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ABSTRACT

AML1 (RUNX1) is a key transcription factor for hematopoiesis that binds to the Runt-binding double-stranded DNA element (RDE)
of target genes through its N-terminal Runt domain. Aberrations in the AML1 gene are frequently found in human leukemia. To
better understand AML1 and its potential utility for diagnosis and therapy, we obtained RNA aptamers that bind specifically to the
AML1 Runt domain. Enzymatic probing and NMR analyses revealed that Apt1-S, which is a truncated variant of one of the
aptamers, has a CACG tetraloop and two stem regions separated by an internal loop. All the isolated aptamers were found to
contain the conserved sequence motif 5′-NNCCAC-3′ and 5′-GCGMGN′N′-3′ (M:A or C; N and N′ form Watson–Crick base
pairs). The motif contains one AC mismatch and one base bulged out. Mutational analysis of Apt1-S showed that three
guanines of the motif are important for Runt binding as are the three guanines of RDE, which are directly recognized by three
arginine residues of the Runt domain. Mutational analyses of the Runt domain revealed that the amino acid residues used for
Apt1-S binding were similar to those used for RDE binding. Furthermore, the aptamer competed with RDE for binding to the
Runt domain in vitro. These results demonstrated that the Runt domain of the AML1 protein binds to the motif of the
aptamer that mimics DNA. Our findings should provide new insights into RNA function and utility in both basic and applied
sciences.
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INTRODUCTION

AML1 (RUNX1) is an α subunit of the core binding factor
(CBF), a heterodimeric transcription factor that binds to
the core elements of many enhancers and promoters (de
Bruijn and Speck 2004; Collins et al. 2009). Three α subunits
(RUNX1–3; RUNX proteins) and one β subunit (CBFβ) are
encoded in mammals. RUNX proteins contain a DNA-bind-
ing domain (DBD), known as the Runt domain, which recog-
nizes a specific DNA element. CBFβ, which does not bind
DNA itself, binds to the Runt domain and leads to increased
DNA-binding affinity.
AML1 was originally isolated from a chromosomal break

point in human acute leukemia (Miyoshi et al. 1991). Sub-

sequently, AML1 was determined to be essential for definitive
hematopoiesis during development and to play important
roles in maintaining hematopoiesis and immune function in
adults (Okuda et al. 1996; North et al. 2004). Several genetic
aberrations that disrupt the function of AML1/CBFβ are fre-
quently observed in human leukemia (Mitelman et al. 2007;
Engel and Hiebert 2010). However, the precise function of
AML1/CBFβ remains unknown. Tertiary structures of the
Runt domain and the Runt/CBFβ heterodimeric complex
have been investigated by X-ray crystallography and NMR
(Nagata et al. 1999; Bravo et al. 2001; Tahirov et al. 2001;
Backstrom et al. 2002). These studies revealed that the Runt
domain folds primarily into a β-barrel structure classified as
an s-type immunoglobulin (Ig) fold. This structure has ho-
mology to other DBDs such as those found in p53, NF-κB,
NFAT, and other proteins. The Runt domain recognizes the
DNA consensus sequence “YGYGGTY” (where Y = pyrimi-
dine) (Melnikova et al. 1993) using two loop-containing re-
gions and a C-terminal tail, which clamp around the sugar–
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phosphate backbone between the major and minor grooves.
The C-terminal tail and one of the loop regions interact with
the major groove. The three critical guanines are recognized
by three arginine residues that form hydrogen bonds in the
major groove. Another loop region interacts with the minor
groove. Complex formation is further supported by several in-
teractions between the side chains and backbone of the Runt
domain and the sugar–phosphate backbone of DNA.

We obtained RNA aptamers that bind specifically to the
AML1 protein to use as tools for better understanding
AML1 and its potential utility for the diagnosis and treatment
of AML1-related diseases. Aptamers are molecules that can
bind with high affinity and specificity to a wide range of target
molecules (Patel and Suri 2000; Oguro et al. 2003; Miyakawa
et al. 2006, 2008; Ohuchi et al. 2006; Tanaka et al. 2007; Endo
andNakamura 2010). They can be generated by an in vitro se-
lection process, known as systematic evolution of ligands by
exponential enrichment or SELEX (Ellington and Szostak
1990; Tuerk and Gold 1990). We performed SELEX to obtain
RNA aptamers against the Runt domain of AML1. We found
that all the selected aptamers possessed a unique RNA motif
and that one of these aptamers likely binds to the Runt
domain in a manner similar to the DNA consensus binding
sequence. The results of SELEX provided novel insight that
the Runt domain could bind to RNA, with conserved se-
quence specificity, as well as to DNA.

RESULTS

Isolation of RNA aptamers that bind
to the AML1 Runt domain

Two RNA selection experiments against the Runt domain
(amino acid residues 1–188 of AML1), which contains the
DBD, were performed using initial RNA pools of either 30
or 40 random nucleotide positions, referred to as the 30N
and 40N RNA pools, respectively. Following nine rounds of
selection, the 30N and 40N random RNA pools converged
into eight and four independent sequences, respectively (Fig.
1A). Apt1 and Apt41 were the most frequently observed
aptamers. All these aptamers contained the conserved se-
quence motif 5′-GCGMG-3′ and 5′-CCAC-3′ (M:A or C),
although the order of the two sequences varied. The 5′-
CCAC-3′ was located upstream of 5′-GCGMG-3′ in five se-
quences, including Apt1, among the 40 independent sequenc-
es analyzed. When 5′-CCAC-3′ was located upstream, the
length of the spacer sequence was 4–6 nucleotides (nt), and
when 5′-GCGMG-3′ was located upstream, the length of the
spacer sequence was 3–5 nt. We also noted that 2 nt at the po-
sition 5′-adjacent to 5′-CCAC-3′ was always complementary
to 2 nt at the position 3′-adjacent to 5′-GCGMG-3′, although
the base sequences were not conserved (“NN” and “N′N′,”
respectively). Therefore, the consensus sequences are 5′-
NNCCAC-(4–6 nt)-GCGMGN′N′-3′ or 5′-GCGMGN′N′-
(3–5 nt)-NNCCAC-3′ (Fig. 1B).

Enzymatic probing analysis of the secondary
structure of Apt1

To determine sequence requirements for AML1–Runt bind-
ing, the secondary structure of Apt1 was predicted using
RNAstructure 4.4 software (http://rna.chem.rochester.edu/).
The predicted structure with the lowest free energy was a
hairpin structure comprising one large apical loop, two small
internal loops, three stem regions between the loops, and an
extended 3′-single-stranded region (Fig. 2A). The consensus
sequences are located in the apical loop structure.
To analyze the secondary structure of Apt1, enzymatic

probing was performed using single-strand-specific RNase
T1 and mung bean nuclease as well as RNase V1, which pref-
erentially cleaves double-stranded or otherwise structured re-
gions. The results of RNase cleavage of 5′-[32P]-labeled Apt1
are shown in Figure 2B, and the summary of the results of en-
zymatic probing is shown in Figure 2A. Partial alkaline digests
of 5′-labeled Apt1 were used as size markers (Fig. 2B, lane 1).
Under denaturing conditions with 7Murea, RNase T1 digest-
ed all the G residues of Apt1 (Fig. 2B, lane 3). However, G15,
G28, G30, G31, G41, and (weakly) G11 and G12 were pro-
tected from digestion under native conditions (Fig. 2B, lane
4), suggesting that these G residues were base-pairing.
Fragments digested by RNase V1 and mung bean nuclease

are known to retard migration in denaturing polyacrylamide
gel electrophoresis (PAGE) by ∼1 nt because of their 3′-ter-
minal hydroxyl compared with fragments digested by alkaline
digestion and RNase T1 with a 3′-terminal phosphate (Fig.
2B, lanes 5,6; Favorova et al. 1981; Brown and Bevilacqua

FIGURE 1. Runt-binding aptamer sequences. (A) RNA sequences se-
lected from 30N and 40N randomized RNA libraries. Parental 30N or
40N sequences contained 5′- and 3′-constant sequences for primer an-
nealing. The frequency of each sequence is shown in the right column as
a percentage of the 60 sequences analyzed. (Red) Consensus sequences
of aptamers. (B) The consensus sequences. M designates A or C; N des-
ignates any base; and N′ designates a base complementary to N. (Red)
Conserved bases.
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2005). RNase V1 digested at least 16 sites in Apt1; however,
it is known to recognize U residues in both single and
double strands (Sobczak et al. 2010). Therefore, C7, A8, A9,
A13, C18, C19, G31, C37, A38, C43, C44, and C45 were
confirmed to be double stranded. Mung bean nuclease,
which preferentially digests ApN in single strands, strongly
digested at A23 and the 3′-terminal region beyond A55,
and weakly digested at A8, C22, C24, G25, A47, G50, C53,
and G54 in Apt1.
These results indicate that nucleotides from C22 to G26

are in a single strand, whereas C19 and G28 are in a double
strand in the predicted apical loop. This finding suggests
that the two conserved sequences of Apt1, 5′-ACCCAC-3′

and 5′-GCGAGGU-3′, are anti-parallel to each other and
base pairs are formed between them, at least A16–U32,
C17–G31, C18–G30, and C19–G28. Furthermore, G15 is in
a double strand in the predicted internal loop. Thus, it is pos-
sible that G15 is stacked with the adjacent bases, which results
in inefficient cleavage by RNase T1. As predicted, nucleotides
fromA47 to the 3′ terminus were shown to be single stranded
(Fig. 2A). Enzymatic probing analysis revealed that Apt1
forms a stem–loop structurewith a single-stranded tail, which

is in agreement with the predicted secondary structure, and
an additional base pair is likely formed involving the con-
served motif within the apical loop structure.

Truncation of Apt1 to a 38-mer of Apt1-S

To characterize the aptamers, a truncated variant of Apt1,
Apt1-S, was constructed using secondary structure informa-
tion obtained from the enzymatic probing mentioned above.
Apt1-S comprises the stem–loop from the 9th to the 39th nu-
cleotide of Apt1, the 5′-GGG for effective transcription initi-
ation by T7 RNA polymerase, and a 3′-CCCA for stabilizing
the stem–loop structure, resulting in a length of 38 nt, which
is 25 nt shorter than Apt1.
The apparent dissociation constants (Kd) of Apt1 and

Apt1-S for Runt binding, calculated from their surface plas-
mon resonance (SPR) profiles, were 3.6 ± 0.1 nM and 0.99
± 0.02 nM, respectively (Fig. 3A,B). Thus, it appears that
the truncated 3′ and 5′ regions of Apt1 are dispensable for
Runt binding, and the truncation leads to a stabilized struc-
ture that is more favorable for Runt binding. Apt1-S exhibited
∼10-fold higher affinity to the Runt domain compared with
the Runt-binding double-stranded DNA element (RDE;
Kd = 9.6 ± 0.2 nM) (Fig. 3C). Thus, the results indicated
that the stem–loop region containing the consensus sequenc-
es is responsible for binding to the Runt domain with a higher
affinity than RDE.

Analysis of the secondary structure
of Apt1-S by NMR

To investigate the precise secondary structure of Apt1-S, a
NOESY spectrumwasmeasured and imino proton resonanc-
es were assigned (Fig. 4). NOE connectivities for imino pro-
ton resonances of G1–G2–G3–U34–U5–G6–G7 and U27–
G26–G25 revealed the formation of two stems. NOEs be-
tween NH2(C14)–NH (G23) and NH2(C16)–NH(G21) re-
vealed the formation of C14–G23 and C16–G21 base pairs
(Fig. 4). Because G23 and G25 are base-paired with C14
and C13, respectively, A24 should bulge out between these
two G residues. For further analysis, we assigned H2, H5,
H6, H8, H1′, and H2′ resonances of the conserved sequence
motif region of Apt1-S using the standard method involving
heteronuclear experiments (Varani et al. 1996). The NOE
signal between H1′(G23) and H8(G25) was observed in the
NOESY spectrum in D2O, suggesting that G23 and G25 are
very close to each other and A24 is bulged out (Fig. 5).
These NMR data suggested that Apt1-S has a CACG tetraloop
and two stem regions separated by one internal loop (Fig.
6B) and that the conserved sequence motif region of Apt1-
S has a stem comprising C13–G25, C14–G23, and C16–
G21 base pairs containing an AC mismatch and a bulging
out at A24.
The secondary structures of the other aptamers were pre-

dicted by sequence comparisons with Apt1. All the aptamers

FIGURE 2. Enzymatic analysis of the secondary structure of Apt1. (A)
The secondary structure of Apt1 predicted by RNAstructure 4.4.
(Boldface) The 5′- and 3′-constant sequences of Apt1 for primer anneal-
ing; (red) the consensus sequences. The cleavage points of RNase V1
(open arrowhead), RNase T1 (solid arrowhead), and mung bean nucle-
ase (striped arrowhead) and points uncleaved by RNase T1 (gray arrow-
head) are indicated on the secondary structure of Apt1. The arrowhead
length indicates the signal intensity of the digested fragments. (Dotted
line) A predicted base pair. The signals >A55 were too strong to identify
individual signals (lane 6 of panel B); therefore, the cleavage points by
mung bean nuclease are not indicated from C56 to the 3′ terminus.
(B) Autoradiogram of the RNase probing pattern of Apt1. The 5′-
[32P]-labeled Apt1 (lane 2) was partially digested with alkali (lane 1),
RNase T1 in the presence of 7 M urea (lane 3), RNase T1 (lane 4),
RNase V1 (lane 5), and mung bean nuclease (lane 6). Digests were sep-
arated using denaturing polyacrylamide gel electrophoresis. (Left side of
the autoradiogram) The positions of G-residues. The bar indicates the
position of the full-length Apt1 (63-mer). (Right side) The estimated
bases digested by RNase V1 and mung bean nuclease.
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possessed the 5′-GCGMGNN-3′ and 5′-N′N′CCAC-3′ con-
served motif (M:A or C; N and N′ form Watson–Crick
base pairs), containing an AC mismatch and a single A/C
bulge (Fig. 6C). This suggested that all these aptamers have
the same secondary structure at the motif, although other re-
gions are highly variable.

Base specificity of Apt1 for Runt binding

To confirm the importance of the motif for Runt binding,
we performed mutation analysis of Apt1-S. Dissociation con-
stants of mutants of Apt1-S containing base substitutions,
deletions, or insertions were studied by SPR (Table 1).
Mutations at the three CG base pairs (C14A, C16A, G21C,
G23C, C16G–G21C, andC13G–G25C)markedly diminished
the binding activity. Thus, it was suggested that the three con-
sensus GC base pairs directly interact with the Runt domain.
However, consistent with the results of SELEX, the C12G–
G26C mutation had little effect on binding affinity, although
the binding affinities of the C12G and G26C mutations,
which disrupted base-pairing between the 12th and 26th bas-
es, were markedly diminished. This finding indicates that the
position of the C12–G26 base pair partakes in an NN′ base
pair in the conserved sequence motif. Therefore, although
the bases participating in NN′ base pairs are not involved
in direct interactions with the Runt domain, they probably
stabilize the structure of the motif.

Next, the effects of mutations at the bulged A24 position
were investigated. A24C and A24U mutations had limited ef-
fects on binding affinity, suggesting that the base at A24 is not
involved in direct interaction with the Runt domain and that
the A bulge is not essential for binding. In particular, the
A24C mutation had almost no effect on binding affinity,
which is consistentwith the SELEX results that the base equiv-
alent to the A24 position is either an adenosine or a cytosine.
In contrast, the A24G and A24Δmutants showed a >103-fold
reduction in binding affinity. When evaluating the effects
of mutations at A15 and C22 in the AC mismatch, the
A15G, A15C, A15U, C22A, C22G, C22U, and A15G–C22U
mutationsmarkedly diminished the binding activity, suggest-
ing that the AC mismatch is important for the Runt-domain
binding.
Substitution of the CACG tetraloop with GAAA or UUUU

had little effect on binding affinity. The double-stranded
mutant cleaved in the tetraloop, consisting of strands 1–18
and 19–37 of Apt1-S, retained binding activity, although it
was reduced to one-twentieth. Thus, the loop structure likely
contributes little to binding, which is consistent with the
other aptamers containing the consensus sequences forming
inverted stem–loop structures. These results suggest that hav-
ing all the nucleotides comprising the consensus sequences is
the most favorable for Runt binding. The three guanines—
G21, G23, and G25—in the motif are indispensable for bind-
ing, similar to the three critical guanines in RDE, which are

FIGURE 3. Sequences and binding properties of aptamers and RDE. Predicted secondary structures of Apt1 (A), Apt1-S (B), and RDE (C) and their
SPR sensorgrams for AML1–Runt binding. (Red) The consensus DNA sequence for binding to the Runt domain in RDE. The indicated concentra-
tions of the Runt domain were added to the aptamers or RDE immobilized on the sensor chip. The dissociation constant Kd was determined as the
ratio of the association rate constant kon and the dissociation rate constant koff as follows: Kd = koff/kon. The mean Kd value ± SE (n = 3) is shown. The
kon and koff values are shown in Tables 1 and 2. Kinetic parameters were determined using BIAevaluation software (BIAcore AB).
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directly recognized by the three arginine residues of the Runt
domain. Furthermore, the ACmismatch and A bulge-out are
also important for its binding affinity.

Runt-domain amino acid residues required
for Apt1 binding

Next, we performed mutational analysis of the Runt domain
to determine whether Apt1-S binds to the same amino acid
residues as during RDE binding. The crystal structure of
the Runt domain–RDE complex showed that the amino
acid residues R80, V170, D171, R174, and R177 were involved
in the direct interaction with DNA bases and played impor-
tant roles in defining the specificity of DNA recognition
(Fig. 6A; Tahirov et al. 2001). R80 contacts the N7 and O6 at-
oms of G3, V170 contacts the C5 atom of C7′, D171 contacts

the N4 atoms of C7′ and C6′, R174 con-
tacts the N7 and O6 atoms of G5, and
R177 contacts the N7 and O6 atoms of
G6. Therefore, the aforementioned five
residues were replaced with alanine, and
binding affinities of RDE and Apt1-S
were investigated by SPR (Table 2).

Alanine substitution at R80, D171,
R174, or R177 reduced the binding to
both RDE and Apt1-S. In contrast, the
V170 mutant showed no marked change
in binding to either Apt1-S or RDE.
Tahirov et al. (2001) showed that V170A
retained the DNA-binding activity, al-
though a hydrophobic interaction was
observed between V170 and the C5 posi-
tion of C7′, which is similar to our results
from mutational analysis of RDE.

Apt1 competes with DNA, but not
CBFβ, for binding to the Runt domain

We further confirmed whether or not
Apt1 actually competed with RDE for
binding to the Runt domain by SPR.
When the Runt domain was pre-incubat-
ed with equimolar concentrations of
Apt1, RDE, or 30N RNA and then flowed
to an RDE-bound sensor chip, 95% and
45% of the Runt domain with 30N RNA
and RDE, respectively, bound to RDE
on the sensor chip (Fig. 7A). However,
almost none of the Runt domain with
Apt1 bound to RDE on the sensor chip,
suggesting that once Apt1 is bound to
the Runt domain, it is hardly exchange-
able with RDE because of its high binding
affinity. Finally, we analyzed the effect of
Apt1 on the heterodimerization of the

Runt domain and the CBFβ subunit. The CBFβ subunit was
added to the Runt domain bound to immobilized RDE
or Apt1 on a sensor chip. The CBFβ subunit bound to the
Runt domain and formed a complex with either RDE or
Apt1 (Fig. 7B), suggesting that substituting RDE with Apt1
has little effect on the interaction between the Runt domain
and CBFβ.

DISCUSSION

In this study, we identified a conserved RNA sequence motif,
5′-GCGMGNN-3′ and 5′-N′N′CCAC-3′ (M:A or C; N and
N′ form Watson–Crick base pairs), which binds to the
DNA-binding site of the AML1 Runt domain with high affin-
ity. Secondary structure analysis of one of these aptamers,
Apt1, by enzyme probing and NMR showed that the two

FIGURE 4. 1D imino proton spectrum, 2D TOCSY, and 2D NOESY spectra of Apt1-S in H2O.
1D imino proton spectrum and 2D NOESY spectra of Apt1-S (mixing time = 150 msec). NOE
connectivities are indicated by lines in the lowerNOESY spectrum. Assignments were determined
by NOE connectivities for imino proton resonances of G1–G2–G3–U34–U5–G6–G7 and U27–
G26–G25 and are shown on top of the 1D imino proton spectrum. NOE connectivities are indi-
cated by lines. Cross peaks between the NH2 (H41 and H42) –NH (H1) of C14–G23 and C16–
G21 base pairs are shown. Cross peaks of intraresidue NOEs between H41–H42, NH2–H5, and
H5–H6 of C14 and C16 are shown. (Red) The TOCSY spectrum superimposed on the NOESY
spectrum. Assignments of NOE signals between NH2–NHwere confirmed by these NOE connec-
tivities. Assignments of NOE signals between H5–H6 were confirmed by sequential connectivi-
ties, as shown in Figure 5.
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sequences form a stem structure containing an AC mismatch
and a bulging out of A and that the spacer region forms a sta-
ble CACG tetraloop. Mutational analysis of this aptamer re-
vealed that the three CG base pairs in the conserved sequence
motif are important for Runt binding (Table 1). A compari-
son of the secondary structures of Apt1-S and RDE revealed
that the nucleotides whose bases are recognized by the Runt
domain in Apt1-S, C13, C14, G21, G23, and G25 correspond
to the nucleotides C6′, C7′, G3, G5, and G6 in RDE (Fig. 6A,
B). Therefore, it was suggested that the consensus sequences
in Apt1-S bind to the Runt domain by mimicking the se-
quence and structure of RDE.

The binding affinities of some variants of Apt1-S with mu-
tations in the bulged A24 (A24G and A24Δ) were markedly
reduced. The A24G mutation may induce changes in base-
pairing such as with C14–G24, which could result in dis-
ruption of the favorable topology of important nucleotides.
Deletion of A24 could stabilize the A-form helix, which is un-
favorable for Runt binding. Furthermore, all point mutations
at A15 and C22, the AC mismatch, greatly reduced binding.
The A15C, A15U, C22A, and C22G mutations may destabi-
lize the tertiary structure of the aptamer because of disrup-
tion of the AC mismatch. In contrast, the A15G and C22U
mutants could result in formation of a GC and an AU base
pair, respectively, in lieu of an AC mismatch, which could
stabilize the unfavorable A-form helix. The A15G–C22Umu-
tant, which forms a GU wobble base pair, could also stabilize
the unfavorable A-form helix. These results suggest that the
distorted helix of the aptamer resulting from the A24 bulge
and A15–C22 mismatch in the conserved sequence motif is
favorable for Runt binding.

Amino acid residues in the Runt domain that are involved
in direct interactions with DNA bases were also involved in

binding to Apt1-S, based on the results of mutational analysis
(Table 2). Only the R177A substitution resulted in a different
response for RDE versus Apt1-S. Apt1-S binding was reduced
more severely than RDE binding. R177 contacts the N7 and
O6 atoms of G6 of RDE, which corresponds to G25 of
Apt1-S. Therefore, R177 may play a more important role in
Apt1-S binding than in RDE binding to stabilize the structure
of the RNA motif. All these results indicate that the motif in
Apt1 likely binds to the Runt domain by simply mimicking
the sequence and structure of RDE, namely, three conserved
G residues that interact directly with arginines in the Runt
domain, an A24 bulge, and an AC mismatch, which position
the G residues properly, similar to RDE. In a competition as-
say, Apt1 could bind to the Runt domain with higher affinity
than that of RDE (Fig. 3), and Apt1 bound to the Runt
domain could not be displaced by RDE (Fig. 7A). These re-
sults are consistent with our model that Apt1 binds to the
Runt domain by mimicking RDE.
It is known that RDE binding to the Runt domain is pro-

moted 10-fold by CBFβ, a partner of AML1. In this study,
substituting RDE with Apt1 had little effect on the interaction
between the Runt domain and CBFβ (Fig. 7B). Barton et al.
(2009) recently reported on RNA aptamers against a Runt
domain–CBFβ complex; however, their aptamers did not
contain the consensus sequence found in ours. They showed
that their aptamers could disrupt the Runt domain–DNA in-
teraction in addition to the Runt domain–CBFβ interaction.
A precise comparison of their aptamers with ours in terms of
binding to the Runt domain may provide interesting infor-
mation about the RNA–protein interaction.
The aptamer against the NF-κB p50 homodimer (p50)2

has been intensively analyzed (Huang et al. 2003; Ghosh
et al. 2004; Reiter et al. 2008) and alsomimics DNA and binds
to the DNA-binding site of a transcription factor. NF-κB p50
is a transcription factor that regulates the expression of

FIGURE 5. 2D NOESY spectrum of Apt1-S in D2O. The NOESY spec-
trum (mixing time = 400 msec) was recorded at 10°C, and cross peaks
between aromaticH6 andH8 protons and riboseH1′ protons are shown.
Sequential connectivities of the apical stem–loop (from C12 to G26) of
Apt1-S are indicated by lines, and intraresidue NOEs are labeled by res-
idues. The H1′ (G23) –H8 (G25) interresidue NOE is indicated.

FIGURE 6. Amino acid residues required for the Runt domain to rec-
ognize DNA or RNA. (A) The secondary structure of RDE and amino
acid residues that recognize bases, as determined by crystallography.
(Black squares) Highly required amino acid residues; (dashed boxes)
partially required amino acids. (Arrows) Direct interactions between
an amino acid and a base. (B) The secondary structure of Apt1-S de-
duced by NMR analysis. (C) The secondary structure of the consensus
motif. (Gray boxes) The conserved base pairs and a base.
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hundreds of genes by binding to target DNA sequences and
comprises an N-terminal Ig-like domain that binds DNA
and a C-terminal Ig-like domain. The (p50)2 homodimer
shows preference for 11-bp targets comprising 5′-GGGRN

A/T NYCCC. The 29-nt RNA aptamer against (p50)2 had
no resemblance to the target DNA in terms of sequence
and secondary structure. However, analysis of the crystal
structure of the (p50)2–aptamer complex revealed that a
DNA guanine base recognized by NF-κB p50 is replaced
with two uracils in the NF-κB p50–aptamer complex. In
the NF-κB p50–DNA complex, this guanine accepts two hy-
drogen bonds through its N7 and O6 atoms. In the NF-κB
p50–aptamer complex, two successive uracil O4 atoms are
present at homologous positions, allowing an arginine to me-
diate comparable contacts in both the complexes. Thus, the
NF-κB p50–aptamer mimics the target DNA elements with
its tertiary structure without conservation of bases.
In recent years, it has become evident that the vast majority

of mammalian genomes are transcribed and several thousand
noncoding transcripts that play regulatory roles inmany phys-
iological processes are produced (Amaral et al. 2008; Mattick
2009). Some of these noncoding RNAs are known to bind to
transcriptional factors and regulate their activities, such as
the growth arrest–specific 5 (Gas5) targeting glucocorticoid
receptor (GR), steroid receptor RNA activator (SRA), and
noncoding RNA repressor of NFAT (NRON) (Leygue 2007;
Kino et al. 2010; Sharma et al. 2011). Conversely, some tran-
scription factors such as Smads, p53, and ERα regulate the ex-
pression of small noncoding RNAs (microRNAs) during the
processing of primary transcripts (Davis et al. 2008, 2010;
Suzuki et al. 2009; Yamagata et al. 2009).
During these regulatoryprocesses, several transcription fac-

tors, such as GR and Smads, bind to RNA as well as to DNA
at related sites. However, the precise mechanisms of the
RNA–protein interactions between noncoding RNAs and
the DBD of transcription factors remain unknown. Our re-
sults from this study demonstrate that the DBD of the
AML1 protein binds a sequence-conserved RNA motif that
likely mimics DNA architecture by using an AC mismatch
and bulge out. These results enhance our understanding of
DNA-mimicking natural RNA motifs in regulatory noncod-
ing RNAs. Furthermore, these results may be useful in the fu-

TABLE 1. Binding affinities of Apt1-S mutants to the Runt domain

Substitution
kon (M

−1

sec−1) × 106 a
koff (sec

−1)
× 10−3 a Kd (nM)a

Apt1 3.2 ± 0.1 11.6 ± 0.5 3.6 ± 0.1b

Apt1-S 3.9 ± 0.1 3.86 ± 0.02 0.99 ± 0.02b

C14A >1.0 × 103 c

C16A >1.0 × 103

G21C >1.0 × 103

G23C >1.0 × 103

C16G G21C >1.0 × 103

C13G G25C >1.0 × 103

C12G >1.0 × 103

G26C >1.0 × 103

C12G G26C 0.85 ± 0.05 3.87 ± 0.01 4.6 ± 0.3
A24C 1.2 ± 0.1 2.74 ± 0.06 2.3 ± 0.2
A24G >1.0 × 103

A24U 0.10 ± 0.02 4.3 ± 0.3 47 ± 7
A24Δ (deletion) >1.0 × 103

A15G (G–C) >1.0 × 103

A15C (C–C) >1.0 × 103

A15U (U–C) >1.0 × 103

C22A (A–A) >1.0 × 103

C22G (A–G) >1.0 × 103

C22U (A–U) >1.0 × 103

A15G C22U (G–U) >1.0 × 103

GAAA 0.4 ± 0.1 2.7 ± 0.1 10 ± 5
UUUU 1.24 ± 0.06 4.4 ± 0.1 3.6 ± 0.1
CA/CG (cleaved) 0.26 ± 0.06 4.6 ± 0.6 20 ± 3

aA Langmuir (1:1) binding model was used to analyze the associa-
tion rate constant kon and the dissociation rate constant koff. The dis-
sociation constant Kd was also determined as the ratio of koff and kon
as follows: Kd = koff/kon, and the mean value ± SE (n = 3) is shown.
bThe data are shown in Figure 3.
cKd values were estimated as >103 nM if the increase in RU was too
small to calculate the Kd values when 1.0 × 103 nM Runt domain
was injected.

TABLE 2. Binding affinities of Runt-domain mutants to RDE and Apt1-S

Amino acid
substitution

RDE Apt1-S

kon (M
−1 sec−1)

× 106 a
koff (sec

−1)
× 10−3 a Kd (nM)a

kon (M
−1 sec−1)

× 106 a
koff (sec

−1)
× 10−3 a Kd (nM)a

Wild type 1.09 ± 0.03 10.4 ± 0.4 9.6 ± 0.2b 3.9 ± 0.1 3.86 ± 0.02 0.99 ± 0.02b

R177A 0.075 ± 0.004 4.5 ± 0.3 60 ± 7 >1.0 × 103

R174A >1.0 × 103 c >1.0 × 103

D171A >1.0 × 103 >1.0 × 103

V170A 1.20 ± 0.05 8.6 ± 0.3 7.2 ± 0.2 5.3 ± 0.3 4.6 ± 0.1 0.88 ± 0.07
R80A >1.0 × 103 >1.0 × 103

aA Langmuir (1:1) binding model was used to analyze the association rate constant kon and the dissociation rate constant koff. The dissocia-
tion constant Kd was also determined as the ratio of koff and kon as follows: Kd = koff/kon, and the mean value ± SE (n = 3) is shown.
bThe data are shown in Figure 3.
cNo significant binding with up to 1.0 × 103 nM of the Runt-domain mutants.
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ture for the rational design of aptamers against many other
sequence-specific DNA-binding proteins.

MATERIALS AND METHODS

Expression and purification of proteins

The coding sequence of an AML1N-terminal fragment (amino acids
1–188, referred to as the Runt domain) was cloned into the pDEST17
vector (Invitrogen). Recombinant His-tagged AML1–Runt was ex-
pressed in Escherichia coli strain BL21-AI (Invitrogen). The crude ex-
tract from a 1-L culture was applied to a 1-mL His trap HP column
(GE Healthcare) equilibrated with buffer A (20 mM sodium phos-
phate at pH 7.0, 500 mM NaCl, 0.1% Triton X-100, and 2 mM
DTT)/10 mM imidazole. A protease inhibitor cocktail (50 μL) for
His-tagged proteins (Sigma-Aldrich) was added per gram of E. coli
lysate. After washing with buffer A/10 mM imidazole, the protein
was eluted using a 10–500 mM imidazole gradient, followed by dial-
ysis against buffer B (10 mM sodium phosphate at pH 7.0, 100 mM
NaCl, and 2 mM DTT). The sample was then applied to a 1-mL
Resource S column (GE Healthcare) equilibrated with buffer C (30
mM sodium phosphate at pH 7.4, 30 mM sodium formate, and 60
mM sodium acetate) and eluted using a 0–1 M NaCl gradient. The

purified protein was then dialyzed against buffer D (20 mM sodium
phosphate at pH 7.4, 150 mMNaCl, 50% glycerol, and 1mMDTT).
The expression vectors containing Runt-domain mutants were ob-
tained by PCR mutagenesis in the pDEST17–Runt vector.

The coding sequence of CBFβ with an N-terminal Flag-tag was
cloned into the pDEST17 vector. Recombinant His-Flag-tagged
CBFβ was expressed in E. coli BL21-AI, and the crude extract
from a 1-L culture was applied to a 2.5-mL Ni–NTA agarose column
(QIAGEN) equilibrated with buffer E (20 mM sodium phosphate at
pH 8.0 and 300 mM NaCl)/10 mM imidazole. After washing with
buffer E/20 mM imidazole, the protein was eluted with buffer A/
250 mM imidazole, followed by dialysis against buffer F (10 mM
Tris–HCl at pH 7.5 and 20 mMNaCl). The sample was then applied
to a 1-mL Resource Q column (GE Healthcare) equilibrated with
buffer G (50 mM 1-methyl piperazine, 50 mM Bis–Tris, and 25
mM Tris at pH 7.5) and eluted using a 0–800 mM NaCl gradient.
The purified protein was then dialyzed against buffer H (10 mM
Tris–HCl at pH 7.5, 100 mM NaCl, 50% glycerol, and 1 mM DTT).

Aptamer selection procedures

The randomRNApoolswere prepared and in vitro selectionwas per-
formed as described previously (Oguro et al. 2003) with some mod-
ifications. Transcription templates were prepared with a Klenow
fragment (Takara) using the following synthetic oligonucleotides:
5′-TAATACGACTCACTATAGGGACACAATGGACG-3′ (primer
1) and 5′-CTCTCATGTCGGCCGTTA-(40N or 30N)-CGTCCA
TTGTGTCCCTATAGTGATCGTATTA-3′, where 40N and 30N
represent 40 and 30 random nucleotide positions, respectively. An
RNA pool of 40 or 30 random nucleotides was prepared by in vitro
transcription using the AmpliScribe T7-Flash Transcription Kit
(Epicentre Biotechnologies).

The RNA was heat-denatured for 3 min at 85°C and refolded by
cooling on ice in binding buffer (20 mM sodium phosphate at pH
6.5, 2 mM magnesium acetate, 50–200 mM potassium acetate in-
creased stepwise after every three cycles, 5% glycerol, 0.05% Triton
X-100, and 5 mM β-mercaptoethanol). The RNA was incubated
with the Runt domain fixed on affinity beads (Ni Sepharose HP
[GE Healthcare], Talon metal affinity resin [Clontech], or Ni–
NTA magnetic agarose [QIAGEN]) for 30 min in binding buffer at
room temperature. The resins were washed five times with 400 µL
of binding buffer, and bound RNA was eluted with 200 µL of bind-
ing buffer containing 500 mM imidazole, heat-denatured at 85°C,
and precipitated with ethanol. The cDNA was synthesized using
ReverTra Ace reverse transcriptase (TOYOBO) and amplified by
PCR using primer 1 and primer 2 (5′-CTCTCATGTCGGCCGTT
A-3′), followed by T7 transcription. After round 9, cDNA was col-
lected for the selected RNA and cloned into the pGEM-T Easy vector
(Promega) and sequenced.

Aptamer preparation

Apt1, Apt1-S, and mutants of Apt1-S were synthesized by in vitro
transcription. The transcription template of Apt1 was amplified
by PCR using primer 1 and primer 2 and a cloning vector containing
Apt1. Primer 3 [5′-(T)16-CTCTCATGTCGGCCGTTA-3′] was used
in lieu of primer 2 to attach an A16-tag for use in SPR assays. PCR
products were purified using the QIAquick PCR Purification
Kit (QIAGEN). The Apt1-S and related mutant templates for use

FIGURE 7. Apt1 competes with RDE, but not CBFβ, for binding to the
Runt domain. (A) SPR sensorgrams to analyze the competition between
Apt1 andRDE. Following immobilization of the RDE to flow cell 1 on the
sensor chip, the Runt domain (50 nM) mixed with 50 nM Apt1, RDE,
30N random RNA, or nothing was injected into flow cells 1 and 2 for
60 sec and dissociated for 180 sec at a flow rate of 20 μL/min. The signals
of flow cell 1 were subtracted from that of flow cell 2 to eliminate non-
specific interactions. (B) Comparison of SPR sensorgrams for ternary
complex formation between RDE–Runt–CBFβ (left) and Apt1–Runt–
CBFβ (right). Following immobilization of the aptamer or RDE to flow
cell 1 on the sensor chip, the Runt domain (50 nM) was injected into
flow cells 1 and 2 for 60 sec at a flow rate of 20 μL/min. Then, 180 sec after
injection of the Runt domain, CBFβ (500 nM)was injected into flow cells
1 and 2 for 60 sec and dissociated for 180 sec. (Arrows) Injection points.
The signals of flow cell 1 were subtracted from that of flow cell 2 to elim-
inate nonspecific interactions, which results in the spikes of noise at the
injection points due to the time lag between the flow cells 1 and 2.
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in SPR assays were prepared by PCR using the T7 primer (5′-
TAATACGACTCACTATAGGG-3′), A16-tagged primers, and the
following synthetic oligonucleotide: 5′-GGGATGGGATACCTCG
CCGTGGTGGGTCGTCCATCCCTATAGTGAGTCGTATTA-3′.
The Apt1-S template for use in NMR studies was chemically synthe-
sized. Transcription reactionswere performedusing theAmpliScribe
T7-Flash Transcription Kit. For assignments of NMR signals, stable
isotope-labeled [A, G-13C/15N] Apt1-S and [C, U-13C/15N] Apt1-S
were synthesized using 13C- and 15N-labeled NTPs (Taiyo Nippon
Sanso). The RNA samples were purified by denaturing PAGE.

SPR assays

SPR assays were performed as described previously (Mochizuki et al.
2005) using a BIAcore 2000 instrument (BIAcore AB). The 5′-bio-
tinylated dT16 oligomer was immobilized to 100 Resonance Units
(RU) in flow cells 2–4 on the surface of a streptavidin sensor chip
(BIAcore AB). The sensor chip was washed and equilibrated in buff-
er I (20mM sodium phosphate at pH 6.5, 2 mMmagnesium acetate,
300 mM potassium acetate, 0.1% Tween 20, and 1 mM DTT) at 25°
C. Following this, 4 μg/mL 3′-A16-tagged RNA or 3′-A16-tagged
RDE (5′-GTCGTTTGCGGTTTGGGGAAAAAAAAAAAAAAAAA-3′

or 5′-TCCCCAAACCGCAAACGAC-3′) (Thornell et al. 1991; Cr-
ute et al. 1996;Wolf-Watz et al. 1999) dissolved in buffer Iwas immo-
bilized in flow cells 2–4 for 60 sec at a flow rate of 50μL/min. RDEwas
used as a positive control and the 30NrandomRNApool as anegative
control. The AML1–Runt domain in buffer I (2.5–1000 nM) was in-
jected into flow cells 1–4 of the sensor chip for 60 sec and dissociated
for 180 sec. Because the Runt protein was prone to precipitate at con-
centrations >1000 nM in buffer I, this concentration was the upper
limit for stablemeasurements in SPR assays. To regenerate the sensor
chip, boundmaterial was completely removed by injecting 4M urea.
Formonitoring the interactionusing theBIAcore instrument, all pro-
cedures were automated to run repetitive cycles of sample injection.
The signals of flow cells 2–4 were subtracted from that of flow cell 1
to eliminatenonspecific interactions.The sensorgramswereanalyzed
using BIA evaluation software (BIAcore AB). A Langmuir (1:1) bind-
ingmodelwasused toanalyze theassociationrate constantkon and the
dissociation rate constant koff (M

–1 sec–1 and sec–1, respectively). The
dissociationconstantKdwasalsodeterminedastheratioofkoff andkon
as follows:Kd = koff/kon, and is represented by themean value ± stan-
dard error from three independent measurements.

Enzymatic analysis of the secondary structure of RNA

The secondary structure of Apt1 was probed by RNase digestion as
described previously (Sakamoto et al. 1997). Apt1 was first dephos-
phorylated with alkaline phosphatase from calf intestine (Roche) for
60 min at 50°C. The 5′ end of Apt1 was labeled with [γ-32P]ATP
(Amersham) using T4 polynucleotide kinase (Takara). The labeled
Apt1 was heated at 85°C, cooled on ice in buffer G (20 mM sodium
phosphate at pH 6.5, 2 mM magnesium acetate, and 50 mM potas-
sium acetate), and then incubated with 0.5 μg/μL yeast RNA
(Ambion) and each RNase (RNase T1, RNase V1, or mung bean nu-
clease) for 10 min at 25°C. Apt1 was heated at 85°C and incubated in
buffer H (20 mM citric acid at pH 5.0, 7 M urea, and 1 mM EDTA)
and RNase T1 for 30 min at 50°C for RNase T1 digestion in the de-
natured condition. Alkaline digestion was performed in 50 mM
sodium carbonate (pH 9.0) with 1 mM EDTA for 10 min at 90°C.
The samples were analyzed by denaturing 15% PAGE.

NMR measurements

The RNA samples were annealed by heating for 5 min at 95°C fol-
lowed by snap cooling on ice. Unlabeled Apt1-S and stable iso-
tope-labeled [A, G-13C/15N] Apt1-S and [C, U-13C/15N] Apt1-S
were dissolved in 20 mM sodium phosphate (pH 6.5) containing
50 mM NaCl. NMR spectra were measured using DRX-500 and
DRX-600 spectrometers (Bruker BioSpin). Spectra were recorded
at a 10°C probe temperature. The imino proton resonances of G
and U residues within RNA in H2O were distinguished by the
1H–

15N HSQC spectrum measured with [A, G-13C/15N] Apt1-S
and [C, U-13C/15N] Apt1-S. Exchangeable proton resonances were
assigned by NOESY in H2O with a mixing time of 150 msec using
the jump-and-return scheme for water suppression (Plateau and
Gueron 1982). Nonexchangeable proton resonances were assigned
by NOESY (mixing time of 400 msec), TOCSY (mixing time of
50 msec), 2D HSQC, HCCH-COSY, and HCCH-TOCSY in D2O
using a standard method (Varani et al. 1996).

Competition experiments between
the Apt1 aptamer and RDE

The assays were performed at 25°C using a BIAcore X instrument.
The 5′-biotinylated dT16 oligomer was immobilized to 100 RU in
flow cell 1 on the surface of the streptavidin sensor chip (BIAcore
AB). Then 4 μg/mL 3′-A16-tagged RDE dissolved in buffer I was im-
mobilized in flow cell 1 for 60 sec at a flow rate of 20 μL/min. The
AML–Runt domain (50 nM) mixed with 50 nM Apt1, RDE, or
30N random RNA in buffer I was injected into flow cells 1 and 2
for 60 sec and dissociated for 180 sec at a flow rate of 20 μL/min.
The signals of flow cell 1 were subtracted from that of flow cell 2
to eliminate nonspecific interactions.

SPR analysis of the aptamer–Runt–CBFβ
ternary complex formation

Assays were performed at 25°C using a BIAcore X instrument. The
5′-biotinylated dT16 oligomer was immobilized to 100 RU in flow
cell 1 on the surface of the streptavidin sensor chip (BIAcore AB).
Following immobilization of the aptamer or RDE in flow cell 1 of
the sensor chip, the AML1–Runt domain (50 nM) in buffer I was
injected into flow cells 1 and 2 of the sensor chip for 60 sec at a
flow rate of 20 μL/min. Then, 180 sec after injection of the AML1–
Runt domain, CBFβ (500 nM) in buffer I was injected into flow
cells 1 and 2 of the sensor chip for 60 sec and dissociated for 180
sec. The signals of flow cell 1 were subtracted from that of flow
cell 2 to eliminate nonspecific interactions.
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