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Since the invention of systematic evolution of ligands by exponential
enrichment, many short oligonucleotides (or aptamers) have been reported
that can bind to a wide range of target molecules with high affinity and
specificity. Previously, we reported an RNA aptamer that shows high affin-
ity to the Runt domain (RD) of the AMLI1 protein, a transcription factor
with roles in haematopoiesis and immune function. From kinetic and ther-
modynamic studies, it was suggested that the aptamer recognises a large
surface area of the RD, using numerous weak interactions. In this study,
we identified the secondary structure by nuclear magnetic resonance spec-
troscopy and performed a mutational study to reveal the residue critical
for binding to the RD. It was suggested that the large contact area was
formed by a DNA-mimicking motif and a multibranched loop, which con-
fers the high affinity and specificity of binding.

Aptamers are short oligonucleotides that can bind with
high affinity and specificity to a wide range of target
molecules, which can be generated by an in vitro tech-
nique known as systematic evolution of ligands by expo-
nential enrichment (SELEX) [1-4]. Recent advances in
high-throughput technology have improved the effi-
ciency of aptamer production [5,6]. Aptamers are

Abbreviations

expected to be useful as therapeutic agents due to the
following characteristics: high affinity and specificity
comparable to those of antibodies (K4 in the nanomolar
to picomolar range), moderate molecular mass and ease
of chemical production [7-9].

AMLI1 (RUNXI1) is a transcription factor that plays
important roles in maintaining haematopoiesis and

AML1, acute myeloid leukaemia 1; HMQC, heteronuclear multiple quantum coherence; ITC, isothermal titration calorimetry; NF-xB, nuclear
factor-kB; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; RDE, Runt-binding double-stranded DNA
element; RD, Runt domain; SELEX, systematic evolution of ligands by exponential enrichment; SPR, surface plasmon resonance.
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immune function in adults [10-12]. AMLI contains a
DNA-binding domain, known as the Runt domain
(RD), which recognises a specific DNA element,
YGYGGTY’ (where Y = pyrimidine) [13,14]. The ter-
tiary structure of RD has been investigated by X-ray
crystallography and nuclear magnetic resonance
(NMR) spectroscopy [15-18]. These studies revealed
that RD recognises the DNA element using two loop
regions and a C-terminal tail. Three guanine bases in
the major groove of the DNA element are recognised
by three arginine residues in the C-terminal tail and
one of the loop regions. The other loop region inter-
acts with the minor groove.

AMLI1 was originally isolated from a chromosomal
break point in a case of human acute leukaemia [19].
RNA aptamers that bind to RD were previously stud-
ied regarding their potential utility in the diagnosis
and treatment of AMLI-related diseases [20-24]. We
have already obtained RNA aptamers (Aptl-S and S4-
S) that show higher affinity (Kyg = 0.99 + 0.02 nm and
0.034 + 0.004 nwm, respectively) than the Runt-binding
double-stranded DNA element (RDE, K;=9.6+
0.2 nm) [21,22]. Structural study of Aptl-S using
NMR revealed that it contains a DNA-mimicking
motif, which adopts a B-type DNA-like conformation
[23,25]. Furthermore, kinetic and thermodynamic stud-
ies of S4-S using surface plasmon resonance (SPR)
and isothermal titration calorimetry (ITC) revealed
that S4-S recognises a large surface area of RD [22].
In this study, we performed NMR and functional
mutation studies of S4-SS, which was designed for
such studies, and revealed that the aptamer binds to
RD using a large contact area, which is consistent with
the findings of our previous thermodynamic study.

Materials and methods

Expression and purification of AML1 RD and its
mutants

AMLI1 N-terminal fragment (amino acids 1-188, referred
to as the RD) and its mutants were prepared as described
previously [21,22]. The purified proteins were dialysed
against buffer [20 mm sodium phosphate (pH 6.5), 2 mm
magnesium acetate, 300 mm potassium acetate, 50% glyc-
erol and 1 mm DTT] and stored at —25 °C. The concentra-
tions of proteins were determined based on the molecular
absorption coefficient at 280 nm.

Aptamer preparation

S4-SS and its mutants were synthesised by in vitro tran-
scription as described previously [22]. The template of

A multi-contacted high affinity aptamer

Aptl-S was purchased from Hokkaido System Science Co.,
Ltd (Sapporo, Japan) and amplified by PCR. 5'-(T)16-Pri-
mer was used to attach an A16-tag for use in SPR assays.

SPR assays

SPR assays were performed as described previously [22]
using a BIAcore X instrument (GE Healthcare, Sunnyvale,
CA, USA). A Langmuir (1 : 1) binding model was used to
analyse the association rate constant k,, and the dissociation
rate constant k.. The dissociation constant Ky was also
determined as the ratio of kg to kop, and is presented as the
mean =+ standard error of three independent measurements.

NMR measurements

The RNA samples were annealed by heating at 95 °C for
5 min followed by snap cooling on ice. Purified S4-SS
and "’N-labelled S4-SS were dissolved in 20 mm sodium
phosphate (pH 6.5). Concentrations of S4-SS and '°N-
labelled S4-SS were 0.4 and 0.02 mm, respectively. NMR
spectra were measured using an Avance600 spectrometer
(Bruker BioSpin, Billerica, MA, USA). Spectra were
recorded at a probe temperature of 10 °C. The imino
proton resonances of G and U residues were distin-
guished by the 'H-'>N heteronuclear multiple quantum
coherence (HMQC) spectrum measured with '°N-labelled
S4-SS [26]. Exchangeable proton resonances were assigned
by nuclear Overhauser effect spectroscopy (NOESY) in
H,O with a mixing time of 150 ms using the jump-and-
return scheme for water suppression [27].

Results

Truncation of aptamer for NMR analysis

We had already constructed S4-S, which comprises
two stem loops (stem II and III) and one multi-
branched loop from the 17th to 61st nucleotide of S4,
the 5-GGA for effective transcription initiation by T7
RNA polymerase, and a 3-UCCA for stabilising the
stem [ structure, resulting in a length of 52 nucleotides
(Fig. 1A, B) [22]. For functional mutation study of the
aptamer, it is useful to stabilise the conformation of
the aptamer because mutations may sometimes induce
large conformational change. It is difficult to judge
whether the mutated residue is involved in direct inter-
action or important for folding of the active conforma-
tion, if conformational change is easily induced by a
mutation. Thus, we designed S4-SS (44 nucleotides), in
which GAUA of stem loop II is replaced by a stable
UUCG tetraloop and stem loop III is shortened and
also capped by a stable UUCG tetraloop (Fig. 1C). As
the UUCG tetraloop has been well characterised by
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NMR [28,29], substitution of the stem loops by the
tetraloop helped us analyse the NMR spectra of the
aptamer.

The apparent dissociation constant (Ky) of S4-SS
for RD binding, calculated from the SPR profiles, was
0.289 4+ 0.006 nMm, whereas those of S4 and S4-S were
0.044 £ 0.002 and 0.034 £+ 0.004 nm, respectively
(Table 1). Substitution of the two stem loops by the

K. Takada et al.

UUCG tetraloop had limited effects on binding
affinity.

Analysis of the secondary structure of S4-SS by
NMR

To confirm the secondary structure of S4-SS, a
NOESY spectrum was measured and imino proton
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Fig. 1. Design of S4-SS for NMR and mutational studies. Predicted secondary structures of S4 (A), S4-S (B) and S4-SS (C). The 5’-end and

3’-end of stem | were truncated for S4-S. The GAUA loop of stem loop I
and capped by UUCG tetraloop for S4-SS.

Table 1. Binding affinities of S4 mutants to the Runt domain.

was replaced by UUCG tetraloop, and stem loop Il was shortened

Substitution kon (M~ T-s77) x 10°2 Koit (s71) x 10732 Ky (nm)? Relative affinity”
S4° 9.1+ 0.1 0.40 + 0.02 0.044 + 0.002 6.6

S4-5¢ 10.7 £ 0.3 0.37 + 0.06 0.034 + 0.004 8.5

S4-SS 8.6 + 0.5 25+ 0.2 0.289 + 0.006 1
C5GG39C 10.2 + 0.4 1.8+ 0.2 0.18 + 0.02 1.6

C6A - - >1.0 x 10°¢ <3 x 107
u7C 1.03 + 0.06 37 +4 35+ 3 0.008
G8CC21G 9.6 +0.7 9.9+ 05 1.04 + 0.09 0.28
C9GG20C - - >1.0 x 10° <3 x 107
C10GG19C - - >1.0 x 10° <3 x 107
A11G 8.9 + 0.2 24 + 1 2.7 £0.1 0.11
C12GG17C 74+03 37 +£1 4.94 + 0.01 0.06

G22A 76 +0.8 37 + 4 48+ 0.2 0.06

C23A 13+ 1 52+ 0.1 0.39 + 0.02 0.74

G24A 12 +£1 15 + 1 1.3+ 0.2 0.22
G25CC34G 10.7 + 0.5 4.03 + 0.03 0.38 + 0.02 0.76

u3sC 57+ 0.9 60 + 8 10.6 + 0.6 0.03

A36U 10 + 1 14 + 2 13403 0.22

A37U — - >1.0 x 10° <3 x 107*
C38U - - >1.0 x 10° <3 x 107

#A Langmuir (1 : 1) binding model was used to analyse the association rate constant, k., and the dissociation rate constant, k. The disso-
ciation constant, Ky, was also determined as the ratio of k. and ko, as follows: Ky = koti/kon, @and is presented as the mean + SE (n = 3).
PRelative affinity was calculated with the affinity of S4-SS set as 1. “These data are taken from a previous report [22]. Ky values were esti-
mated as > 10° nw if the increase in RU was too small to calculate the Ky values when 1.0 x 10° nm RD was injected.
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signals were assigned (Fig. 2). The assignment of
imino proton signals was confirmed using the 'H-'>N
HMQC spectrum. Imino proton signals for guanosine
residues of UUCG tetraloops were observed at around
10 ppm, which is a typical value for them [28,29].
NOE connectivities for imino proton resonances of
G1-G2-U41-G40-G39, G8-G20-G19, G17-G16 and
U35-G24-G25-G26-U32-G31 revealed the formation
of three stems, two hairpin loops and one multi-
branched loop. Furthermore, imino proton signals of
the G24-U35 base pair were observed and a typical
strong NOE signal between them was observed.
However, those of the U7-G22 base pair were not
observed, suggesting that the G24-U35 base pair is
stably formed, although the U7-G22 base pair is not
formed.
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Fig. 2. TH-15N HMQC and NOESY spectra of S4-SS in H,O and
assignment of imino proton signals. 1D imino proton spectrum
(upper), TH-16N HMQC spectrum (middle) and 2D NOESY (mixing
time = 150 ms) spectrum (lower) of S4-SS are shown. NOE
connectivities are indicated by lines. Assignments were
determined by NOE connectivities for imino proton resonances of
G1-G2-U41-G40-G39, G8-G20-G19, G17-G16 and U35-G24-
G25-G26-U32-G31, which are shown on top of the 1D imino
proton spectrum.

A multi-contacted high affinity aptamer

Base specificity of S4-SS for RD binding

To analyse the base specificity of S4-SS for RD bind-
ing, we performed mutation analysis. Dissociation con-
stants of S4-SS mutants were studied by SPR
(Table 1, Fig. S1). Mutations at two CG base pairs
(C9G-G20C and C10G-G19C), C6G, A37U and
C38U markedly diminished the binding activity. Thus,
it was suggested that these bases directly interact with
RD (Fig. 3A; red). Mutations at the C12G-G17C base
pair, U7C, G22A and U35C had moderate effects on
binding affinity (1/10 > 1/1000 of S4-SS) (Fig. 3A;
orange). However, mutations at three CG base pairs
(C5G-G39C, G8C-C21G and G25C-C34G), AllG,
C23A, G24A and A36U had almost no effect or little
effect on binding affinity (> 1/10 of S4-SS) (Fig. 3A;
grey).

We previously reported that RD binds to the DNA-
mimicking motif of Aptl-S, in which C13, C14, G21,
G23 and G25 correspond to the nucleotides C6’, C7',
G3, G5 and G6, respectively, in RDE (Fig. 3) [21].
Although the effect of mutation at the C12G-G17C
base pair on S4-SS binding to RD is smaller than that
on Aptl-S binding, mutations at C9G-G20C and
C10G-G19C completely abolished the binding affinity
of S4-SS, as was also the case for Aptl-S. Thus, it was
suggested that stem II of S4-SS containing C9, CI10,
G17, G19 and G20 adopts the DNA-mimicking motif,
as was the case for Aptl-S.

RD amino acid residues required for S4-SS
binding

Next, we performed mutational analysis of RD to
determine whether S4-SS binds to the same amino acid
residues as in the case of Aptl-S and RDE. The crys-
tal structure of the RD-RDE complex showed that
R80, V170, D171, R174 and R177 are involved in the
direct interaction with DNA bases as follows: R80
contacts the N7 and O6 atoms of G3; V170 contacts
the C5 atom of C7'; D171 contacts the N4 atoms of
C7" and Cé6’; R174 contacts the N7 and O6 atoms of
G5; and R177 contacts the N7 and O6 atoms of G6
(Fig. 3C) [16]. Therefore, these five residues were
replaced with alanine and the resulting binding affini-
ties of S4-SS were analysed by SPR (Table 2, Fig. S2).

Alanine substitution at either D171 or R174 signifi-
cantly reduced the binding to S4-SS, whereas the V170
mutant showed no marked change in binding, which is
similar to the case of Aptl-S and RDE. On the con-
trary, mutations at R80 and R177 had moderate
effects on the binding affinity to S4-SS, whereas these
mutations markedly diminished the binding affinity to

FEBS Open Bio 8 (2018) 264-270 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 267
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Fig. 3. Comparison of mutational analysis of S4-SS with that of Apt1-S. (A) Summary of mutational analysis of S4-SS. The very important
residues are coloured red, at which mutation diminished the binding. The moderately important residues are coloured orange, at which
mutation decreased the binding from 1/10 to 1/1000 of S4-SS. The unimportant residues are coloured grey. (B) Effect of mutation on Apt1-S
as reported previously [21]. The importance of residues is represented by their colouring, the same as in panel A. (C) RD binding to RDE.
The interactions are indicated by arrows, as revealed by the crystal structure [16].

Aptl-S. Therefore, the binding of S4-SS to RD dif-
fered slightly from that of Aptl-S, although there was
basic similarity between them.

Discussion

Secondary structure analysis of S4-SS by NMR
showed the formation of three stems (stems I, II and
I11), two hairpin loops and one multibranched loop.
Mutational analysis of the aptamer revealed that the
three CG base pairs (C9-G20, C10-G19 and CIl2-
G17) in stem II are important for RD binding,
although the mutation at the C12-G17 base pair had
moderate effects on binding affinity (Table 1). A com-
parison of the secondary structures of S4-SS, Aptl-S
and RDE suggested that the nucleotides whose bases
are recognised by the RD in S4-SS, C9, C10, Gl17,
G19 and G20 correspond to nucleotides C13, Cl4,
G21, G23 and G25 in Aptl-S or C¢, C7, G3, G5 and
G6 in RDE, respectively (Fig. 3). Therefore, it was
suggested that these nucleotides in S4-SS constitute the
DNA-mimicking motif similar to the case of Aptl-S.

Although S4-SS seems to have the DNA-mimicking
motif, the degree of importance of the motif in S4-SS dif-
fers from those in Aptl-S and RDE. Mutations at C12—
G17 in S4-SS (C16-G21 in Aptl-S; CY-G3 in RDE) and
R80, which contact each other directly, showed complete
loss of binding activity in the case of Aptl-S and RDE
[21]; however, they showed limited effects on S4-SS bind-
ing. Furthermore, C6, A37 and C38 are more important
than C12-G17 for aptamer binding. Thus, it was sug-
gested that the base specificity of S4-SS is slightly differ-
ent from that of Aptl-S or RDE.

The intensive analyses of an RNA aptamer against
the NF-kB p50 homodimer (p50), revealed that the
aptamer binds to the DNA-binding site of a

268

Table 2. Binding affinities Ky of RD mutants to S4-SS.?

Substitution S4-SS Apt1-SP RDEP
Wild-type 0.289 + 0.006 0.99 + 0.02 9.6 + 0.2
R80A 9.0 >1.0 x 10° >1.0 x 10°
V170A 0.3 0.88 + 0.07 7.2 +0.2
D171A 140 >1.0 x 10° >1.0 x 10°
R174A >1.0x 10°° >1.0 x 10° >1.0 x 10°
R177A 6.1 >1.0 x 10° 60 + 7

@A Langmuir (1 : 1) binding model was used to analyse the dissoci-
ation constant, Ky. °These data are taken from a previous report
[21]. °K4 values were estimated as > 10 nwm if the increase in RU
was too small to calculate the Ky values when 1.0 x 10° nm RD
mutant was injected.

transcription factor by mimicking DNA [30-32]. The
RNA aptamer against (p50), had no resemblance to
the target DNA in terms of sequence and secondary
structure. However, comparison of crystal structures
revealed that a DNA guanine recognised by NF-kB
p50 is replaced by two uracils in the NF-xB p50-ap-
tamer complex. Thus, the aptamer mimics the target
DNA elements with its tertiary structure, but the base
specificity is different from that of DNA. The knowl-
edge obtained from studies of NF-kB p50-aptamer
and our current results that base specificity differs
slightly from that of Aptl-S and RDE suggested to us
that we can obtain aptamers that bind to RD without
a DNA-mimicking sequence by carrying out SELEX
using different conditions, primers and so on.

Gelinas er al. [33] analysed the crystal structures of
aptamer—protein complexes and showed that the sizes
of the interaction surface area between aptamers and
proteins cover a wider range (348-2599 Az) than those
between antibodies and proteins (560-1300 Az). How-
ever, binding affinity is not necessarily correlated with

FEBS Open Bio 8 (2018) 264-270 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



K. Takada et al.

the size of the binding surface. They analysed the
shape complementarity index (Sc) [34] and suggested
that shape complementarity is also important for bind-
ing affinity, which is accomplished by the structural
plasticity of RNA aptamers, having a high degree of
torsional flexibility. In our previous kinetic and ther-
modynamic studies using SPR and ITC, we proposed
that S4-S binds to RD with long-range electrostatic
force in the early stage of the association and then S4-
S changes its conformation and recognises the large
surface area of RD by optimal hydrogen bonding, van
der Waals contact and/or hydrophobic interaction [22].
Combining the mutation data with previous data, we
assume that S4-S recognises the large surface area of
RD by DNA-mimicking motif and the multibranched
loop.

In summary, NMR and mutational analyses have
shown the binding properties of S4-SS binding to RD.
We revealed that a high affinity of S4-SS to RD is
achieved by the multiple contacts of DNA-mimicking
motif and multibranched loop. Our results including
those described in previous reports may be useful for
the rational design of aptamers against many other
proteins.

Acknowledgements

The authors thank Prof. Gota Kawai for helpful dis-
cussions. This study was supported by the Strategic
Research Foundation Grant-aided Project for Private
Universities (Number S1101001) from The Ministry of
Education, Sports, Culture, Science and Technology
(MEXT) of Japan, and in part by the ‘ZE Research
Program, TAE ZE29B-9’ from Kyoto University.

Author contributions

RA, KT and TS conceived and designed the experi-
ments; KT and RA performed the experiments and
analysed the data; Y Nomura, YT, SS, TN, MK,
Y Nakamura and TK contributed reagents/materials/
analysis tools; TS, RA and TN wrote the manuscript.

References

1 Tuerk C and Gold L (1990) Systematic evolution of
ligands by exponential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase. Science 249, 505—
510.

2 Ellington AD and Szostak JW (1990) In vitro selection
of RINA molecules that bind specific ligands. Nature
346, 818-822.

FEBS Open Bio 8 (2018) 264-270 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

10

14

15

A multi-contacted high affinity aptamer

Szeitner Z, Andras J, Gyurcsanyi RE and Mészdros T
(2014) Is less more? Lessons from aptamer selection
strategies. J Pharm Biomed Anal 101, 58-65.
Stoltenburg R, Reinemann C and Strehlitz B (2007)
SELEX-A (r)evolutionary method to generate high-
affinity nucleic acid ligands. Biomol Eng 24, 381-403.
Takahashi M, Wu X, Ho M, Chomchan P, Rossi J,
Burnett J and Zhou J (2016) High throughput
sequencing analysis of RNA libraries reveals the
influences of initial library and PCR methods on
SELEX efficiency. Sci Rep 6, 33697.

Amano R, Aoki K, Miyakawa S, Nakamura Y, Kozu
T, Kawai G and Sakamoto T (2017) NMR monitoring
of the SELEX process to confirm enrichment of
structured RNA. Sci Rep 7, 283.

Que-Gewirth NS and Sullenger BA (2007) Gene therapy
progress and prospects: RNA aptamers. Gene Ther 14,
283-291.

Keefe AD, Pai S and Ellington AD (2010) Aptamers as
therapeutics. Drug discovery 9, 537-548.

Nakamura Y, Ishiguro A and Miyakawa S (2012) RNA
plasticity and selectivity applicable to therapeutics and
novel biosensor development. Genes Cells 17, 344-364.
Mikhail FM, Sinha KK, Saunthararajah Y and
Nucifora G (2006) Normal and transforming functions
of RUNXI: a perspective. J Cell Physiol 207, 582-593.
Speck NA (2001) Core binding factor and its role in
normal hematopoietic development. Curr Opin Hematol
8, 192-196.

de Bruijn MFTR and Speck NA (2004) Core-binding
factors in hematopoiesis and immune function.
Oncogene 23, 4238-4248.

Collins A, Littman DR and Taniuchi I (2009) RUNX
proteins in transcription factor networks that regulate
T-cell lineage choice. Nat Rev Immunol 9, 106-115.
Bravo J, Li Z, Speck NA and Warren AJ (2001) The
leukemia-associated AMLI (Runx1)-CBF beta complex
functions as a DNA-induced molecular clamp. Nat
Struct Biol 8, 371-378.

Nagata T, Gupta V, Sorce D, Kim WY, Sali A, Chait
BT, Shigesada K, Ito Y and Werner MH (1999)
Immunoglobulin motif DNA recognition and
heterodimerization of the PEBP2/CBF Runt domain.
Nat Struct Biol 6, 615-619.

Tahirov TH, Inoue-Bungo T, Morii H, Fujikawa A,
Sasaki M, Kimura K, Shiina M, Sato K, Kumasaka T,
Yamamoto M er al. (2001) Structural analyses of DNA
recognition by the AMLI1/Runx-1 Runt domain and its
allosteric control by CBF. Cell 104, 755-767.
Backstrom S, Wolf-Watz M, Grundstrom C, Hard T,
Grundstrom T and Sauer UH (2002) The RUNX1
Runt domain at 1.25 A resolution: a structural switch
and specifically bound chloride ions modulate DNA
binding. J Mol Biol 322, 259-272.

269



A multi-contacted high affinity aptamer

18

19

20

21

22

23

24

25

26

270

Gelmetti V, Zhang J, Fanelli M, Minucci S, Pelicci PG
and Lazar MA (1998) Aberrant recruitment of the
nuclear receptor corepressor-histone deacetylase
complex by the acute myeloid leukemia fusion partner
ETO. Mol Cell Biol 18, 7185-7191.

Miyoshi H, Shimizu K, Kozu T, Maseki N, Kaneko Y
and Ohki M (1991) (8;21) breakpoints on chromosome
21 in acute myeloid leukemia are clustered within a
limited region of a single gene, AMLI1. Proc Natl Acad
Sci U S A 88, 10431-10434.

Barton JL, Bunka DHJ, Knowling SE, Lefevre P,
Warren AJ, Bonifer C and Stockley PG (2009)
Characterization of RNA aptamers that disrupt the
RUNXI1-CBFB/DNA complex. Nucleic Acids Res 37,
6818-6830.

Fukunaga J, Tanaka Y, Nomura Y, Amano R, Tanaka
T, Nakamura Y, Kawai G, Sakamoto T and Kozu T
(2013) The Runt domain of AMLI1 (RUNXI) binds a
sequence-conserved RNA motif that mimics a DNA
element. RNA 19, 927-936.

Amano R, Takada K, Tanaka Y, Nakamura Y, Kawai
G, Kozu T and Sakamoto T (2016) Kinetic and
thermodynamic analyses of interaction between a high-
affinity RNA aptamer and its target protein.
Biochemistry 55, 6221-6229.

Nomura Y, Tanaka Y, Fukunaga J, Fujiwara K, Chiba
M, libuchi H, Tanaka T, Nakamura Y, Kawai G,
Kozu T et al. (2013) Solution structure of a DNA
mimicking motif of an RNA aptamer against
transcription factor AML1 Runt domain. J Biochem
154, 513-519.

Nomura Y, Yamazaki K, Amano R, Takada K,
Nagata T, Kobayashi N, Tanaka Y, Fukunaga J,
Katahira M, Kozu T et al. (2017) Conjugation of two
RNA aptamers improves binding affinity to AML1
Runt domain. J Biochem 162, 431-436.

Bjerregaard N, Andreasen PA and Dupont DM (2016)
Expected and unexpected features of protein-binding
RNA aptamers. Wiley Interdiscip Rev RNA 7, 744-757.
Bax A, Ikura M, Kay LE, Torchia DA and Tschudin R
(1990) Comparison of different modes of two-

27

28

29

30

32

33

34

K. Takada et al.

dimensional reverse correlation NMR for the study of
proteins. J Magn Reson 86, 304-318.

Plateau P and Gueron M (1982) Exchangeable proton
NMR without base-line distorsion, using new strong-
pulse sequences. J Am Chem Soc 104, 7310-7311.
Allain FH and Varani G (1995) Structure of the P1
helix from group I self-splicing introns. J Mol Biol 250,
333-353.

Nozinovic S, Firtig B, Jonker HR, Richter C and
Schwalbe H (2010) High-resolution NMR structure of
an RNA model system: the 14-mer cUUCGg
tetraloop hairpin RNA. Nucleic Acids Res 38, 683—
694.

Huang DB, Vu D, Cassiday LA, Zimmerman JM,
Mabher LJ IIT and Ghosh G (2003) Crystal structure of
NF-kB (p50), complexed to a high-affinity RNA
aptamer. Proc Natl Acad Sci U S A 100,

9268-9273.

Ghosh G, Huang DB and Huxford T (2004)
Molecular mimicry of the NF-kB DNA target site by
a selected RNA aptamer. Curr Opin Struct Biol 14,
21-27.

Reiter NJ, Maher LJ III and Butcher SE (2008) DNA
mimicry by a high-affinity anti-NF-kB RNA aptamer.
Nucleic Acids Res 36, 1227-1236.

Gelinas AD, Davies DR and Janjic N (2016)
Embracing proteins: structural themes in aptamer-
protein complexes. Curr Opin Struct Biol 36, 122—-132.
Lawrence MC and Colman PM (1993) Shape
complementarity at protein/protein interfaces. J Mol
Biol 234, 946-950.

Supporting information

Additional Supporting Information may be found
online in the supporting information tab for this arti-

cle:

Fig. S1. SPR analysis of S4-SS mutants binding to
RD.

Fig. S2. SPR analysis of S4-SS binding to RD
mutants.

FEBS Open Bio 8 (2018) 264-270 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



	Outline placeholder
	a1
	a2
	a3
	a4
	a5
	a6
	a7
	a8
	fig1
	tbl1
	fig2
	fig3
	tbl2
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34


