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Abstract Prion diseases are fatal neurodegenerative and
infectious disorders of humans and animals, characterized
by structural transition of the host-encoded cellular prion
protein (PrP°) into the aberrantly folded pathologic isoform
PrP%°. RNA, DNA or peptide aptamers are classes of
molecules which can be selected from complex combina-
torial libraries for high affinity and specific binding to prion
proteins and which might therefore be useful in diagnosis
and therapy of prion diseases. Nucleic acid aptamers,
which can be chemically synthesized, stabilized and
immobilized, appear more suitable for diagnostic purposes,
allowing use of PrP5¢ as selection target. Peptide aptamers
facilitate appropriate intracellular expression, targeting and
re-routing without losing their binding properties to PrP, a
requirement for potential therapeutic gene transfer experi-
ments in vivo. Elucidation of structural properties of
peptide aptamers might be used as basis for rational drug
design, providing another attractive application of peptide
aptamers in the search for effective anti-prion strategies.
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Prions and prion diseases
Prion diseases, also called transmissible spongiform

encephalopathies (TSEs), are strictly fatal neurodegenera-
tive and infectious disorders that can affect both humans
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and animals. Animal prion diseases comprise scrapie in
sheep and goats, bovine spongiform encephalopathy (BSE)
in cattle, chronic wasting disease (CWD) in elk and deer,
feline spongiform encephalopathy (FSE) in domestic and
wild cats, transmissible mink encephalopathy (TME) in
mink, and exotic ungulate encephalopathy in zoo animals.
Human prion diseases include Creutzfeldt—Jakob disease
(CJD), Gerstmann—Straussler—Scheinker (GSS) syndrome,
fatal familial insomnia (FFI), kuru, and the new variants of
CJD (vCJID and secondary vCJD). Prion diseases feature a
rapidly progressing clinical course that leads inevitably to
death, usually within months. Typically, this is preceded by
a long incubation period free of symptoms, lasting for years
to many decades, for example, in humans. Severe neuronal
loss is characteristic for prion diseases, accompanied by
strong astrogliosis and mild microglia activation. This
results in a progressive severe spongiform vacuolation and
degeneration of the central nervous system (CNS) mani-
festing itself particularly in ataxia, behavioral changes and,
in the human case, in dementia, a highly progressive loss of
intellectual abilities [1-5].

The protein-only hypothesis elaborated mainly by
S.B. Prusiner states that these diseases are caused by prions,
proteinaceous infectious particles devoid of any encoding
nucleic acid [2, 6]. Prions consist mainly, if not entirely,
of the abnormally folded isoform (PrPSC) of the normal,
host-encoded prion protein PrP¢ [2—4, 6-8]. Prions have self-
propagating capacities and are able to catalyze a profound
conformational change of PrP° into an aggregated form
resulting finally in accumulation of misfolded and aggre-
gated PrP%¢ in the brain. Prion pathology therefore shares
striking similarities with other protein misfolding and neu-
rodegenerative diseases like Alzheimer’s, Huntington’s and
Parkinson’s disease [9, 10]. However, prions are unique as
they are not only able to replicate their conformation, using
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Table 1 Manifestations of

. . Disease
human prion diseases

Manifestation

Mechanism

Acquired

Kuru (epidemic in the 1950s); iatrogenic
Creutzfeldt-Jakob disease (iCJD), variant

Infection by environmental exposure to
prions; exogenous

CJD (vCID) (total so far >200 cases)

Genetic

Familial or genetic CJD (~10%);
Gerstmann—Straussler—Scheinker

Mutation in the PRNP gene (more than 30
different types are known); endogenous

syndrome (GSS); fatal familial insomnia

(FFI)
Sporadic

Sporadic CID (~1 case per million per year
worldwide, ~90%)

Apparently spontaneous formation of
PrP5¢; endogenous

PrP° as substrate and PrP° as template, but are also naturally
and experimentally transmissible within and to a significant
extent also between species [2—4]. For human prion diseases,
the existence of three distinct manifestations is another
unique feature [1, 2, 5, 8] (Table 1). Human prion diseases
can occur endogenously, either genetically by defined germ-
line mutations, or more frequently, sporadically by a still
unknown mechanism. Furthermore, they can be acquired by
exogenous infection, e.g., by prion-contaminated foodstuff
or medically used materials [1]. Kuru reached epidemic
proportions amongst the Fore people in Papua New Guinea,
where it was transferred by ritualistic cannibalism, in which
brains of the deceased were eaten as a sign of dead person-
worship [11]. The BSE epidemics in the 1980s and the
emergence of BSE-caused vCJD in the 1990s significantly
raised people’s awareness of prion diseases, by realizing that
acquired forms can have epidemic and zoonotic potential
and can become dangerous for the human population [12-
15]. In contrast to ‘classical’ human prion diseases like CJD
and GSS, in vCJD the infectious agent is abundant in the
lymphoreticular system and many other organs beside the
CNS [16]. Interestingly, this is also true for CWD, another
only recently recognized highly horizontally transmissible
prion disease [17, 18]. Not unexpectedly, vCJD transmission
via blood transfusion was reported and appears to be rather
effective, resulting in secondary vCJID [19, 20]. This fact
certainly increases the risk of horizontal spread of vCJD
within humans. With regard to the exogenous infection
process and the long incubation time, it also offers the per-
spective that post-exposure drug application in peripheral
sites of the body might prevent neuroinvasion of prions and
onset of disease. Of note, to date there are neither reliable
pre-clinical diagnostic means nor effective and feasible
therapeutic or prophylactic strategies available against prion
diseases.

Cell biology of PrP¢ and PrP5¢, the prion conversion
process, and putative sites for intervention

The normal host-encoded PrP° is a glycoprotein which
transits the secretory pathway [21, 22]. Upon synthesis, it is

co-translationally translocated into the lumen of the
endoplasmic reticulum (ER), where the N-terminal signal
sequence is removed (Fig. 1). Further post-translational
modifications comprise the addition of carbohydrate chains
at two N-glycosylation sites, the establishment of a disul-
fide bond, and the attachment of a glycosyl-phosphatidyl—
inositol (GPI) anchor promoted by the C-terminal signal
peptide which is thereby cleaved off. Properly folded PrP°
exits the Golgi apparatus and is transported to the outer
leaflet of the plasma membrane where it is incorporated via
its GPI anchor moiety. PrP¢ resides mainly in lipid rafts,
cholesterol and glycosphingolipid-rich domains of the
plasma membrane. As these are important sites for signal
transduction, it is suggestive that PrP® might have a phys-
iological role in signaling processes. In addition, there is
experimental evidence that PrP° has antioxidant properties
and binds copper [23]. Overall, the function of PrP° still
remains enigmatic and allows room for presumptions,
although a neuroprotective role presently appears most
likely [4, 23-27]. The 37-kDa/67-kDa laminin receptor
(LRP/LR) is one of the described potential receptors for
PrP¢, prion uptake and conversion co-factor for prion for-
mation [28, 29]. The spread of prions from cell to cell
could be imparted by exosomes [30, 31].

PrP° has a high content of a-helices whereas PrP%¢ is
rich in ff-sheet regions, rendering it insoluble and partially
resistant to proteolytic digestion (Fig. 1) [2, 6]. The con-
formational conversion into PrP%° is thought to appear at
the cell surface, in lipid rafts or caveolae-like domains, or
along the early endocytotic pathway [32, 33], and is pos-
tulated to involve a direct physical contact between PrP°
and PrP¢. The exact molecular mechanism of conversion
is still the subject of intensive research. Several lines of
evidence suggest a more general model in which amyloids
are formed by a crystallization-like process, known as
‘seeded-nucleation’ ([34, 35]; Fig. 2). The process provides
several possible targets for intervention, for most of which
examples have been experimentally addressed (Fig. 3).
Such targets are PrP¢ synthesis [36] or proper cell surface
localization of PrP® [37]. Another experimental strategy
might be over-stabilization of PrP® or PrP%° [38, 39],
thereby impeding the nucleation process. Sterical
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Fig. 1 Structural and biochemical properties of prion proteins.
Schematic representation of PrP°, including primary structure and
post-translational modifications. The signal peptide (SP) is removed
during translocation into the ER Ilumen, residues 231-254 are
removed in order to add a GPI anchor. The octapeptide repeat region
(OR) encompasses residues 51-90. A disulfide bond and two
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N-glycosylation sites are present in the carboxy-terminal globular
domain. The structured part of PrP® in NMR and the PK resistant part
of PrP>° are indicated. At the lower left, a model of PrP° attached to
the outer leaflet of the membrane via its GPI anchor is shown; in the
middle, the NMR structure of PrP° [73]; and at the right, a structure
model for N-terminally truncated PrPS¢ [75]

n PrPsc| Prpse
PrPSc| Prpse prpsc|PrPse
C PrPSc| Prpse
.— PrP¢ | PrpSc| PrpSe| == PrpSc| PrpSe| Prisei==s0 oodis o
Prpse

Fig. 2 Conversion process according to the ‘seeding-nucleation’
model. For conversion of PrP¢ into PrPSC, initially the interaction of
both isoforms is necessary. Subsequently, PrP° adopts the PrP*°

hindrance of PrP%/PrP%¢ interaction is a widely used
experimental approach [40-42], including interference
with putative [43, 44] and yet to be characterized co-factors
in the conversion process. Reducing PrP%° template by
increasing the cellular degradation for prions represents a
more recent target [45-48]. Absorbing prions at the
periphery of the body [49, 50] before they can start repli-
cation and neuroinvasion is another strategy for preventing
prion diseases.

conformation, and PrP5¢ forms high molecular weight aggregates.
Theses aggregates break up and the oligomeric PrP5® units form new
seeds for recruiting PrP® molecules for conversion

More problems than solutions in prion disease diagnosis
and therapy

As prions use host-encoded PrP° as substrate for conver-
sion, newly generated prions always have the same primary
structure and obviously post-translational modifications as
host-encoded PrP° [2-4]. Due to self-tolerance, they
therefore do not provoke a detectable immune reaction in
infected individuals. Antibodies can be generated
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Fig. 3 Targets for therapeutic strategies based on cell biology of
prion proteins. For inhibition of the formation of PrP5° either PrP° or
PrP*¢ can be targeted. Intracellular trapping or re-routing of PrP® can
be achieved by PrP binding molecules like peptide aptamers (peptides
1, 8, 16) fused to appropriate targeting signals (/, 2 numbers referring

experimentally in appropriate animals but they do not
discriminate between PrP° and PrPS¢ isoforms [2, 6].
Although there are reports of antibodies specific for PrP5°
in the literature [51, 52], these were never used in com-
mercial diagnostic formats. Therefore, for diagnostic
purposes PrP¢ is usually removed, e.g., by digestion with
proteinase K, or rendered inaccessible by biochemical
manipulations, and the remaining pathological PrP¢ is
then detected by these antibodies in immunoblot, ELISA or
immunocytochemistry. Another caveat is that PrP5¢ is in
the CNS and beyond the blood-brain barrier (BBB),
although with some exceptions (e.g., vCJD, scrapie and
CWD), and therefore biopsy or autopsy material is needed
for examination. As a result of all this, preclinical diagnosis
is presently barely possible in sporadic forms of prion
disease. In vCJD, one hallmark is the accumulation of
PrP5¢ in lymphoreticular organs, e.g., tonsils and appendix,
at the pre-clinical stage [53], which opens the possibility of
detecting PrP>° in biopsy material. The recently described
cyclic amplification of protein misfolding (PMCA)

conversion?
clearance
T lysosome
¥
autophagosome

to the numbers drawn in red boxes). Peptide aptamers expressed
recombinantly in E. coli and purified can inhibit prion conversion if
added to the culture media of infected cells (3). Regarding PrP>
aggregate formation as a target, molecules like RNA aptamers that
bind to PrP® (DP7) can be used to enable degradation of PrPS° (4)

technology which uses PrP5° as template and PrP® from
brain tissue as substrate has increased the limit of detection
by many orders of magnitude [54, 55], although its diag-
nostic use is not yet guaranteed. However, a sensitive test
including a PMCA amplification step combined with signal
amplification by using T7 polymerase (Am-A-FACTT) has
been developed [56]. This assay enabled detection of PrP>
aggregates in the blood of CWD-infected deer and elk as an
example of a naturally occurring prion disease. Several
other promising approaches to enable detection of PrP%¢ in
a pre-clinical state have been described [57], and pre-
clinical diagnosis might be supported by the analysis of
surrogate markers indicative for prion diseases [58].

In terms of therapy and prophylaxis, no effective and
feasible means against prion diseases are yet available,
although some reliable proof-of-principle was obtained in a
variety of experimental in vitro and animal models (for
review, see [59]). One general caveat is that human prion
diseases are very rare. However, numbers of sporadic CJD
patients are constant with an incidence of ~ 1:1,000,000
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per year world-wide, corresponding to >5,000 victims
every year. Numbers of zoonotic (vCID: >200 cases in
total) and iatrogenic (e.g., by contaminated hGH or dura
mater transplants) CJD are much lower, although they have
gained much more attention in the public awareness. As
preclinical diagnosis is missing, patients are diagnosed
when the disease is in an already highly progressed stage
with severe neurodegeneration, implying that therapeutic
approaches may be too late as reversion of pathology is
unlikely. However, there is very good experimental evi-
dence from recent conditional transgenic animal models
that some kind of reversion of pathologic alterations and
even clinical symptoms might be achievable [60, 61].
Furthermore, prion diseases are strictly disorders of the
CNS and any therapeutic compound has to effectively
cross the BBB. Unfortunately, almost all compounds which
showed anti-prion activity in in vitro and/or cell culture
assays suffer from rather ineffective crossing of BBB. On
the other hand, the long incubation period from years to
decades in acquired forms may offer the potential of post-
exposure intervention at peripheral sites of the body, and
the compounds not able to penetrate the BBB might be
effective here. Finally, in recent years, the common idea
has evolved that it will not be a single compound but more
the intelligent combination of compounds, resulting in
additive or even synergistic anti-prion mechanisms and less
pronounced side-effects.

Aptamer technology and nucleic acid aptamers

Originally, the term ‘aptamer’ designated synthetic single-
stranded RNA or DNA molecules selected from

combinatorial libraries for binding to a certain target
molecule due to their folding into unique 3D structures.
Selection requires a process called SELEX (systematic
evolution of ligands by exponential enrichment) [62, 63].
Here, a chemically synthesized DNA library is amplified
by PCR, or, in the case of RNA aptamers, the RNA library
is generated by in vitro transcription. This pool of nucleic
acid molecules is incubated with the target and then the
non-binding aptamers are removed. Binding aptamers are
eluted from the target, amplified and again incubated with
the target. By repeating this cycle several times under
increasing stringency, aptamers with high affinity and
specificity for their target are enriched [62, 63]. A vast
variety of molecules can serve as targets, including pep-
tides [64] and proteins [65, 66]. RNA or DNA aptamers can
be chemically synthesized in large amounts, and the
problem of instability, in particular of RNA aptamers, can
be overcome by introducing chemical modifications, e.g.,
2'-fluoro- or 2’-amino-substituted pyrimidines [67], which
mediate increased resistance to nucleases. In contrast to
antibodies, their small molecule size encourages aptamers
to bind to functional pockets of proteins, and they can be
selected to even discriminate between conformational
isoforms of proteins. These properties might be important
for diagnosis or therapy of protein misfolding diseases such
as prion diseases. With respect to diagnosis, aptamers
specifically recognizing PrPS¢ and ideally binding to native
PrP5° without the necessity of preceding PK treatment of
samples would be desirable. In the case of therapy, both
PrP° and PrP%¢ could serve as targets, as illustrated in
Figs. 3 and 4, providing that binding to PrP® does not
interfere with its still not definitely known physiological
function. In therapeutic approaches, the PrP region
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Fig. 4 Scheme depicting proposed sites of interference of aptamers.
By binding of peptide aptamers to PrP°, the interaction with PrP¢ can
be inhibited either by covering the binding sites or by withdrawal of
PrP° from the subcellular site of conversion (competing peptide
aptamer). Alternatively, PrP°—PrP%° interaction can take place despite

binding of peptide aptamers, but PrP° is overstabilized and not
eligible for structural transitions (stabilising peptide aptamer). In
contrast, RNA aptamer DP7 binds to PrP°. It does not inhibit
conversion to PrPSC; however, it might interfere with the formation of
high molecular weight PrP5¢ aggregates
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recognized by aptamers is critical for successful inhibition
of prion conversion. Using anti-PrP antibodies, Fab frag-
ments or PrP derived peptides, several PrP domains were
defined that appear to be involved in conversion processes,
as covering of these specific sites negatively influenced
PrPS¢ propagation either in in vitro assays or in prion-
infected cell culture models [41, 42, 68-70]. However, it
has to be taken into account that sterical hindrance of
conversion by comparatively bulky molecules like IgG
cannot be completely excluded.

The remarkable ability of aptamers to distinguish
between protein isoforms has already been described in the
first study by Weiss et al. [71] reporting on RNA aptamers
that specifically interacted with the cellular isoform PrP¢ of
mice, hamster and cattle, but did not bind to disease-
associated PrP27-30 in brain homogenates of prion infected
mice. Mapping of the binding sites of these aptamers to PrP
revealed that they recognize residues 23-52 [71], which
explains the failure to interact with PrP27-30, since the
N-terminal target sequence of the aptamer is removed upon
PK digestion. For PrP binding aptamers in this study,
structure prediction revealed a G quartet scaffold, and the
formation of this structure was essential for the interaction
[71]. Another RNA aptamer (DP7) revealing G quartet
structure was selected against the human PrP peptide
encompassing residues 90-129 [72], a highly conserved
sequence covering the hydrophobic domain of PrP which is
flexible in PrP¢ and folds into fS-sheets upon conversion
into PrPS¢ [73-75]. DP7 binds to PrPs of different species
and, when applied to prion-infected cell cultures, the
accumulation of PK resistant PrP5¢ was reduced, although
initial steps of conversion appeared to occur since
N-terminally truncated and insoluble PrP was present.
Thus, it was suggested that RNA aptamers intercalated into
PrP aggregates and might therefore prevent the formation
of high-molecular weight aggregates [72]. Of note, this was
the only study employing prion-infected cultured cells for
investigating the conversion inhibitory activity of nucleic
acid aptamers. However, novel insights into the conversion
process demonstrated that the most infectious unit with the
best seeding properties of RML prions appears to consist of
12-15 PrP%¢ molecules [76]. Therefore, the question arises
whether inhibition of high molecular weight formation is
indeed deleterious for prion propagation or rather promotes
prion conversion over time due to an increased formation
of such oligomeric PrP*¢ molecules.

The binding site of DP7 partially overlaps with that of
RNA aptamer SAF-93 stabilized by 2'-fluoro-modification
and selected against hamster-derived scrapie-associated
fibrils [77]. SAF-93 in contrast to DP7 preferentially binds
to B-PrP recognizing a region that at least partially is
located between residues 106 and 126. However, a second
binding site was mapped to the N-terminal part of PrP

which appeared to be non-conformation specific since the
dissociation constant (Kyq) was 8 pM, which is high com-
pared to that of the conformation specific C-terminal site
(16 nM). SAF-93 inhibited conversion to PrP%¢ with an
1C5g of 40 nM, which was about 20-fold lower than that of
DP7 [72]. For SAF-93, this value was achieved in in vitro
conversion assays, whereas effects of DP7 were tested
directly in prion-infected cultured cells. Thus, ICs, values
are hardly comparable since in vitro conversion assays
probably allow much more defined conditions and non-
specific interactions, for example with other cellular pro-
teins or if factors in the culture medium are excluded. As
SAF-93 appears to be specific for f-sheet-rich and disease-
associated PrP and recognizes PrPs of various species
including bovine PrP, it could be a valuable tool for
diagnostic purposes. In addition, the specificity for PrP5
did not depend on PK digestion and therefore abnormally
folded forms that might be infectious should be recognized.
Without affecting binding specificity and affinity, SAF-93
could be reduced from the original 116 nucleotides to a
length suitable for chemical synthesis. It is possible to
derivatize the aptamer with biotin without negatively
influencing its binding properties, which provides the
possibility for application in multiple detection formats
[78]. Similarly, RNA aptamer 60-3 selected against
recombinant murine PrP did not show altered binding
affinities upon 2’-fluoro modification and biotinylation at
its 5" end [79]. Its PrP binding site was again located at the
amino-terminal part of PrP between residues 23 and 108.
However, the authors argued that the main binding site is
located between residues 23 and 89 since deletion of this
part reduced the affinity for recombinant mouse PrP about
10-fold. Notably, this region has been discussed to be a
non-specific binding site for nucleic acids [77] and was
also mapped for the RNA aptamer isolated by Weiss et al.
[71]. Aptamer 60-3 recognized, in addition to recombinant
mouse PrP, brain-derived PrP¢ and, albeit with lower
affinity, recombinant bovine PrP. The decreased affinity
might be due to alterations in the binding site of 60-3, since
bovine PrP harbors an additional octapeptide sequence [79,
80]. As described above, so far no definite physiological
function could be ascribed to PrP€, but there is evidence
that prion proteins can bind nucleic acids [81, 82]. In order
to identify RNA sequences that preferentially bind to sus-
ceptible allelic PrP, variant RNA aptamers were selected
against ovine PrP carrying either the susceptible VRQ or
the resistant ARR genotype [83]. The most frequently
isolated aptamer RM312 shared striking similarity with
DP7 but did not discriminate between the allelic variants of
ovine PrP. However, two binding sites were mapped for
RM312, spanning residues 25-34 and 101-110, respec-
tively. The second binding site indeed correlates with parts
of the sequence employed for the selection of DP7 [72].
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Another motif was almost perfectly conserved with RNA
aptamer SAF131 selected against hamster SAFs [77]. The
amino-terminal binding site has also been described several
times before [71, 77, 79]. With respect to sequence
homologies with cellular RNAs, a search in Genbank
database with the minimal binding motif revealed simi-
larities with several known mRNAs which were not
characterized further [83].

For diagnostic purposes, DNA aptamers might be
advantageous compared to RNA aptamers in that they are
more resistant against nucleases. This property might be
important in cases where aptamers are applied for analyses
which require incubation with enzyme-rich material like
body fluids or in cases of prion diagnostics with brain or
tissue homogenates. Indeed, DNA aptamers recognizing
human recombinant PrP were selected by SELEX. Further
evaluation revealed that aptamers interacting with recom-
binant PrP were also able to bind to brain- or cell culture-
derived PrP¢ of various species including cattle, sheep and
deer [84]. The binding sites located between residues 23
and 89 were similar to those of many RNA aptamers, and
binding was specific for PrP°. The authors suggest that PrP°
specific aptamers could be employed for pre-absorption of
diagnostic material, which subsequently might allow
analysis without PK digestion, assuming that residual PrP
is the disease-associated isoform which did not bind to the
DNA aptamers. Along this line, aptamers described by
Takemura et al. [85] were analysed for their ability to bind
to recombinant human PrP upon immobilization on gold-
coated magnetic nanoparticles. The finding that interaction
with PrP was still possible despite immobilization and
modification of the aptamer might provide the background
for sensitive diagnostic application of PrP%¢ specific
nucleic acid aptamers.

To avoid interactions with N-terminal PrP, as was fre-
quently found for RNA aptamers, DNA aptamers where
selected against N-terminally truncated PrP [86]. This
screen resulted in aptamers recognizing native PrP at the
surface of cultured cells. These aptamers appear to be more
promising tools for diagnostic purposes, since a trivalent
pool of aptamers was reactive against guanidinium-dena-
tured PrP¢. This might enable the development of a highly
sensitive PrPS° detection system with specificity for
conformational differences similar to the conformation-
dependent immunoassay [87]. Unfortunately, DNA apta-
mers described so far only recognized PrP° and denatured
PrP%, and despite discussing their potential therapeutic
applications, the question whether these aptamers inhibit
prion conversion at least in in vitro conversion assays or
cell culture models of prion infection has not yet been
addressed. As a note of caution, it has to be mentioned that
nucleic acid aptamers in general might be difficult for
therapeutic application in prion diseases. On the one hand,

if chemically synthesized aptamers are employed, the BBB
will pose a major problem, such as for most of the so far
identified therapeutic compounds. On the other hand, len-
tiviral delivery to the brain as successfully performed with
siRNA constructs targeting PrP° mRNA [88, 89] might also
be problematic. Although RNA aptamers can be tran-
scribed intracellularly from a plasmid construct [90], they
are still located within the cytosol. In the case of PrP
binding aptamers, this excludes binding to their target
protein due to compartmentalization, since PrP° is
expressed within vesicles of the secretory pathway or at the
cell surface. This problem could be circumvented by using
peptide aptamers, which are introduced in the following
section.

Peptide aptamers can be targeted to the secretory
pathway and inhibit cellular prion conversion

Peptide aptamers are the most recently described class of
aptamers, and the term refers to a class of molecules
consisting of a variable peptide sequence, derived from a
combinatorial library and embedded within a constant
scaffold protein. The variable peptide sequence is linked
N- and C-terminally to the scaffold [91, 92]. Thereby, its
conformational freedom is reduced compared to free pep-
tides or peptides fused terminally to a carrier protein,
leading to a more stable fold and increased affinity for their
target molecules and an increased stability [93]. Peptide
aptamers were used for inhibition or activation of target
proteins, and the identification of protein—protein interac-
tions [94], and they can be used as a basis for rational drug
design [95]. Peptide aptamers are usually selected by yeast-
two hybrid screening, providing the advantage of intra-
cellular screening in contrast to in vitro methods like phage
display. There are several scaffold proteins available, e.g.,
green fluorescent protein [96], the Z domain of staphylo-
coccal protein A [97], the lipocalin fold [98], and the most
frequently used E. coli Thioredoxin A (trxA). In the latter,
the peptide moiety is inserted into the active site loop of the
protein, thereby destroying its catalytic activity. A trxA-
based peptide library has been used to select peptide ap-
tamers targeting cyclin-dependent kinase 2 which enabled
successful inhibition of the target protein [91]. Once pep-
tide aptamers recognizing their target protein are selected,
affinity and specificity can be improved by random muta-
genesis of the peptide moiety [99]. One clear advantage
over nucleic acid aptamers is that it is possible to create
targeting and modifying peptide aptamers by fusion, e.g.,
to a nuclear import signal and to the active part of an
ubiquitin ligase, respectively [99]. This enables modulation
of the target not only by direct interaction but also by
guiding proteins to certain cellular locations and functions.
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Although, so far, in vivo applications are highly limited,
functional peptide aptamers have been generated, among
others, against the hepatitis B-virus core protein [100], the
human papilloma virus proteins E6 and E7 [101, 102], or
the epidermal growth factor receptor [103].

In respect of prion proteins, both binding to PrP and
modification of the subcellular transport of PrP¢ provide
interesting approaches that could interfere with PrP5° for-
mation. Our group recently demonstrated that peptide
aptamers interacting with PrP that were recombinantly
expressed and purified from E. coli inhibit PrP% accumu-
lation in prion-infected cultured cells when added to the
culture medium [104]. Furthermore, in this study, for the
first time trxA-based peptide aptamers were targeted to
the secretory pathway which did not alter their binding
properties to PrP°. Intracellular expression of these peptide
aptamers fused carboxy-terminally to an ER retention
motif or to a transmembrane and cytosolic domain, that
induces a bypass of the plasma membrane in prion-infected
cells, also resulted in inhibition of prion conversion and an
impairment of primary prion infection. These observations
are highly interesting since they demonstrate that peptide
aptamers can be expressed intracellularly and can be tar-
geted to the secretory pathway, in contrast to nucleic acid
aptamers. It opens the possibility, on the one hand, for
evaluation of peptide aptamers for therapeutic or prophy-
lactic treatment of prion diseases when delivered directly to
the CNS, e.g., by lentiviral transfer of appropriate vector
constructs as already performed with recombinant viruses
encoding single chain variable fragments (scFvs) against
PrP [105]. On the other hand, elucidating the structure of
the PrP-binding peptide moiety might help to select or
synthesize small molecule drugs harboring similar binding
properties as the peptide aptamer. A more rational
approach in the search for peptide inhibitors of prion
propagation would be to design antisense peptides. Such
molecules are designed by transcription of the antisense
strand of a given target protein, and it has been demon-
strated by several instances that such peptides interact with
the protein encoded by the sense strand [106—109]. Inter-
estingly, the presence of naturally occurring antisense
peptides encoded by the antisense strand of the PrP gene
[110] or by normal cellular RNAs interacting with PrP
mRNA [111] have been described, and peptides thereof
might provide lead structures for designing nucleic acid or
peptide aptamers. However, this strategy would limit the
peptide sequence variability since only antisense-strand-
derived peptides would be used. In contrast, a clear
advantage of screening a combinatorial library is the huge
variety of structures from which the best binding peptide
can be selected.

In conclusion, RNA, DNA or peptide aptamers are
interesting classes of molecules to improve diagnosis,

prophylaxis or therapy of prion diseases, if reasonably
applied. Due to the in vitro selection process for nucleic
acid aptamers, they might be more suitable for diagnostic
approaches. Only with this technology can PrP*° be used
for the library screen to identify PrP5° specific molecules,
which is not possible in a yeast-2-hybrid screen, the
method of choice for selecting peptide aptamers. Further-
more, the possibilities to chemically synthesise large
amounts of aptamers and to introduce functional groups for
surface immobilisation are beyond question properties that
make them ideal candidates for diagnostic purposes. In
terms of prophylaxis or therapy of prion diseases, peptide
aptamers might be more favorable due to the possibilities
of intracellular expression and targeting without losing
their binding properties, both features which might allow
gene transfer experiments in vivo. Elucidating the structure
of peptide aptamers in order to use them as a basis for
rational drug design is another attractive and promising
possible application of peptide aptamers in eventually
combating prion diseases.
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