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1. ABSTRACT  
 
A misfolded isoform of the prion protein (PrP) is the 
essential component of the prion diseases’ agent. The prion 
concept has progressively gained acceptance, in a large part 
thanks to the realization that it played a role not only in the 
transmissible spongiform encephalopathies, but also in the 
non-Mendelian propagation of self-perpetuating 
phenotypes of the yeast Saccharomyces cerevisiae. 
Uncertainties about the nature of the agent and the function 
of PrP have fostered searches of nucleic acid ligands of the 
protein. In vitro methods of nucleic acid evolutions have 
been used to identify RNAs or DNAs that bind PrP, 
towards the triple objective of i) setting up new diagnostic 
tools, ii) identifying nucleic acids with which PrP may 
interact, as part of its physiological or pathological 
function, and iii) elucidating the pathological 
transconformation of PrP. This review will focus on these 
studies, their methods, the knowledge acquired from them 
about the prion protein, and the possibilities that they offer 
in the areas of diagnosis and therapy of prion diseases. 

 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Considerable progresses have been accomplished 
in the past ten years in the understanding of the prion 
mechanisms. In spite of this, the nature of the infectious 
agent of transmissible spongiform encephalopathies (TSEs) 
is still a mystery. Besides, another largely unsolved 
problem in TSEs relates to the physiological function of 
PrPC, the cellular prion protein (1).  

 
For decades, there have been numerous attempts 

to characterize the agent of scrapie and related diseases, 
and to compare its properties with those of known 
infectious agents. Ever since the first attempts towards its 
molecular characterization, the unusual properties of the 
agent led to the hypothesis that it could lack a nucleic acid, 
and several models were proposed to account for an 
infectious agent with no genome (2-4). Indeed, many 
independent studies all failed to identify specific nucleic 
acids in the scrapie agent, including viroid-like molecules, 
as well as to demonstrate any infectivity associated with 
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nucleic acids extracted from the brains of infected animals 
(5-6). This is also consistent with the exceptional resistance 
of the agent against physical, chemical and enzymatic 
treatments that degrade nucleic acids (7-10). These data led 
Prusiner to elaborate the prion concept, according to which 
the infectious agent is a proteinaceous particle lacking 
nucleic acid and essentially composed of PrPSc, a misfolded 
isoform of a ~255-residue glycoprotein that is abundantly 
expressed by neurons and glial cells (11-12). This 
hypothesis remained difficult to admit since it could not 
easily explain the diversity of strains nor the adaptive 
properties of the agent. As a result, searches for an elusive 
nucleic acid component of the scrapie agent continued for 
more than two decades after the first proposal of the prion 
hypothesis (13-17). The discovery of several prion 
mechanisms in yeast has offered alternative models in 
which it was possible to explore many aspects of the prion 
hypothesis and to test its validity (18). Studies of the (PSI+) 
phenotype in yeast have convincingly established the 
validity of the prion theory: prion strains with distinct 
(PSI+) phenotypes are enciphered by distinct 
polymerization modes of the yeast protein Sup35 (19-22). 
Similarly, distinct prion strains in mammals seem to rely on 
several polymerization modes of PrP (23-25).  
 

If the proteinaceous nature of the TSE agent now 
seems firmly established, the involvement of nucleic acids 
in triggering the initial polymerization events remains a 
possible scenario. In addition, mysteries still obscure the 
status and biological functions of the cellular protein 
PrPC, the knowledge of which could help understand 
many aspects of the pathophysiology of prion diseases 
(1, 26). These problems have also motivated the studies 
of prion protein’s interaction with nucleic acids. The 
first such study was conducted with prion peptide 106-
126, which had previously been shown to polymerize 
into amyloid-like fibrils in vitro, and to trigger apoptosis 
of neuronal cells (27-29). Nandi showed that peptide 
106-126 was able to bind DNA in vitro, and that this 
interaction induced a conformational change in the 
DNA, as measured by the quenched fluorescence of the 
DNA-bound dye TO-PRO (27). Reciprocally, DNA was 
shown to induce polymerization of the peptide into 
amyloid, leading the author to suggest that such an 
interaction in vivo could trigger the conformational 
conversion of PrPC to PrPSc (27, 30). Based on these 
initial observations, many studies have then analyzed 
the interactions of PrP and PrPSc with nucleic acids. 
Instead of searching for nucleic acids in the purified 
infectious fraction, several authors used the newly 
described SELEX method (Systematic Evolution of 
Ligands by Exponential enrichment) to identify nucleic 
acid ligands of PrP from a pool of synthetic sequences.  

 
I will here review the different studies, for their 

most part based on the SELEX method, that have been 
conducted to identify DNA or RNA sequences that bind 
prion proteins. This review will also expose the knowledge 
that was gained from these studies in understanding how 
PrP interacts with nucleic acids, and present the 
perspectives that they offer in the diagnosis and therapy of 
prion diseases. 

3. THE SELEX METHOD 
 

The SELEX method was first developed to 
isolate RNAs, termed aptamers, that bind with high affinity 
and specificity to small molecules or to proteins (31-32). 
SELEX is an in vitro evolution method which allows one to 
isolate, starting from a very large pool of random 
sequences, one or a few families of sequences that satisfy 
the selection criteria. It is most often used to isolate DNAs 
or RNAs that bind a given target, but can also identify 
nucleic acids exhibiting an enzymatic activity (33-35). The 
starting DNA pool contains 1012 to 1015 molecules 
consisting of a central core of 20-40 random nucleotides 
(nt), flanked by two constant sequences which contain 
primer-binding sites and (usually) the T7-RNA polymerase 
promoter. However, the vast majority of sequences in a 
synthetic repertoire are expected to have no biological 
relevance, since they lie outside of the biological domain 
under consideration: for instance, the human genome 
encodes no more than ~3 x 109 distinct words of a given 
size, which is several orders of magnitude less than the 
complexity of a SELEX repertoire. On the contrary, the 
genomic version of SELEX allows one to focus the search 
onto a genome-wide repertoire that is considerably smaller 
and at the same time more relevant (36-38). In the selection 
process, RNAs or DNAs that bind the target are separated 
from unbound molecules through various means, e.g. filter 
binding, magnetic beads, affinity column or other elaborate 
processes (39). Each selection reduces the complexity of 
the population, and usually ten to fifteen iterative cycles of 
(transcription- selection- amplification) are performed, after 
which a few tens of sequences are cloned and sequenced.  

 
Not only do these aptamers represent potential 

therapeutic or diagnostic tools (40, 41). The method also 
demonstrated its validity in answering biologically relevant 
questions. Indeed, in many instances the SELEX method 
was able to extract, from a large population of synthetic 
sequences, the very motif to which the protein binds in vivo 
to perform its biological function, thus demonstrating the 
specific interaction with a structural or sequential motif in 
the nucleic acid (42-44).  
 
4. PROPERTIES OF APTAMERS AND OTHER 
NUCLEIC ACID LIGANDS OF PrP 
 
4.1. General properties  

Towards the purpose of isolating aptamers that 
could distinguish PrPC from its pathological isoform PrPSc, 
Weiss et al. were the first authors to carry out the SELEX 
method in the prion field (45). A recombinant syrian golden 
hamster PrP fused to GST (GST::rPrP23-231) was 
immobilized on a glutathione-Sepharose column to capture 
RNA aptamers which specifically bind to PrP (results are 
presented below). The other SELEX that were carried out 
subsequently in other laboratories (Table 1) were directed 
against either full-length recombinant PrP from various 
species, its globular domain only, non-PK-treated Scrapie 
Associated Fibrils, or against synthetic peptide 90-129 (46-
51). In spite of the fact that RNAs are more labile than 
DNAs, they are considered to adopt more complex 
structures, and for that reason they are often preferred to  
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Table 1. Published PrP-specific aptamers 
First author, date  (ref. n°) nucleic acid type n1 PrP species and construction 
Weiss, 1997 (45)  unmodified RNA 74 syrian golden hamster, GST::PrP23-231 
Proske, 2002 (51) 2'-amino-2'-deoxypyrimidine RNA 40 Human PrP 90-129 peptide 
Rhie, 2003 (50) 2'-fluoro-pyrimidine RNA 49 Scrapie Associated Fibrils  

(hamster strain 263K, no PK-treatment) 
Mercey, 2006 (48) unmodified RNA 40 Ovine Recombinant PrP25-231 
Sekiya, 2005 (47) unmodified RNA 30 Mouse recombinant PrP23-230, and mouse SAF 
Sekiya, 2006 (66) unmodified RNA 30 Mouse recombinant PrP23-230 
Nishikawa, 2007, Matsugami 2008 (63, 65) unmodified RNA 30 Bovine recombinant PrP 
Murakami, 2008 (64) RNA 55 Bovine recombinant PrP 
Takemura, 2006 (46) ssDNA 40 Human recombinant PrP23-231 
Bibby, 2008 (49) ssDNA 45 Mouse recombinant PrP (His6-moPrP90-231) 
Ogasawara 2008 (53, 107) ssDNA  Mouse recombinant PrP23-231 

1: length of the random sequence 
 
DNAs, or at least more abundant in the literature (52). To 
overcome the problem of degradation and increase their 
stability against nucleases, some studies used chemically 
modified RNA aptamers that were transcribed in the 
presence of either 2'-Fluoro- or 2’-amino-2’-deoxy 
pyrimidine nucleotide triphosphates (50-51). Three studies 
chose instead to isolate DNA aptamers, which are more 
stable and have been shown to functionally rivalize with 
RNA ligands (46, 49, 53-54). 

 
Beside the highly specific ligands that were 

selected from random libraries, PrP has been shown to bind 
a variety of DNAs or RNAs, which have proved very 
useful in uncovering many aspects of the PrP-nucleic acids 
interaction. These include plasmids, total mouse DNA, 
short DNA duplexes known to bind transcription factors or 
other DNA-binding proteins, HIV-1 LTR DNA and HIV-1 
RNA (27, 55-59). In addition, small synthetic RNAs that 
were specially designed for their highly structured 
conformation were found to strongly bind PrP in vitro (60-
62). The best ligands in the latter studies harboured 
sequences from Ap1, a previously described PrP-specific 
aptamer (45, 60-61). 
 
4.2. Sequence features  

Sequence comparisons and other motif searches 
could not reveal an obvious pattern that would be shared by 
all PrP-specific aptamers. However, we identified at least 
two interesting similarities between aptamers that were 
raised against sheep PrP in our laboratory and those 
obtained independently in other laboratories (48). First, our 
most frequently isolated aptamer RM-312, that was also the 
best ligand in our collection, contained a 21-nt motif that is 
also present in DP7, a 2’-aminopyrimidine-modified 
aptamer isolated by Proske et al. against prion peptide 90-
129 (51). This sequence could be minimally described by 
the following pattern AAG (A or G) (C or U)GUCGGGG-
N0-1-UUGGCA-N0-1-AA, where N0-1 is zero or one 
nucleotide. Secondly, aptamers from the second family in 
our collection shared a 14-nt motif (CUCCAAUG-N3-
UGG) with SAF-131, a 2’-Fluoro aptamer that bound 
scrapie-associated fibrils from hamster brain (50). Of note, 
the only Genbank-deposited sequences that were found to 
harbour the sequence motif shared by aptamers RM-312 
and DP7 were those of DP7 itself and its related aptamers, 
which suggests that these motifs do not result from some 
experimental bias. On the other hand, even when allowing 
for one or two mismatches, this sequence pattern was rare 

in Genbank, which suggest that it does not represent a 
physiologically relevant target of PrP in vivo. 
 
4.3. Structural features in PrP-specific aptamers 

In spite of their sequence diversity, several PrP 
aptamers shared the potential to form guanine-quadruplex 
structures. Weiss et al. observed that thirty percent of their 
aptamers contained repeated guanosine triplets 
(GGG….GGG….GGG…GGG), leading the authors to 
suggest that they fold into a guanine quadruplex (45). This 
structure seemed indeed necessary for the interaction, since 
its disruption in aptamer Ap1 by replacing the guanosine 
residues with uridines completely abolished its interaction 
with PrP. G-quadruplexes were identified in bovPrP-
specific RNA, and were also predicted in DP7, a 2’-
aminopyrimidine aptamer selected by Proske et al. against 
human prion peptide 90-129 (51, 63-65). In fact, several 
other DNA- or RNA-aptamers raised against PrP contain at 
least four separate GG dinucleotides in their full-length 
sequence (46, 48, 66). For that reason one cannot definitely 
rule out the possibility that they also adopt a guanine-
quadruplex structure, which is not necessarily 
intramolecular but can also arise from dimerization. 
Guanine-quadruplexes are a structural motif composed of 
two or more tetrads of coplanar guanosines (the G-quartets) 
that are stacked on top of each other (67). They are present 
in a significant fraction of mRNAs, and may represent a 
common recognition motif, since they have been found in a 
number of aptamers that were raised against various 
proteins (68-69). For instance Fragile-X Mental 
Retardation Protein (FMRP) was shown to bind 
intramolecular G quartets in its mRNAs ligands (70).  

 
Beside G-quadruplexes, diverse structural motifs 

have been described in RNA- and DNA-aptamers raised 
against PrP (46, 48, 49, 60, 61, 66, 71). In some cases, the 
requirement of these structures for PrP-binding has been 
probed by various methods, including nuclease protection 
assays, truncations and nucleotide substitutions. However, 
the absence of any obvious relation between them 
precludes the identification of a consensus structural 
pattern. 

 
As a last remark concerning linear or structural 

motifs in the aptamers, we should keep in mind that the 
SELEX method itself could present some biases. Firstly, 
the three polymerases that are commonly used in each 
cycle of an RNA-based SELEX (e.g. RNA polymerase, 
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reverse transcriptase and thermostable DNA polymerase) 
may filter out some sequences or structures which may be 
difficult to synthesize. Secondly, because it is difficult to 
quantify, the strength of the in vitro selection may be too 
high to identify biologically relevant sequences, whose 
functionality requires a balanced and reversible association 
(72). As a result, some functionally relevant sequences may 
be lost while searching for the strongest ligands. 
 
5. BINDING PROPERTIES, AND SPECIFICITY OF 
PRION-NUCLEIC ACID INTERACTIONS 
 

The specificity of the PrP-nucleic acid interaction 
can be considered from both the protein and nucleic acid 
sides. Regarding the recognition of PrP by nucleic acids, 
most of the aptamers that have been raised against PrP from 
one species also recognized PrP from other species (45, 46, 
48, 49). This is not unexpected, considering the high 
conservation of PrP polypeptide sequence, which is close to 
100% in the PrP regions involved in nucleic acid binding. 
In addition, most of these aptamers recognize both PrPC 
and its pathological isoform PrPSc, except for some of them 
that show some specificity towards PrPSc or the beta-
oligomeric isoform of recombinant PrP, as a result of the 
selection process (45, 50, 71). 

 
Considering the interaction from the other side, 

PrP was shown to bind a large variety of nucleic acids that 
were either identified through SELEX, or tested 
individually. As discussed above, no obvious consensus 
sequence or structural pattern emerges from the comparison 
of these ligands. Indeed, these include both single-stranded 
and double stranded DNAs, as well as RNAs with diverse 
structures, some of them harbouring chemically modified 
nucleotides. However, this diversity should not lead to the 
conclusion that PrP binds any nucleic acid with no 
specificity, since modifications of RNA or DNA aptamers 
through truncation or nucleotide substitutions often reduce 
binding (46, 48). Moreover, whatever the target molecule, 
the SELEX method generally identifies several families of 
sequences, of which only a fraction may represent 
biologically relevant sequences (72). Reciprocally, genuine 
nucleic acid-binding proteins do not necessarily bind only 
one well defined sequence, but may instead functionally 
interact with more than one structural or sequential pattern 
(73, 74). Furthermore, functional interaction sometimes 
requires the protein to be flexible enough as to 
accommodate several low-affinity binding-sites, as in the 
case of HIV Rev protein (75). 

 
As discussed above, the affinity of a protein-

nucleic acid interaction may not necessarily correlate with 
functionality, since the latter often requires a reversible 
association. However, it is a convenient value in comparing 
several interactions, and in predicting the practical use of 
an interaction in detection assays. The KD values that have 
been published for the various PrP-nucleic acid interactions 
(Table 2), ranging from  ~10 nM.L-1 to 10 microM.L-1, 
compare well with those measured for genuine RNA- or 
DNA-binding proteins. These values however should be 
considered with caution, given the diversity of methods and 
binding conditions (buffer, temperature, pH, etc.) that were 

used to calculate them. It would indeed be worthwhile to 
rigorously compare the affinities of these nucleic-acid 
ligands by measuring them in parallel, with several types of 
PrPs, in the same experimental setting.  
 
6. MAPPING THE APTAMER-BINDING SITE ON 
PrP 

 
Studies with aptamers and other nucleic acid 

ligands have allowed a better understanding of how they 
interact with PrP. One important aspect of this knowledge 
relates to the nucleic acid binding site on PrP. Taking 
together the results of various studies, interaction of PrP 
with nucleic acids involves at least three distinct sites in the 
protein, two of them located at the ends of its unstructured 
N-terminal domain.  
 
6.1. The N-terminal lysine cluster   

Using a series of recombinant proteins in which 
GST was fused to successive parts of PrP, Weiss et al. 
mapped the major binding site of PrP to residues 23-52, 
and more precisely to residues 23-36 at the N-terminus of 
the mature PrP, from the results of antibody-induced 
supershifts in gel retardation assays (45). Aptamer Ap1 in 
the Weiss’ study was shown to bind PrPC in brain 
homogenate from mice, hamster and cattle, but did not bind 
the proteinase K resistant-PrP27-30 extracted from diseased 
brains, probably because proteinase K-treated PrP lacks its 
N-terminal part. Many independent studies also pointed to 
the N-terminal part of PrP as its main nucleic-acid binding 
domain (46, 61, 66). Our own work with a panel of PrP-
derived nonapeptides identified the N-terminal lysine 
cluster of mature PrP (K25KRPKPGGGW34 in ovine PrP) 
as its major nucleic-acid binding site (48). This peptide 
probably binds through charge interaction with low 
specificity and high affinity, and likely coincides with the 
heparin-binding site of PrP (76). However, a rigorous 
demonstration that only charge interactions are at play 
would require studying the interaction of nucleic acids with 
a modified PrP in which lysines are replaced by arginines, 
and vice versa.  
 
6.2. The second lysine cluster and the 90-130 region of 
PrP 

Our data with the panel of PrP-derived 
nonapeptides (48) clearly identified a second nucleic-acid 
binding site, consisting of the second lysine cluster 
(W101NKPSKPKT110 in sheep PrP). Interestingly, both 
lysine-clusters contain alternating proline and basic 
residues, a feature that is reminiscent of the binding motifs 
found in proteins that are known to interact with 
nucleotides and nucleic acids (77). Our data suggested that 
binding to this second lysine cluster does not rely solely on 
charge interaction but may also involve stacking 
interactions with tryptophan residue 101, since the 
overlapping peptide K103PSKPKTNM112, lacking residue 
W101, did not bind in spite of its three basic lysine residues. 
Therefore, this lysine cluster may form the core of a larger 
binding site, and this view is supported by the identification 
through nuclear magnetic resonance (NMR) of PrP residues 
involved in DNA-binding (78). From chemical shift 
measurements of DNA-bound prion protein (Syrian 
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Table 2. Binding properties of the aptamers and other PrP-binding nucleic acids 
First author, date  (ref. 
n°) 

KD 
1 

(nM.L-1) 

KD determination method, 
or binding-assay 

PrP species recognized 2, 3 PrP binding site(s) Nucleic acid 

Weiss, 1997 (45) ND Gel-shift of labelled aptamer Mouse, hamster, cow (PrP3 
in brain homogenates) 

[23-36] RNA-aptamer 

Proske, 2002 (51) 100 Filter-binding assay Syrian hamster, mouse, 
human, and chimeric mouse-
hamster-mouse PrP 
(recombinant PrPs) 

[90 -129] = Selex target RNA-aptamer 

Rhie, 2003 (50) 16 homologous competition 
binding assay 

recBov-PrP in beta-
oligomeric form or alpha-
helical conformation, PK-
untreated SAF, PK-treated 
SAF 

N-terminus and 
conformation-specific site in 
[110-230] 

RNA-aptamer 

Sayer, 2004 (71) 6.8 Equilibrium binding recBov-PrP  RNA-aptamer 
Mercey, 2006 (48) 15 Surface plasmon resonance, 

filter-binding assay 
recOv-PRP (ARR, VRQ, 
AHQ, ARQ), recMo-PrP, 
recBov-PrP 

[25-34] and [101-110] RNA-aptamer 

Sekiya, 2005 (47)   recMo-PrP(23-230), and 
mouse SAF 

[23-108] of MoPrP RNA-aptamer 

Sekiya, 2006 (66) 5.6 Filter-binding assay recMo-PrP(23-230), recBov-
PrP, 
Mouse PrP3 in brain 
homogenate 

[23-108] (23-88) RNA-aptamer 

Takemura, 2006 (46) 16 End-point titration method 
in microplate, gel-shift, dot-
blot 

recHum-PrP(23-231), PrP3 
immunoprecipitated from 
brain homogenates of sheep, 
calves, pigs, deer, PK-
untreated PrP from ScN2A 
cells 

[23-89] DNA-aptamer 

Nishikawa, 2007, 
Matsugami 2008 (63, 65) 

ND  recBov-PrP ND RNA-aptamer 

Bibby, 2008 (49) 18 saturation binding using 
PrP-coated Ni-NTA beads 

recMo-PrP (His6-moPrP90-
231), recOv-PrP and 
recHum-PrP(90-231) 

[90-230] region DNA-aptamer 

Ogasawara 2008 (53, 107) 100 Surface plasmon resonance recMo-PrP(23-231) ND DNA-aptamer 
Murakami, 2008 (64) 31 Filter-binding assay recBov-PrP [125-231] RNA-aptamer 
Nandi, 1997 (27) 250 Fluorescent dye 

displacement 
recHum-PrP 106-126  Plasmid DNA 

Gabus, 2001 (58) ND Gel shift recHum-PrP (23-231 and 23-
144) 

N-terminus HIV-1 LTR DNA (1000 
bp), tRNALys3 

Gabus, 2001 (59) ND Gel shift recHum-PrP (23-231), 
recOv-PrP (25-234) 

N-terminus HIV-1 5’-leader RNA (415 
nt) 

Cordeiro 2001 (56) 25 Fluorescence polarization recMo-PrP (23-231)  Short double-stranded 
DNAs (Lexcons, recA1/2, 
E2DBS) 

Lima 2006 (78) 90 Fluorescence anisotropy recHa-PrP (23-231)  Short double-stranded 
DNAs (E2DBS) 

Adler 2003 (60, 61) 3.8 Gel shift, filter-binding 
assay 

recHum-PrP, PrP3 from brain 
homogenates of mouse, rat 
and hamster 

N-terminus Small, highly structured 
RNAs 

Bera 2007 (57) 1100 Fluorescence polarization recHum-PrP(23-231) N-terminus Short double-stranded 
DNAs (NC-DNA and Lef-
DNA) 

1: when several aptamers were described, KD value is that of the best interaction. 2 : when several types of PrP were assayed in 
binding experiments, PrP-type with the lowest KD value is the first indicated. 3: recOv-, revMo-, recBov-, recHum-PrP : 
recombinant ovine, bovine, murine and human PrP, respectively.  

 
hamster PrP90-231), Lima et al. identified several residues in 
a ~20 amino-acid region (N97 to A116 in hamster PrP) 
encompassing this lysine cluster, that are involved in the 
interaction of PrP with nucleic acid (Figure 1). Data from 
two other studies also argue in favour of an interaction of 
nucleic acids with peptide 90-130 of PrP. Firstly, the 
earliest demonstration of a PrP-DNA interaction was 
conducted with prion peptide 106-126 
(KTNMKHMAGAAAAGAVVGGLG), which partially 
overlaps the second lysine cluster (27). Secondly, the 90-
129 region of PrP was chosen as a target to isolate PrP-
specific RNAs, based on the rationale that it belongs to an 
unstructured epitope known to be involved in the PrPC to 
PrPSc conversion: DP7, together with other aptamers from 

the same study, was obtained from a SELEX against 
peptide 90-129 from human PrP (51). It is likely that this 
region acts in cooperation with the first lysine cluster, at the 
other end of PrP’s unstructured domain, to bind one 
nucleic-acid molecule, but a simultaneous interaction with 
two or more molecules cannot be ruled out.  

 
Interestingly, this second nucleic-acid binding 

site harbours several residues whose substitution is 
associated with susceptibility to familial and transmissible 
prion diseases. In several instances, these substitutions 
involve only subtle differences between hydrophobic 
residues. In humans, substitutions P102L, P105L, A117V 
and G131V are all associated with Gerstmann-Sträussler- 
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Figure 1. The second lysine cluster in the prion protein. The lysine cluster and the neighboring peptide region (residues 94 to 
130) of the murine (top), sheep, human Val129 and Syrian hamster (bottom) prion proteins were aligned. Amino-acids are color-
coded as follows : small,  uncharged, polar and proline residues are green (G, A, N, S, T, Q, P), hydrophobic residues are yellow 
(Y, F, V, I, L, M), basic residues are blue (R, K, H), red : acidic (E, D), purple : rare (W, C), (123). Triangles underneath indicate 
residues in syrian hamster PrP that were predicted to interact with DNA, on the basis of chemical shifts measurements between 
the NMR spectra of free and DNA-bound ShaPrP90-231 (78). Polymorphic residues associated with familial diseases or 
susceptibility to prion diseases are indicated above the alignment. Since numbering varies between species, these are denoted as 
follows: the first letter (lowercase), indicating the species, is followed by the common amino-acid at the given position, followed 
by the position number and the susceptibility-linked residue. Thus, in humans P102L, P105L, A117V and G131V are all 
associated with the familial Gerstmann-Straüssler-Scheinker disease, whereas M129 confers susceptibility to vCJD. In sheep 
(sT112M), residue T112 is not common, but it is associated with resistance to scrapie in sheep of the ARQ genotype (81). In 
mouse, substitution L108F (together with T189V) is associated with a prolonged incubation period (80).   

 
Scheinker disease, whereas M129, as opposed to V129, 
confers susceptibility to vCJD, the variant form of 
Creutzfeldt-Jakob disease (79). In mice, L108F is one of 
the two polymorphisms that control scrapie incubation time 
(the other being T189V) (80). And strikingly, a recent 
study described a new polymorphism in ovine PrP, M112T, 
which is structurally equivalent to residue 108 in murine 
PrP (see figure 1). In sheep, susceptibility to scrapie is 
governed by three major polymorphisms at residues 136, 
154 and 171, with A136R154Q171 being one of the most 
susceptible alleles. However, sheep carrying one or two 
copies of the rare T112A136R154Q171 allele, instead of the 
common M112A136R154Q171, showed a dramatically 
prolonged scrapie-incubation time (81). 
 
6.3. The structured domain of PrP 

Binding experiments with peptides may be too 
stringent and therefore identify only the strongest, charge-
dependent interactions. Indeed, beside these two interaction 
sites in its disordered N-terminal domain, the structured 
domain of PrP also contributes to nucleic acid binding, and 
studies based on small angle X-ray scattering and nuclear 
magnetic resonance spectroscopy have shown that that 
the globular and unstructured domains of PrP are both 
involved in its interaction with nucleic acids (78). 
Chemical shifts between the NMR spectra of free and 
DNA-bound hamster PrP90-231 point to several residues 
in the structured domain, from arginine 136 to alanine 
224, that interact with E2DBS, a model 18 bp DNA 
consisting of the E2 DNA-binding domain of human 
papillomavirus. This is also supported by an 
independent study by Rhie et al., using a SAF-specific 
aptamer (50). These authors suggested the presence of a 
conformation-specific “aptatope” downstream of residue 

110 in order to explain the behaviour of the interaction 
observed with one of their aptamers: SAF-93, which 
was raised against PK-untreated SAFs, bound equally 
well to both PK-treated and PK-untreated SAFs, with a 
KD close to 25 nM. This suggested that aptamer SAF-93 
bound to a site downstream from residue 90, since the 
proteinase treatment usually removes the N-terminal 
part by cleaving in the vicinity of residue 90 (82). 
Indeed, SAF-93 was shown to bind both recombinant 
bovine PrP90-230 and a PrP110-230 peptide derived from it; 
however this interaction was conformation-specific 
since it only occurred when the recombinant protein was 
refolded in a beta-oligomeric isoform (50, 71). 
 

Each of these three sites in PrP may cooperate 
in binding nucleic acids through either of the two main 
modes through which proteins are known to interact 
with nucleic acids: i) binding to the groove of a nucleic-
acid helix, through charge interactions with the 
backbone, and ii) sequence-specific recognition of 
unstacked bases into binding pockets of the protein (83, 
84). These two modes may be used simultaneously or 
sequentially: for instance, charge interactions may first 
bring the two partners in close proximity, thus favouring 
in a second step the establishment of more specific 
interactions (85). As a last remark, whereas it is 
convenient to study in vitro the interaction of one 
protein with one nucleic acid, one should not forget that 
in vivo, this simple bimolecular interaction may 
represent only part of a larger and more complex 
physiological interaction. Indeed, most interactions 
involve more than one protein and are cooperatively 
established within large ribonucleoprotein complexes, as 
in the case of ribosomes. 
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7. BIOLOGICAL RELEVANCE OF THE PrP-
NUCLEIC ACID INTERACTION 
 
7.1. Aptamers as clues to functional ligands of PrP in 
vivo 

Information gained from SELEX can be used to 
identify functional motifs to which a protein binds in vivo 
(42, 44). Therefore, sequence analysis of the published PrP-
specific aptamers could reveal some sequence patterns to 
which PrP could bind in vivo, assuming that such 
interactions do exist. As discussed above, no obvious 
sequence motif emerges from the comparison of the various 
PrP-aptamers, whatever the set considered (DNA aptamers, 
RNA aptamers, or both). Although one can find in 
Genbank some of the sequence patterns that happen to be 
shared by independently obtained aptamers, these patterns 
are rare, at least when they are searched with high 
stringency.  For instance, the pattern “AAG (A or G) (C or 
U)GUCGGGG-N0-1-UUGGCA-N0-1-AA”, which 
minimally describes the shared sequence between RNA-
aptamers RM-312 and DP-7 was very rare in Genbank-
deposited sequences (48, 51). Combined to the fact that, 
when this pattern is found in a given gene, it is not 
conserved between mammalian species that are susceptible 
to prion diseases, this might indicate that it does not play a 
major role in the pathophysiology of prion diseases. 
However, this sequence motif is probably too stringent and 
too long, compared with the short motifs that are usually 
required for sequence-specific interactions of proteins with 
DNA or RNA. Indeed, the binding site for most RNA 
binding proteins rarely exceeds ten nucleotides (73, 86). 
Therefore, the biologically relevant sequence, if any, may 
be a shorter sequence embedded in that pattern, possibly 
combined to structural constraints. Alternatively, and not 
exclusively, PrP might also interact with specific patterns 
in DNA, or with nucleic acids bearing some defined 
structural feature such as guanine-quadruplexes. For 
instance, like FMRP, PrP might physiologically interact 
with a specific subset of RNAs bearing guanine-
quadruplexes (70).  
 
7.2. Alternative methods to isolate functional nucleic 
acid ligands of PrP? 

To date, SELEX has been used essentially to 
identify high affinity aptamers from libraries of synthetic 
sequences, and probably there is room for other, more 
functional, ligands. Three distinct approaches could 
potentially fill this gap. Firstly, as discussed above, 
physiologically relevant sequences may be lost while 
searching for high affinity ligands, and it may instead be 
necessary to characterize sets of ligands with low, medium 
and high affinities, in order to decipher the sequence 
patterns that make up functional ligands. This can be 
achieved through lowering both the stringency of the 
selection method and the number of SELEX cycles, and 
characterizing larger sets of ligands by high throughput 
sequencing (87-88). Secondly, the genomic version of the 
SELEX method could identify new targets, from a genome-
wide repertoire of RNAs or DNAs. This to our knowledge 
has not been done, and our own attempts to isolate potential 
ligands among total RNAs prepared from mouse brain were 
unsuccessful (unpublished). Thirdly, as an alternative to 

SELEX, cross-linking and immunoprecipitation (CLIP) of 
RNAs has the potential to isolate RNA-PrP complexes that 
are formed in vivo (89). This method was used recently, 
combined with high-throughput sequencing, to establish a 
genome-wide map of the RNAs that interact in vivo with 
Nova, a neuron-specific splicing factor (90). Applying this 
novel method to PrP may reveal functional interactions of 
PrP with RNAs in vivo.  
 
7.3. Uncovering possible functions of PrP  

Many reports have shown that interaction of PrP 
with nucleic acids can modify the structure of the latter. 
Binding of PrP to model double-stranded DNAs induced 
bending and destabilization of the DNA helix, in a manner 
analogous to the distortion of DNA by transcription factors 
(56-57, 91). Distortion facilitates melting and unwinding of 
the two strands, which probably accounts for the DNA 
strand-transfer properties of PrP in vitro (58). During this 
strand-transfer, which is required to complete the synthesis 
of HIV-1 minus strand cDNA, a small cDNA is unwound 
from the 5’ end of its HIV-1 RNA template, then 
transferred and annealed to its 3’end. Recombinant PrP was 
shown to functionally replace HIV-1 protein NCp7 in this 
strand transfer, as well as in other steps of the reverse 
transcription in vitro, thus showing its RNA-chaperone 
properties (59, 92). All these activities required the 
presence of the unstructured N-terminal domain of PrP, 
since they were not observed with N-terminally truncated 
PrPs (57-59). What is the biological relevance of these 
observations? It would be somewhat surprising that none of 
these specific activities has any counterpart in vivo. But 
how could PrP, a glycosylated, membrane-anchored 
protein, physiologically interact with nucleic acids? As a 
surface-anchored extracellular protein, PrPC is not likely to 
encounter nucleic acids, except for nucleotide 
neurotransmitters (93). However, PrPC has been observed 
to adopt other subcellular topologies. Cytosolic PrP was 
observed in some neurons of the hippocampus, neocortex, 
and thalamus, and was found to accumulate in cytosolic 
inclusions in the endocrine beta-cells of pancreatic islets, in 
relation with glucose dysregulation (94-95). A nuclear form 
of PrP was also shown to interact with lectin CBP70 in the 
nucleus of a human promyelocytic leukemia cell line (96). 
In addition, transmembrane isoforms of PrPC have been 
observed, with a transmembrane domain mapped to 
residues 110-135 (97-98). The presence of an extended 
glycine-zipper in this domain 
(G119AVVGGLGGYMLG131) also suggests that PrP has 
the potential to form transmembrane oligomers (99). 
Therefore, both intracellular and transmembrane forms of 
PrPC can potentially interact with nucleic acids, perhaps in 
some specialized cells or subcellular compartments where 
PrP could participate in various RNA-mediated regulations 
through its RNA-chaperone activity. On the other hand, an 
interaction of the pathological PrPSc with nucleic acids 
could also be relevant to the pathophysiology of prion 
diseases, and indeed a pathological, PK-resistant PrP has 
been detected in the nuclei of prion-infected neuroblastoma 
cells, and shown to interact with chromatin in vivo (100). In 
this study using N2A cells chronically infected with the 
22L prion strain, PrPSc was found to selectively accumulate 
in highly transcribed euchromatin areas, and was deduced 
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to be associated with DNA, since it was released after 
DNase I treatment. This is also consistent with the fact that 
PrPSc from diseased brains could be captured by an anti-
DNA antibody, as well as by a DNA-binding protein (101). 
These observations led the authors to propose that PrPSc 
could thereby interfere with transcription and alter gene 
expression, and one may wonder whether this could reflect 
a related, yet unknown, activity of PrPC under physiological 
conditions. 

 
Reciprocally, interaction of PrP with nucleic 

acids also results in modifications of the secondary and 
tertiary structures of the protein: binding induces a 
conformational shift of PrP to a beta-rich structure and 
promotes oligomerization or aggregation of the protein. 
However, the extent of polymerization depends on the 
nucleic acid and conditions of interaction (see 8.3 below). 
While long molecules of RNAs and DNAs generally induce 
the formation of large nucleoprotein aggregates, interaction 
with short RNAs or DNAs results in a soluble or 
oligomerized beta-sheet PrP (56, 58, 102). Although 
transition of PrP to a beta-rich structure is generally viewed 
as pathological, the possibility exists that, to a certain 
extent, it may also represent a physiological mechanism. 
Firstly, the conversion of PrP to a soluble beta-sheet rich 
conformation could represent a functional switch whereby 
a charge-mediated, unspecific interaction, triggers the 
structural transition which could be a prerequisite for a 
sequence-specific binding. Indeed, sequence-specific 
interactions of proteins with RNA often involve beta-sheet 
regions, where unstacked bases of the RNA are pulled into 
binding pockets of the protein (83-84). But is this 
conformational transition always the same, or instead could 
it depend on the structure and sequence of the nucleic acid, 
similar to the sequence-specific allosteric regulation of 
glucocorticoid receptor (103)? And, if several 
conformational transitions co-exist, are there pathological 
ones? Determining the structure of PrP in complex with 
various nucleic acids, although technically challenging, 
would probably help resolve these issues. Furthermore, it 
would be interesting to compare these structural 
modifications with those induced in PrP by copper and 
other metal ions. Indeed, uncovering the physiological 
functions of PrPC will probably require considering its 
complex relations with its multiple ligands, in order to 
build a meaningful biological network (1, 26).  

 
Secondly, oligomerization following this 

conformational switch could endow PrP with a new 
function, and there are now a number of examples where 
biological function requires oligomerization of the protein 
(75, 104, 105). Given the key role of polymerization in the 
prion mechanism and the existence of several distinct 
pathological “conformers” of PrPSc, it is of utmost 
importance to determine whether distinct nucleic acids can 
promote distinct modes of polymerization, and whether 
there could exist some physiological pathways of 
oligomerization, along with pathological ones. Elucidating 
these complex interactions between PrP and nucleic acids 
would certainly improve our understanding of both the 
biological function of PrPC and the pathology of prion 
diseases. 

8. APTAMERS AS TOOLS 
 
8.1. Detection of PrPSc 

Most PrP-aptamers were raised against various 
forms of recombinant PrP, and as a result recognize both 
PrPC and its pathological isoform PrPSc (45). A parallel can 
be made with the difficulty in obtaining monoclonal 
antibodies that specifically recognize PrPSc (106). Since 
most aptamers bound primarily to the N-terminal 
unstructured domain of PrP, they did not bind to PrP27-30, 
the proteinase K-resistant core of PrPSc. Indeed, proteinase 
K-treament removes the main part of this N-terminal 
domain, by cleaving one or more sites that are present 
upstream and within the second lysine cluster (82). 
However, at least one of the aptamers that were raised 
against Scrapie-Associated Fibrils exhibited some 
specificity towards the pathological isoform: as discussed 
above, aptamer SAF-93 specifically recognized a beta-
oligomeric isoform of recombinant bovine PrP90-230, as well 
as the PrP110-230 peptide derived from it (50). Thus, SAF-93 
and possibly other aptamers could have a potential 
application in the detection of PrPSc, and one potential 
advantage of nucleic acid aptamers over antibodies resides 
in their possible amplification, by PCR, RT-PCR, or even 
direct amplification of suitably designed RNAs by an 
RNA-dependent RNA polymerase such as Q-beta replicase 
(61). Following another approach; Ogasawara et al. 
designed an aptamer-based system to detect prion protein in 
solution (107). In this system, PrP induced a 
conformational change in a PrP-specific DNA aptamer, 
allowing it to anneal to a biotinylated capture-DNA that 
was immobilized in the wells of a streptavidin-coated 96-
well microplate. Promising as they are, these tools have not 
yet reached a wide practical application, since all the 
commercial tests officially in use to date still rely on 
immunological methods using one or two PrP-specific 
antibodies. A PCR amplification has been used to detect 
and quantify very low levels of PrPSc in biological samples, 
but the nucleic acid used in this assay was not an aptamer 
but a biotinylated reporter DNA that was indirectly bridged 
through streptavidin to the biotinylated secondary PrP-
specific antibody of the sandwich-ELISA (108-109). 
 
8.2. Removal and concentration of PrPSc 

Beside detection of PrP, aptamers and other 
nucleic acid ligands of PrP can also be used to concentrate 
PrP from fluids. A set of small, highly structured RNAs 
were designed for that purpose (61). One such small RNA 
ligand, immobilized on a column cartridge, efficiently 
bound PrP and PrPSc. This device was able to concentrate 
PrP from biological fluids, thus showing its potential in 
improving the current diagnostic tests by lowering the 
detection threshold (61). A similar principle was recently 
tested using magnetic nanoparticles functionalized with a 
PrP-specific DNA aptamer (46, 110). In spite of their 
experimentally demonstrated potential, to our knowledge 
these aptamer-based tools have not yet been commercially 
developed. 
 
8.3. Preventing PrP misfolding: therapy perspectives 

Nucleic acids have generally been shown to 
trigger the polymerization of PrP into amyloid (55). 
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However, depending on their sequence, length and 
concentration, nucleic acids can have distinct effects on 
PrP. Thus, addition of a complex mixture of cellular RNAs 
(extracted from neuroblastoma cells) to recombinant mouse 
PrP23-231 induced the formation of aggregates in which 
PrP was partially resistant to proteolysis. Furthermore, 
these aggregates were toxic when added to neuroblastoma 
cells (102). Aggregation is probably favored by long 
nucleic acids, which can bind several molecules of PrP, 
even with low-affinity interactions. In addition, PrP itself 
through its chaperone properties could accelerate this 
aggregation process, by promoting the annealing of 
complementary sequences in a complex population of 
nucleic acids (59). This is consistent with the observation 
that total RNA prepared from mammals stimulates the in 
vitro amplification of PrPres (111). Intriguingly, ribosomal 
RNA was shown to bear a protein folding activity that is 
inhibited by two anti-prion compounds (112-113). Whether 
this could have a bearing on the RNA-induced 
polymerization of PrP is open to speculation. On the other 
hand, nucleic acids may act by accelerating the aggregation 
process, which would otherwise occur on longer timescales 
and is notably favoured by high concentrations of protein, 
acidic pH and the presence of salt (114-115). 

 
On the contrary, short RNAs or DNAs can 

efficiently bind PrP and even induce a conformational shift 
to a beta-rich structure, but they often prevent aggregation. 
Thus, small RNAs of known sequences, including aptamer 
SAF-93, induced the formation of small oligomers that 
were not toxic to cultured neuroblastoma cells, contrary to 
the total RNA-induced PrP aggregates of the same study 
(102, 116). In another study, binding of the short 18-bp E2 
DNA binding sequence to mouse recombinant PrP23-231 
induced its conversion to a soluble beta-sheet structure, and 
at the same time prevented its aggregation, suggesting that 
tight binding to specific ligands, as opposed to non-specific 
ones, may prevent aggregation by favoring the formation of 
a stable nucleic acid-PrP complex (56, 117). By forming 
soluble complexes of 1:1 stoechiometry with a DNA 
ligand, PrP was found to be stabilized, notably against 
aggregation, in a broad pH range (118). How exactly is this 
stabilization achieved is not precisely known. However, 
several mechanisms can be proposed. Firstly, interaction, 
particularly with high-affinity ligands, could capture PrP in 
one single folded state where the intrinsically disordered N-
terminal domain of PrP also acquires structure. This in turn 
may render the protein less prone to aggregation. Secondly, 
interaction may bury hydrophobic patches at the protein-
nucleic acid interface, preventing them from participating 
in aggregation pathways. A third possibility is that 
interaction with small, high-affinity nucleic acid ligands, as 
opposed to long molecules, could prevent a “domain 
swapping” process, which is one of the known mechanisms 
that lead to protein aggregation (119-120). By taking 
advantage of this property, aptamers can be used to prevent 
PrP aggregation in vivo. Indeed, SAF-specific aptamer 
SAF-93 was shown to inhibit the accumulation of PrPres in 
a cell-free conversion assay, whereas DP7, another PrP-
aptamer, was found to reduce the generation of PrPSc 

aggregates in a persistently infected neuroblastoma cell 
line, even after a short duration (16 hrs) of treatment (50-

51). Put in parallel with the promising applications of 
newly developed therapeutic aptamers, these data could 
pave the way towards some possible therapies of prion 
diseases (41). 
 
9. SUMMARY AND PERSPECTIVES 
 

Through its ability to isolate high affinity ligands 
from a very large pool of random sequences, the SELEX 
method can provide informations about the target protein 
and its interactions with nucleic acids. Indeed, the protocols 
that were applied in different laboratories have allowed the 
isolation of RNA- or DNA-ligands that bind PrP with high 
affinity. Comparison of their sequences has revealed i) 
conserved sequence patterns that were present in a few 
independently obtained aptamers, and ii) a relatively 
frequent structural feature consisting of a guanine 
quadruplex. These aptamers and other nucleic acid ligands 
of PrP have been used to investigate the interactions of PrP 
with nucleic acids, allowing to draw a complex picture that 
deserves further investigation. These studies have shown 
that at least three regions in PrP are involved in its 
interaction with nucleic acids. 

 
It is likely that further information could be 

gathered by thorough comparisons of these aptamers, as 
well as from modified SELEX protocols combined with 
high throughput methods. Firstly, these aptamers should 
ideally be compared to one another in a single study to 
rigorously evaluate their relative binding affinities and to 
map more precisely their binding sites on PrP. Secondly, 
characterization of larger sets of low and medium affinity 
ligands, as opposed to high affinity aptamers, may help 
identify sequence patterns and possible functional ligands. 
Thirdly, the identification of putative functional binding 
sequences could also benefit from the genomic version of 
SELEX. And finally the recently described CLIP method 
(89) has the potential to isolate functional RNA-PrP 
interactions in vivo, should they exist.  

 
A number of observations have shown indeed 

that PrPC interacts with nucleic acids in vivo (121). 
However, what is the function of PrP in these interactions 
essentially remains to be established, as well as how PrPSc 
could act through either a gain- or loss-of-function. A better 
knowledge of the functional ligands of PrP would certainly 
help in elucidating this issue, and could provide important 
clues to the pathophysiology of prion diseases. In that 
respect, the 90-130 region of PrP is intriguingly involved in 
many physiological and pathological aspects of PrP: i) it 
contains the transmembrane region and its glycine zipper, 
which also partially overlaps the neurotoxic and amyloid-
forming peptide 106-126, ii) several residues in that region, 
including the lysine cluster, are involved in interactions 
with nucleic acids, and iii) it harbors determining 
polymorphisms that are associated with Gerstmann-
Sträussler-Scheinker disease in humans and susceptibility 
to transmitted prion diseases in animals (1, 79). On the 
other hand, elucidating the structure of PrP in complex with 
various nucleic acid ligands would certainly improve our 
understanding of this interaction, in relation with the 
biological and pathological functions of PrP. 
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On the practical side, prion-specific aptamers 
could eventually lead to valuable applications in the 
diagnosis and treatment of prion diseases. They can be used 
to capture and enrich PrP from biological fluids, thus 
allowing a more powerful detection. In addition, they could 
also be combined with classical immunological methods to 
design new detection assays. In vivo, the ability of some 
aptamers to prevent PrP aggregation could be put to use in 
new therapeutic approaches, which could be combined with 
an RNA-interference treatment to reduce PrP expression 
(122). 
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