve specific interactions
between the two isoforms. The molecular mechanisms
of conversion of PrP® to PrP are still being
determined, and there are currently two models. The
refolding model proposes that the conversion occurs
trough the formation of a heterodimer between PrP°®
and PrP** monomer, with the latter conformer acting as
a template to induce a conformational conversion of
PrP. The nucleation model suggests that the
conversion is a nucleated polymerization reaction that
is reversible and that PrP® is converted to PrP*° only in
the presence of PrP* aggregates or oligomers. Such
oligomers act as a seed to bind PrP® and catalyze its
conversion into the misfolded form by incorporation
into the growing polymer. The subsequent
fragmentation of PrP> polymers increases the number
of effective nuclei that can direct further conversion of
PrP© [11,12].

To date there is no available cure for prion diseases and
so far just a few clinical attempts have been made to
treat these diseases, or at least to provide diagnostic
neuroimaging agents. A wide variety of compounds
have been evaluated in in vitro and in vivo tests, but
none of them has been found to be able to extend
satisfactorily survival time in animal models of prion
diseases [13]. These substances include anionic
polymers, like pentosan polysulfate (which has been
used in clinical trials by intraventricular administration,
[14, 15]), sulfated glycosaminoglycans [16] and their
derivatives bearing lipophilic substituents [17], and
polyacrylamide substituted with sulfated



acetylglycosamine units [16]. Another class of
macromolecules endowed with antiprion activity is
constituted by dendrimers [18 and references therein].
Anyway, macromolecules present the major drawback
of absence of blood-brain barrier permeability, so most
of the research on antiprion compounds concerns small
molecules.

2. HISTOLOGICAL DYES AND
FLUORESCENT LIGANDS
2.1 Azodyes

Congo red (CR) is an histochemical dye characterized
by a high and selective affinity to B-structure rich
microfibrils [19]. It was found to inhibit amyloid
aggregation in cell cultures [20]. Intracerebral
inoculation of CR in scrapie-infected hamsters [21] led
to prolongation of the incubation period of the disease.

Anyway, CR is unable to cross blood-brain barrier. It
also presents other drawbacks: it is not selective
enough and is metabolized to benzidine (carcinogenic).
Moreover, it has been found that, at 1uM
concentration, it promotes PrP* aggregation, so
reversing its anti-prion activity which is displayed at
higher concentrations (above 5 pM) [22]. That is
related to the fact that CR binds to both PrP*® and Prp°®
[23]. A likely interpretation is that at lower
concentration it occupies only some binding sites in
PrP®, causing conformational modifications which
increase its affinity to PrP*, At higher concentration,
instead, by binding to both PrP® and PrP*, it prevents
the interaction between the two proteins.

Many structural analogues of CR have been tested on
PrPS® (Figure 1).

Figure 1

In a first structure-activity relationship (SAR) study on

this template [24], some azo dyes were tested on
scrapie-infected mouse neuroblastoma (ScNB) cells.
Both terminal aromatic systems are essential for
inhibitory activity on PrP® misfolding. So, molecules
like 1 or Orange G were not active. Another structural
requisite is the planarity of the central aromatic system.
The 2,2’-dimethyl analogue of CR (2a) was indeed less
active than the parent compound, because of the
hindered rotation in diphenyl bond preventing a planar
conformation of the group. Instead, in the 3,3’-
dimethyl analogue (2b), where this effect is not
present, the activity was almost unaffected by the
substitution. Derivatives with a modified central linker
were also tested. It was shown that the distance
between the two sulfonate groups is not a critical
parameter for activity. So, both 3a, where this distance
is diminished, and 3b, where it is increased, showed
activities similar to CR.

In a subsequent work [22], a series of azo dyes was
tested on scrapie-infected modified mouse brain (SMB)
cells. The above mentioned effect of enhanced
misfolding at lower concentrations (1 uM), which was
reversed at higher concentrations (100 pM), was
observed for the 3,3’-disubstituted compounds 2b-d, as

well as for the analogues where the amino groups are
either trifluoroacetylated (2e) or replaced by an
hydroxyl (2f,g). The effect of enhancing PrP*
concentration in SMB cells was also observed for
compound 2h described in another work [25]. The
same feature was showed by compounds like 4a-c with
a different substitution pattern on the naphthalene
rings. Substitution of the benzidine central linker with a
para- (3c) or meta-disubstituted (3d) diphenyl sulfone,
gave compounds with a profile similar to that of CR,
with a sensibly reduced inhibiting activity at 100 UM in
the case of 3d [22].

The research was extended to compounds bearing a
carboxyl instead of the sulfonic group, in order to
obtain brain-penetrable compounds. Chrysamine G
presented an activity comparable to CR, whereas its
analogues 5a-c had a less favorable profile. Moreover,
dose-response curve of chrysamine G did not show
reversal of activity at low concentrations. This latter
feature was also presented by the azo dye Sirius red.

The azo dye Chicago Sky Blue 6B stabilizes Prp®
conformation, leading to inhibition of its binding with
PrPS or pB-amyloid [26]. However the heavy
interference of this compound with cell metabolism
makes it unsuitable as a drug. It could anyway find
application as a specific stain agent and be a template
for new ligands.

2.2 Congo Red-related molecules lacking of azo
group

Other compounds have been developed based on the
CR template, but lacking of azo and sulfonic groups
(Figure 2), in order to improve metabolic stability and
brain accessibility.

Figure 2

This is the case of BSB ((E,E)-1-bromo-2,5-bis(3-
carboxy-4-hydroxystiryl)benzene), which has been
tested in vivo in TSE-infected mice [27]. This
compound was shown to bind to prion plagues and to
prolong the incubation period, with variable efficacy
according to the strain.

In another study [28], the azo group was replaced with
a variety of bioisosteric moieties (sulfonamide, amide,
imine, alkene).The resulting compounds were tested on
SMB cells. An additional cell-free test was performed
to establish their inhibiting activity on PrP**-promoted
PrP® polymerization. Compound X-34, an histological
stain agent for amyloid deposits in Alzheimer’s disease
[29], resulted to be ineffective. Its decarboxylated
analogue 6 resulted to be very effective in inhibiting
PrP¢ misfolding, but not in the polymerization test, so
it must act with a different mechanism. It has been
proposed for it an antioxidant activity. A similar
behavior, though with a neatly weaker activity, has
been showed for compounds 7d, 8a, 9b, 11b and
11c.The amide 7a resulted to be active in the cell assay
at 10uM. Its sulfonamide analogue 7b showed instead
a moderate activity only at 50 UM, but resulted to be
effective in the polymerization inhibition test. So, for



this compound the scarce activity is likely due to the
difficulty to reach the molecular target. Compounds 7c
and 7d resulted to be active, with ECs, respectively of
250 and 5000 nM, so far less active than 7a (in the
range 25-50 nM). Compound 7e, isomer of 7a, is not
active, and so are the analogues like 7f-h with the
carboxymethyl group absent, or hydrolyzed to
carboxyl, or replaced with other substituents. Some
compounds with a terephthalamide linker (8a,b) were
found active but much less potent than 7a. This was
also the case of the imines 9a,b and 10a and of the
aminomethyl derivatives 11a-c.

A related work [30] describes the highly fluorinated
imino compound 10b. It was tested on an histological
sample of GSS disease, showing a high and specific
affinity with prion plagues. A lesser affinity was
displayed by its aminomethyl analoguelld and the
corresponding carboxylic acid 11e. The complete lack
of affinity of the basic ester 11f indicates that positive
charges are detrimental for binding.

2.3 Other

In Figure 3 are showed other highly conjugated
substances which have been tested for antiprion
activity.

Figure 3

On the base of the amyloidophilic histological stain
Thioflavin T, compound BTA-1 was developed. It is a
lipophilic derivative which has been used, in a
radiolabeled form, as an imaging agent in a mouse
model of Alzheimer’s disease [31]. In TSE-infected
mouse neuroblastoma cells, it was found to bind
selectively to prion plaques and to inhibit Prp*
formation [27]. It was in turn the lead compound for a
series of 2-styryl-benzothiazoles, benzimidazoles and
benzoxazoles [32]. Among the latter, the most
interesting compound was BF-168, endowed with high
activity in SCN2A cell tests (1C50=0.4 nM); in vivo tests
in TSE-infected mice gave a modest extension of
incubation period; in histological samples, it was
observed a selective binding on prion plaques, but not
on synaptic deposits.

An inhibitory effect on PrP* replications in cells was
also observed for methylene blue [33] and acridine
orange [34]. The fluorescent probe for amyloid plaques
FDDNP shows also a high and selective affinity for
prionic plaques [35].

Another compound endowed with antiprion activity is
the antiprotozoal suramin. Its action is related to a
PrPC-depleting effect, with a mechanism involving the
formation of non-infective PrP® aggregates. The latter
are transferred to acidic cell compartments and easily
degraded by proteases. Suramin was found to be able
to delay the onset of the disease in mice [36]. Testing
of suramin and its analogues like 12 on ScN2A cells
allowed a more detailed insight of the inhibition of de
novo chemogenesis PrP* due to these substance[37].
The cell localization of this effect was identified in a
post trans-Golgi network site. Comparison with

analogue compounds established that the presence of
the two symmetric portion is essential for activity, and
so is the presence of sulfonic groups.

A series of anionic conjugated polythiophenes like 13
has been tested in vivo in prion-infected mice by
intraperitoneal administration, leading to increase of
survival time[38]. NMR and docking studies evidenced
that they interact with fibrillary aggregates. This
interaction involves the electrostatic attraction between
lysine residues of PrP and the carboxylate groups of
the ligand. The presence of at least five thiophene rings
is also required. Compound 13 binds to PrP>° with high
affinity and specificity, and it acts by stabilizing the
fibrillary protein aggregates, so diminishing their
frangibility which is at the base of PrP> propagation.

3. PORPHYRINS AND PHTHALOCYANINES

Porphyrins and phthalocyanines (Figure 4) were
chosen as compounds to test on PrP>® because many
representatives of this class have high affinity on
proteins. The interaction is often accompanied by
conformational changes of the protein. Also, they have
a low cytotoxicity, unlike azo dyes. The main
drawbacks of these molecules consist in their high
affinity to albumin and their tendency to self-
aggregation.

Figure 4

In a first study, some porphyrins and phthalocyanines,

both in form of metal complexes and metal-free
molecules, were tested on ScNB cells [39]. A cell-free
investigation on their inhibitory effect on protein
misfolding was also performed. Phthalocyanine
tetrasulfonate (PcTS, a mixture of isomers, all with
four sulfonic groups, each on a different benzene ring
but in variable positions), in both metal-free and Fe®" -
complex forms, reduced the cell level of PrP* with an
ICso < 1 uM. Complexes with M = Mn**, Co*, Cu**,
VO?* or Ni** are less active, and those with Co®*, Zn**
and AP are still less active. Metal-free
deuteroporphyrins 14a-c and their Fe** -complexes
15a,b were also tested. Methyl esterification of 14a to
14b resulted to be unfavorable; Fe(l11) complexation in
15a improved activity; substitution of the sulfonic
group with a glycol led to a decreased activity for the
metal-free molecule (14c), whereas results were
favorable in the case of the Fe(l11) complex 15b, which
showed a good inhibitory activity (ICs=1.0 uM).
Therefore, for these compounds, negative charges on
the periphery of the tetrapyrrole system are not a
requisite for activity. Instead, a good activity can be
obtained also in the case of neutral polar, or even
positively charged substituents, as in compounds
described below.

In the case of metal-free tetraarylporphyrins 16,
substitution of p-sulfonate groups of 16a with
carboxyls in 16b had an unfavorable effect, whereas
their replacement with cationic trimethylammonium
moieties (16¢) increased significantly the efficacy. The
tetra-(4-pyridyl)derivative 16d was slightly more active
than 16a, and also more active than the quaternary



derivatives 16e,f. The quaternary derivative 16g was on
the contrary neatly more active than 16a. Formation of
iron (111) complexes enhanced considerably the activity
of 16a, 16b and 16e (in complexes 17a, 17c and 17¢),
whereas had a scarce effect or the more active 16c¢ (in
17d). Formation of a metal complex had a favorable
effect also in the case of the Cu(ll), Ni(ll) and Zn(Il)
complexes of 16e (17 f-h), whereas resulted
unfavorable in the case of 17b, the Mn(l11) complex of
16a.

Compounds PcTs, 15b and 17e were administered
intraperitoneally to scrapie infected transgenic mice
[40]. They led to increase of survival time from 50 to
300%, with efficacy decreasing in the order
PcTS>17e>15b. These compounds are not brain
penetrable, so their effect is due to peripheral action.
This is in accord with the fact, observed in a
subsequent work that intraperitoneal administration of
17e in mice leads to increase of survival time if done
before, or up to 5 week after scrapie infection, whereas
it was ineffective 50 days after infection, when brain
has been damaged [41]. In the latter work many
porphyrins were tested in scrapie-infected mice by
intracerebral injection. Compounds 16¢, 17d and the
analogous Cr(11), In(l11) and Cd(11) complexes resulted
to be toxic in these conditions. A significant increase of
survival time was observed with 17a, but not with its
Cu(ll), zn(Il) and In(Ill) analogues. The anilinium
derivative 17d and its Cu(ll), Ni(ll), Zn(Il) and Pd(lI)
analogues were also inactive.

In a further work the effect of both metal and
peripheral substituents was investigated [42]. The
analogues of PcTS bearing just one or two sulfonate
groups showed in both in vitro and in vivo tests an
activity comparable to PcTS, confirming the negligible
effects of these substituents. The effects of the metal in
PcTS complexes is instead remarkable. It was found a
good correlation between both in vitro and in vivo
activities and the tendency of the complex to self-
aggregate, with the highest activities for metal-free
PcTS and Fe** and Ni** complexes, and the lowest for
AIP* and Mn*" complexes. That seems to indicate self-
aggregation as a model of the interaction of
phthalocyanines with aromatic side residues of the
PrP®. The complex Cu®*-PcTS showed a peculiar
behavior, being effective in in vitro tests and in
extending survival in mice if administered before
scrapie infection, but ineffective in infected mice.

Further tests of 17e showed that its efficacy on infected
N2a cells was independent from the PrP° strain. These
results indicate the unfolded form PrP® as the target of
the ligand [43]. Compound 17e was also able to
prevent interaction of PrP® with -amyloid.

4. OTHER METAL ION CHELATORS AND
CHELATES

Structures of these compounds are represented in
Figure 5.

Figure 5

As we said in the Introduction, PrP® has a role in
copper metabolism and this is related to its superoxide
dismutase activity. It is still unclear whether copper
enhances or counteracts infectivity of PrP* [6].
Treating scrapie-infected mice with the selective
copper chelator D-penicillamine [44], led to reduction
of copper level in both blood and brain. However, it
was not found a significant correlation between copper
levels and incubation period. More consistent data have
been obtained with clioquinol [45]. This is a Cu/Zn
chelator and was able to extend survival of in prion-
infected mice by 60%, by slowing PrP® misfolding.

Copper coordinates to PrP¢ with different modalities
depending on pH [46]. PrP° is able to bind up to six
Cu? ions, four in the octapeptide repeat region and two
in the polar region constituted by residues 92-111.
Anyway, in normal conditions PrP® coordinates no
more than a Cu®" ion, which is bound in the latter
region. At pH 55 mimicking endosomial
compartments, Cu®* is coordinated to imidazole
nitrogens of His96 and Hisll1l, and also with two
deprotonated amide nitrogens and sulphur of Met109
[47]. In the binding mode at pH 7, coordination with
His96 is not present. Giachin et al. [46] showed that
depletion of the Cu**-His96 interaction (by mutation or
introduction of cuprizone) favors prion misfolding in
infected cells. That would indicate a favorable role for
Cu?*, which anyway is concentration-dependent, as a
Cu?* excess induces PrP® misfolding [48].

Misfolding of PrP° to PrP>° causes a decreased affinity
to copper and an enhanced affinity to manganese and
zinc [49, 50]. That is accompanied with a consistent
decrease of superoxide dismutase activity. It can be the
reason of the oxidative neural damage which is found
in prion diseases [51]. The manganese complex EUK-
189, endowed with superoxide dismutase and catalase
activity, has been tested in vivo in GSS prion infected
mice [52]. It led to a significant extension of survival
time and to a reduction of brain vacuolar lesions.

Neurotoxicity of PrP* is linked with disruption of
transition metal homeostasis [53]. In  normal
conditions, transition metal ions are present in
biological systems as complexes with high affinity
biomolecules. If they are present in more reactive
forms, they can lead to oxidative stress. That consists
in increase of the concentration of reactive species
generated via electron transfer reactions [50]. Among
them, the most harmful is the hydroxyl radical, which
causes oxidative damage to cell membrane lipids and
other biomolecules [54].

Prion protein binding to Mn?* has a protective effect
towards manganese-induced oxidative stress [55]. Mn®*
ions enhance infectivit\t/ of PrP* [56] and induce
misfolding in native Prp~ [57]. Treating M1000 prion-
infected mice with the manganese chelator CDTA [58]
led a prolongation of survival, accompanied with a
reduction of brain manganese level, without effect on
concentration of other metal ions.

It must be also mentioned another metal complex, the
inorganic heteropolyanion salt



(NH4):7Na[NaSbgW,;0gs], known as HPA-23. It has
been tested in scrapie-infected mice by intravenous
injection [59]. It led to a decrease of infection and
increase of survival time if administered no more than
2 hours after infection. Similar heteropolyanions (like
silicotungstate or the potassium analogue of HPA-23)
were found to be ineffective.

5. AMINOTHIAZOLES AND
COMPOUNDS

RELATED

One of the most intensively studied classes of antiprion
compounds is represented by aminothiazoles and their
analogues (Figure 6).

Figure 6

The starting point was the aminothiazole derivative
18a, which has been identified as a human-PrP° ligand
from a high-throughput screening study. It has been in
turn the hit for a library of 5-acylamino-oxazoles and
thiazoles. The latter were screened for PrP>® formation
inhibition in infected SMB cells. Compounds 18b-f
resulted to be the most active with ECs, ranging from
1.5 uM (for 18b,c) to 13 uM (for 18f) [60].

Another screening study of antiprion activity on ScN2a
cells led to the 2-aminothiazoles 19 [61]. Compound
19a and 19b showed a fair activity (ECsq=2.5 and 3.9
MM respectively). At least an H-bond forming group is
required on the aryl bound to the position 4 of thiazole,
as shown by the inactivity of the p-ethylphenyl
analogue. Instead, for the p-acetamidophenyl analogue
activity is almost maintained (8.5 uM), indicating that
phenolic groups are not a strict requisite. Removal of
methyl of 19a in 19c resulted in a diminished activity,
and a slightly larger decrease was given by substitution
of the pyridine moiety with a p-benzenesulfonamide.
The salicylic acid derivative 19d was inactive,
probably because of its scarce cell membrane
permeability.

The SAR of this system has been furtherly investigated
[62]. The first aim was the removal of catechol moiety
of 19a, as this group is a potential source of labilities
(metabolic  instability,  toxicity, scarce  brain
penetrability). The dimethoxy analogue 19e resulted
equipotent with 19a. Substitution in 19e of the N-
hetaryl substituent R, with a methyl gave an inactive
compound. Unlike for the catechol analogue, removal
of the methyl from the pyridyl ring resulted to be
favorable, and still higher activities are reached if
methyl of 19e is shifted to the 5 (19f, EC5,=0.79 uM),
or 4 positions. The analogues of 19f with different N-
aryl groups (phenyl, 3- or 4-pyridyl, 2-pyrimidyl,
pyrazinyl) were less active. The electron-releasing
effect of the methyl on the pyridine ring is not relevant,
as shown by the fact that the analogues of 19f bearing a
5-methoxy or 5-trifluoromethyl substituent show
activities comparable to 19f. Ring fusion of the 4 and 5
positions of the pyridine ring in 20a-c led to a
consistent increase of activity, especially for the
isoquinoline analogue 20c (ECs=0.11 uM). The
request of a specific steric arrangement is confirmed by

the inactivity of the isomer of 19a bearing an a-
naphthyl.

This work was extended to a SAR study of the C-4
substituent on the thiazole ring. Removal of the m-
methoxy group from both 19f and 20c was tolerated.
The analogues where the thiazole ring bears at C-4 an
unsubstituted phenyl or an alkyl showed scarce or
absent activity, and o) did the
trifluoromethoxyderivative 20d. On the other hand,
comparable activities were shown by various analogues
bearing a hetaryl (4-pyridyl, 3-phenylisoxazol-2-yl) in
this position. An ortho substituent, as in 19h, resulted
to be detrimental and that seems to suggest a required
coplanarity of the thiazole and 5-substituent rings. In
fact, a forced coplanarity via methylene ring fusion
resulted to be tolerated for 21a and favorable for 21b
(EC5=5.59 and 2.44 uM respectively). Moreover,
variation of the C-4 thiazole substituent influences the
SAR of the C-2 substituent. So, both 19i and 19j
showed a fair activity (0.23 and 0.25 pM respectively),
higher than their methylpyridyl or isoquinolin-3-yl
analogues. Introduction of an amide linker was
tolerated in the case of 19k, but not for 20e,f. The fact
that N-substitution in 20g,h is not unfavorable indicates
that there is no need of H-bond donor groups.

A subsequent screening on the 2-aminothiazole
template, including also pharmacokinetic features and
metabolic stability [63], led to compounds 22a and 23
(EC5=1.24 and 1.85 pM respectively), whose oral
bioavailability and metabolic stability were confirmed
by in vivo tests in mice.

A further SAR study based on 22a as the lead
compound [64], showed that substitution of terminal
phenyl group with various heteroaromatic or
heteroaliphatic rings could give compounds with
activities in the nanomolar range (EC5,=68 nM for 22b,
87 nM for 22c and 51 nM for 22d). Replacing of
methyl of 22a with other groups like in 22e had only
minor effects instead. Introduction in the 3- or 4-
pyridyl ring of 22b,c of various alkoxy or amino
substituents (respectively in 4 and 3 position) gave
compounds with lower or comparable affinity. An
unfavorable effect is also shown for N-oxidation of
these rings, or by introduction in these moieties of a 2-
methyl. Compound 22b presented also the advantage
of an high brain penetrability, unlike its isomer 22c.

This study was extended to 2-acylaminothiazoles 24. A
reasonable activity was observed only for small acyl
groups like acetyl and cyclopropylmethyl. The latter
gave also the advantage of a better metabolic stability.
In these compounds the requisite of the coplanarity of
substituent R; and phenyl is essential for activity. So,
derivatives like 24b where this coplanarity is hindered
are inactive. Some compounds like 24c (ECs,=70 nM)
result to be fairly active but with a poorer brain
penetrability with respect to diphenyl derivative 24a.

A docking model for the binding of 2-aminothiazole
derivatives with PrP® has been recently developed [65].
The model was confirmed by its fairly good correlation
with experimental data. The binding site is a cavity of



PrP® known as pocket D [66]. In this model, interaction
with compound 20b is dominated by hydrophobic
contacts, involving the quinoline, thiazole and
dimethoxyphenyl systems, but hydrogen bonds
involving methoxyl groups play also a role. The
binding must also maintain the salt bridge between
Argl56 and Glul96. This docking study led to new
ligands like 25 (with a binding constant of 15.5 uM).

One of the major drawbacks of 2-aminothiazoles is due
to their metabolism leading to reactive intermediates
[67]. This liability is moderated by electron-
withdrawing substituents. A greater concern comes
from experiments with infected mice, where
aminothiazole 22a induced the formation of drug-
resistant strains of PrP° [68]. Further experiments
showed that this induction is not always observed, but
depends on the PrP*® strain responsible of the initial
infection [69].

A series of 5-thiazolecarboxamides 26 with antiprion
activity in vitro was developed by Thompson et al.[70].
This scaffold was obtained from reversal of the amido
group in the series 18. Compounds 26a-c presented an
appreciable in vitro activity (ECs,=4.0 to 4.9 M on
SMB s15 cells) which was however accompanied by
cytotoxicity.  Analogues  with  cyclic  amines
(pyrrolidine, morpholine) replacing the dialkylamino
terminal group gave poorer results, and so did other
compounds with various substituents on the amide
nitrogen (labeled as R; in the formula), with the
remarkable exception of 26d (ECs5,=0.43 uM). The
latter showed no cytotoxicity, but presented the
drawback of high metabolic instability. Many strict
analogues of 26d (like those with the furane ring
methylated or substituted by thiophene or
tetrahydrofuran) were inactive. The investigation was
extended to 1,2,4-thiadiazoles like 27 (EC5p=1.62 UM).
Also in this series, like in the previous compounds, a
general preference for electron-releasing substituents
on aromatic rings was evidenced, whereas electron-
withdrawing substituents were detrimental for antiprion
activity. Surface plasmon resonance (SPR) experiments
showed for many of these compounds (with the
exception of 26b) a low affinity for PrP®, so their
action must be mediated by another biomolecular
target. A prosecution of this study [71] led to
derivatives 26e-f and 28, endowed with higher activity
(ECs=1.9 to 2.9 uM) than the hit compound 26a, and
not cytotoxic at the effective concentration.

6. ACRIDINES,
ANALOGUES

QUINOLINES AND

6.1 Compounds bearing a single pharmacophore
unity

The prototype of these compounds (Figure 7) is the
antimalarial drug quinacrine. It was found to inhibit
PrP% accumulation in ScNB cells with an ECs, =
0.4uM [72].

Figure 7

The effect was thought to be related to the interference
with  the interaction  between PrP*  and
glycosaminoglycanes, along with modification of
lysosomal pH. A SAR study on a series of acridines,
phenothiazines and quinolines [73] showed an about
10-fold lesser efficacy for the antipsychotic
chlorpromazine and for the antimalarial chloroquine.
No activity was found for compounds lacking of the
central aliphatic chain like 9-aminoacridine. Promazine
and acepromazine resulted to be slightly less effective
than chlorpromazine, and a further decrease of activity
was shown by promethazine, bearing a shorter side
chain. The major role of the side chain in binding was
confirmed in the quinacrine analogues 29. Compounds
29a,b lacking of a second basic nitrogen on the side
chain were about 10 times less effective than
quinacrine. The introduction of an ethereal oxygen
(24c) or an aromatic or heteroaromatic ring (24d,e) led
to inactive compounds.

An NMR study [74] identifies in the residues Tyr225,
Tyr226 and GIn227 of human PrP® the binding site of
quinacrine. These residues belong to the helix a3. The
efficacy is not related only to the stability of the
quinacrine-PrP® complex (whose dissociation constant
is about 10* times larger than ECs), but also to the
selective accumulation of the drug in cell organelles.

An appreciable antiprion efficacy was shown also for
quinine (ICsp= 6 pM) and other related Cinchona
alkaloids. That prompted to the synthesis of other
quinolinic compounds [75] like 30 (1C5,=0.45 uM). An
activity in the nanomolar range was found for 4-
substituted quinolines with a simpler structure, like the
styrylderivative 31 (ICs,=12 nM).

A study on an 9-aminoacridine library [76] showed that
cytotoxicity of quinacrine analogues was dependent on
the substitution pattern on acridine system. Instead,
antiprion effect was related to the side chain and was
disfavored by the presence in the latter of phenyl rings.
So, 32a showed an ECs,=0.4 puM, slightly more potent
than quinacrine, and with a reduced cytotoxicity. The
analogue 32b resulted clearly less potent (ECs=7.1

UM).

A further study involved a library of acridines,
quinolines and quinazolines bearing an arylamino
substituent [77]. A preliminary screening on PrP®
affinity showed higher affinities for the O-
arylaminoacridine series than for the analogues 2-
methyl-4-arylaminoquinolines and 2-phenyl-4-
arylaminoquinazolines. The latter series also displayed
a different SAR profile than the two former ones,
suggesting a different binding mode. So, whereas the
binding affinity of 33a was suppressed by N-
methylation (in 33b), the same structural modification
from 34a to 34b let affinity unaffected. No affinity or
antiprion activity was found for 4-arylaminopyridine
analogues, indicating that at least a benzo-fused ring
was necessary. Electron-releasing substituents on aryl
had a favorable effect in both acridine (as in 33c,d) and
quinoline series (e.g. in 34d compared to 34c), whereas
they had no relevant effect in the quinazoline series.
Screening for antiprion activity on SMB cells showed



that the NH group was necessary for activity and that
electron-releasing substituents were favorable. An
appreciable antiprion activity at concentrations
significantly lower than the cytotoxic ones was
observed only for a few compounds like 34d (ICsp
about 2.5 uM).

An investigation on quinolines analogues of
chloroquine [78] showed for these compounds a similar
SAR profile for antimalarial and antiprion activity. So,
it was hypothesized for the two activities a similar
mechanism at a subcellular level. It may involve
cholesterol redistribution from plasma membrane to
endosomal or lysosomal compartments. This study
describes the series of chloroquine analogues 35
bearing a piperazine unit on the side chain. In this
series, antiprion activity requires an aromatic
substituent on the terminal position, as showed by the
inactivity of 35a,b. Activity was also scarce or absent
in compounds like 35c,d bearing an unsubstituted
phenyl. A sensible improvement was obtained if it was
replaced by a thiophene ring, as in 35e (EC5,=100 nM)
or 35f (EC5=90 nM). Better results are obtained if the
phenyl carried electron-releasing and lipophilic
substituents (35f and 35g had ECsx, respectively 75 and
50 nM) or was condensed in a naphthyl system (35i,
ECso= 75 nM). Polar substituents as in 35j,k were
instead detrimental.

A screening on a library of quinacrine analogues was
performed on different prion strains [79]. Compound
36a showed a good activity in ScN2A cell test
(ECsp=21 nM), resulting more active and less cytotoxic
than its analogues with a longer polymethylene chain.
It however showed no activity in tests with other
mouse cell lines transfected with human prion strains.
On the other hand, derivatives 36b-d were less active
in SCN2A test (ECso were respectively 0.1, 0.29 and
0.42 uM), but displayed an appreciable activity on the
other strains. They were in turn the lead compounds for
the prosecution of this study [80]. The SAR trend
which was observed indicated the requirement of both
aryl and basic heteroaliphatic systems in the side chain.
In fact, no activity on mouse F3 cells infected with a
human prion strain was observed for both 36e, where
the benzene ring was replaced by a bioisosteric alkyne
system, and 36f, lacking of the basic group. These
latter two compounds showed however activity on
ScN2A cells, as did the previously investigated 36g.

A significant activity improvement on both strains,
with respect to lead compounds, was reached for 36h
(EC5=0.19 and 0.13 pM respectively on T3 and
ScN2A). Its analogues with three methylene units, or
with a para-methyl substituent showed a reduced
activity. The analogues of 36d with the piperidine ring
replaced by nortropane, or with a para-methyl
substituent, or else with a 7-chloroguinoline or 7-
chloro-1,2,3,4-tetrahydroacridine replacing the acridine
system showed an appreciable antiprion activity. The
presence of other para-phenyl substituents (chloro,
methoxy, cyano) was detrimental. With respect to the
structure of 36d, the template of 36b resulted less
tolerant to structural modifications. In fact, its
analogues with an ethyl or acetyl replacing the terminal

methyl were inactive on T3, whereas insertion of a
methylene or carbonyl unit between benzene and
piperidine rings was tolerated. The presence of the
terminal basic nitrogen was instead not necessary, as
the piperidine analogue 36i (ECs,=0.64 and 0.10 uM
respectively on T3 and ScN2A) is almost equipotent
with 36b.

The quinolizidine analogue 36j [81] was found to be
able to reduce consistently the neurotoxicity of the
fragment 90-231 of the human prion protein to SH-
SY5Y human neuroblastoma cells. The effect is not
present for analogues lacking of the methylene bridge
between the acridine and quinolizidine units, or with a
longer distance between these units, or else with a
different configuration at C1 of quinolizidine, but was
also present, in a lesser degree, for the reactive
compound 37. This effect was found to be related to an
attenuation of the resistance to protease of the prion
fragment induced by 36j.

6.2 Polyvalent ligands

The research of the analogues of the above mentioned
compounds was extended to analogues bearing two or
more pharmacophoric unities (Figure 8).

Figure 8

A SAR study was made on quinacrine analogues 38
bearing two acridine units [82]. If the linker was a
polymethylene unit, as in 38a, the activity was lower
than in the analogues with a polyether (as 38b) or
polyamine linker (as 38c), suggesting a favorable effect
of hydrogen bonds. Comparison of linkers with
different length indicated an optimal distance between
the two amine nitrogens linked to the acridine systems
in the range of 10-16 A. Compound 38a gave in
preliminary tests a consistent reduction of PrP* in
ScN2a cells, but showed also a high cytotoxicity,
which was much lower for 38b (ECs=25 nM) and for
analogues 32d,e (with ECsq values respectively 40 and
30 nM) with a less flexible linker. Azasubstitution, like
in 38f, reduced both activity and cytotoxicity.

Other bivalent PrP® ligands include quinine analogues
[75] like 39 (IC5=3.5 uM). The presence of two
quinoline units combined with the introduction of an
anthraquinone system in compound 40 led to a strong
increase of activity (1C5,=10 nM). A still stronger in
vitro efficacy was shown for 2.2’-biquinoline 4la
(ICx=3 nM). Its modification by double aza-
substitution (41b) or introduction of two carboxyls
(41c) resulted to be unfavorable. The high efficacy of
41a was not related with its metal-chelating property.
That was demonstrated by the fact that the addition of
various metal ions to the cell culture medium was
unable to modify the activity of 41a. Moreover, other
metal-chelating quinolines like 8-hydroxyquinoline
resulted to be ineffective. Despite of its high efficacy in
vitro, 41a resulted to be less effective than quinine or
quinacrine in prolonging incubation period in infected
mice.



Other developed compounds include chimeric
molecules derived from quinacrine and desipramine,
like quinpramine (EC5,=85 nM) [83] and its analogue
42 (EC5,=20 nM) [84].

As it concerns polyvalent chloroquine analogues [78],
this oligomerization led in some cases to a modest
improvement of the activity as in 43 (ECs5=3 UM in
ScN2A cells), and in other cases to inactive compounds
like 44. Appropriate linker systems can be favorable as
in 45 (EC5=0.5 uM).

In compound 46 (ECs,=0.17 uM on ScGT1 cells) [85],
the linker includes a 2,5-diamino-1,4-benzoquinone
moiety. It confers antioxidant properties and furnishes
a planar lipophilic scaffold interacting with Phe
residues of PrP° . This interaction prevents misfolding.
Comparison with analogues shows that the chlorine
substituent, even if is a source of cytotoxicity, is
necessary for activity. The bivalent structure and the
appropriate length of the linker play also a fundamental
role.

Trimeric quinacrine derivatives with a central trimesic
acid unity like 47 [25] present appreciable antiprion
activity in vitro at submicromolar concentrations.
Tetrameric analogues with a porphyrin core like 48 are
instead inactive, likely due to their inhability to reach
endolysosomes.

7. COMPOUNDS WITH CHAPERONE
ACTIVITY TARGETING THE NATIVE
PRION PROTEIN

The development of a new series of antiprion
compound was made on the base of genetic studies
[86] which identified GIn168, GIn172, Thr215 and
GIn219 as the amino acid residues of human PrP®
involved in misfolding to PrP* and in the interaction
between the two forms. There are PrP® mutations
involving at least one of these groups, including some
naturally occurring in humans [87], leading to
resistance to prion infection. This was the base for an
in silico screening of PrP® ligands leading to
conformational modifications of PrP® involving the
above mentioned residues [88]. This study led to
compounds Cp-60 and Cp-62 (Figure 9), which in in
vitro tests (ScN2a cells) showed respectively an 1Cs, of
18 and 30 uM accompanied by low cytotoxicity.

Figure 9

Further investigations on antiprion compounds sharing
with Cp-60 the 3,5-dicyanopyridine scaffold led to the
more active compounds 49 (active at 24 uM) [89] and
50 (EC5p=2.5 uM) [88]. May et al. [90] on the base of a
high-throughput screening study established a docking
model for the chaperone activity of these compound on
PrPC. It involves an interaction between Thr215 and the
lipophilic substituent at C4, whereas the vicinal amino
and cyano groups give rise to polar interactions with
GIn219, the other cyano substituent binds to GInl72
and the terminal portion of the substituent at C6 with
GIn168. It was established that the interaction was
favored by a halo-substituted phenyl at C-4 and by a 2-

(N,N-dialkylamino)ethyl group bound to sulphur, as in
the case of 51 (ECsp= 4.5 pM). Some bicyclic
analogues i.e. thieno[2,3-b]pyridine-5-carbonitriles like
52 (ECso= 10.9 uM) were also tested.

It was also performed a docking study of the ligand 53
with PrP [91]. It showed hydrogen bonds between the
ligand and the residues Tyr128, Aspl67, Tyrl69 and
Argl64 which, as it concern the first three residues,
involved the cyano groups of 53. The presence of the
two aromatic or heteroaromatic rings is fundamental in
docking, as shown by the inactivity of some analogues
where one of these substituents was absent or replaced
by an aliphatic substituent.

Kuwata et al. [92] performed a high-throughput in
silico screening for PrP® chaperones. The most
significant compounds were tested on mouse neural
cells infected with human TSE. The most active
compound, GN8, was tested in vivo by subcutaneous
administration in infected mice leading of increased
survival time. Docking models, supported by NMR
experiments, showed hydrogen bonds of this ligand
with the residues Asnl159 and Glul96, as well as
interaction with Val189, Thr192 and Lys194. The
overall effect of keeping together different helical
portions of the PrP° protein stabilized its conformation,
as confirmed by circular dichroism experiments. An
extensive SAR study with GN8 as lead compound [93]
showed that the activity (observed in vitro on mouse
GT1-7 cells infected with a modified human GSS
agent) was enhanced by substituents on the methylene
unit, like in compounds 54a,b (both with 1C5,=0.51
UM, about 3-fold more potent than GNB8). That is
related to a chaperone effect on PrP®, as evidenced by a
thermal denaturation experiment. The effect of the
substituent was attributed to the restraint to the dihedral
angle between the phenyl rings due to the more rigid
conformation. Other structural modification of the GN8
molecule led either to derivatives with comparable
activity (e. g. if the methylene bridge was replaced by
oxygen or carbonyl, of if the amide groups were
reduced to amine), or to less active or inactive
compounds. Such was for example the effect of
removal of one or both pyrrolidine groups, or their
substitution with cyclopentyl or with bulky amine
residues (i.e.dicyclohexylamine), or hetaryl groups like
1-imidazolyl, or amines bearing electronegative
substituents like fluorine or hydroxyl.

The diketopiperazine 55 (ECs,=4.1 uM in ScGT1 cells)
was developed by Bolognesi et al. [94] on the basis of
other antiprion compounds (including Congo Red and
suramin) characterized by two symmetric aromatic
unities. Comparison with similar compounds bearing
different aryl or heteroaryl residues evidenced that the
stabilization of the planar conformation, due to
intramolecular hydrogen bonds between aza groups
and amide hydrogens, had a preminent role for activity.
The compound resulted to be active in inhibiting PrP®
polymerization in a cell-free essay, so its action is due
to conformational stabilization of PrP®. The analogue
56, though less active, is a potential fluorescent probe
for Prps°.



Hosokawa-Muto et al. [95] performed an in silico high-
throughput screening for PrP® chaperones, followed by
testing of the most promising compounds in murine
cells. One of the compounds that seemed more
promising was the tetrahydrocarbazole derivative 57
(IC50=8.54 uM). A subsequent SAR study on this hit
compound [96] showed that the presence of a tricyclic
system is essential for the activity, as shown by the
inactivity of the indole and pyrrole analogues. Instead,
both keto group and ring methyl are not essential. The
side chain is essential for activity, and a longer chain is
not favorable. Within this side chain, both amino and
hydroxyl group are fundamental for activity. The
hydroxyl group is likely to act mostly as a H-bond
acceptor, at its O-methylation is tolerated. If the
terminal amino group is secondary, the activity is
improved, especially for N-benzyl derivatives. The
SAR study on the benzyl group showed that electron-
releasing substituents (MeO, Me) had a negligible
effect on activity, whereas aza-substitution or electron-
withdrawing groups (halogens, CF;) are unfavorable,
with the relevant exception of halogens in the ortho
position. Substitution of phenyl with a-naphtyl is
unfavorable, likely due to steric reasons. That led to
compound 58 (ECsp=1.11 puM). It is active on both
scrapie- and GSS-infected murine cells.

A high-throughput in silico screening based on the
innovative docking model NUDE running on
supercomputers led to compounds NPR-053 and NPR-
056 [97]. Their high affinity for PrP® was confirmed by
plasmon surface resonance experiments. Docking
model show for these compounds a binding modality
different from GN-8, with a greater involvement of
interaction  with  lipophilic residues. In Vvitro
experiments on murine cells show reduction of PrP
without interference on PrP® expression. Intracerebral
administration to infected mice led to a significant
reduction of PrPSc brain accumulation, but without
effect on survival.

A natural antioxidant showing anti-prion activity on
ScN2A cells is curcumin [98]. It binds to both Prp*
and to a partially folded intermediate conformation of
PrP® [99]. A docking model was obtained for the
binding interaction between curcumin and PrP® [100].
It involves two hydrogen bonding, one between a keto
group and Lys197 and another between a phenolic
hydroxyl and Tyr165. The latter work shows a more
effective binding mode between PrP® and another food
component, the 3,4-dimethoxycynnamic acid which is
present in coffee. It interacts via hydrogen bonds
between the carboxylate group and Argl39 and
Asn162, along with hydrophobic interactions of the
remaining part of the molecule with residues on the H3
domain. The better efficacy of this compounds, which
has the additional advantage of a better bioavailability,
in stabilizing PrP® conformation has been confirmed by
in vitro tests.

Conformational stabilization of the native prion protein
has also been observed for chemical chaperones
(glycerol, dimethyl sulfoxide, trimethylamine N-oxide)
[101] and for B-cyclodextrin [102]. The effect of the
latter is likely due to its binding with the lipophilic

portion of Prp® which prevents its interaction with the
misfolded form.

8. INHIBITORS OF THE PROTEIN-FOLDING
ACTIVITY OF RIBOSOMES (PFAR)

A major breaktrough in the research of antiprion agents
was given by the development of screening methods
based on yeast prions [103,104]. It provides a safer,
cheaper and more rapid method for investigation of
antiprion activity, compared to the previous ones based
on mammalian cells. The good correlation between the
results obtained with this method and with the previous
ones suggests an outstanding analogy in biochemical
mechanisms involving prion protein in yeast and
mammals (that was lately identified with the PFAR,
see below).

A previous screening with yeast prions led to the
identification of a new chemical class of antiprion
compounds endowed with stronger efficacy than
quinacrine and chlorpromazine, which present a
moderate efficacy in yeast prion test [103]. They
include the new chemical class of kastellpaolitines, like
59 (Figure 10). Better results have been obtained with
some phenanthridine derivatives, in particular with
60a-c. The presence of chlorine in 60b results
favorable for activity, and a stronger effect is given by
trifluoromethyl in 60c.

Figure 10

The antihypertensive guanabenz was found to have
antiprion activity in a preliminary yeast prion essay and
in a following test with scrapie-infected neuroglials
murine cells. Its analogues with a chlorine atom
replaced by H, F or Br displayed no antiprion activity.
The presence of an additional chlorine in 61 resulted
instead favorable. The lack of antiprion activity of
other o2-receptor agonists led to rule out any
correlation between the two activities. The
anticholinesterase agents tacrine and hydroxytacrine
showed efficacy in prion yeast test, but not in murine
cell test. That constitutes an exception of the general
parallelism between the two tests insofar observed,
probably due to the fact that these molecules interact
with yeast cells with a different mechanism.
Guanabenz was tested in vivo in prion infected mice,
leading to a slight increase of survival time [105].

Both 60a and guanabenz were found to not interact
directly with PrP® and to not interfere with its
synthesis. The action of both compounds is due to the
inhibition of the protein folding activity of ribosomes
(PFAR) [106]. So, the common feature in mechanism
of misfolding of both yeast prion and PrP® has been
identified: in both cases PFAR is involved in the
conversion of early denatured prion protein forms into
B-sheet rich ones. If PFAR is inhibited, the early
denatured forms are easily degraded [107].

Mutation studies on the domain V of the 235/255/28S
rRNA of the large ribosomal subunit (which is the
active site of PFAR), along with kinetic study on the
inhibition of PFAR by 60a, permitted to identify the



nucleoside residues in domain V which bind with 60a,
and to establish that it is a competitive inhibitor [108].
In a subsequent work, Banerjee et al. [109], along with
the development of a fluorescence method for
investigation of PFAR inhibition activity, performed a
computational study which established that planarity of
60a-c derivatives is fundamental for interaction with
domain V, and the electron-withdrawing effect of Cl in
60b and CF; in 60c leads to extension to electron
delocalization which favors the interaction with the
receptor. The inactivity of 62 is due to steric hindrance
to the interaction with the domain, along with reduced
electron delocalization [106].

A furtherly higher PFAR-inhibiting activity has been
found for the immunostimulant imiquimod [110].
Investigation was extended to the analogues 63a-c and
64a,b, showing a parallelism in the results obtained in
yeast prion and MovS6 cells infected with ovine 127S
prion strain. The methyl derivative 63a was slightly
more active than imiquimod, whereas a reduced
activity was found for the chloroderivative 63b and for
the pyrazoloquinolines 64a,b. The azasubstituted
analogue 63c was inactive. It was also demonstrated
the lack of relation between the antiprion and toll-like
receptor agonist activities of imiquimod, and that it
does not interfere with prion protein synthesis.
Intraperitoneal ~ administration (25 mg/kg) of
imiquimod to scrapie-infected transgenic mice led to
about 10% increase of survival time.

A SAR study on the 6-aminophenanthridine framework
showed that introduction of substituents on the amine
nitrogen of 60a led to inactive compounds, and so did
aza-substitution in different positions of either of the
two fused benzene rings [111]. Electron-withdrawing
substituents at 8 or 9 positions in 60c-e enhance
activity (IC5=5-10 pM in scrapie-infected MovS6
cells). Also, partial hydrogenation leading to the
tetrahydroderivative 65a or the dihydroderivative 65b
resulted to be favorable (the corresponding values of
ICso in scrapie-infected MovS6 cells were <5 uM for
the former and 1.8 uM for the latter). Parallelism
between the results with yeast and murine cells was
still observed, with the exception of compound 66,
active in the latter test (IC5<1.8 uM) but not in the
former. So antiprion activity of 66 is probably
mediated by a different mechanism.

9. N-(ARYL- ORHETARYL)AMIDES

A high throughput screening study was performed in
2013 [112] on both stationary phase and dividing
ScN2A cells. The compounds which were screened
belonged to different chemical classes. For these
compounds, the activity required the presence of a
group of at least three conjugated aromatic or
heteroaromatic rings. Conjugation between rings could
happen via ring fusion, direct bond or amide bond
(Figure 11).

Figure 11

Planarity of the conjugated system was an essential
requisite, so both conformational flexibility and
planarity-hindering substituents had a detrimental
effect. The most interesting data were given by amides
bearing an aromatic or heteroaromatic substituent on
both carbonyl and nitrogen side. In particular,
thieno[2,3-b]pyridines 67 were subjected to further
SAR investigation. A mono-para substituted phenyl
seemed to be the optimal substituent on both amide
nitrogen and position 6 of thieno[2,3-b]pyridine. So,
ECs values for 67a and 67b on dividing SCN2A cells
were respectively 0.14 and 0.10 pM, better than
analogues bearing di- or trisubstituted phenyl rings. An
even better performance was showed by the fused
analogue 68 (ECs,=0.06 uM), but not by 69 (EC5,>10
pUM), as a further evidence of the outstanding role of
both planarity and conjugation.

This study was further extended to other arylamides
bearing a piperazine system in order to improve
solubility [113]. Compound 70 had a good activity
(EC5=22 nM) accompanied by a good brain
penetrability. The SAR study indicated that aza-
substitution on either the terminal or the N-bound aryl
had a detrimental effect, and substitution of isopropyl
with methyl or ethyl was also unfavorable.

Another study was aimed at obtaining analogues of
Compound B (see Par. 10.1) devoid of its toxicity due
to the presence of the highly reactive hydrazine group
[114]. Derivative 71a displayed a slight activity
(EC50=0.64 pM) on ScN2A cells, whereas its analogue
with a 4-pyridyl instead of phenyl (the amide bioisoster
of Compound B) was inactive. Activity was greatly
enhanced by para-phenyl substituents (EC5,=0.12 uM
for both 71 and 47c). In order to improve metabolic
stability, a cyclopropyl substituent was introduced in
the oxazole ring. Compound 71d was endowed with a
good activity (ECs5=80 nM) accompanied with
metabolic stability and brain penetrability. Most of its
analogues with different phenyl substituents resulted
less active, while compound 71e was more active
(EC5,=60 nM) but with a poor pharmacokinetic profile.

A further development concerned similar compounds
where the oxazole ring was replaced by benzothiazole
or benzoxazole systems or a p-cyano phenyl group
[115]. Structural modifications of the hits 72a and 73a
(EC5=58 and 75 nM on ScN2A-cI3 cells) indicated
that the SAR of the acyl group was strongly influenced
by the other side of the molecule. So, for the 3-furyl
analogues, 72b had a similar activity whereas 73b was
less active. Some analogues of 72a lacking of the 7-
methyl substituent on benzothiazole, or bearing a
substituent on the central benzene ring, displayed also a
lower activity. Compounds 72c and 74 presented
respectively an ECs=80 and 170 nM, with the
advantage over 72a and 73a of a good brain
penetrability.

The p-cyanophenyl derivatives were developed on the
template 75a (ECso= 1.07 uM) [115]. Aza-substitution
in 75b and its 2- and 4-pyridyl analogues did not result
in a major effect on activity; introduction of an
electron-releasing substituent in the position labeled as



R in the formula gave instead more active compounds
like 75¢ (ECs0=55 nM) and its analogues where R was
a tertiary amine group. In the latter case however the
resulting compounds had the drawback of a scarce
brain penetrability. Compounds 72c, 74 and 75c¢ were
tested in vivo in scrapie-infected mice, leading to
doubling survival time. The effect was however not
present if the infective agent was human CJD prion. In
vitro tests showed that these compounds did not
produce  drug-resistant  prion  strains, unlike
aminothiazoles.

Other compound bearing N-arylamide groups, but
unrelated with the previous ones, are indole-3-
glyoxylamides. A screening on antiprion activity of
this template led to compounds with anti-prion
activities in the low nanomolar range [116]. Starting
from the lead 76a (ECsp=1.5 uM on SMB cells), a SAR
study showed that analogues derived from aliphatic
amines (included benzylamines) or secondary amines
were inactive, and also substitution on the 2 position of
indole or ortho positions in the aryl suppressed activity.
Substitution at indole nitrogen or meta position of the
aryl group was also unfavorable, and so was
replacement of aryl with a-naphthyl or various hetaryl
groups. Instead, the activity was consistently enhanced
by para substituents on the aryl ring, and H-hydrogen
bond acceptor substituents like methoxyl (76b,
ECs0=11 nM) resulted the most effective. A further
screening showed an analogue effect for substituents
like dimethylamino or morpholino or for some
heteroaromatic ~ substituents,  like  1-pyrazolyl
(compound 76¢, ECsp=1 nM). In the continuation of
this study, the preference of a heteroaromatic structure
for the para substituent was furtherly evidenced [117].
So, the 1l-imidazolyl and 1,3,4-oxadiazol-3-yl
analogues of 76c¢ presented almost the same activity of
the parent compounds, compared with the 125-fold
lower activity of the pyrrolidyl analogue. Introduction
in this moiety of ring substituents or insertion of a
methylene bridge between amide nitrogen and the
heteroaryl moiety was also unfavorable, showing the
request of strict steric requisites. Also, modification of
the glyoxyl moiety by reduction of either carbonyl to
methylene or by insertion of two methylenes between
them resulted in less active or inactive compounds. The
compounds of this series do not bind to PrP® and the
mechanism of their action is still unknown.

10. VARIOUS SIMPLE AROMATIC AND
HETEROCYCLIC COMPOUNDS

10.1. Hydrazones and azomethinic compounds

Bertsch et al. [118] developed a new cell-free high-
throughput screening technique for inhibition of Prp°-
Prp™ interaction. The most active compounds were
furtherly tested on ScN2A cells. The majority of active
compounds was characterized by the N’-
benzylidenebenzhydrazide substructure (Figure 12), as
in the case of 77 (EC5o=2uM).

Figure 12

A screening on antiprion activity of hydrazones with
high affinity to B-amyloid led to Compound B,
endowed with high activity on ScN2A cells (ED5,=0.06
nM) [119]. This compounds was tested in prion-
infected mice where it showed oral bioavailability and
a fair efficacy in prolonging survival time. Both in
vitro and in vivo efficacy were however strongly
dependent on the prion strain, and the diglycosylated
forms of PrP> showed to be resistant to this
compounds.

A high-throughput in silico screening, based mainly on
aminothiazole derivatives led to hydrazone 78,
showing an 1C5=1.6 UM on ScN2A cells [120]. It was
also able to act as a fluorescent stain on PrP
aggregates. A docking model showed that this
compound fits well in the D-pocket of Prp®. This
interaction includes, along with hydrophobic contacts
(like quinoline moiety with Pro158, pyrroloquinoxaline
nucleus with Tyr162, methoxyl with Lys125) also three
hydrogen bonds (His187 with hydrazine nitrogen,
Tyrl62 with bridgehead nitrogen, GIn186 with
methoxyl) and a =-cation stacking (Lys194 with the
tricyclic system). The most relevant feature is the
conformational stabilization of the loop Argl56-
Tyrl62, opposing to misfolding.

Compounds 79 and 80 come from an high-throughput
in vitro screening study on the SMB[RC040] cell line
[121]. They led to a modest increase of survival time in
scrapie-infected mice by intraperitoneal administration.
They not interfere with PrP~ expression; cell-free in
vitro tests showed inhibition of PrP* replication only
in the case of 79, suggesting a different cellular target
for the action of 80.

10.2. Others

An interesting class of antiprion compounds is
represented by pyrazolones [122]. Compound 81
(Figure 13) presented a high antiprion efficacy on
ScN2A and F3 cells (EC50=3 nM on hoth strains).

Figure 13

It was developed on the basis of the neuroprotective
edaravone, which has however no antiprion activity.
Comparison between 81 and its structural analogues
showed no correlation between antiprion and
antioxidant activity (indicated by oxidation potential or
hydroxyl radical scavenging activity). Also, for these
compounds antiprion activity was not even related to
copper chelating ability or superoxide-dismutase-like
activity (which was investigated for both metal-free
molecules and their copper complexes).

A high-throughtput screening on a compound library
based on the N-benzylidenebenzhydrazide template led
to the 3,5-diarylpyrazoles. Structure optimization gave
Anle 138b, which was found to be able to inhibit the
formation of prion pathological aggregates both in vitro
and in vivo in scrapie-infected mice [123]. This
compound presents also the advantages of oral
bioavailability, brain penetrability, metabolic stability
and low toxicity.



The anti-viral compound DB772 showed anti-prion
activity on infected sheep microglial and rabbit renal
epithelial cells [124]. A subsequent SAR study on this
template [125] showed similar activity, at
concentrations lower than the cytotoxic, for a host of
analogues characterized by a 5-member heteroaromatic
ring (furan, thiophene, pyrrole or selenophene)
substituted in the 2 and 5 positions by aryls or
heteroaryls and bearing one or two strongly basic
amidine or 2-imidazoline substituents. Compound 82
(EC5=0.26 pM on scrapie-infected sheep microglia
cells) is an example. The action of these compounds
does not involve inhibition of PrP® expression, so they
likely counteract PrP®-PrP*° interaction.

The N-arylpiperazine scaffold was one of the most
promising templates which was found in early high-
throughput screening studies [61]. Li et al. [126]
performed a further investigation on these compounds.
Compound 83a showed an EC5,=0.71 UM on ScN2A-
c13 cells. Comparison with analogues with other para
substituents on the N-phenyl ring suggested an
essential role for the acetyl group, likely due to its
hydrogen-bond acceptor feature. Its replacement with
the almost isosteric 2-oxazolyl was found to be
unfavorable, whereas the benzoxazol-2-yl 84a and
benzothiazol-3-yl 84b analogues were found to be
more potent (EC5,=0.3 and 0.4 uM respectively). The
latter two compounds presented also the advantage of a
good brain penetrability and a low cytotoxicity, but
with the drawback of metabolic instability.
Introduction of a methyl either in 5 position of
benzoxazole ring or in 4 position of pyridine ring of
84a led to inactive compounds, likely due to steric
reasons. Introduction of a fluorine in 84c with the
attempt of improving metabolic stability, led to a
compound with poorer pharmacokinetic features and
also lower metabolic stability, both facts attributable to
its higher hydrophilicity. Other N-arylpiperazines
developed by Leidel et al. [127] were tested in vivo in
scrapie-infected mice. They led to appreciable
extension of survival time in the case of compound
85a, whereas the other derivatives 85b and 83a,b were
less effective. The mechanism of the action of these
latter compound is still unknown, and does not involve
direct interaction with PrP® and/or PrP*, as shown by
the inefficacy of these derivatives in the cell-free
essays.

Ferreira et al. [128] performed a high-throughput
screening in silico and in vitro on a series of simple
aromatic compounds. This study, which comprised also
the investigation of pharmacokinetic and cell toxicity
features, along with test on ScN2a cells, gave the most
interesting results for chalcones like 86 and 1,2,4-
oxadiazoles like 87. A docking study on murine PrP®
was also performed, which evidenced the residues
involved. A binding modality similar to that of
quinacrine was showed, with prevailing hydrophobic
interactions. It was also shown that the protein could
bind more than a molecule of ligand, with the other
molecules outside the main binding site.

A different approach for the research of antiprion
compounds was attempted by Ayrolles-Torro et al.
[129]. It was based on the previous observation that:

a) The small fragment PrP(27-30), a main
marker of PrP* infection, maintains prion
infectivity;

b) The neurotoxicity of amyloid aggregates is
much lesser than that of smaller, soluble
oligomers, so the formation of amyloid fibrils
should be regarded as a protection process
[130].

So, the research of compounds which could promote
the oligomerization of the PrP(27-30) fragment was
performed. The first step was a high-throughput in
silico screening of PrP® ligands with high affinity for
the region of the native protein near to the disulfide
bond Cys179-Cys214. The latter bound helices 2 and 3
which are retained in the misfolding process. That led
to thienopyrimidines 88 and 89 which were found to be
able to decrease prion infectivity in vitro. Compound
88 was tested in vivo in mice infected with the 22L
prion strain, leading to extension of survival time.

11. ANTIBIOTICS, CHOLESTEROL-
DEPLETING AGENTS AND STEROIDS

These classes are grouped together because it has been
showed for most of these compounds a similar
mechanism for anti-prion activity which involves
interaction with cell membranes. The main
representatives are shown in Figure 14.

Figure 14

The anticancer antibiotic iododoxorubicin was one of
the former compounds tested as antiprions [131]. It was
found to inhibit PrP% fibril aggregation by
intracerebral  administration in  scrapie-infected
hamsters. This action was accompanied by
prolongation of the survival time. Similar results were
obtained with two other tetracyclic antibiotics,
tetracycline  and  doxycycline  [132]. NMR
investigations have shown specific interactions
between tetracycline and the side residues of the
unstructured lipophilic portion of PrP® [5133]. These
interactions counteract aggregation of Prp™ and lower
its resistance to proteases. Doxycycline has been used
in phase Il clinical trials, but resulted to be ineffective
[134]. The derivative 90 of erythromycin A [135] is
also able to bind to PrP® leading to conformational
changes which inhibit its conversion to the pathological
forms. The parent erythromycin A is inactive.

The polyene antibiotic filipin was found to be able to
block PrP® endocytosis in human microglia and mouse
neuroblastoma cells. It also led to inhibit Prp*
replication in infected mouse neuroblastoma cells
[136]. A delay in brain accumulation of PrP* in
scrapie-infected hamsters was observed following to
treatment with the polyene antibiotic amphotericin B
[137]. Similar results were obtained with its water-
soluble and less toxic derivative MS-8209 [138]. The
latter was also found to be able to delay PrP*°
replication. Polyene antibiotics have a strong affinity to



sterols, such as cholesterol which is present in the
detergent-resistant microdomains of cell membranes.
These are the subcellular localization of both PrP® and
PrP% so they are the sites of PrP*° replication [139].
Experiments on the effect of amphotericin B on
infected cell lines permitted to correlate its anti-prion
effect with the structural modification of detergent-
resistant microdomains [140]. Similar results were
obtained with the cholesterol synthesis inhibitor
lovastatin [141].

The involvement of membrane lipid constituents in
PrP® misfolding was confirmed by further in vitro
experiments with squalestatin [142]. This compound
was found to be able to reduce the accumulation of
misfolded prion proteins in different strains of infected
cells in nanomolar concentrations.

Steroids have also been tested as antiprions. Prednisone
acetate was found to be able to reduce infectivity of
scrapie in mice [143]; in vitro tests showed a
measurable anti-prion activity for other steroids like
budesonide (ECs,=0.5 UM in scrapie-infected SCN2A
cells) [144]. Comparable activities were displayed by
some aminosterols like 91a,b [135]. Some of the latter
like 91b do not affect PrP® membrane binding, so their
action is thought to involve a different biological
target, probably related to PrP® regulation or
metabolism. In the case of the aminosterol U18666A,
in vitro studies demonstrated the relation of anti-prion
effect with the accumulation of cholesterol in late
endosomes, related to enhanced PrP* degradation
[145].

12. MISCELLANEA

A screening of a wide library of drugs and natural
products was performed on ScN2A cells infected with
two different scrapie strains [144]. An activity in the
range 0.1-0.5 puM was displayed by the natural
alkaloids bebeerine and tetrandrine and by the
antipsychotic thiothixene (Figure 15).

Figure 15

Some antioxidant polyphenols, like epicatechin 3-
monogallate and epigallocatechin  3-monogallate,
normally occurring in various foods, showed antiprion
activity in the range 0.5-1uM. They resulted to be
active also in cell-free essays.

In vitro antiprion activity was also found for cysteine
protease inhibitors like E64d [72]. Another approach
which has been attempted consists in autophagy-
inducers, like trehalose [146], the immunosuppressant
tacrolimus and the histamine antagonist astemizole
[147]. Astemizole led to survival prolongation in prion-
infected mice, whereas trehalose was found to be
ineffective.

An anti-prion effect was also found for the anti-cancer
drug tamoxifen and its metabolite 4-hydroxytamoxifen
[148]. These compounds present a PrP°-depleting
effect with a mechanism similar to that of suramin (see
par. 2.3), accompanied by cholesterol transfer to

lysosomal membranes. In contrast with previous
papers, this study shows also that autophagy is
increased in PrP%-infected cells and that autophagy-
stimulating drugs were found to be ineffective in
depleting prion infection.

Another compound tested on prion infection is the
analgesic flupirtine, with NMDA receptor antagonist
activity. It was found to be able to reduce the toxicity
of the fragment PrP 106-126 in rat cortical neurons
[149]. That led to its use in clinical trials [150].

The aminoglycoside 92 showed a strong inhibiting
effect of misfolded prion protein formation in SCN2A
cells; it resulted however almost ineffective in in vivo
tests in mice [151]. The action of this compound was
independent on the strain of the misfolded protein and
was related to its interference with gene regulation (in
particular, with genes involved in microtubule
nucleation and those stimulated by interferon).

13. CONCLUSIONS

Research of antiprion agents remains a difficult task for
medicinal chemistry, despite the wide variety of
chemical tested and the development of new in vitro
screening methodologies [103,117,152] and docking
models [97,153]. That is also due to the lack of an
effective screening method based on human cells
[154]. Just a few compounds have entered clinical
trials, namely pentosan polysulfate [14,15], quinacrine
[155], doxycycline [134] and flupirtine [150], always
with unsatisfactory results.

The original approach of looking for PrP*-targeting
compounds cannot any more be considered promising.
In fact, there are different PrP* strains, as the pathway
of the misfolding process is not univocally definite [9].
On this regard, often the efficacy of the ligands is strain
dependent. That has shifted research to compounds
targeting the native form PrP° either by acting as
chaperones, that is stabilizing its native conformation,
or by blocking its binding sites to Prp* or p-amyloid.
A recent review by Barreca et al. [156] evidences how
the binding sites of various ligands within the PrP®
molecule vary outstandingly according to the chemical
structure of the ligand.

The new research trends take also in account other
biomolecular targets, like PFAR, cell membrane
domains or various genes, besides the PrP®-encoding
one. On this regard, it must be pointed out that for
several compounds (e. g. the glyoxylamides described
in Par. 9) the biomolecular mechanism which mediates
the antiprion activity has not yet been elucidated.

LIST OF ABBREVIATIONS

BSB = (E,E)-1-bromo-2,5-bis(3-carboxy-4-
hydroxystiryl)benzene

BSE = Bovine spongiform encephalopathy

CJD = Creutzfeldt-Jakob disease

CR = Congo red

CWD = Chronic wasting disease

ECsy = Half maximal effective concentration



FFI = Fatal familial insomnia

GSS = Gerstmann-Straussler-Scheinker

NMDA = N-methyl-D-aspartate

NUDE = Nagasaki University Docking Engine
PcTS = Phthalocyanine tetrasulfonate

PFAR = Protein-folding activity of ribosomes

PrP° = Prion protein

PrPS = Prion protein B-structure rich isoform

SAR = Structure-activity relationships

ScNB = scrapie-infected mouse neuroblastoma cells
SMB = scrapie-infected modified mouse brain

SPR = Surface plasmon resonance

TSEs = Transmissible spongiform encephalopathies
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