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We successfully implemented solvent extraction of short, single-
stranded RNA using reverse micelles (water-in-oil microemulsions)
with a DNA-surfactant. A thrombin-binding RNA aptamer was
enzymatically synthesized and purified by extraction using the
reverse micellar system. The extracted RNA aptamer retained
thrombin-binding activity after the extraction procedure.

Since the 1990s, nucleic acid aptamers have received
increasing attention.'* Aptamers are short single-stranded
RNA or DNA oligonucleotides (15-100-mers) that can bind
target molecules with high affinity and specificity. Aptamers
have been selected in vitro for specific binding to target
molecules, which range from small organic compounds to
specific cell surfaces.> Such aptamers can be chemically or
enzymatically synthesized, not requiring use of animals or cell
culture systems. In addition, they can be readily integrated
with other types of molecular tools, for example, through
conjugation  with  other functional molecules and
nanoparticles,®® suggesting that aptamers are potential
alternatives to antibodies.® Their possible applications include
in biosensing, molecular imaging and clinical diagnosis and as
drugs or drug carriers.” 118 There are a number of studies
describing discovery of novel aptamers as well as their
functions and applications in various fields.% 121922 |n fact, in
2004, the US Food and Drug Administration approved an RNA
aptamer as a drug for treating neovascular age-related
macular degeneration.?3

Despite the great progress in development of nucleic acid
aptamers, available scalable processing techniques for
industrial separation and purification of oligonucleotides are
unsatisfactory. Several groups reported laboratory-scale
techniques for purification of short-stranded DNA and RNA?4-32
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Scheme 1. Schematic illustration of RNA oligonucleotide extraction using DNA-
functionalized reverse micelles.

and some purification techniques have been commercialized
for laboratory use. However, for industrial applications, there
is a strong demand for a scalable purification technique
appropriate for mass production of aptamers.

In our previous reports, we investigated solvent extraction
of DNA oligonucleotides using reverse micelles (water-in-oil
microemulsions) functionalized with a DNA-surfactant,
envisioning sequence-specific separation of DNA
oligonucleotides.?33* A DNA-surfactant is a short single-
stranded DNA conjugated to an oleoyl group,3® 3> enabling
transfer of a complementary target DNA to an organic phase in
a sequence-selective manner. The water pool of a reverse
micelle can dissolve water-soluble compounds and is available
as a vehicle for water-soluble compounds in an organic
solvent.3%38 Reverse micellar extraction has the following
advantages: i) It can extract water-soluble macromolecules
and metal nanoparticles with specific affinities3® ii) it is
scalable; iii) it can suppress microbial contamination in an
organic solvent to prevent biological decomposition of
oligonucleotides; and iv) it can reduce contamination by
undesired biological
micelle serves as an isolated, restricted nanospace.

macromolecules because the reverse
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Table 1. Nucleobase sequences of DNA-surfactants and target RNA oligonucleotides.

Name Sequence

DNA-surfactant 1
DNA-surfactant 2
DNA-surfactant 3
DNA-surfactant 4

Oleoyl-5"-TCTCCAGCTA-3’
Oleoyl-5"-CCAATACCACATCATCCATA-3

Oleoyl-5"-TTTGGTTAGTTCTCCAGCTATCTTCCAAA-3’
Oleoyl-5"-CCCCCAATACCACATCATCCATATAACTGAAAGCCAAACAGTGGG-3’

Target1 FAM?-5-UAGCUGGAGA-3'

Target 2 FAM -5'- UAUAUGGAUGAUGUGGUAUUGG -3’

Target 3 FAM-5'-UUUGGAAGAUAGCUGGAGAACUAACCAAA-3'

Target 4 FAM-5'-CCCACUGUUUGGCUUUCAGUUAUAUGGAUGAUGUGGUAUUGGGGG-3’

Non-thrombin RNA aptamer

2FAM, carboxyfluorescein

Extraction [% ]

N
o
T

10

22 29 45
Oligonucleotide length of
target RNA [mer]
Fig. 1. Effect of sequence length of target RNA on extraction using DNA-
surfactants. The aqueous phase contained 25 nM target RNA and the organic

phase contained DLPC (10 mM) and 1-hexanol (240 mM). The nucleobase
sequences of the target RNAs are listed in Table 1.

Because RNA is very susceptible to enzymatic degradation,
its manipulation and processing, in general, requires great care
to avoid We
extraction would be

ribonuclease contamination. therefore
hypothesized that
appropriate for processing RNA. Our study explored the liquid—
liquid extraction of short RNA oligonucleotides using reverse
micelles containing a DNA-surfactant, successfully
demonstrating forward and backward extraction of RNA
oligonucleotides (Scheme 1). We also synthesized an RNA

aptamer using T7 RNA polymerase and found that its specific

reverse micellar

binding properties were retained after the reverse micellar
extraction process.

Before investigating RNA extraction, we investigated
whether the reverse micellar extraction conditions would
prevent contamination with biomolecules. Ribonuclease A
(RNase A) was used as a model biomolecule because
ribonucleases are ubiquitous and, as contaminants, represent
a significant risk in RNA manipulations. Fluorescein-labeled
RNase A was prepared. A Tris-HCI buffer solution (10 mM Tris-
HCI, pH 8.0, 1 ml) containing 0.4 pug/ml RNase A and 10 mM
MgCl, was mixed with 1 ml isooctane solution containing 10
mM dilauroylphosphatidylcholine (DLPC) and 240 mM 1-
hexanol. After this mixture was stirred for 3 h at 25 °C,
fluorescence measurements indicated a negligible amount of
RNase A (less than 1%) extracted into the reverse micellar
phase. This reverse micellar system was composed of
phosphatidylcholine and 1-hexanol as surfactants, which are
electrostatically neutral and, therefore, did not specifically

interact with the RNase A. These results demonstrated that

2| J. Name., 2012, 00, 1-3

FAM-5'-CAUACUUGAAAGUGUAAGGUUGGCGUAUG-3’

this reverse micellar system could minimize contamination of
the organic phase with RNase A.

We anticipated the following mechanism of reverse
micellar extraction of RNA: A DNA-surfactant formed an
RNA/DNA duplex with its complementary RNA (target RNA) in
the aqueous phase (Scheme 1).33 The RNA/DNA duplex was
incorporated into the reverse micelle, resulting in extraction of
the target RNA into the organic phase. In our previous studies,
a DNA-surfactant complementary, and at molar equivalent
amounts, to a target DNA oligonucleotide successfully
extracted the target to a reverse micellar phase.3¥ 3% Our
current study used the same conditions as those in the
previous report for reverse micellar extraction of RNA
oligonucleotides. We first investigated the reverse micellar
extraction of a 10-mer RNA oligonucleotide (target 1, Table 1)
that had been chemically synthesized and purified by high-
performance liquid chromatography (HPLC). While no
extraction was observed in the absence of DNA-surfactant 1,
the equivalent DNA-surfactant 1
(complementary to target 1) successfully extracted target 1 to
an organic phase. The extraction efficiency of target 1 was
approximately 70% (Fig. 1), meaning that the DNA-surfactant
was similarly effective for extraction of a short RNA
oligonucleotide to an organic phase, as it had been for a target
DNA molecule.

We next investigated the effect of target RNA length on the
extraction (Fig. 1). The DNA-surfactants were designed to be
fully complementary to target RNA oligonucleotides of various
lengths (Table 1). Among the RNA oligonucleotides tested, the
22-mer RNA oligonucleotide (target 2) gave the highest
extraction efficiency (77%), which was greater than that of the
10-mer RNA oligonucleotide. It was reported that water pools
in reverse micelles decreased the melting temperatures of
DNA duplex, compared with in a bulk aqueous phase.3® The
short RNA/DNA duplex (10-mer) might be destabilized in the
reverse micellar phase to some extent, which would result in

molar amount of

an extraction efficiency lower than that of the 22-mer
RNA/DNA duplex.

Although an increase in the RNA length above a 22-mer
decreased extraction efficiency, over 40% of a 45-mer RNA
oligonucleotide (target 4) was, nonetheless, successfully
extracted. Dynamic light scattering measurements showed

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Fluorescence spectra of enzymatically synthesized RNA with SYBR Green II.

that the diameter of the reverse micelle involving DLPC was
16.7 nm, indicating that, because the length of DLPC is greater
than 2 nm, the water pool was smaller than 16.7 nm. It would
be difficult, therefore, to encapsulate a long RNA/DNA duplex
inside the restricted water pool of the reverse micelle,
explaining the low percent extraction of the longer target RNA.
Indeed, the physical length of a 45 base-pair DNA duplex was
estimated as approximately 16 nm, comparable to the
diameter of the reverse micelle.

The extracted target RNA should ideally be back-extracted
to an aqueous solution and isolated from the DNA-surfactant,
consistent with our goal of purifying RNA
oligonucleotides. Addition of 2-butanol to the reverse micellar
system at 80 °C destroyed the micelles and enabled 90 + 4 %
back-extraction of target 3 (29-mer) from an organic phase to
an aqueous phase.

The back-extracted target RNA was still in a duplex with the
DNA-surfactant. To isolate the single-stranded target RNA
from the DNA-surfactant, a Tris-HCl buffer solution containing
back-extracted target 3 and DNA-surfactant 3 (15 nM each)
was mixed with a fresh isooctane solution containing 10 mM

overall

DLPC and 240 mM 1-hexanol. The mixture, in two phases, was
stirred at 80 °C for 3 h to selectively extract DNA-surfactant 3
to the organic phase (reverse micellar phase). The melting
temperature of the RNA/DNA duplex (target 3) was 74 °C in
the Tris-HCI buffer solution, so the target 3 was not hybridized
with DNA-surfactant 3 under these 80 °C conditions. The
reverse micellar system, at 80 °C, extracted more than 85% of
DNA-surfactant 3 to the organic phase, with 89 + 4 % of target
3 remaining in the aqueous phase. The back-extraction and
isolation procedures successfully yielded target 3, consistent
with our previous results.3* Other RNA oligonucleotides
(targets 1, 2 and 4) were also back-extracted to an aqueous
phase, each at approximately 90% vyield, under the same
conditions.

For experiments described so far, we first used chemically
synthesized, HPLC-purified RNA oligonucleotides. We then
enzymatically synthesized an RNA oligonucleotide (target 3)
using T7 RNA polymerase and a DNA duplex template (oligo
DNA A/oligo DNA B, Table S1).%° Next, we tested extraction of
the enzymatically-synthesized RNA oligonucleotide using the
reverse micellar system. Fig. 2 shows fluorescence spectra of
RNA synthesis solutions with and without T7 RNA polymerase.
In the presence of T7 RNA polymerase, fluorescence was high,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Binding activities of an RNA aftamer (target 3) and a non-aptamer RNA to
immobilized thrombin. The chemically synthesized RNA aptamer was purified by

HPLC. The RNA aptamer after extraction represents the enzymatically
synthesized RNA aptamer, purified by the reverse micellar extraction system.

indicating successful synthesis of the RNA oligonucleotide. The
yield of the RNA oligonucleotide (target 3) was 1 ug.

The enzymatically-synthesized target 3 was subjected to
reverse micellar extraction. The percent extraction was 42 +
2 %, somewhat lower than that for the chemically-synthesized
RNA (Fig. 1). The presence of enzyme, DNA duplex and
nucleobases might have affected extraction efficiency. The
extracted target 3 was back-extracted and isolated from DNA-
surfactant 3 as described for the chemically synthesized
oligonucleotides, resulting in a yield of 36 £ 7 % of target 3 in
the aqueous solution. These results demonstrated that an
enzymatically synthesized RNA oligonucleotide could be
forward- and back-extracted using the reverse micellar system
with a DNA-surfactant. It should be noted that the back-
extracted solution did not contain detectable protein,
indicating that potentially contaminating RNA-synthesis
related proteins had been removed by the reverse micellar
extraction.

There reports that biomacromolecules,
especially proteins, were denatured or deactivated through

are several
reverse micellar extraction because of their strong interactions
with the oil/water interface.**3 To address this concern, we
investigated the functional properties of enzymatically
synthesized target 3 after the reverse micellar extraction
process. The sequence of target 3 was identical to that of the
thrombin-binding RNA-aptamer.?® Its binding activity was
therefore was evaluated using thrombin-immobilized
Sepharose beads, as previously described.3* Chemically-
synthesized target 3, which was purified by HPLC (without
reverse micellar extraction), bound to immobilized thrombin
(Fig. 3). As a negative control, a non-thrombin RNA
oligonucleotide (29-mer, Table 1) showed
binding under the same conditions. Enzymatically-synthesized

low thrombin

target 3, after reverse micellar extraction and isolation, also
bound to immobilized thrombin. The binding ratio of the
enzymatically-synthesized target 3 to thrombin was slightly
lower than that of chemically-synthesized molecule,
potentially caused by small amounts of DNA-surfactant 3
remaining after the isolation. These results showed that an
enzymatically synthesized RNA aptamer was not degraded,
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maintaining its intrinsic binding activity, during the reverse
micellar extraction and isolation processes.

In conclusion, we first achieved reverse micellar extraction
of RNA oligonucleotides using a DNA-surfactant. RNA
oligonucleotides with nucleobase lengths from 10- to 45-mers
were forward-extracted to an organic phase. The extracted
RNA oligonucleotides were then back-extracted to an aqueous
phase. We enzymatically synthesized a 29-mer RNA aptamer
using T7 RNA polymerase. The enzymatically synthesized RNA
aptamer was also extracted by the reverse micellar system and
then readily back-extracted to an aqueous phase. The RNA
aptamer, which had undergone forward- and back-extraction
followed by isolation from the DNA-surfactant, had thrombin
binding activity comparable to that of intrinsic RNA aptamer.
Our study demonstrated that reverse micellar extraction using
a DNA-surfactant can be used to purify a functionally intact
RNA oligonucleotide.

This work was supported partially by Special Coordination
Funds for Promoting Science and Technology, Creation of
Innovation Centers for Advanced Interdisciplinary Research
Areas (Innovative Bioproduction Kobe), MEXT, Japan, and by
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Experimental Section
Materials

Synthesized DNA oligonucleotides were from Tsukuba Oligo Service Co., Ltd (Ibaraki, Japan).
Synthesized RNA oligonucleotides were from Japan Bio Services Co., Ltd. (Saitama, Japan). The
nucleobase sequences are listed in Table 1. Tris-HCI buffer (10 mM, pH 8) containing 1 mM EDTA
was from Fluka. Thrombin from bovine plasma was from Sigma-Aldrich (St Louis, MO). DLPC and

other chemicals were from Wako Pure Chemicals (Osaka, Japan).

Reverse micellar extraction of ribonuclease A
Sodium bicarbonate buffer (pH 9.0, 0.1 M, 1 ml) containing 1 mg/ml RNase A was mixed with

dimethyl sulfoxide solution (0.1 ml) containing 10 mg/ml fluorescein isothiocyanate and stirred at 4 °C
1



for 8 h. Fluorescein-labeled RNase A was purified twice over a PD-10 column. Fluorescein-labeled
RNase A was eluted with Tris-HCI buffer (10 mM, pH 8) containing 1 mM EDTA.

Reverse micellar extraction was performed as follows. The aqueous phase was Tris-HCI buftfer (pH
8, 10 mM) containing | mM EDTA, 10 mM MgCl. and fluorescein-labeled RNase A (0.4 pg/ml). The
organic phase was isooctane containing DLPC (10 mM) and 1-hexanol (240 mM). The organic phase
(1 mL) was mixed with the aqueous phase (1 mL) in a glass vial. The two phases were gently stirred
with a magnetic stir bar at 25 °C for 3 h. The fluorescence of each phase was measured with a
luminescence spectrometer, model LS 50B (PerkinElmer, Waltham, MA) at 25 °C to determine the
concentration of fluorescein-labeled RNase A in each phase. Excitation and emission wavelengths

were 494 and 520 nm, respectively.

Synthesis of DNA-surfactants

The DNA-surfactant was synthesized as previously reported.? Briefly, 5'-aminated DNA
oligonucleotide (0.5 mM) in phosphate buffer (50 mM, 10 pl) was mixed with a dimethylsulfoxide
solution (50 pl) containing oleic acid N-hydroxysuccinimide ester (1 mM) at 40 °C for 24 h. The
synthesized 5'-oleoyl DNA oligonucleotides (DNA-surfactants) were purified using a high
performance liquid chromatograph (Shimadzu LC20 system, Kyoto, Japan) equipped with a C18
column (4 x 250 mm, GL Sciences, Tokyo), initially eluted with 10% acetonitrile in 0.1 M

triethylamine acetate buffer for 5 min, then with a linear gradient of 10 to 90% acetonitrile over 30



min and isocratic 90% acetonitrile for 10 min at a flow rate of 1.0 ml/min.

Extraction of target RNA using reverse micelles and a DNA-surfactant

The aqueous phase was a Tris-HCI buffer (pH 8, 10 mM) containing 1 mM EDTA, 10 mM MgClz,

a fluorophore-labeled target RNA (25 nM) and the DNA-surfactant (25 nM). The organic phase was

isooctane containing DLPC (10 mM) and 1-hexanol (240 mM). The organic phase (1 mL) was mixed

with the aqueous phase (1 mL) in a glass vial. The two phases were gently stirred using a magnetic stir

bar at 25 °C for 3 h, taking care not to disrupt the interface between the two phases. The fluorescence

of each phase was measured in a luminescence spectrometer, model LS 50B (PerkinElmer) at 25 °C

to determine the concentration of the target RNA in each phase. Excitation and emission wavelengths

used to detect the carboxyfluorescein (FAM) fluorophore were 494 and 520 nm, respectively. All

experiments were performed in triplicate and error bars in the figures represent standard deviations.

The diameter of reverse micelles was measured using a Zetasizer Nano ZS (Malvern,

Worcestershire, UK).

Back-extraction of extracted RNA to an aqueous phase

A DNA-surfactant conjugated with FITC at its 3’ end and an unlabeled target RNA were used for

back-extraction to monitor the concentration of the DNA-surfactant. To monitor the back-extraction

of target RNA, a FAM-labeled target RNA and a DNA-surfactant without FITC were used. After the



reverse micellar extraction, as described above, the organic phase (1 mL) containing the target RNA

was mixed with Tris-HCI buffer (1 mL) containing 1 mM EDTA, followed by addition of 0.5 mL 1-

butanol at 75 °C to destroy the reverse micelles. The mixture was stirred and then centrifuged to collect

the aqueous phase. The aqueous phase contained duplexes of the target RNA and the DNA-surfactant.

To remove the DNA-surfactant, the aqueous phase was mixed with isooctane containing DLPC (10

mM) and 1-hexanol (240 mM) at 80 °C. The reverse micelles formed in the organic phase extracted

the DNA-surfactant, resulting in single-stranded target RNA separated from DNA-surfactant. At each

step, fluorescence of the two phases was measured to determine concentrations of each component.

Enzymatic synthesis of an RNA aptamer

Oligo DNAs A and B (Table S1) were dissolved in Tris-HCI buffer (pH 8, 10 mM) containing 1 mM

EDTA and 50 mM potassium acetate to prepare a DNA template solution containing each Oligo DNA

at 10 uM. Using the DNA template solution (4 pl) and T7 RiboMAX™ Express Large Scale RNA

Production System (Promega, Fitchburg, WI), target 3 was enzymatically synthesized according to the

manufacturer's instructions. The synthesized target 3 was used for the following experiments without

removal of the DNA template or enzymes. The concentration of synthesized target 3 was determined

using SYBR Green II. Excitation and emission wavelengths were 497 and 520 nm, respectively. The

amount of synthesized target 3 was determined using a Qubit RNA assay kit (Thermo Fisher Scientific,

Waltham, MA).



Assay of thrombin and RNA-aptamer binding

N-Hydroxysuccinimidyl (NHS)-activated Sepharose (700 puL, GE Healthcare, Little Chalfont, UK)

was centrifuged and the supernatant removed. A phosphate buffer solution (pH 8, 100 mM, 700 pL)

containing 0.2 mg/mL thrombin was mixed with the NHS-activated Sepharose at 25 °C for 3 h. The

reaction mixture was centrifuged and the supernatant removed. The collected thrombin-immobilized

beads were then mixed with a Tris-HCl buffer solution (700 pL) containing 15 nM thrombin-binding

RNA aptamer (synthesized enzymatically and purified by reverse micellar extraction), 100 mM NaCl

and 100 mM KCI for 3 h. After centrifugation, the supernatant was labeled with SYBR Green II and

its fluorescence measured to determine the concentration of the unbound RNA aptamer. The binding

ratio of RNA aptamer to thrombin was calculated from the concentration of the unbound RNA aptamer.

Because the non-thrombin aptamer was labeled with carboxyfluorescein (FAM), the concentration of

the unbound non-thrombin aptamer was determined by measuring FAM fluorescence. Excitation and

emission wavelengths used to detect the FAM fluorophore were 494 and 520 nm, respectively.
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Table S1. Sequences of template DNAs for enzymatic RNA synthesis

Name Sequence

Oligo DNA A 5-TAATACGACTCACTATATTTGGAAGATAGCTGGAGAACTAACCAAA-3

Oligo DNA B 3"-ATTATGCTGAGTGATATAAACCTTCTATCGACCTCTTGATTGGTTT-5'




