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In order to isolate RNA aptamers against the mouse prion protein (mPrP), we carried out
in vitro selection from RNA pools containing a 30-nucleotide randomized region.
Aptamer 60-3 was found to have a high affinity for mPrP (K43 =5.6 + 1.5 nM), and
2'-fluoro-pyrimidine modifications for RNase resistance did not abolish its binding
activity (Kgq = 22 + 4 nM). Following 5 biotinylation, aptamer 60-3 specifically detected
PrP in mouse brain homogenate in a Northwestern blotting assay. To determine the
mPrP-aptamer binding region, we performed protein-deletion-mutant analysis and
competition-binding analysis using heparin. The results showed that aptamer 60-3

appears to have binding sites located between amino acids 23-108.
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Prions are infectious particles that are devoid of nucleic
acids and are composed exclusively of misfolded proteins.
The prion protein (PrP) (1) has two alternative forms: a
normal cellular protein (PrP®), which is a soluble a-helix—
rich cellular isoform; and an insoluble B-sheet-rich abnor-
mal isoform known as the protease-resistant form (PrP5¢).
The conformational change from PrPC to PrP®° is thought
to be crucial in prion pathogenesis (2, 3), causing diseases
such as Creutzfeldt—Jacob disease (CJD) and Gerstmann—
Straussler—Scheinker syndrome in humans, bovine spongi-
form encephalopathy (BSE) in cattle, chronic wasting dis-
ease in elk and scrapie in sheep and goats. Several lines of
evidence suggest that minute amounts of PrPS° elicit clin-
ical symptoms, enabling host PrPC to convert into large
amounts of the PrP5¢ form (4, 5). Recently, an efficient
in vitro conversion was achieved using 1 x 10* molecules
of PrP®¢ (6, 7). Interestingly, the in vitro PrP¢ form shared
similar biochemical and structural properties with PrPS¢
from diseased animal brains. However, the detailed
mechanism that mediates the conversion of PrP® to the
PrP® form remains unknown.

Transmission of prion diseases between cattle and
humans is well documented, with PrP%-infected beef vali-
dated as a cause of variant CJD in humans (8). In order to
avoid future prion-disease transmission, it is imperative to
detect PrPS°. The current detection method for PrP®® uses
an ELISA based test, Western blotting analysis and immu-
nohistochemical analysis using antibodies that might not
clearly distinguish between PrPC€ and PrP®¢. A proteinase-
digestion step has consequently been introduced (9—11) to
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digest host PrP® completely and leave the protease-
resistant PrP° fragment in the homogenate. Although
the current methodology enables the detection of minute
amounts of PrP, it fails to identify the intermediate form
or relative mild forms of PrP%¢ that are digested during
protease incubation, thus weakening the test sensitivity.

Yokoyama et al. previously reported a histoblot analysis
of scrapie infected mouse brains showing that a decrease in
PrP€ correlates with an accumulation of PrP5° (12). How-
ever, no decrease in mRNA-expression levels of the PrP
gene (Prnp) could be detected, suggesting that depletion
of the PrP® protein is primarily responsible for increasing
levels of PrP¢. The study also provides a molecular basis
for the notion that a decrease of soluble PrP® in the brain
homogenate is directly correlated with the onset of patho-
genesis of the central nervous system. However, a decrease
in PrP® has not been reported in any other central nervous
system disease, indicating the importance of the specific
monitoring of brain homogenate PrPC levels.

We employed in vitro-selection technology (13, 14) using
random RNA pools to find a suitable molecule that binds
specifically to PrP. We focused on aptamers, which are
nucleic-acid ligands that recognize a wide range of target
molecules with high affinity and specificity (reviewed in
Ref. 15). Their binding affinities are comparable to, or
higher than, those of antibodies and antigens. Moreover,
aptamer binding uses only a small region of the target
molecule, in comparison with antibodies. They are also
able to distinguish between closely related molecules; for
example, the anti-theophyllin aptamer binds specifically to
theophyllin with a binding affinity over 14,000-fold greater
than that for caffeine, even though the two molecules differ
only in the presence or absence of a methyl group at the N7
position (16).

In the current study, we isolated an RNA aptamer with a
high affinity for mouse PrP (mPrP; amino acids 23-230).
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The 2'-fluoro (F)-modified aptamer that is stabilized
against ribonuclease digestion also binds to mPrP. We
developed a sensitive Northwestern blotting assay using
the 2'-F-modified aptamer to analyze PrP€ levels in mouse
brain homogenate.

MATERIALS AND METHODS

PrP Preparation—Recombinant mPrP (amino acids 23—
230) and bPrP (amino acids 25-241) were purchased from
Prionics (Switzerland). Truncated mPrP (mPrp12°-230,
amino acids 120-230) was purchased from Alicon AG
(Switzerland). A mPrP—GST fusion protein [with GST fused
to the amino (N)-terminus] and deletion mutants GST-
mPrP?-280 GST-mPrP%-2%° and GST-mPrP*> 2% were
prepared using expression plasmids [from Dr. Imamura,
Prion Disease Research Center, National Institute of Ani-
mal Health (NIAH)] using a GST fusion protein-expression
system according to the manufacturer’s instructions
(Amersham Biosciences). Protein concentration was
measured using a Bio-Rad protein assay kit (Hercules).

In Vitro Selection of RNA Aptamer—An N30H RNA
pool [5-GGUAGAUACGAUGGA-(N30)-CAUGACGCGCA-
GCCA-3'] described previously (17) was used to perform
in vitro selection on a 0.45-pm HAWP nitrocellulose filter
(Millipore). RNAs were heat denatured at 95°C for 2 min
and cooled to room temperature for 2 h in reaction buffer
[20 mM Tris-HCI (pH 7) and 100 mM NacCl] prior to use.
The detailed selection conditions are described in Table 1.
For the first round of selection, the RNA pool was incu-
bated for 60 min with mPrP in the reaction buffer at room
temperature. This mixture was passed through the nitro-
cellulose filter and washed twice with 500 pl reaction buf-
fer. RNA bound to mPrP on the filter was recovered with
500 pl elution buffer [7 M urea, 0.4 M sodium acetate (pH
5.5) and 5 mM EDTA] and extracted by shaking for 2 h at
room temperature. The eluted RNA was recovered by etha-
nol precipitation and reverse transcribed using AMV
reverse transcriptase (Roche Applied Science) at 42°C
for 1 h. The product was PCR amplified (94°C for 1 min,
50°C for 1 min and 72°C for 1 min) using Gene Taq (Nippon
Gene) with proper primers (Espec Oligo Service) (17)
before being transcribed using the T7 Ampliscribe Kit
(Epicentre Technologies) and subjected to the next round
of selection. From the sixth round of selection onwards,
tRNA (Roche Applied Science) was used as non-specific

Table 1. In vitro selection conditions for the isolation of an
anti-mPrP aptamer.

Round of RNA mPrP

tRNA N30V-G10RNA Time

selection  (uM) (uM) (uM) pool (uM) (min)
1 6 1.2 0 0 60
2 2 0.6 0 0 60
3 1.6 0.3 0 0 60
4 2 0.05 0 0 60
5 2 0.05 0 0 30
6 2 0.05 100 10 10
7 2 0.05 200 20 10
8 2 0.05 500 50 10
9 2 0.54 (M-450) 20 0 10
10 2 0.05 800 80 5
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competitor and anti-mPrP aptamers obtained from a
different RNA library (N30V, data not shown) were used
as a specific competitors in the reaction mixture. At
the ninth round of selection, magnetic beads (Dynabeads
M-450 Epoxy; Dynal Biotech) were used instead of the
nitrocellulose membrane for protein fixation. The cDNA
pool obtained after the tenth round of selection was
inserted into the pGEM-Easy-T vector (Promega), cloned
in Escherichia coli JM109 strain and sequenced
(ABI Prism 377 DNA sequencer; Applied Biosystems).
The secondary structure models of selected aptamers
were drawn with the MUL-Fold program based on the
Zuker algorithm (18).

Preparation of RNA—To prepare RNA aptamer, the
double-stranded DNA generated by PCR was used as a
template for in vitro transcription by T7 RNA polymerase
as described above. The 2'-F pyrimidine RNA aptamer 60-
3F was prepared using a Durascribe transcription kit (Epi-
cetre). The chemically synthesized 5'-biotinylated 2’-OMe
pyrimidine RNA aptamer 60-30Me was purchased from
Greiner (Germany).

Binding Assay of Anti-mPrP Aptamer—Radioisotope
labeling of RNA by in vitro transcription was carried out
as previously described (19). Labeled 2'-fluoro (F) RNA was
prepared by in vitro transcription (Durascribe”, Epicentre)
with o-32P-ATP. Refolded labeled aptamer (10 nM) was
mixed with 0-2 uM mPrP or its derivatives in the presence
of 100 nM (U);4 oligonucleotide as a non-specific competitor
in a total volume of 25 pl. After 10 min incubation, the
mixture was passed through a nitrocellulose filter and
washed twice with 250 pl reaction buffer. The amount of
bound RNA was measured with a BAS 2500 (Fuji Film),
and binding activities were calculated as the percentage of
input RNA retained on the filter in the protein/RNA com-
plex. We determined the equilibrium dissociation constant
(Kg) by GraphPad PRISM using a non-linear regression-
curve fitting and one site binding hyperbola equation: RNA
binding = B« X [PrPI/(Ky + [PrP]).

Enzymatic Probing of Aptamer 60-3—5'-[>?Pl-labeled
aptamer 60-3 was partially digested with RNase T1
(Roche Applied Science) and RNase A (Wako) as previously
described (19). Labeled RNA was mixed with 0.1 U RNase
T1 or 10 ng RNase A with 5 pg total tRNA in reaction buffer
[20 mM Tris-HC1 (pH 7.5) and 100 mM NaCl], incubated at
room temperature for 1 min and stopped by adding loading
buffer (19). For an alkaline ladder, labeled aptamer 60-3
was hydrolyzed in 10 pl alkaline solution (50 mM sodium
carbonate, pH 9.2) by heating at 90°C for 5 min with 5 pug
carrier tRNA. Digested products were separated by 8%
PAGE containing 7 M urea and analyzed with BAS2500
(Fuji Film).

Competitive-Binding Assay with Heparin Using
BIACORE—The aptamer—protein binding affinity in the
presence of heparin was determined using SPR technology.
Aptamer 60-3 with a 15 nucleotide (nt) oligo (A) tail at the
3’ end (pA60-3) was synthesized by in vitro transcription of
a mutagenic PCR product. A competitive-binding assay
was performed using the BIACORE 2000 instrument
with HBS-P [10 mM HEPES (pH 7.5), 150 mM NaCl
and 0.05% Tween-20] running buffer and sample dilution
buffer in the following steps (20). First, 0.5 uM 5’ biotiny-
lated (dT)z4 (Bi-dT, 5 pl) was bound to the surface of a
streptavidin-coated sensor chip (SA chip; Biacore) at a
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flow rate of 2 ul/min [approximately 1,200 resonance units
(RU) immobilized]. Second, 50 nM pA60-3 was immobilized
by hybridization at a flow rate of 2 pl/min for 10 min
(approximately 1,600—1,700 RU). Third, the analyte was
injected at a flow rate of 20 pl/min for 2 min (association),
followed by running buffer for 2 min (dissociation). For the
regeneration stage, the bound analyte and pA60-3 were
washed with 5 pul 50 mM NaOH at a flow rate of
60 pl/min. The second and third steps were repeated for
each analyte. To correct the background response values,
the sensorgram of buffer alone was subtracted from the
signal recorded at the same surface.

The effect of heparin (porcine heparin; ICN biochem-
icals) on RNA-mPrP variant binding was investigated
using a range of heparin concentrations (0, 0.1, 0.4 and
2 ng/ul) and 10 nM mPrP or 100 nM GST-mPrP8%-2%,
The observed binding differences after injection of
analyte (ARU) were plotted against the range of heparin
concentrations.

Precipitation of PrPs by 60-3F Aptamer—The pyrimidine
2'-F RNA aptamer was transcribed using a Durascribe”
transcription kit, and 5-end biotin labeling (Vector Lab.)
was carried out according to the manufacturer’s instruc-
tions. A suspension (10 pl) streptavidin coated magnetic
beads (Magnabind, Pierce) was incubated with 10 pl of
20 nM 5'-biotinylated 2'-F aptamer (60-3Fb) and blocked
with 2% BSA, then mixed with 500 pl of 0.25% mouse brain
homogenate and incubated for 30 min at room tempera-
ture. The magnet-precipitation was washed and suspended
in 40 pl of SDS-PAGE sample buffer (Prionics). Ten-
microlitter aliquots were run on a Novex 12% gel (Invitro-
gen), transferred to a PVDF membrane and stained with
monoclonal antibody 6H4 (Prionics).

Northwestern Blotting Assay with Aptamer 60-3F—The
Northwestern assay was performed using conventional
methods (21). A sample of 10 ul 10% ddY mouse brain
homogenate in suspension buffer [0.1% Nonidet P-40,
0.1% deoxycholate, 20 mM Tris-HCl (pH 7.5) and
100 mM NaCl] was separated by 10% SDS-PAGE and
transferred to a 0.22 um nitrocellulose membrane (Bio-
Rad) at 4°C for 1 h. A sample of 5 ml 1% BSA in selection
buffer was used for a 1-h primary blocking step, followed by
1-h secondary blocking using 5 ml of poly (U) (0.5 mg/ml)
(Amersham Bioscience) in selection buffer. A 1-h incuba-
tion with 200 nM 60-3Fb, poly (U) (0.5 mg/ml) and 0.1%
BSA was followed by a 1-h incubation with streptavidin—
alkaline phosphatase conjugate (2 ng/ul) (SA-AP; Roche
Applied Science) in selection buffer and a 30-s incubation
with CDP-Star (20 mg/ml) (Roche Applied Science). Detec-
tion was carried out with an ECL Mini-Camera (Amer-
sham Bioscience) and Polaroid film. All incubations were
performed at room temperature. For standard immuno-
blotting assay of PrPC, we used 6H4 antibody (Prionics).
In the case of radioisotope labeling, the aptamer was
labeled as described above.

Dot-Blotting Assay—Recombinant mPrP (15.5-250 ng)
was spotted onto a 0.45-um nitrocellulose membrane
(Bio-Rad) and air-dried. The membrane was treated by
blocking with 2 ml 1% BSA in reaction buffer for 1 h,
incubating for 1 h with 200 nM 60-3Fb, and then incubat-
ing with SA-AP (2 ng/ul) (Roche Applied Science) in reac-
tion buffer for 1 h. Following a 30-s incubation with CDP-
Star (20 mg/ml), detection was carried out with an ECL
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Mini-Camera and Polaroid film. All procedures were per-
formed at room temperature.

RESULTS

In Vitro Selection—We used the recombinant mPrP
(amino acids 23-230, Fig. 1) for in vitro selection, which
generated an RNA library of approximately 10'* different
molecules (300 pmol) with 30 nt randomized sequences of
60-nt RNA. We applied the following selection pressures:
first, decreases in protein concentration and reaction time;
second, an increase of tRNA concentration as a non-specific
competitor; and third, an increase in the concentration of
another anti-mPrP aptamer pool (data not shown) as a
specific competitor (Table 1). Furthermore, we used
magnetic-bead selection instead of filter selection in the
ninth round to exclude system-dependent candidates.
The specific-binding ratio (presence/absence of tRNA) of
each RNA pool increased with successive selection rounds
(data not shown). The maximum specific binding to mPrP
occurred at the tenth round of selection, after which
17 clones were sequenced. These were shown to share
similar sequences and were classified into three types
according to their point mutations (Fig. 2).

Binding Affinity of Aptamer 60-3 for PrPs—We focused
on 60-3 as a main clone with the highest affinity for mPrP
among the three types of RNA aptamers and determined
its K4 by GraphPad PRISM. Binding reactions were carried
out using 10 nM aptamer 60-3 and various concentrations
of mPrP (ranging from 0.5 to 1,000 nM). Approximately 60—
70% maximal binding activity was observed at 100 nM
mPrP, and aptamer 60-3 was shown to have a K, value
of 5.6 £ 1.5 nM (Fig. 3).

The binding affinity of aptamer 60-3 for bPrP was found
to be Ky = 72 + 10 nM (F'ig. 3), which is a more than 10-fold
decrease compared with that of mPrP. As shown in Fig. 1,
the main difference between the amino acid sequences of
mPrP and bPrP is the number of octapeptide repeat
sequences (PHGGGWGQ): mPrP possesses five repeats
between amino acids 51 and 91, whereas bPrP possesses
six repeats between amino acids 52 and 103.

Nuclease resistance is an important factor in the appli-
cation of aptamers (22, 23). Therefore, we prepared 2'-F
substituted pyrimidine aptamer 60-3 (60-3F) and mea-
sured its K4 value against mPrP. Maximal binding to
mPrP was found to be higher compared with 60-3, and
the K4 value also showed a slight increase (Kq =22 +
4 nM; Fig. 3). Furthermore, biotinylation of the 5" end of
aptamer 60-3F did not affect its binding affinity for mPrP;
thus, we were able to use it in the Northwestern blotting
assay without the radioisotope labeling described later.

Identification of the Aptamer 60-3-mPrP-Binding
Region—mPrP-GST fusion proteins of the full-length
mPrP sequence (GST-mPrP?323% and deletion mutants
GST-mPrP%-23° and GST-mPrP'%* 2% were purified
from E. coli in over 95% homogeneity, and used for the
analysis of aptamer binding. GST-mPrP?*-2%* showed a
similar binding affinity for 60-3F (K4 = 30 £ 9 nM; Fig. 4)
to that of mPrP, suggesting that the fusion of GST does not
interfere with binding. By contrast, the Ky value of
the deletion variant GST-PrP%923° (433 + 147 nM;
Fig. 4) increased more than 10-fold compared with
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Mouse:  MANLGYWLLAL --FVTMWTDVGLCKKRPKPGG-WNTGGSRYPGQGSPGGNRYPPQGG-TWGQPHGGGWGQPHGGSWGQPH

Human: ..... C-M.Q-__--AT-S.L----.....-.-_ .................. - ----- GG --------------- G -----
BOVine = -VKSHIGSWI - VL . -A- -S‘; ----- frt i - .. G ------------------------ GG --------------- G -----
& o 1 118 128 1ia 14
Mouse:  GGSWGQPHGGG-WGQ-------- GGGTHNQWNKPSKPKTNLKHVAGAAAAGAVVGGLGGYMLGSAMSRPMIHFGNDWEDRY'Y
EC] e lee 1@ 1% 138 lag 15
Humon: ..G ........ e e T LR R, S ........... M.-M ......................... I....S.Y .....
% 1 118 128 13 148 158 168
BOVinE: --G -------- _---PHGGGGWGQGG.-G ........... M--V ------------------------- L..-.S.Y -----
158 168 i 188 198 208 218 m 238
Mouse:  RENMYRYPNQVYYRPVDQYSNQNNFYHDCYNITIKQHTVTTTTKGENFTETDVKMMERVVEQMCVTQYQKESQAYYDGRRS
HUman: ..--H...-J ------ M.E ........... s i R e s I-..E‘h ...... _Q.G_
BOV‘].I"Ie: ..--H..-. -------------------- e E..‘ -------------- I---K ....... I---..R ------ _Q-G_

258 254

248
Mouse:  SSTVLFSSPPVILLISFLIFLIVG

238 248 258 253
Human : ] ;e ol el kil

Bovine: +-WI:::s:- O O B3

Fig. 1. Amino-acid sequence alignment of mPrP, bPrP and The octapeptide (PHGGGWGQ) repeat region is shown in bold
human PrP. The numbering is based on the amino-acid sequence of letters. The complete sequence of mPrP is given, but, for the
mPrP. Underlines and double underlines represent the signal pep- other species, only amino-acid residues that differ with respect to
tide and glycosyl-phosphatidyl-inositol (GPI) anchor, respectively. mPrP are indicated.

Type I(8/17 clones) Fig. 2. Nucleotide sequences
of anti-mPrP aptamers. 5- and
60-3: GGUAGAUACGAUGGAGGUGUAUUUUAUGUGCGUAUUU~-GGAGGCAUGACGCGCAGCCA 3'-primer regions used in PCR are
italicized. = Aptamer nucleotide
TYPE II(6/17 clones) sequence variations are underlined.

60-2: GGUAGAUACGAU-GGAGGUGUAUUGCAUGCGUGUGUUU-GGAGGCAUGACGCGCAGCCA

Type IIT(3/17 clones)
60-1: GGUAGAUACGAUGGAGGUGUAUUGCAUGCGUGUGUUUUGGAGGCAUGACGCGCAGCCA

100
30_
‘6‘?\,\‘ = 30
& B 5
£ o)
= 40 - &
£
g g
-]
20
0_ T I I
1 10 100 1000
Protein (nM)

GST-fusioned protein (nM)

Fig. 3. Binding affinity of anti-mPrP aptamers for PrPs.

Aptamer 60-3 binding with mPrP is shown by closed circles, apta-  Fig. 4. Binding affinity of anti-mPrP aptamer for deletion
mer 60-3 binding with bPrP is shown by open circles and 2'-F  variants of mPrP. Closed squares represent aptamer 60-3F
pyrimidine modified aptamer (60-3F) binding with mPrP is  binding with GST-mPrP?*23°, Open squares represent 60-3F
shown by closed squares. binding with GST-mPrP3-2%,
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Fig. 5. The effect of heparin on the interaction between the
anti-mPrP aptamer and mPrPs. (A) Sensorgram of mPrP
(10 nM) interaction with immobilized aptamer 60-3 in the presence
of heparin (0—2 ng/ul). The observed difference in RU (ARU) at each
heparin concentration is shown on the right. Closed squares repre-
sent interactions with the immobilized aptamer and open squares

mPrP, suggesting that the deletion of amino-acid residues
23-88 decreases the aptamer-binding affinity to less than
10%. We were unable to detect any binding between apta-
mer 60-3F and the GST-mPrP%523° deletion variant (data
not shown). Furthermore, 60-3F was unable to bind to
mPrP120-220 These results suggest that the main binding
site for aptamer 60-3F is located between amino-acid resi-
dues 23 and 119 of mPrP, and that the N-terminus
(mPrP?3-88) is particularly important for strong binding.
As deletion mutants might adopt an alternative con-
formation to the full-length PrP protein in aptamer
recognition, we used the alternative approach of a
competitive-binding assay to evaluate the aptamer-
binding region. Previous studies have shown that heparin
can bind the PrP protein (24) at sites located between
amino acids 23-52, 53-93 and 110-128 of human PrP
(25), which correspond to amino acids 23-52, 53-92 and
109-127 of mPrP (Fig. 1). As these binding sites are also in
the N-terminal region of PrP, it is important to determine
whether heparin interferes with aptamer-mPrP binding. A
competitive-binding assay using immobilized aptamer
showed that heparin impairs the binding affinity of apta-
mer 60-3 for mPrP in a dose-dependent manner (Fig. 5A),
while GST-mPrP%-2%° binding is unaffected by heparin
(Fig. 5B). Taken together, these results suggest that

Vol. 139, No. 3, 2006

re&)resent the absence of aptamer. (B) Sensorgram of GST-mPrP%%-
230 (100 nM) interaction with immobilized aptamer 60-3 in the pre-
sence of heparin (0—2 ng/ul). The observed ARU at each heparin
concentration is shown, as in (A). Closed squares represent inter-
actions with the immobilized aptamer and open squares represent
the absence of aptamer.

aptamer 60-3 recognizes and binds to amino-acid residues
23-108 of mPrP.

Secondary Structure Analysis of Aptamer 60-3 by RNase
Mapping—To determine the predicted secondary structure
of aptamer 60-3 using a Zuker model (18), we carried out
nuclease mapping with RNase T1 and RNase A. Denatur-
ing 8% PAGE analysis (Fig. 6A) showed that cleavage
mainly occurred in single-stranded regions of the predicted
secondary structure (Fig. 6B). RNase A cleavage at posi-
tions 7 and 20 probably occurs because the stem is UA-rich.
Although previous reports have shown that aptamers
recognizing PrPs fold into G-quartet structures (26, 27),
we did not observe this conformation for aptamer 60-3.

Detection of PrP° in Mouse Brain Homogenate by an
RNA Aptamer—We applied aptamers to detect mouse PrP®
in a brain homogenate. At first, to check its the binding
specificity to PrPC, we precipitated the molecule from nor-
mal mouse brain homogenate using 60-3Fb and SA-magnet
beads, and found that 60-3Fb binds to the three types of
PrP® (non-, mono- and di-glycosylated forms of PrP‘;
Fig. 7A, Lane 4), the same as antibody (28).

Northwestern blotting using a 3?P-labeled 60-3F apta-
mer specifically detected mouse brain PrPC as well as
recombinant mPrP (Fig. 7B, Lanes 1 and 2). A 5'-biotiny-
lated aptamer (60-3Fb) used in conventional Western
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Fi%. 6. Nuclease mapping of anti-mPrP aptamer 60-3. (A)
5'-52P_labeled aptamer 60-3 was partially digested with RNase
T1 (T1) and RNase A (A) and analyzed by 8% PAGE containing
7 M urea. The marker used was an alkaline ladder of aptamer

blotting with SA-AP as a secondary probe also detected
mouse PrP® (Fig. 7B, Lanes 3 and 4) as is detected by
the control antibody 6H4 (Lanes 5 and 6). The recognition
site of antibody 6H4 is located between amino acids 141
and 150 (29).

The protein-concentration detection limit of 60-3Fb
for recombinant mPrP was shown by dot-blotting to be
approximately 62.5 ng (Fig. 7C). In order to determine
whether the aptamer is a viable alternative to antibodies
in a conventional blotting assay, we tested the binding
affinity of a 5'-biotinylated 2'-methoxy pyrimidine
aptamer (60-30Me). Since 2'-OMe-derivatives are chemi-
cally synthesized in large scale, the use of aptamer 60-3
will be easier. Although its affinity for mPrP is slightly
weaker than that of the 2'-F modified aptamer (Kg = 47 +
6 nM; data not shown), we were able to detect mPrP in a
similar way.
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RNase A-cleavage sites, respectively. (B) Predicted secondary struc-
ture of anti-mPrP aptamer 60-3 using the Zuker model (18). Arrows
indicate major nuclease cleavage sites.

DISCUSSION

Here we report the isolation of a novel RNA aptamer with
a high affinity for mPrP, which can be modified with 2'-F
or 2’-OMe pyrimidines for use in nuclease resistance and
5'-biotinylation-detection systems.

Although prion proteins usually bind nucleic-acid mole-
cules in a non-specific manner (30, 31), the RNA aptamers
isolated in this study consist of short nucleotide sequences
that vary from each other by just a few point mutations. We
propose two reasons for this apparent specificity. First,
in vitro selection was carried out from the sixth round in
the presence of a high concentration of competitor RNAs
(100-800 uM of tRNA and 10-80 uM of another anti-mPrP
RNA aptamer pool). Second, the application of two separa-
tion methods, a nitrocellulose filter and magnetic beads,
might have concentrated candidates with high-affinity to
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Fig. 7. Precipitation and detection of PrP in mouse
brain homogenate using aptamer 60-3F. (A) Precipitation of
mPrP€ using 5'-biotinylated anti-mPrP aptamer (60-3Fb)-coated
beads. Molecular weight markers (Lane 1). Mouse brain
homogenate (Lane 2). Supernatant (Lane 3) and magnetic beads
fraction (Lane 4). N, M and D represent non-, mono- and
di-glycosylated forms of mPrP, respectively. PrPs were stained
with 6H4 anti-PrP monoclonal antibody and SA-AP conjugate.
(B) Lanes 1, 3 and 5 contain 10% ddY mouse brain homogenate,

the target molecule. Both aptamer 60-3 and its 2'-F
pyrimidine variant 60-3F have high affinities for mPrP
(Kq = 5.6+ 1.5 nM and 22 + 4 nM, respectively) compared
to the previously reported aptamers (vs. hamster PrP;
K4 = 800 nM, Ref. 26: vs. human PrP; K4 = 1.7 uM, Ref.
27). This suggests that the 2’OH group of pyrimidines in
aptamer 60-3 are not essential for maintaining the tertiary
RNA structure required for the interaction with mPrP. The
stability and nuclease resistance of the pyrimidine 2'-F—
modified aptamer makes it a suitable candidate for
bioassay methodologies.

Previous studies have shown that the N-terminal region
of PrP has a strong binding affinity for RNA (26), and this
was confirmed here using deletion variants of mPrP in a
filter-binding assay. Moreover, we showed that aptamer
60-3 binds the N-terminal region of mPrP (amino acids
23-88) as well as residues 89-119. From competitive-
binding assay studies using heparin, we show that
amino-acid residues 23—108 of mPrP bind to aptamer 60-
3. This region contains two heparin-binding sites located
between residues 23-52 and 53-92; consequently, we
demonstrated that heparin impairs mPrP-aptamer 60-3
binding in a dose-dependent manner. In comparison
with mPrP, bPrP has an additional octapeptide repeat
within the second heparin-binding site 53-92. As this N-
terminal region has flexible structure, the lower binding
affinity demonstrated by aptamer 60-3 for bPrP compared
with mPrP suggests that amino-acid residues 23-52 of
mPrP are important for aptamer binding. The tertiary
structure of the mPrP?*~1% region has not been identified
using X-ray crystallography or NMR analysis, indicating
that this region is an unstructured N-terminus. In this
respect, aptamer 60-3 might be of use in future structural
analyses of this region.

The aptamer 60-3F was able to detect PrP in a tissue
sample, a brain homogenate, similar to a conventional

Vol. 139, No. 3, 2006

3 4 S 6

and lanes 2, 4 and 6 contain recombinant mPrP (100 ng).
Detection of PrP by 5-2P-labeled 60-3F. (Lanes 1 and 2).
Detection of PrP by 60-3Fb in a Northwestern blotting assay
(Lanes 3 and 4). Detection of PrP by 6H4 anti-PrP anti-
body in an immunoblotting assay (Lanes 5 and 6). (C) Dot-
blotting assay of 60-3Fb. Numbers 1-5 represent decreasing
concentrations of mounted mPrP (ng) as follows: 1= 250,
2 =125,3 = 62.5,4 = 31 and 5 = 15.5. Number 6 represents 68 ng
mounted SA-AP.

immuno-blotting assay performed with an antibody
(Fig. 7B). The aptamer 60-3F showed high affinity for
mPrP molecules, which could exclude non-specific binding
of various molecules in the homogenate. Furthermore,
aptamer 60-3Fb can also be used for bead-based purifica-
tion and concentration of PrP (Fig. 7A), and for searching
for new factor(s) that relate to PrP°® conformational
change.

We thank Dr. Imamura and members of Prion Disease
Research Center, National Institute of Animal Health
(NIAH) for providing us with the expression plasmids for
deletion variants of mPrP and helpful discussions.
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