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ABSTRACT

A new technology, genetic alphabet expansion us-
ing artificial bases (unnatural bases), has created
high-affinity DNA ligands (aptamers) that specifically
bind to target proteins by ExXSELEX (genetic alpha-
bet Expansion for Systematic Evolution of Ligands
by EXponential enrichment). We recently found that
the unnatural-base DNA aptamers can be stabilized
against nucleases, by introducing an extraordinar-
ily stable, unique hairpin DNA (mini-hairpin DNA)
and by reinforcing the stem region with G-C pairs.
Here, to establish this aptamer generation method,
we examined the stabilization of a high-affinity anti-
VEGF,65 unnatural-base DNA aptamer. The stabilized
aptamers displayed significantly increased thermal
and nuclease stabilities, and furthermore, exhibited
higher affinity to the target. As compared to the
well-known anti-VEGFi65 RNA aptamer, pegaptanib
(Macugen), our aptamers did not require calcium
ions for binding to VEGF¢5. Biological experiments
using cultured cells revealed that our stabilized ap-
tamers efficiently inhibited the interaction between
VEGF5 and its receptor, with the same or slightly
higher efficiency than that of the pegaptanib RNA
aptamer. The development of cost-effective and cal-
cium ion-independent high-affinity anti-VEGF 55 DNA
aptamers encourages further progress in diagnos-
tic and therapeutic applications. In addition, the sta-
bilization process provided additional information
about the key elements required for aptamer bind-
ing to VEGF165.

INTRODUCTION

DNA and RNA aptamers that specifically bind to target
molecules are expected to become an alternative to protein-
based antibodies for pharmaceutical applications (1-9).
They are initially generated by an evolutionary engineer-
ing method in a test tube (Systematic Evolution of Ligands
by EXponential enrichment (SELEX)) (10,11), and then
chemically synthesized for subsequent large-scale prepara-
tion. DNA aptamers are considered to be more advanta-
geous in terms of cost, as compared to RNA aptamers and
antibodies. However, some issues with DNA aptamers still
remain, such as their relatively low affinity to targets and
poor stability against nuclease digestion.

Although several post-SELEX modification methods to
stabilize aptamers have been reported (12-17), there are
fewer opportunities for modifying DNA aptamers to con-
fer increased resistance against nucleases without a loss of
target affinity and an increase in cost. The most established
method is the modification of the 2’-position of the ribose
moieties in aptamers with fluoro and methoxy groups (18-
20). Since these 2'-modified nucleotides can be introduced
into RNA by transcription (21-23), 2’-modified RNA ap-
tamers can be directly generated by SELEX (18,24,25).
However, applying these 2’-modifications to DNA aptamers
is often restricted, because of the different sugar confor-
mation of the 2'-deoxyribose moieties in DNA from those
of the 2’-modified ribose moieties, as well as the bulkiness
of 2’-mothxy modifications (26). In addition, the present
post-stabilization methods are laborious, because many ap-
tamer candidates with numerous combinations of modifica-
tion types and positions have to be screened extensively. At
present, only an anti-VEGF 45 RNA aptamer, pegaptanib
(Macugen), modified with 2’-fluoro and methoxy groups,
has been approved for the treatment of neovascular age-
related macular degeneration (19,27,28). Although several
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improvements have been reported (29-31), no DNA ap-
tamers have been approved as drugs yet.

Genetic alphabet expansion using unnatural base pairs
(32,33) provides a new SELEX method (genetic alphabet
Expansion for Systematic Evolution of Ligands by EX-
ponential enrichment (ExSELEX)) for generating nucleic
acid aptamers containing unnatural bases (34-37). We cre-
ated an unnatural base pair between hydrophobic Ds and
Px bases that functions as a third base pair in replication
(38-40), and applied the Ds—Px pair to SELEX using Ds-
containing DNA libraries, by which we generated high-
affinity Ds-containing DNA aptamers (34). The presence of
only a few Ds bases in the generated unnatural-base DNA
aptamers imparts a substantial improvement in their affini-
ties to target proteins.

In addition to EXSELEX, we recently found that a Ds-
containing DNA aptamer can be stabilized, by introduc-
ing an extraordinarily stable mini-hairpin DNA sequence
and by placing reinforcing G—C pairs in the stem regions of
their secondary structures (41). DNA fragments with GCG-
NAGC, CCGNAGG, GCGNNAGC and CCGNNAGG
sequences (N = A, G, C or T) form compact hairpin-like
structures (named mini-hairpins) containing two G—-C and
GNNA or GNA loops, with a sheared G-A pair (42-45).
The melting temperatures of the GCGAAGC and GC-
GAAAGC fragments are as high as 76°C in 0.1 M NaCl,
and these fragments are also quite resistant to nuclease
digestion. We demonstrated the stabilization of an anti-
interferon-y DNA aptamer containing Ds bases by intro-
ducing the mini-hairpin sequences (41). Thus, our present
objective is to explore the versatility of this stabilization
method and to establish a new aptamer generation method
toward pharmaceutical applications, by applying it to other
aptamers.

Here, we report the stabilization of a Ds-containing DNA
aptamer that was previously generated by ExXSELEX target-
ing VEGF¢s5 (34). The sequence and the secondary struc-
ture of the original aptamer (Aptamer 1) are shown in Fig-
ure 1. The secondary structure was presumed by the se-
quence analysis obtained from a doped re-selection (34).
The initial aptamer, Aptamer 1 (47-mer), contains two Ds
bases, four stems (Stems 1-4) and GAAG and GAAT loops,
and exhibits a low picomolar Kp value (Kp = ~1 pM).
The replacement of the Ds bases with A substantially re-
duced the binding ability of the DNA aptamer (Aptamer 2)
(Kp = 347 pM). Our stabilization method significantly im-
proved the thermal stability and nuclease resistance of the
Ds-containing aptamers, without loss of affinity. We also
confirmed the biological activity of the improved aptamers,
by comparison with that of pegaptanib.

MATERIALS AND METHODS
Oligonucleotides

DNA fragments were purchased from Gene Design or
chemically synthesized with an Oligonucleotide Synthesizer
nS-8 (Gene Design), using CE phosphoramidites of the nat-
ural, modified and Ds bases (Glen Research). The chemi-
cally synthesized DNA fragments were purified by gel elec-
trophoresis.

Competition assays

To compare the binding abilities of the aptamer variants
to human VEGF 45, competitive binding assays were per-
formed by native-gel electrophoresis. The 3?P-labeled Ap-
tamer 1 (final concentration: 100 nM) was mixed with an
equal amount of each non-labeled aptamer variant (100
nM), and then mixed with human VEGF ¢ (Peprotech,
100 nM) in 1x PBS (1 mM KH,PO4, 3 mM Na,HPO,
and 155 mM NaCl, pH 7.4, Gibco) supplemented with
0.005% (vol/vol) Nonidet P-40. After an incubation (20
wl solution) at 37°C for 30 min, 5 pl of 25% glycerol was
added and the reactions were immediately subjected to 10%
non-denaturing polyacrylamide gel electrophoresis, to iso-
late and detect the complex of the labeled Aptamer 1 with
VEGF45. The gel was dried and visualized with a Bio-
imaging analyzer, BAS2500 (Fuji Film). The band intensi-
ties were quantified using the Multi Gauge software, and the
gel shift rate was determined. By normalizing the competi-
tive inhibition rate of each non-labeled aptamer variant in
comparison with non-labeled Aptamer 1, the relative bind-
ing abilities were calculated. The experiments were repeated
three times, and the averaged data are plotted on the graph
in Figure 2.

SPR measurements

The Kp values of Aptamer 1, Aptamer 4 and Pegaptanib 34
were determined with a BIAcore T200 (GE Healthcare) at
25 or 37°C, in running buffer (20 mM Tris-HCI, 150 mM
NaCl, 1 mM MgCl,, 0.05% (vol/vol) Nonidet P-40, pH
7.7) in the presence or absence of | mM CaCl,. Each bi-
otinylated aptamer was immobilized on a Sensor chip SA
(GE Healthcare), and the interaction of the aptamer with
human VEGF 45 was detected by monitoring injections of
0.156 to 5 nM VEGF 45 (diluted with running buffer) in the
Kinetic Injection mode. Measurement conditions were 100
wl/min flow rate, 150 s for protein injection time and 450 s
for dissociation monitoring time. After each injection, the
sensor surface was regenerated with a 5 pl injection of 50
mM NaOH/1 M NacCl, and the aptamer refolding was sub-
sequently accomplished by equilibration with the running
buffer for 10 min. To determine the Ky values, sensorgrams
of both a reference cell (no aptamer immobilization) and a
measurement with the running buffer injection were sub-
tracted from each sensorgram of the aptamers. The data
were fitted with a two-state reaction binding model (Pegap-
tanib 34, without calcium ions) or a 1 : 1 binding model,
using the BIA evaluation T200 software, version 1.0 (GE
Healthcare).

Inhibitory experiments

Each aptamer’s inhibitory effect on VEGF¢5 was eval-
uated by a VEGF-induced tissue factor (TF) expression
assay, using human umbilical vein endothelial cells (HU-
VECs, LONZA). HUVECs were cultured in Endothelial
Cell Growth Medium (LONZA) in 24-well plates at 37°C,
under a 5% CO, atmosphere. The cells were washed with
OPTI-MEM (Life Technologies) twice, and pre-incubated
in OPTI-MEM (0.5 ml/well) for 2 h. The medium was then
aspirated, and 0.5 ml of OPTI-MEM containing 0.3 nM
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Figure 2. Binding analysis of each anti-VEGF g5 aptamer variant by a competition assay. >>P-labeled Aptamer 1 (100 nM) was incubated with VEGF 45
(100 nM), in the presence of each non-labeled variant as a competitor (100 nM), at 37°C for 30 min. The aptamer-VEGF 65 complexes were separated
from the free aptamers on a native 10% polyacrylamide gel, and the relative binding abilities were calculated from their band intensities, normalized by

that of Aptamer 1.

VEGF 45 and 0.6 nM of each aptamer was freshly added to
each well. After a 1 h incubation, total RNA was extracted
by using an RNeasy Mini Kit (QIAGEN). The cDNAs were
prepared by reverse transcription, using an Oligo dT primer
(15-mer) and M-MLV Reverse Transcriptase RNase H Mi-
nus, Point Mutant (Promega), and were used as the tem-
plates for real time PCR analysis of TF mRNA expression,
using a KAPA SYBR fast qPCR kit (Kapa Bio Systems).
The expression of beta actin was used as the reference, and
the TF mRNA expression level was normalized to the beta
actin expression. In each plate, the experiment under the
same conditions was duplicated, and the relative TF mRNA
expression was calculated by comparison with that in the
presence of VEGF 45 and without any aptamers. The final
data were obtained as the average of three data sets, and are
shown in Figure 6.

RESULTS

To apply the stabilization method to the anti-VEGF¢s
Ds-containing DNA aptamer (Aptamer 1), we estimated
the modifiable base positions and regions from the base-
dependency of each base in the predicted secondary struc-
ture of Aptamer 1 for the target binding. The base-
dependency (%) was determined from the base conserva-
tion data previously obtained by re-selection of the initial
anti-VEGF 45 DNA aptamer, using a partially randomized
(doped) library containing 55% of the initial base and 15%
of each of the other three natural bases at each position, ex-
cept for the unnatural base positions (Supplementary Fig-
ure S1) (34). The secondary structure was also estimated
from the data of the co-variation among the natural stan-
dard base pairs by the doped re-selection (Figure 1).
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Based on the secondary structure, including the base-
dependency and co-variation data of Aptamer 1, we de-
signed several modified variants through our stabilization
process (Figure 1 and Supplementary Table S1). Aptamer
3 has an extra G-C pair in Stem 1, and Aptamer 4 has
the mini-hairpin sequence at the 3'-terminus of Aptamer
3. The 3’-mini-hairpin DNA protects the aptamer from 3'-
exonucleases, and the base stacking between the 3’-terminal
G in the mini-hairpin and the 5’'-G1 of the aptamer also pro-
tects it from 5'-exonucleases. In Aptamer 5, the A-T pairs
in Stem 2 of Aptamer 3 were replaced with G—C pairs. Ap-
tamer 6 has the mini-hairpin DNA at the 3’-terminus of
Aptamer 5. The two loops, *GAAG' and GAAT¥, in
Aptamer 1 are both very similar to the mini-hairpin loop
sequences, and the base-dependencies of the fourth bases,
G19 and T40 (40.7 and 80.2%, respectively), in the loops
are relatively low as compared to those (90%) of most bases
in the single-stranded regions. Thus, to introduce the mini-
hairpin sequence into Aptamer 6, G19 and T40 were each or
both replaced with A to make the mini-hairpin GAAA loop
(Aptamers 7, 8 and 9) or deleted to make the mini-hairpin
GAA loop (Aptamer 10).

We first surveyed the binding abilities of these aptamer
variants to VEGF¢s, by a gel-shift competition assay (Fig-
ure 2). The 3>P-labeled Aptamer 1 was mixed with the equiv-
alent amount of each variant, and the labeled Aptamer 1
that competitively bound to VEGF 45 was quantified on a
native polyacrylamide gel. Surprisingly, as compared to Ap-
tamer 1, the binding abilities of Aptamers 3—-6 were signifi-
cantly improved. In contrast, the GAAA-loop mini-hairpin
replacement of either one of the internal stem-loop struc-
tures (Aptamers 7 and 8) did not clearly improve their affini-
ties, but these aptamers still exhibited high affinities similar
to that of Aptamer 1. However, the full replacement with the
GAAA- (Aptamer 9) or the GAA-loop mini-hairpin (Ap-
tamer 10) severely reduced the binding ability. In the mini-
hairpin structures, the conformations of the other bases, es-
pecially the highly base-dependent G16, A18, G37 and A39
bases, in the loops might be changed by the sheared G-A
pair formation. The adverse effect of the GAAA-loop mini-
hairpin introduced into one of the internal hairpins in Ap-
tamers 7 and 8 might be compensated by the stabilization ef-
fect of Stems 1 and 2. Thus, introducing the 3’-mini-hairpin
structure and increasing the G—C pairs in Stems 1 and 2
were most effective in increasing both the stability and affin-
ity.

The Kp values of Aptamers 1 and 4 were measured by
surface plasmon resonance (SPR) (Figure 3). We also mea-
sured the modified 34-mer RNA aptamer derivative of pe-
gaptanib (Pegaptanib 34) (Supplementary Figure S2). Al-
though Pegaptanib 34 tightly binds to VEGF¢s in the pres-
ence of calcium ions, removing the divalent ions signifi-
cantly reduced the binding ability. In contrast, Aptamers 1
and 4 tightly bound to VEGF 45 without requiring calcium
ions. In the presence of 1 mM CaCl, at 37°C, the binding
ability of Aptamer 4 (Kp = 1.2 pM) was superior to those
of Pegaptanib 34 (Kp = 11 pM) and Aptamer 1 (Kp = 7.5
pM).

Next, we examined the stability of the variants against nu-
clease digestion, using human serum at 37°C (Figure 4 and
Supplementary Figure S3). Attaching the 3’-mini-hairpin

structure to block the exonuclease activities in the serum
greatly enhanced the nuclease resistance. More than 65%
of the aptamers (Aptamers 4 and 6-10) survived after 72
h in serum. By introducing the mini-hairpin DNA at the
3/-terminus, the amounts of the specific shorter bands on
the gel were significantly reduced, and thus these shorter
bands are likely to result from exonuclease digestion of the
aptamers.

We also measured the thermal stabilities of Aptamers 1—
6 (Figure 5). Even though the original aptamer (Aptamer
1) exhibited high stability (7}, = 69.5°C), the stabilization
further increased the 7}, value of Aptamer 6 (71, = 80.8°C)
by ~10°C. We also observed another peak or shoulders at
lower temperatures on the first derivatives of the 7}, profiles.
These shoulders might result from the denaturation of the
Stem 1 and/or 2 regions, and the 3’-mini-hairpin structure
might stabilize Stem 1 by the stacking interaction. More
importantly, the Tp,, curve indicated that Aptamer 6 main-
tained its structure at around 37°C.

Finally, the biological activities of Aptamers 1, 2,4 and 6
were compared to that of a 28-mer pegaptanib derivative
with the conventional 3’-3’ inverted deoxythymidine (Pe-
gaptanib 28) to protect the 3'-terminus (Supplementary Fig-
ure S2). The expression of the VEGF-induced (TF) mRNA
was assayed using human umbilical vein endothelial cells
(HUVEC:S), in the absence or presence of each aptamer and
VEGF 45 (Figure 6). Aptamers 4 and 6 efficiently inhibited
the interaction between VEGF 45 and its receptor, and their
activities were the same or slightly higher than that of Pe-
gaptanib 28. The activity of Aptamer 1 was also high, but
the Ds-to-A variant (Aptamer 2) exhibited much lower ac-
tivity. Since the degradation profiles of Aptamers 1 and 2
were very similar (Supplementary Figure S3), the difference
in these activities was attributed to their binding abilities to
VEGF 5.

DISCUSSION

The strengthened aptamer (Aptamer 6), with greatly in-
creased stability, was generated by adding the mini-hairpin
DNA fragment at the 3’-terminus and reinforcing Stems 1
and 2 by the G—C pair introduction. We found that the sta-
bilization method also enhanced the binding ability of the
aptamer to the target. Although the sequences of the two
loop structures of GAAG and GAAT in Aptamer 1 are
quite similar to that of the GAA or GAAA loop of the
mini-hairpin DNA, our data revealed that these two loops
are not compatible with the mini-hairpin loop for the bind-
ing. Without the replacements of these loop regions with the
mini-hairpin DNA sequences, Aptamer 6 was sufficiently
stabilized in the serum. In the cell culture assay, Aptamer 6
efficiently inhibited the VEGF activity as well as or better
than the pegaptanib derivative. Since the stabilized aptamer
is composed of natural base nucleotides with no chemical
modifications, except for only two Ds bases, it is advanta-
geous in terms of cost and safety.

This simple stabilization method consists of three steps:
(i) addition of the mini-hairpin DNA to the 3’-terminus,
(i1) replacement of the A-T pairs in the terminal and in-
ternal stem regions with the G—C pairs, and (iii) mini-
hairpin DNA replacement of the internal stem-loop struc-
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tures, if each base in the loop has the low base-dependency.
Thus, this stabilization method requires information about
the replaceable bases and the secondary structures of Ds-
containing DNA aptamers, predicted by using the data ob-
tained from doped re-selection (34,46-48).

Our results also provided valuable information about the
binding sites of the aptamer to the target. The two loop re-
gions might directly interact with the target protein. The
doped selection data revealed the low base-dependency of
G19 and T40 in Aptamer 1 (34). However, the double mu-
tation of G19A and T40A (Aptamer 9) reduced the bind-
ing ability. This is due to the conformational changes of the
highly conserved G16, A18, G37 and A39 base moieties by
the GAAA-loop mini-hairpin formation in Aptamer 9. In
the mini-hairpin structures, these bases cannot interact with
the target protein, since they participate in the sheared base
pairs of G16-A19 and G37-A40 and in the stacking for-
mation of A18eA19 and A39eA40. In fact, in the doped re-
selection data, the two GNNA loop sequences of the double
mutant of G19A and T40A appeared only 18 times among
43 719 sequences (34). In addition, the variant with two
GAA loops (Aptamer 10), in which all of the bases tightly
stack upon each other in the loops, lost a significant amount
of the binding ability. Thus, the flexibility of the G16, A18,
G37 and A39 base moieties is important for the interaction
with VEGF 45. However, in the competition experiments,
the affinities of Aptamers 7 and 8 were still as high as that of
Aptamer 1, and the nuclease resistances of these aptamers
were very high, as compared to that of Aptamer 6. Thus,
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Figure 5. Thermal stabilities of DNA aptamer variants. The UV melting
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Aptamers 7 and 8 could also be used under conditions with
high nuclease concentrations.

Stems 1-4 of the aptamer might be structurally important
as a scaffold, to form the entire tertiary structure for effec-
tive binding. In particular, the stabilization of Stem 1, by
adding the G—C pair and the mini-hairpin DNA, increased
the binding ability and stability. The replacement of the A—
T pairs in Stem 2 with G—C pairs increased the nuclease re-
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Figure 6. Inhibition of the interaction between VEGF 45 and its receptor
by anti-VEGF 45 aptamers. (A) Schematic illustration of the inhibition of
the VEGF¢s-induced cellular signaling pathway. (B) Tissue Factor (TF)
mRNA expression inhibition by the aptamers. Relative TF mRNA expres-
sion levels in HUVECS treated with VEGF 5 in the presence of each ap-
tamer are shown.

sistance, without any loss of the binding ability. Further-
more, this stabilization method also improved the aptamer
affinity to the target, and thus the rigidity of the tertiary
structure of the Ds-containing DNA aptamer might be im-
portant for target binding.

We still do not know the exact roles of the two Ds bases.
One possibility is that the hydrophobic Ds bases directly in-
teract with VEGF 45, and another is that they contribute
to form a unique conformation of the tertiary structure by
stacking with neighboring bases. Either way, the structural
similarity between the two moieties, Stem 3 + GAAG loop
+ Ds24 and Ds33 + Stem 4 + GAAT loop, suggests that
each moiety may bind to each monomer of the dimerized
VEGF 5.

This stabilization method could be extensively applied to
Ds-containing DNA aptamers. So far, we have generated
nine different Ds-containing DNA aptamers targeting pro-
teins and cancer cells by EXSELEX (data not shown). All of
them have a stem structure between the 5'- and 3’-terminal
regions. We confirmed that the A-T pairs in the terminal
stem structure of each aptamer can be replaced with the
G-C pairs, and attaching the mini-hairpin DNA to the 3'-
terminal can retain the high affinity of the aptamers to their
targets. Since Ds-containing DNA aptamers seem to form
relatively rigid tertiary structures, a stabilization method



that increases the rigidity might be very effective for tight
binding to targets. Other types of conventional nucleic acid
aptamers with defined structures could also be stabilized by
this method.
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