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Oligomers of �-amyloid 42 (A�42), rather than fibrils,
drive the pathogenesis of Alzheimer’s disease (AD). In
particular, toxic oligomeric species called protofibrils (PFs)
have attracted significant attention. Herein, we report RNA
aptamers with higher affinity toward PFs derived from a toxic
A�42 dimer than toward fibrils produced from WT A�42 or
from a toxic, conformationally constrained A�42 variant,
E22P–A�42. We obtained these RNA aptamers by using the
preincubated dimer model of E22P–A�42, which dimerized
via a linker located at Val-40, as the target of in vitro selec-
tion. This dimer formed PFs during incubation. Several phys-
icochemical characteristics of an identified aptamer, E22P–
AbD43, suggested that preferential affinity of this aptamer
toward PFs is due to its higher affinity for the toxic dimer unit
(KD � 20 � 6.0 nM) of A�42 than for less-toxic A�40 aggre-
gates. Comparison of CD data from the full-length and ran-
dom regions of E22P–AbD43 suggested that the preferential
binding of E22P–AbD43 toward the dimermight be related to
the formation of a G-quadruplex structure. E22P–AbD43
significantly inhibited the nucleation phase of the dimer and
its associated neurotoxicity in SH-SY5Y human neuroblas-
toma cells. Of note, E22P–AbD43 also significantly protected
against the neurotoxicity of WT A�42 and E22P–A�42. Fur-
thermore, in an AD mouse model, E22P–AbD43 preferen-
tially recognized diffuse aggregates, which likely originated
from PFs or higher-order oligomers with curvilinear struc-
tures, compared with senile plaques formed from fibrils. We
conclude that the E22P–AbD43 aptamer is a promising

research and diagnostic tool for further studies of AD
etiology.

Amyloid fibrils of senile plaques inAlzheimer’s disease (AD)5
consist mainly of the 40- or 42-mer �-amyloid proteins (A�40
and A�42), which are produced from the A� precursor protein
(1, 2). The ability of A�42 to aggregate and its neurotoxicity is
higher than that of A�40 (3). Cumulative evidence shows that
metastable oligomers of A�42 can induce neuronal death and
cognitive dysfunction, which is in contrast to end-stage mature
fibrils whose contribution to AD pathology is lower (4). Nota-
bly, these toxic oligomers include protofibrils (PFs) or higher-
order oligomerswith a curvilinear structure (5). Although some
less toxic higher-order oligomers exist, most of the higher-or-
der oligomers such as PFs (6, 7), the A�-derived diffusible
ligands (8), and amylospheroid (9) are potently neurotoxic.
“Toxic oligomers” are defined in thiswork as the constituents of
these higher-order oligomers (24–700-mer) that are neuro-
toxic. The development of oligomer-specific inhibitors is im-
perative for making meaningful progress toward developing
AD therapies without adverse effects.
Aptamers are ssDNA or RNA oligonucleotides used for

molecular recognition of diverse targets for diagnostic and
therapeutic applications (10). However, current application of
aptamers to the field of A� research remains limited. There are
several published aptamers targeting A� including RNA
aptamers targeting A�40 fibrils (11, 12), RNA aptamers target-
ing other amyloid fibrils and A�40 fibrils (13), DNA aptamers
developed against�-synuclein but recognizingA�40 oligomers
(14) and DNA aptamers targeting A�40 oligomers (15).
Because more aggregative A�42 exists in a more dynamic con-
formational equilibrium of monomeric A�42 (16), it is difficult
to isolate and characterize aptamers targeting the short-lived,
metastable structures of toxic A�42 oligomers, unlike less-
toxic A�40 oligomers, for in vitro selection (known as the
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systematic evolution of ligands by exponential enrichment
(SELEX)).
Based on systematic proline replacement and solid-state

NMR Irie and co-workers (17, 18) determined the toxic con-
former of A�42 to have a turn at Glu-22 and Asp-23, whereas
the nontoxic conformer of A�42 has a turn at Gly-25 and
Ser-26 (Fig. 1A, toxic conformation theory). The E22P muta-
tion induces the toxic conformation of A�42 and A�40, which
tends to stabilize oligomer formation and promotes the neuro-
toxicity (Fig. 1A) (18, 19). We recently developed a covalently
linked dimer model of E22P–A�42 using an L,L-2,6-diamin-
opimelic acid (DAP) linker at Val-40 in the C-terminal hydro-
phobic core (Fig. 1A, E22P–V40DAP–A�42 dimer), which
plays an important role in the formation of toxic oligomers.
This dimer model produced quasistable PFs, which were toxic
oligomers, and had a neurotoxic effect on SH-SY5Y human
neuroblastoma cells following incubation (20). The current
report describes a comprehensive study on the development of
RNA aptamers with potent affinity for the toxic dimermodel of
A�42 (E22P–V40DAP–A�42 dimer), and we discuss their
application to therapeutics and diagnostics based on experi-
ments using an AD mouse brain.

Results

Isolation of RNA aptamers targeting the preincubated E22P–
V40DAP–A�42 dimer and their recognition toward PFs

As a model target molecule for the development of an
aptamer toward PFs, the E22P–V40DAP–A�42 dimer (9 kDa)
was initially used as a model target for selection of candidate
aptamers. The selection was performed using a column where
an E22P–V40DAP–A�42 dimer biotinylated at the N terminus
(termed the biotin–E22P–V40DAP–A�42 dimer) was immo-
bilized, and the binding rate of RNA nucleotides to A� was
calculated by real-time PCR. However, RNA pools failed to be

enriched even after several rounds of SELEX (data not shown).
Preincubation (37 °C, 24 h) with the E22P–V40DAP–A�42
dimer that generates a lower-molecular-mass oligomer ofA�42
than PFs was also unsuccessful (data not shown).
To further enlarge the molecular mass of the target for

potential selection, an extended preincubation period with the
E22P–V40DAP–A�42 dimer (37 °C, 48 h)was next used for the
selection process in combination with the method of mem-
brane filtering (molecular mass cutoff, 50 kDa). As reported
previously (20), the biotin–E22P–V40DAP–A�42 dimer
formed PFs after incubation for 48 h, as determined by trans-
mission EM (TEM) analysis (Fig. S1A). The RNA-binding ratio
gradually increased after seven rounds of selection, meaning
that the RNApool (�26 kDa) was effectively enriched (Fig. 1B).
Given unsuccessful enrichment in the two trials stated above
using the A�-immobilized column, it should be noted that the
use of membrane filtering (Fig. S2) may be more effective for
the selection of aptamers targeting oligomeric assemblies
including ordered structures such as PFs. The column matrix
mayhave prevented association of dimermodel, which could be
required for the enrichment of aptamers. Alternatively, steric
hindrance of PFs at the N-terminal region may have affected
the selection process.
After cloning of the enriched RNA pools after round 7, 36

identical monoclones were obtained. This was followed by
binding tests based on the membrane filter method. As shown
in Fig. 1C, only three monoclones (E22P–AbD4, –AbD31, and
–AbD43) showed higher affinity toward the PFs than the
enrichedRNApool after round 7 (R7). The binding of the initial
RNA pool to the PFs (i.e. before selection) was confirmed to be
negligible.
Because the A�42 monomer can partially form the toxic

conformation (18), there was the possibility that the obtained
monoclones would also bind to fibrils produced from WT

Figure 1. Selection of RNA aptamers targeting PFs based on the toxic conformation theory of A�42. A, toxic conformation theory of A�42. The toxic
conformer of A�42 forms a turn at Glu-22 and Asp-23, and the E22P mutation enhances the ratio of the toxic A�42 conformer. The covalently linked dimer of
E22P–A�42 has a DAP linker attached at Val-40 in the C-terminal hydrophobic core (E22P–V40DAP–A�42 dimer). This dimer produces quasistable PFs (50 –100
kDa) after incubation for 48 h at 37 °C (20). B, progression of SELEX monitored by the filter membrane method using real-time PCR. The ratio of bound RNA for
each round of selection was plotted as a percentage of total RNA used for the corresponding cycle. The ratios of A� to RNA are A�:RNA� 400:100 pmol (rounds
1–5), A�:RNA � 400:400 pmol (round 6), and A�:RNA � 400:800 pmol (round 7). R7, enriched RNA pool after round seven. C, screening of the 36 binding
monoclones toward A�42 PFs by the filter membrane method using the RiboGreen fluorescent dye. R0, initial RNA pool before selection.D, comparison of the
affinity of each clone (E22P–AbD4, –AbD31, and –AbD43) toward PFs and comparison with fibrils produced from WT A�42 or E22P–A�42. The data are
expressed as the means� S.D. (n� 3). ***, p� 0.001. n.s., not significant.
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A�42 or E22P–A�42. Using a membrane filter, all three
aptamers (E22P–AbD4, –AbD31, and –AbD43) were shown to
exhibit significant preferential binding toward PFs when com-
pared with these two types of fibrils (Fig. 1D).

G-quadruplex structure of RNA aptamers is involved in their
binding to PFs

CentroidFold was used to predict the folding of the RNA
aptamers (21). As shown in Fig. 2B, the 77-nt RNA sequences
(Fig. 2A) of E22P–AbD4, –AbD31, and –AbD43 folded to pri-
marily form stem–loop intramolecular base pairing as a hairpin
structure. Alignment search, classification, and local supermo-
tif analysis did not find a specific common domain among these
aptamers based on analysis with Clustal Omega (22) (Fig. S3A)
and Multiple EM for Motif Elucidation (23) (Fig. S3B).
Aptamers can fold into various secondary structures that

exhibit high binding capacity, such as stem–loop, G-quadru-
plex, and three-way junction structures (10). Given the slightly
higher content of guanine in the obtained aptamers (Fig. 2A:
E22P–AbD4, 29%; E22P–AbD31, 27%; and E22P–AbD43,
26%), parallel, anti-parallel, and hybrid G-quadruplex struc-
tures are predicted for these aptamers (24, 25). Based on CD
spectra used to analyze their secondary structure, E22P–AbD4,
–AbD31, and –AbD43 exhibited a negative peak at �240 nm

and a positive peak at �265 nm, suggesting that the RNA
aptamers formed G-quadruplexes (Fig. 3A), where four gua-
nines are held in a square planarG-tetrad arrangement through
Hoogsteen hydrogen bonding (25).
The random region sequence of each aptamer was prepared

to elucidate the structure of these RNA aptamers. Although the
ellipticity of each random region sequence at the maximum
absorption wavelength (�265 nm) decreased, the difference
in the ellipticity of E22P–AbD43 between the full-length
sequence and the random region sequence was relatively small
when compared with the results for the other two aptamers
(Fig. 3A).
Next, biolayer interferometry (BLI) measurements were per-

formed to determine the kinetics and affinity of the interaction
between the RNA aptamer and A�. For this purpose, the 5�-bi-
otinylated RNA clones were immobilized onto a streptavidin
biosensor, and A� was used as the analyte. We observed highly
stable complexes for all three aptamers with PFs, characterized
by dissociation constants (KD) in the nanomolar range using the
appropriate fitting of the 2:1 heterogeneous ligand-binding
model of the full-length sequence (77 nt) contingent on the
lower �2 coefficient (Fig. S4A). Table S1 provides a summary of
the binding kinetics between the three aptamers and PFs.

Figure 2. Analysis of the sequence of RNAaptamers targetingPFs. A, sequences of E22P–AbD4, –AbD31, and –AbD43 and their calculated molecular mass
with lengths. Bold letters indicate random regions. B, the secondary structure of each aptamer (both full-length and random) predicted by CentroidFold
analysis. Each predicted base pair is colored by heat color gradation from purple to red, which corresponds to base pairing probability scores of from 0 to 1,
respectively.
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The dissociation constant (KD) of the random region
sequence (29 nt) of E22P–AbD4, –AbD31, and –AbD43 for A�
as E22P–AbD4(Ran29), -AbD31(Ran29), and -AbD43(Ran29)
was derived from curve fitting of the data with a 1:1 interaction
contingent on the lower�2 coefficient. The truncation of E22P–
AbD4 and -AbD31 moderately enhanced the affinity, whereas
the affinity of E22P–AbD43(Ran29) was lower than that of full-
length E22P–AbD43 (Figs. S4A and S5 and Table S1). Notably,
the constant regionsmay assist the binding of the E22P–AbD43
aptamer. An alternative explanationmight be that the constant
regions are occluding the random fragment region of E22P–
AbD4 and E22P–AbD31 but not that of E22P–AbD43. Com-
paring the CD absorption data for the full-length and random
region of E22P–AbD43 (Fig. 3A), the preferential binding of
E22P–AbD43 toward PFs might be partly related to the forma-
tion of a G-quadruplex structure. Attenuated total reflection
spectroscopy (ATR)–FTIR (Fig. S6) of E22P–AbD43 showed
absorptions at 1649 (guanine carbonyl group) cm�1, which is
suggestive of the possible presence of a G-quadruplex structure
according to previous combination studies with vibrational CD
(26) using anti-A� aptamer forming G-quadruplex as a refer-
ence (14, 27).

Characterization of E22P–AbD43 for its preferential
recognition unit of PFs

To obtain information on how E22P–AbD43 can preferen-
tially recognize PFs, BLI tests were conducted usingWTA�42,
E22P–A�42, and the E22P–V40DAP–A�42 dimer as analytes.

As shown in Fig. 3B, E22P–AbD43 demonstrated 2–8-fold stron-
ger binding affinity toward the dimer model (KD1� 20� 6.0 nM)
than toward bothmonomers ofWTA�42 (KD1� 80� 8.3 nM) or
E22P–A�42 (KD1� 50� 5.0 nM), indicating that aminimumunit
of recognition of PFs by E22P–AbD43 is the dimer. Table S1 pro-
videsasummaryof thebindingkineticsbetweentheE22P–AbD43
and each A�42.
Furthermore, the binding affinity of E22P–AbD43 to WT

A�40 and PFs prepared fromWT A�40 basically according to
the developed protocol (28)wasweaker thanWTA�42 andPFs
model produced from the E22P–V40DAP–A�42 dimer,
respectively (Fig. S4B). In addition, E22P–AbD43 did not react
with WT A�40 fibril (Fig. S4B) similar to WT A�42 fibril (Fig.
3B). These results suggest the preferable binding of E22P–
AbD43 to toxic A�42 aggregates rather than less-toxic A�40
aggregates.
An additional binding assay using fluorescence polarization

for E22P–AbD43 showed a similar tendency (Fig. S7; KD �
54� 1.1 nM for A�42 toxic dimer, KD� 160� 1.4 nM for WT
A�42, KD � 120 � 1.2 nM for E22P–A�42). E22P–AbD43 did
not bind to WT A�42 fibril. The slight difference of KD values
between BLI and fluorescence polarization experiments might
be ascribed to the presence or absence of immobilization of one
side to the support. The immobilization of analytes/ligands
might help stabilize their conformation to modulate the bind-
ing. The advantages and limitations of these methods were
compared by Rossi and Taylor (29).

Figure 3. Analysis of the secondary structure and binding constants of RNA aptamers targeting PFs. A, CD spectra of the full-length (dark colors) and
random region sequence as E22P–AbD4(Ran29), –AbD31(Ran29), and –AbD43(Ran29) (light colors) of each aptamer (10 �M; E22P–AbD4, –AbD31, and
–AbD43). B, BLI sensorgram and curve fitting (2:1 heterogeneous ligand-binding model) of E22P–AbD43 as a ligand to WT A�42, E22P–A�42, A�42 toxic dimer
(the E22P–V40DAP–A�42 dimer), and WT A�42 fibril as the analyte with the concentration of A� shown in blue for 200 nM, orange for 400 nM, green for 800 nM,
and black for 1600 nM. The KD1 and KD2 values are indicated. N.D., not determined.
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E22P–AbD43 prevents the formation of A�42 aggregates and
their neurotoxicity

Because the binding affinity of E22P–AbD43 toward PFs
(KD � 150 � 11 nM) was the most potent among the three
aptamers examined (Fig. S4A and Table S1), we selected full-
length E22P–AbD43 for the following studies on anti-A� prop-
erties. The full-length sequence, which should be more resist-
ant to degradation, is also more appropriate for cell culture
tests than the corresponding random region. We next deter-
mined whether E22P–AbD43 could prevent the aggregation
of WT A�42. Using TEM, WT A�42 was shown to form
typical long amyloid fibrils, whereas in the presence of
E22P–AbD43 WT A�42 formed short or globular (curvilin-
ear) aggregates (Fig. 4A).
Naiki and Gejyo (31) have proposed a nucleation-dependent

polymerizationmodel for A�42 that is composed of nucleation
and elongation phases. During the nucleation phase, the A�42
monomer gradually forms low molecular mass oligomers
(called “nuclei”), followed by the elongation phase where each
nucleus acts as a template and associates with monomers for
polymerization and the subsequent formation of higher-order
oligomers and fibrils (30). The thioflavin-T (Th-T) assay (31) is
often used to quantify the inhibition of A�42 aggregation by
test compounds, but RNA nucleotides themselves enhance the
fluorescence of the Th-T reagent (32). The thioflavin-S (Th-S)
can be used instead of Th-T because Th-S exhibits almost no
nonspecific interaction with RNA.
In the Th-S fluorescence assay performed in the present

study, the peptides were used at 10 �M effective concentration
of the monomer (i.e. the monomer was used at 10 �M, and the
dimerwas used at 5�M). BothWTA�42 (0–2 h and 2–6 h) and
E22P–A�42 (0–4 h and 4–12 h) exhibited two sigmoid-like
curve points in the process of Th-S fluorescence. These curves
may reflect a conformational transition or equilibrium during

the nucleation of A�. E22P–AbD43 moderately retarded the
nucleation phase (4–12 h) of E22P–A�42, but it did not signif-
icantly slow the nucleation of WT A�42 (Fig. 4B). Incidentally,
a known drawback of the Th-T or Th-S method is the gradual
decrease in Th-T or Th-S signal during the later stage of the
elongation phase of A�, possibly because of the limited surface
area of mature fibrils with a high core density to which Th-T or
Th-S can bind. This may explain why the signals from the elon-
gation phase of bothWTA�42 andE22P–A�42 in the presence
of E22P–AbD43 did not decrease (Fig. 4B). Furthermore, to
evaluate the effect of E22P–AbD43 on the nucleation phase of
A�42, the E22P–V40DAP–A�42 dimer was used. Notably,
E22P–AbD43 delayed the nucleation of the E22P–V40DAP–
A�42 dimer by almost 2 days (Fig. 4C). These findings suggest
that E22P–AbD43 may prevent the formation of PFs by inter-
acting with the E22P–V40DAP–A�42 dimer.
Because E22P–AbD43 may interact with PFs during the

nucleation phase, we investigated the effect of E22P–AbD43 on
the neurotoxicity of the E22P–V40DAP–A�42 dimer, aswell as
WT A�42 and E22P–A�42. For this purpose, we used cultures
of SH-SY5Y human neuroblastoma cells that are a typical
model of neuronal cells (Fig. 4, D and E). The peptides were
added to the culturemedium at 1 �M effective concentration of
the monomer (i.e. the monomer was used at 1 �M, and the
dimer was used at 0.5 �M). After incubation for 16 h, which is
appropriate for the evaluation of A� oligomers using E22P–
AbD43 based on the previous study (20), the neurotoxicity
caused by the E22P–V40DAP–A�42 dimer was significantly
reduced by E22P–AbD43 (1, 2, and 4 �M) in a dose-dependent
manner (Fig. 4E). The aptamer itself at the maximum concen-
tration (4 �M) was inactive. E22P–AbD43 was also significantly
protective against the neurotoxicity of WT A�42 and E22P–
A�42 after a 16-h incubation (Fig. 4D). The R7 pool of RNA
exhibited almost no alternation on the cytotoxicity of all A�

Figure 4. Effects of E22P–AbD43 on the aggregation of A�42 and its neurotoxicity. A, TEM analysis to evaluate the aggregates produced from A�42 (25
�M) after incubation with E22P–AbD43 (50 �M) for 24 h at room temperature. Arrows and arrowheads indicate fibrils and PFs, respectively. Scale bar, 200 nm. B
andC, Th-S assay to evaluate aggregation of BWT A�42 or E22P–A�42 (10 �M).C, the E22P–V40DAP–A�42 dimer (5 �M) after incubation with E22P–AbD43 (40
�M) for the indicated period at 25 °C. The data are expressed as the means�S.D. (n�3). InB, the inset figure indicates the magnified graph of E22P–A�42 (4 –12
h). D and E, MTT assay to evaluate the neurotoxicity of WT A�42 or E22P–A�42 (1 �M) (D) and the E22P–V40DAP–A�42 dimer (0.5 �M) (E) using SH-SY5Y cells
after a 16-h incubation period with E22P–AbD43 (1, 2, or 4 �M) at 37 °C. The data are expressed as the means� S.D. (n� 3): ###, p� 0.001 versus vehicle alone;
*, p� 0.05; **, p� 0.01 and ***, p� 0.001. n.s., not significant. Veh, vehicle; Apt, aptamer.
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samples tested (WT A�42, E22P–A�42, and E22P–V40DAP–
A�42 dimer) (Fig. 4, D and E). These findings indicate that
E22P–AbD43 can preferentially delay the onset of nuclei-
driven toxic oligomerization in the pathogenesis of AD.

E22P–AbD43 recognizes diffuse aggregates rather than senile
plaques in an AD mouse

We next performed histochemical analysis of E22P–AbD43
using anADmouse brain (Tg2576/PS2)model (33) at the age of
6 months. E22P–AbD43 recognized diffuse aggregates of A�
mainly in the cerebral cortex and hippocampus regions (Fig.
5A), whereas an anti-A�-N terminus antibody (82E1) (34)
mainly stained senile plaques with dense cores (Fig. 5B). Given
that the diffuse halo surrounding the plaque cores contains
immature or oligomeric aggregates (35), the diffuse aggregates
detected by E22P–AbD43 might have originated from PFs or
higher-order oligomers with curvilinear structures derived
from A�, as likely observed in a previous report (36). Interest-
ingly, 82E1 reacted with diffuse aggregates and senile plaques,
possibly because the N termini of the PFs were exposed. It is
noteworthy that E22P–AbD43 exclusively bound to diffuse
aggregates in both the cerebral cortex and hippocampus based
on counting the numbers of diffuse aggregates and senile
plaques (Fig. S8). Using multiphoton microscopy, Farrar et al.
(37) demonstrated that the �55 aptamer developed by Ylera et
al. (11) simultaneously stained the diffuse halos of the amyloid
of angiopathic lesions as well as dense-core A� plaques in
Tg2576/PS1 mice.

Discussion

In the field of AD research, antibodies against A� have
entered clinical trials as potential therapeutics and diagnostics.
Irie and colleagues recently developed 11A1 (38) and 24B3 (20)
antibodies, which target the toxic conformation and toxic olig-
omers of A�42, respectively. Both of these toxic moieties of
A�42 include a turn structure at Glu-22 and Asp-23. A�40 can
also form toxic oligomers derived from a toxic conformation, as

exemplified by thework of Irie et al. (39), and 11A1 also binds to
A�40, albeit at a slightly lower affinity toward A�42 (38).
Despite various advances in antibody research, a weakness of
antibodies and protein-based drugs is their potential inherent
immunogenicity because of their chronic usage in animals and
humans. Aptamers are a suitable alternative with comparable
or potentially even superior affinity and selectivity when com-
pared with that of antibodies, and RNA andDNA aptamers can
be synthesized on a larger scale at a lower cost.
Recently, Kageyama et al. (40) demonstrated the presence of

an A� toxic conformer in the human inferior parietal cortex
several decades before the onset of AD using the 11A1 anti-
body. Because an RNA aptamer (�55) recognizing A�40 fibrils
(11) stained the diffuse halos of an amyloid in addition to dense-
core A� plaques in Tg2576/PS1 mice (37), E22P–AbD43 tar-
geting more pathogenic A�42 may represent an ultra-early
diagnostic tool of AD. Moreover, the strategy of stabilizing
unstable oligomers of A�42 by covalent bonding within the
C-terminal region followed by preincubation was an effective
approach to enrich RNA pools, and such a strategy may be
helpful for the discovery of “unstable” target-based drugs in
other fields of amyloid research. The changes of the SELEX
target from a dimer-immobilized bead to nonimmobilized PFs
may have contributed to the more efficient aptamer enrich-
ment program used herein and the selection of E22P–AbD43.
Unlike RNA pools, DNA pools failed to be enriched by using

preincubated PFs despite several trials (data not shown).
Although it remains controversial whether RNA or DNA
aptamers are more useful for development as anti-A� aptam-
ers, there are reports based on histochemical analysis that indi-
cate that senile plaques composed of amyloid fibrils inherently
containmRNA (41, 42). To conclude, the present findings dem-
onstrate the development of RNA aptamers against PFs pre-
pared from the E22P–V40DAP–A�42 dimer with a toxic con-
formation as the smallest unit of PFs, and their possible
application as therapeutic and diagnostic tools for ADwas eval-
uated. The relatively stronger recognition by E22P–AbD43 of
theA�42 dimermodel rather thanPFs (Fig. 3B and Fig. S4A and
Table S1) indicates that A�42 dimers dissociate at equilibrium
in PFs, because the formation of soluble PFs is a reversible reac-
tion (5). This is the first report of RNA aptamers that target the
toxic dimer of A�42. The affinity (KD� 20� 6.0 nM) of E22P–
AbD43 toward A�42 toxic dimer may not still be sufficient for
the therapeutic application; however, this KD value is exten-
sively lower than any previously reported anti-A� aptamers
(e.g. KD values of anti-A�40 aptamers (12) are 10–20 �M). Fur-
ther trials to enhance the stability of toxic A� oligomers are
currently underway.
Tsukakoshi et al. (27) reported that a telomestatin derivative

increased the binding capacity of G-quadruplex–forming
aptamers by enhancing �–� stacking on the G-tetrad plane.
Because the planarity derives from �,�-unsaturated carbonyl
groups in not only curcumin but also noncatechol-type fla-
vonoids (e.g. morin and datiscetin), targeting His-13,14 and
Phe-19,20 through �–� stacking for intercalation into �-sheet
regions could contribute to the suppression of A�42 oligomer-
ization (43, 44). We expect that the guanine bases in E22P–
AbD43 could generate a scaffold like a flat G-quadruplex struc-

Figure5.Histochemical analysis ofADmousebrains usingE22P–AbD43.
A and B, histochemical staining of AD mouse brain sections from Tg2576/PS2
was performed with E22P–AbD43 (400 nM) (A) together with the anti-N ter-
minus of the A� (82E1) (B) antibody (1 �g/ml). The slices were exposed to
formic acid for antigen activation by autoclaving. High magnification images
(scale bar, 50 �m) of the area (scale bar, 500 �m) inside the rectangles (dashed
line: cerebral cortex, solid line: hippocampus) are shown within each picture in
A and B, respectively. Arrowheads represent diffuse aggregates, and arrows
represent senile plaques, respectively.
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ture (Fig. 3A) that may target similar residues to these
phytochemicals. BLI studies including the analysis for the per-
centage contributions from KD1 and KD2 implied a 2:1 hetero-
geneous ligand-binding model as the binding mode of full-
length E22P–AbD43 to A�42 dimers (Tables S1 and S2), which
possibly suggests the existence of two independent binding
sites within E22P–AbD43 and the generation of complexes
comprising an A�42 dimer:E22P–AbD43 ratio of 2:1 or 1:1.
Structural analysis of these complexes by crystallographic anal-
ysis is now underway. Additionally, the formation of trimer-
induced oligomers, which E22P–AbD43may not readily recog-
nize, may also have an impact on A�42-induced neurotoxicity.
This report also describes the unprecedented application of

RNA aptamers to histochemical staining of AD mouse brains.
Considering the preferential recognition by E22P–AbD43 of
prematured aggregates of A� in AD mice (Fig. 5A), the appli-
cation of this aptamer in early diagnosis or positron emission
tomography imaging of amyloidogenesis for determining the
progression of AD has potential. Further experiments are
required to shorten the length of the RNA aptamers to facilitate
their passage across the blood–brain barrier and their applica-
tions in AD therapy.

Experimental procedures

Preparation of PFs

The E22P–V40DAP–A�42 dimer or biotin–E22P–V40DAP–
A�42dimer, in whichVal-40 of A�42was replacedwithDAP as
a cross-linker, was synthesized using a previously described
procedure (20) with a slight modification to the HPLC condi-
tion required for purification. Briefly, the E22P–V40DAP–
A�42 dimer was purified using a YMC-Pack ODS-A column
(20-mm inner diameter � 150 mm; YMC, Kyoto, Japan)
attached to an HPLC instrument (Waters model 600E with a
2487 UV detector) with elution at 8.0 ml/min and a 80-min
exponential gradient (curve 7 in Waters model 600E program)
of 30–60% CH3CN containing 0.1% TFA. Subsequent serial
purification was performed using a YMC-Pack Protein RP col-
umn (20-mm inner diameter� 150 mm; YMC) with elution at
8.0 ml/min using an 80-min linear gradient (curve 6 in Waters
model 600Eprogram) of 20–60%CH3CNcontaining 0.1%TFA
and an x-Bridge Peptide BEHC18OBDTM prep column (300Å,
5�m, 19-mm inner diameter� 150mm;Waters,Milford,MA)
with elution at 8.0ml/min using a 60-min linear gradient (curve
6 inWaters model 600E program) of 15–40% CH3CN contain-
ing 0.1%NH4OH.Preincubation of the dimermodel at 37 °C for
48 h led to the production of quasistable PFs, as observed pre-
viously (20).
Purification of the biotin–E22P–V40DAP–A�42 dimer was

carried out using a YMC-Pack ODS-A column (20-mm inner
diameter � 150 mm; YMC) with elution at 8.0 ml/min and a
80-min exponential gradient (curve 7 in Waters model 600E
program) of 30–60% CH3CN containing 0.1% TFA. Subse-
quent purification was performed using an x-Bridge Peptide
BEH C18 OBDTM prep column (300Å, 5 �m, 19-mm inner
diameter� 150 mm; Waters, Milford, MA) with elution at 8.0
ml/min and a 80-min exponential gradient (curve 7 in Waters
model 600E program) of 10–50% CH3CN containing 0.1%

NH4OH. The preincubation of the biotinylated dimer model at
37 °C for 48 h led to the production of quasistable PFs, and the
presence of PFs was confirmed by TEM (Fig. S1A). PFs were
also prepared from WT A�40 by incubation at 37 °C for 48 h
basically according to the developed protocol (28) using a Mil-
lipore Amicon Ultra-0.5 centrifugal filter unit (molecular mass
cutoff, 50 kDa; Millipore). The presence of PFs fromWTA�40
was also confirmed by TEM (Fig. S1B), in which the morphol-
ogy was similar to that of the work of Teplow and co-workers
(28). The slight difference between A and B in Fig. S1 might be
due to the difference of A� used for preparation (i.e. Fig. S1A:
biotin–E22P–V40DAP–A�42 dimer, Fig. S1B: WT A�40). For
preparation of fibrils of WT A�40 and WT A�42, the pellets
were obtained by centrifugation at 20,130 � g at 4 °C for 1 h
after each A� solution was incubated for 2 weeks at 37 °C.

HFIP treatment of A�

For treatmentwith 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP;
Wako, Osaka, Japan), each A� was dissolved in HFIP at 1
mg/ml. After incubation at room temperature for 30 min, the
solutionwas sonicated for 5min and dried in vacuo. The result-
ant A� film was stored at�80 °C until use.

Preparation of the initial RNA pool

ADNA library consisting of a randomized region of 29 nucle-
otides (A:T:G:C� 25:25:25:25%), 5�- and 3�-primer regions and
thymine linkers of three nucleotides between the randomized
region and two primer regions (library: 5�-TAG AGA TAA
TAC GAC TCA CTA TAG GGA CGA AGA CCA ACT GAA
C-ttt-N29-ttt-GTC CGT GCT GCC ACC TTA CTT C-3�) was
designed. DNA library and both primers were purchased from
either ThermoFisher or Eurofins (Tokyo, Japan). PCR was per-
formed to amplify with the 5�-primer (5�-TAGAGATAATAC
GAC TCA CTA TAG GGA CGA AGA CCA ACT GAA C-3�)
and 3�-primer (5�-GAAGTAAGGTGGCAGCACGGAC-3�)
under the following conditions: 20 cycles at 98 °C for 10 s (dena-
turing), 53 °C for 30 s (annealing), and 72 °C for 5 s (extension)
using the TaKaRa ExTaq hot start version kit on aTaKaRa PCR
thermal cycler dice mini (TaKaRa). Following purification of
the double-stranded, PCR-amplified DNA template with the
QIAquick PCR purification kit (Qiagen), RiboMAX large-scale
RNA production system T7 (Promega, Madison, WI) was used
to generate the RNA pool for selection. After phenol-chloro-
form extraction and desalting using Illustra MicroSpin G-25
columns (GE Healthcare), the integrity of RNA was confirmed
by electrophoresis using 6% EDTA–urea acrylamide gels
(Invitrogen) and stained by SYBRGreen (TaKaRa). RNA quan-
tification was performed using a UV BioPhotometer (Eppen-
dorf). In the SELEX or binding assays (Fig. 1, B–D), the ratio of
bound RNA was calculated by real-time PCR (real-time PCR
CFX96; Bio-Rad) using the PrimeScriptTM RT reagent kit (Per-
fect Real Time, TaKaRa) and TB GreenTM premix Ex TaqTM II
(Tli RNaseHPlus, TaKaRa). The fibrils induced fromWTA�42
and E22P–A�42 were synthesized as reported previously (45)
andwere prepared so that eachA� dissolved in 0.1%NH4OHat
250�M, followed by 10-fold dilutionwith PBS to a final concen-
tration of 25 �M and then subjected to incubation at 37 °C for
48 h. The RNA pool or the aptamer was denatured at 90 °C for
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10 min and renatured rapidly on ice for 10 min for refolding
before use in the following studies.

SELEX for RNA aptamers using PFs as targets

Selection using A�42 toxic dimer as target—The biotin dimer
(biotin–E22P–V40DAP–A�42 dimer) treated with HFIP was
dissolved in 0.1% NH4OH at 250 �M, followed by 10-fold dilu-
tionwith PBS (50mM sodiumphosphate, and 100mMNaCl, pH
7.4) to a final concentration of 25�M. To avoid excessive aggre-
gation of A�42, dimers without preincubation were incubated
with Dynabeads 280-M streptavidin (Veritas, Tokyo, Japan) in
PBS at 4 °C for 1 h. The renaturedRNApoolwas incubatedwith
the biotin dimer–immobilized streptavidin beads (RNA pool:
E22P–A�42 dimer� 100:400 pmol) in PBS at 4 °C for 2 h. After
removing unbound RNA by washing with PBS, A� was dena-
tured by a SDS buffer (SDS buffer: 3.5 mM SDS, 0.5 M ammo-
nium acetate, 10 mMmagnesium acetate, 1 mM EDTA) at 70 °C
for 10 min. Bound RNA was purified as described above. Puri-
fied RNA was reverse-transcribed and amplified by PCR. The
negative selection of the RNA pool against streptavidin beads
was performed before round 8 to remove nonspecific RNAs
that bind the beads. Although nine rounds were used, signifi-
cant enrichment was not observed (data not shown).

Selection using the preincubated A�42 toxic dimer as target—
The biotin dimer treated with HFIP was dissolved in 0.1%
NH4OH at 250 �M, followed by 10-fold dilution with PBS to a
final concentration of 25 �M. Initially, the renatured RNA pool
was incubated with the preincubated dimer model (biotin–
E22P–V40DAP–A�42 dimer) (RNA:E22P–A�42 dimer� 250:
1000 pmol) in PBS at 37 °C for 24 h. The resulting mixture was
incubated with Dynabeads M-280 streptavidin beads (Veritas)
in PBS at 25 °C for 1 h. After removing unbound RNA by wash-
ing with PBS, A� was denatured by the SDS buffer at 70 °C for
10 min. Bound RNA was purified by extraction with phenol-
chloroform–isoamyl alcohol and chloroform–isoamyl alcohol,
followed by ethanol precipitation. Purified RNA was reverse-
transcribed into cDNA by the ImProm-II reverse transcription
system (Promega) and amplified byPCR.Thenegative selection
of RNA pool against streptavidin beads was performed before
round 3 to remove nonspecific RNAs that bind the beads.
Although five roundswere used, the significant enrichmentwas
not observed (data not shown).

Selection using PFs as target—The dimer (E22P–V40DAP–
A�42 dimer) treated with HFIP was dissolved in 0.1% NH4OH
at 250 �M, followed by 10-fold dilution with PBS to a final con-
centration of 25 �M. To enlarge the molecular mass of the oli-
gomer, the dimers were further preincubated at 37 °C for 48 h.
The formation of PFs was confirmed by TEM analysis (Fig.
S1A). The renatured RNA pool was incubated with mixture of
PFs (RNA pool:E22P–A�42 dimer � 100:400 pmol) in PBS at
25 °C for 1 h. By using aMillipore Amicon Ultra-0.5 centrifugal
filter unit (molecular mass cutoff, 50 kDa; Millipore), bound
RNA with PFs were collected. After washing with PBS, A� was
denatured by the SDS buffer at 70 °C for 10 min. Bound RNA
was purified as described above. Purified RNA was reverse-
transcribed and was amplified by PCR. Over the course of
SELEX, the ratio of RNA:A� was increased gradually from 1:4
to 1:1 to 2:1 in the first five rounds, next round, and final round,

respectively. After seven rounds, a significant enrichment was
observed (Fig. 1B).

BLI measurements

BLI experiments were conducted at 30 °C with an Octe-
tRED96 (ForteBio, Menlo Park, CA). The biotinylation of RNA
aptamers were conducted by the 5� EndTag nucleic acid label-
ing system (Vector) using biotin–PEG6–maleimide (TCI,
Tokyo, Japan) and according to the manufacture’s protocol.
The RNA oligonucleotide of the random region sequence of
E22P–AbD43 was purchased from FASMAC (Kanagawa,
Japan). Biotinylated RNA aptamers were immobilized on a
streptavidin biosensor that was subjected to 10min of rehydra-
tion in PBS buffer before carrying out the binding experiments.
The immobilization of the biotinylated aptamers to the sensor
was performed with 200 �l of 1 �M biotinylated aptamers in
96-well black plate for 840 s followed by a 180-s incubation of
the sensor in PBS buffer. The binding reaction occurred in 200
�l of PBS buffer containing 0.05% Tween 20 (IBL, Gunma,
Japan) including various concentrations of HFIP-treated A�
(200–1,600 nM) with agitation under the condition of associa-
tion for 180 s and dissociation for 180 s.
The sensorgrams were better fitted globally to a 2:1 hetero-

geneous ligand-binding model or a 1:1 binding model contin-
gent on the lower �2 coefficient, and the association rate kon
(kon1 and kon2), the dissociation rate koff (koff1 and koff2), and KD
(KD1 and KD2) were obtained by fitting the data through data
analysis software from ForteBio (Table S1). For a reference, the
kinetic parameters for kon, koff, and KD in the corresponding
binding model contingent on the higher �2 coefficient are
shown in Table S2. The percent contributions from KD1 and
KD2 were shown in the case of the 2:1 heterogeneous ligand
model. The contribution of KD1 was larger than that of KD2
(Tables S1 and S2). Because the association signal shifts of
aptamer forWTA�42 fibril andWTA�40 fibril were below the
signal to noise, the curve fitting was not performed, and kinetic
parameters were not able to be calculated (Tables S1 and S2). In
general, the 2:1 heterogeneous ligand-binding model simply
assumes bindingwith analyte at two independent ligand sites of
the 1:1 binding model. Each ligand site binds the analyte inde-
pendently with a different rate constant with an additional
parameter to account for percentage of binding contributed by
each interaction. �2 coefficient is simply the square of the sum
of deviations between the data and the fit curve.Other plausible
and equally feasible synergistic 2:1 heterogeneous ligand-bind-
ing models were not considered to analyze the BLI-binding
data.

Fluorescence polarization

The fluorescence polarization binding assays between FITC-
labeled aptamer (20 nM) and HFIP-treated A� (10�9.2–10�6.5
M) were performed with a Multilabel plate reader ARVO X5
(PerkinElmer). FITC-labeled aptamer was prepared by the
5� EndTag nucleic acid labeling system (Vector) using fluores-
cein-5-maleimide (TCI) according to the manufacturer’s pro-
tocol. The samples in 200 �l of PBS plus potassium (PBS-K; 10
mM sodium phosphate, 140 mM NaCl, pH 7.4) were incubated
at room temperature for 1 h in a 96-well black plate. The exci-
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tation and emission wavelengths were 485 and 538 nm, respec-
tively, and then fluorescence polarization was calculated. The
resulting millipolarization (mP) values were plotted against
concentration using GraphPad Prism version 6 (GraphPad
Software, San Diego, CA).

Sequencing and prediction of secondary structure of the RNAs

After enrichment of bound RNA, the individual aptamer
clones were obtained by ligation of the PCR products using
the TOPO TA cloning kit (Invitrogen). Cloned DNA was
sequenced at Eurofins. Alignment search, classification, and
local super-motif analysis were performed based on sequences
of 36 unique aptamers by Clustal Omega (22) (Fig. S3A) and
Multiple EM for motif elucidation (23) (Fig. S3B). To identify
common secondary structural motifs, RNA sequences were
folded using the energy minimization algorithm of Centroid-
Fold (21) (Fig. 2B).

CD spectropolarimetry

CD spectra were measured on a JASCO J-805 spectropola-
rimeter using a 0.1-mm path length quartz cell, as described
previously (20). After dilution of the RNA solution (final con-
centration, 10�M)with PBS containing 1mMEDTA, an aliquot
(200 �l) was loaded into the quartz cell, and the CD spectrum
was recorded over the wavelength range of 220–320 nm. The
spectra are shown after subtraction of the spectrum of the vehi-
cle alone.

ATR-FTIR

FTIRwasmeasured using the ATRmethod as described pre-
viously (19). A droplet (5�10 �g) of aptamer solution with PBS
containing 1 mM EDTA was loaded and then air-dried on an
ATR unit in the FTIR 470plus spectrometer (Jasco, Tokyo,
Japan). To improve the signal-to-noise ratio, 128 scans were
accumulated, and the spectra were recorded at a resolution of
4.0 cm�1. The spectra are shown after suppression of water
vapor signal.

TEM

The aggregates of eachA� solution (25�M) in PBS after 24 or
48 h incubation in the absence or presence of E22P–AbD43 (50
�M) were examined under a TEM (JEM-1400; JEOL, Tokyo,
Japan). After eachA� aggregatewas centrifuged (4 °C, 17,900�
g, 10 min), the supernatant was removed from the pellet. The
resultant pellet was gently resuspended in water (100 �l) using
a vortex for 1 min just before TEM analysis. The sample sus-
pension (15 �l) was applied to a 400-mesh carbon-coated cop-
per grid (thickness, 20–25 nm; Veco, Eerbeek, The Nether-
lands) and incubated for 5 min before being negatively stained
twicewith 2%uranyl acetate. Stained samples were subjected to
TEM.

Th-S aggregation assay

The aggregation of eachA� in the presence of RNAaptamers
was evaluated by a Th-S (Sigma–Aldrich) fluorescence assay
based on the Th-T assay developed by Naiki and Gejyo (31)
withmodifications, because the inherent nonspecific binding of
Th-S to nucleic acids is much lower than that of Th-T (32). The

procedure has been described previously (43). In brief, WT
A�42 and E22P–A�42, in addition to the E22P–V40DAP–
A�42 dimer, were dissolved in 0.1% NH4OH at 100 or 50 �M,
and E22P–AbD43 was dissolved in RNase-free water (Invitro-
gen) at 200 �M, followed by dilution with PBS to the desired
concentration (WT A�42 and E22P–A�42, 10 �M; E22P–
V40DAP–A�42 dimer, 5 �M; E22P–AbD43, 40 �M). The fluo-
rescence intensity was measured by excitation at 430 nm and
emission at 485 nm using a microplate reader (Fluoroskan
Ascent; ThermoFisher, Rockford, IL).

MTT assay

SH-SY5Y cells (ATCC, Manassas, VA) maintained in a
mixed medium containing equal amounts of Eagle’s minimal
essentialmedium (Wako) andHam’s F12medium (Wako) con-
taining 10% fetal bovine serum (Biological Industries) were
used as a typical neuronal cell model to estimate the neurotox-
icity of each A� (WT A�42, E22P–A�42, and the E22P–
V40DAP–A�42 dimer) with slight modifications to the
described method (20). Briefly, A�, E22P–AbD43, or R7 were
dissolved in 0.1% NH4OH or in RNase-free water to make a
12� stock before being diluted with culture medium to the
desired final concentration. After preincubating 120 �l of A�
with E22P–AbD43 or R7 for 30 min at room temperature, the
culture medium used on nearly confluent cells (1 � 104 cells/
well) for overnight adaptationwas exchangedwith the preincu-
bated solution (120 �l). After incubation for 16 h at 37 °C, 15
�l/well of Dye solution from the CellTiter 96 nonradioactive
cell proliferation assay kit (Promega) was added to the cells,
followed by incubation for 4 h at 37 °C. The solubilization/stop
solution (100 �l/well) was subsequently added to the cells. The
cell lysate was incubated overnight in the dark at room temper-
ature before performing measurements at 570 nm with a
microplate reader (Multiskan FC; ThermoFisher). The absor-
bance obtained by adding the vehicle (0.1% NH4OH	 RNase-
free water) was taken as 100%.

Histochemical staining

All experimental procedures were performed in accordance
with specified guidelines for the care and use of laboratory
animals and were approved by the Animal Care and Use Com-
mittee ofChibaUniversity. Five-micrometer-thick coronal par-
affin-embedded sectionswere prepared from4%paraformalde-
hyde-fixed brain hemispheres of an AD mouse brain (Tg2576/
PS2) (33) at the age of 6 months. After deparaffinization and
hydration, the slices were autoclaved at 120 °C for 20 min for
antigen activation. To inactivate the endogenous peroxidase,
the brain sections were soaked in methanol with 0.1% H2O2 at
room temperature for 30 min. After washing with ice-cold
PBS-K containing 0.02% Tween 20 (PBS-T), blocking was per-
formed in a blocking buffer, PBS-T with 10 �g/ml BSA (Naca-
lai) and 10 �g/ml yeast tRNA (Nacalai, Kyoto, Japan) at room
temperature for 60 min. Biotinylated E22P–AbD43 (400 nM)
diluted by RNase-free water (Invitrogen) with 1 mM EDTAwas
applied at room temperature for 60 min, followed by reaction
with horseradish peroxidase (HRP)–conjugated avidin by the
VECTORSTAIN ABC HRP kit (Vector) for 30 min at room
temperature. Alternatively, the sections were treated with 82E1
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(1 �g/ml) diluted with PBS-T at room temperature for 60 min,
followed by reaction with the biotinylated secondary antibody
for 30 min at room temperature before incubation with HRP-
conjugated avidin by the VECTORSTAIN ABC HRP kit (Vec-
tor) for 30 min at room temperature. To visualize the signals,
brain sections were treated with 3,3�-diaminobenzidine
(Dojindo, Kumamoto, Japan) at 37 °C for 12 h (E22P–AbD43)
or at room temperature for 12 min (82E1). The nuclei were
stained with hematoxylin reagent (Wako). After dehydration
and soaking in xylene, the brain sections were mounted with
Permount (FALMA).

Statistical analysis

Statistical analysis was performed using the scientific data
analysis software GraphPad Prism version 6 (GraphPad Soft-
ware) with one-way analysis of variance followed by Tukey’s
test. Statistical significance is indicated in figure legends as ###,
p� 0.001 versus vehicle alone; *, p� 0.05; **, p� 0.01; and ***,
p� 0.001.
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