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Biostable aptamers with antagonistic properties
to the neuropeptide nociceptin/orphanin FQ
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ABSTRACT

The neuropeptide nociceptin/orphanin FQ (N/OFQ), the endogenous ligand of the opioid receptor-like 1 (ORL1) receptor, has
been shown to play a prominent role in the regulation of several biological functions such as pain and stress. Here we describe
the isolation and characterization of N/OFQ binding biostable RNA aptamers (Spiegelmers) using a mirror-image in vitro
selection approach. Spiegelmers are L-enantiomeric oligonucleotide ligands that display high affinity and specificity to their
targets and high resistance to enzymatic degradation compared to p-oligonucleotides. A representative Spiegelmer from the
selections performed was size-minimized to two distinct sequences capable of high affinity binding to N/OFQ. The Spiegelmers
were shown to antagonize binding of N/OFQ to the ORL1 receptor in a binding-competition assay. The calculated IC;, values
for the Spiegelmers NOX 2149 and NOX 2137a/b were 110 nM and 330 nM, respectively. The competitive antagonistic
properties of these Spiegelmers were further demonstrated by their effective and specific inhibition of G-protein activation in
two additional models. The Spiegelmers antagonized the N/OFQ-induced GTPyS incorporation into cell membranes of a
CHO-K1 cell line expressing the human ORL1 receptor. In oocytes from Xenopus laevis, NOX 2149 showed an antagonistic
effect to the N/OFQ-ORL 1 receptor system that was functionally coupled with G-protein-regulated inwardly rectifying K*

channels.
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INTRODUCTION

The neuropeptide nociceptin/orphanin FQ (N/OFQ) is the
endogenous agonist of the G protein-coupled opioid recep-
tor-like 1 (ORL1) receptor (Meunier et al. 1995; Reinscheid
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et al. 1995). N/OFQ is distributed throughout the central
nervous system (Darland and Grandy 1998; Neal et al
1999). ORLI is found both in the central nervous system
and peripheral tissues (Meunier 1997; Monteillet-Agius et
al. 1998). It was shown that N/OFQ plays a prominent role
in the regulation of biological functions such as pain, anxi-
ety, motor impairment, and others (Meunier 1997, 2000;
Darland et al. 1998; Griebel et al. 1999; Calo et al. 2000a).
This broad physiological profile opens a wide spectrum
of potential therapeutic applications (Henderson and
McKnight 1997; Griebel et al. 1999; Grisel and Mogil 2000;
Mollereau and Mouledous 2000; Reinscheid et al. 2000).
The role of N/OFQ in the modulation of pain is contro-
versially discussed (Mogil and Pasternak 2001; Calo et al.
2002). The nociceptive effects depend on the site of admin-
istration. Intrathecal (i.t.) administration of N/OFQ was
reported to result in an antinociceptive response (Tian et al.
1997; Kamei et al. 1999; Calo et al. 2000¢), whereas intra-
cerebroventricular (i.c.v.) administration results in a hyperal-
gesic response (Meunier et al. 1995; Reinscheid et al. 1995).
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N/OFQ neutralizing antibodies (Tian et al. 1998; Tian
and Han 2000) caused a pronociceptive effect if adminis-
tered spinally and an increased analgesic effect follow-
ing i.c.v. injection (Tian and Han 2000). The peptide
[Nphe'IN/OFQ-(,_3)-NH, was employed as a useful tool
and has been shown to reverse the supraspinal hyperalgesic
action of N/OFQ (Calo et al. 2000b; Rizzi et al. 2000).

In the past decade, it has been shown that oligonucleo-
tides can fold into complex three-dimensional structures
comparable to proteins. Such oligonucleotide ligands, also
called aptamers, are being isolated from combinatorial
nucleic acids libraries by means of in vitro selection (Elling-
ton and Szostak 1990; Robertson and Joyce 1990; Tuerk and
Gold 1990). This method has been employed to identify
aptamers for various target molecules (Wilson and Szostak
1999; Brody and Gold 2000; James 2000). Displaying high
affinity and specificity to a given target, aptamers are re-
garded as oligonucleotide analogs of antibodies and are
therefore suited for diagnostic and therapeutic applications
(Jayasena 1999; Brody and Gold 2000; Toulme 2000). How-
ever, progress in the development of nucleic-acid-based
therapeutics was hampered by their limited biological sta-
bility. One possibility to enhance biological stability is the
introduction of modified nucleotides into the sequences
during (Lin et al. 1994; Kubik et al. 1997; Pagratis et al.
1997) and after in vitro selection (Gold 1995; Green et al.
1995). An elegant alternative is the application of enantio-
meric L-nucleic acids (Urata et al. 1992; Klussmann et al.
1996; Nolte et al. 1996; Williams et al. 1997). Here, aptam-
ers are raised against the synthetic enantiomer of the target
molecule. After chiral inversion, the mirror image of the
oligonucleotide ligand (termed Spiegelmer) binds to the
natural configuration of the target. This method results in
oligonucleotide ligands that combine high target affinity
and specificity with an exceptional resistance toward nucle-
ase activity. This mirror-image in vitro selection was suc-
cessfully applied for the generation of RNA and DNA
Spiegelmers as well as D-peptides (Vater and Klussmann
2003).

We generated N/OFQ binding Spiegelmers in order to
pursue studies about the physiological actions of N/OFQ.
Although a series of agonists and antagonists of the ORL1
receptor as well as anti-N/OFQ antibodies exist (Mogil and
Pasternak 2001; Calo et al. 2002), none of these show the
specificity and potency necessary for their development as
therapeutics. We demonstrate that biostable Spiegelmers
have a high potential as an alternative therapeutic substance
class for the N/OFQ-ORL1-receptor system.

RESULTS

In vitro selection of RNA ligands to b-N/OFQ

RNA ligands with high affinity to D-N/OFQ were isolated in
several in vitro selection experiments employing two differ-

ent RNA pools. The RNA pools containing 40 and 60 ran-
dom sequence positions were incubated at 25°C with an
affinity resin derivatized with D-N/OFQ. Nonbinding mol-
ecules were removed by washing the resin with selection
buffer and specifically bound species were eluted by using a
400 uM solution of the peptide in selection buffer. The
stringency of the selection was increased by progressively
raising the wash volume (1.9-4.0 mL) and by additionally
using an affinity resin that contained the peptide at a lower
concentration (100-25 uM) in later rounds. After nine
cycles of selection and amplification, the amount of N40
RNA pool that was retained on the resin containing 100 uM
peptide had increased significantly (27.6% bound) com-
pared with the starting pool in which 0.6% was retained
under the same conditions. The N60 RNA pool showed
18.5% binding to the resin after nine rounds of selection.
The enriched N40 pool was cloned and sequenced (RO1).
The sequence analysis revealed that the library was still di-
verse. As a consequence, the selection was continued under
more stringent conditions by using an affinity resin that
contained 25 pM peptide in addition to increased washing.
As a result, binding to the resin of both pools dropped to
3.3% and 2.2%, but was restored in the course of the next
three rounds to 10.7% and 12.3%, respectively. After 13
cycles of selection and amplification, aliquots of both pools
were cloned and sequenced (R02 and RO03, respectively).

Sequences of the various enriched pools revealed three
sequence families and a number of sequences with no re-
lationship to any other sequence (Fig. 1). All sequences were
rich in G and often characterized by long G stretches. Two
sequence motifs (families 1 and 3) were shared by clones
from both the N40 and N60 pools. A comparison of the
sequences derived from rounds 9 and 13 of the N40 pool
(RO1 and RO02) revealed that selection at a lower peptide
concentration led to a depletion of sequence variety as ex-
pected.

Characterization and truncation of RNA aptamers
recognizing free D-N/OFQ

To identify RNA ligands that recognize free D-N/OFQ, fluo-
rescence polarization was applied in the screening process
employing fluorescein-labeled D-N/OFQ. Only a small
number of clones had a measurable affinity to free D-N/
OFQ in the concentration range used (K, < 100 pM). Most
of the RNA ligands that had shown a strong affinity to
immobilized D-N/OFQ failed to recognize the free peptide.
Binding species were either members of families 1 or like
nucleic acid ligand R03-G8, not related to any other se-
quence family. Their observed equilibrium binding con-
stants were in a range between 0.2 and 3 uM (Table 1). The
specificity of isolated RNA ligands was determined by mea-
suring the affinity of nucleic acid ligand p-R03-G8 to natu-
ral L-N/OFQ and L-dynorphin A. Using fluorescein-labeled
L-N/OFQ as a tracer, binding of D-R03-G8 to the L-peptides
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Family 1

RO1-D1 ggagctcagccttcactge........vovvivvnunnnnn CAAG.GTGGGGT . GGTTGGTT . GGA . TTTGGCGGCGAACGGCG. + v v v v v v o ggcaccacggtcggatccac
RO1-B6 ggagctcageccttcactge............ovuunnn.n GTA. . GTGGGCTGGGTTGGTT . GGA . TACCCAGTGCGGGCCG. . . oo oo v .. ggcaccacggtcggatccac
RO1-E3 ggagctcagccttcactge............ ... 0... AATT.GTGGGGTTGGCTGGTT . GGA . AATTGCAGTGGACGTCG. . .. ... .. ggcaccacggtcggatccac
RO1-H6 ggagctcagectteactge.......ovvvvvvvunnnnn AATT . GTGGGGTTGGCTGGTT . GGA . AATTGCAGTGGACGTAG. . . . ... .. ggcaccacggtcggatccac
RO1-F1 ggagctcagccttcactge..................... CAC. .GTGGGGTTGGTTGGAT . GGA . GTGGTTATGARAGCCTG. . ..... .. ggcaccacggtcggatccac
RO1-C5 ggagctcagccttcactge..........oovininnnnn GAA. .GTGGGGT . GGTTGGCT . GGA . TAGGCTTGTGTAAGTATG. . . . . . .. ggcaccacggtcggatccac
RO1-B4 ggagctcagcecttcactge..................... ATGCGGTGGGGA . GGTTGGAT . GGA . CGCATGCCGGAGGGGTA. . ... .. .. ggcaccacggtcggatccac
RO1-Bl ggagctcagccttcactge............. ... ..., TCGA . GTGGGGA . GGTTGGTC . GGA . TTGAGTGTGAGGGGGTTG. . . . . . . . ggcaccacggtcggatccac
R0O1-G3 ggagctcagccttcactge..................... GCTG . GTGGGGTTGGCTGGTC . GGA . CAGCGTATGTGCGGCTG. . . ... ... ggcaccacggtcggatccac
RO1-C3 ggagctcagccttcactge........ ... .covvnnn GGT . . GTGGGGTTGGATGGTTAGGAACTGCTGTGGGACGGTTG. . . v\ v\ . . ggcaccacggtcggatccac
R01-D2 ggagctcageettecactge.............. ... .... ATGC .GTGGGGTTGGTAGGTC . GGA . GCATGCTCTGATGCCG. . . .. ... .. ggcaccacggteggatccac
RO1-A5 ggagctcagccttcactge GGGGGGATGAGCGAGGACTGTGGT .ATGGGGT . .GEGTTGGTT . oo oot vt v v e e i i iiaas e eiarane s ggcaccacggtcggatccac

RO1-E6 ggagctcagccttecactge GCTGAGTACGGCTTTGGTGCGC. . .GTGGGGA . GGTTGGTTGGA . - . & v v v i i vt e i emr e ameame e ggcaccacggtcggatccac
R02-C1 ggagctcageccttcactge...............cun TTCCGGTGGGGT . GGTTGGTTGGA . CGGAAGCTGCGAGTTTG. . . v v v v v . . ggcaccacggtcggatccac
R02-C4 ggagectcagecettcactge............ ... ... CAC. .GTGGGGTTGGTTGGATGGA . GTGGTTATGAARGCCTG. . . . .. .. .. ggcaccacggtcggatccac
R02-F2 ggagctcagecttcactge......ovvvivniinnnnnns TGTAAGTGGGGA . GEGTTGGTTGGA . TTGCATCAGAGACGGCT. . v v v v v s ggcaccacggtceggatccac
R02-E2 ggagectecageccttcactge.............. ... ..., ATGCGGTGGGGA . GGTTGGATGGA . CGCATGCCGGAGGGTA . . . ... ... .. ggcaccacggtcggatccac
RO2-E1 ggagctcageccttcactge.....vvvvvvivnnennnns AATT.GTGGGGTTGGCTGGTTGGA . AATTGCAGTGGACGTCG. v v v v v v v vt ggcaccacggtcggatccac
R02-D5 ggagctcagccttcactge. . ...... ... ... ... TCGA . GTGAGGT . GGCTGGTTGGA . TCGAGCGAAGGTTG. . . . . ... .o .. ggcaccacggtcggatccac
RO3-F7 gggcgctaagtcctegetea......... CCGTGTCACAATAGGCGTGGGGET . GGTTGGTTGGAGCCCTTTGTGGCGCGATGCGTGTTTG. . acgegegacteggatectac
R03-A7 gggcgctaagtcct getca......... TCGTGTCACAATAGGCGTGGGGET . GEGTTGCTTGGAGCCCTTTGTGGCGCGATGCGTGTTTG . . acgecgecgacteggatectac
R03-Bll gggcgctaagtcctegetca. . ..o..... CCGTGTCACAATAGGCGTGGGGT . GGTTGGTTGGAGCCCTTTGTGGCGCGATGCGTGTTGG . . acgegecgacteggatectac
RO3-F10 gggcgctaagtcctegcteca......... CCGTGTCACAATAGGCGTGGGGET . GGTTGGTTGGAGCCCTTTGTGG GCGATGCGTGTTTG. . acgecgcgactcggatectac
R03-Al12 gggcgctaagtcctegeteca....... GCGCGAACGGTCAAGCTAGTGGGGT . GGTTGGTTGGATAGGTGGCCGTTTACTGTCGGGG. . . . . acgcgcegactcggatcctac
R0O3-B10 gggcgctaagtcctcgctea........ TGGGARACGCATGCCAAGTGGGGA . GGTTGGTTGGATTGGTATGATCGCTTCTCCCGTGA. . . . acgcgcgactcggatcectac
RO3-H10 gggcgctaagtcctcgectea....... TGGTGAAACGCATGCCAAGTGGGGA . GGTTGGTTGGATTGGTATGATCGTTTCTCCCGTGA. . . . acgcgecgactcggatectac
RO3-F9 gggcgctaagtcctcgectea........ TTGAAGCTAGGTCAGAGGTGGGGA . GGTTGGTTGGACTCTGCCGCTCCTTCGATGGTGAGC . . . acgcgegactcggatectac
R03-H7 gggcgctaagtcctegetea........ TTGAAGCTAGGTCAGAGGTGGGGA . GGTTGGTTGGACTCTGCCGATCTTTGATGGTGAGC . . . . acgcgegacteggatectac
RO03-H12 gggcgctaagtcctcgeteca......... AAGCTGAAGTACGTGGGTGGGGA . GGTTGGTTGGACCATGAACTTCTCCGCGTAGGGAGG . . . acgcgecgactcggatcectac
R03-D11 gggcgctaagtcctegetea......... TCAGCCGTGTTAGGAGGTGGGGTTGGTTGGTTGGACTCCTTACATGATGTTGGGCGTCG. . . . acgegegacteggatectac
R03-B9 gggcgctaagtcctegetca.......... CATGGAGGGACAGACGTGGGGTTGGCTGGTTGGAGTCTGATTCTGCATGGCGGGCGTGET . . acgcgcgacteggatcectac
RO3-A8 gggcgctaagtecctegetea.......... CATGGAGGGACAGACGTGGGGTTGGCTGGTTGTAGTCTGATTCTGCATGGGCGTGGT. . . . . acgcgegactcggatectac
RO3-H9 gggcgctaagtcctegetea............ TTGCCTTTTTTCAGTGGGGA . GGTTGGTTGGATGAAAAGGGCTTTGAGAGGACC. . . . .. acgcgcgactcggatcctac
RO3-E7 gggcgctaagtectegetea.......... GTGTGTGACTAAGCCGTGGGGC . GGTTGGATGGAGGCAAGTCCACGCTGTGCGATGGCCGG . acgegegacteggatectac
R0O3-F1l1 gggcgctaagtcctegetca.......... GCGTGTGACTAAGCCGTGGGGA . GGTTGGATGGAGGCAAGTCCACGCTGTGCGATGGCCGG acgcgcgactcggatcectac
RO3-D9 gggcgctaagtectegetea. TGGCCAGCGAGTGAAGT TTGCGCCGGACCTGAGCCGTAGCGGTGGGGTTGEGTTGGTTGG. « v v v v v v v v &« acgegegacteggatectac
R03-G10 gggcgctaagtcctcgetca. TGCAGTGGGTGCGGGCGGAAGCGAAAGTCTTGAGTTGTGCGGT GAGGTTGGTTGG. . . a v v v amn v acgcgcgactcggatcctac
Family 2

RO1-D5 ggagctcagccttcactge..... GGTTGTGAGGA . GGTCGCTTGG . AAATCGCGGTGGACGTGG. . . . o v vt v v e v v it e e iaenanenn ggcaccacggtcggatccac
R0O1-G2 ggagctcagccttcactge..... GGTTGTGAGGA . GGTCGGTTGG . ATCGAGCGAAGGTTG. « + v v vt v v v s v r e st amramenmeansns ggcaccacggtcggatccac
RO1-Cl1 ggagctcagccttcactge..... TTACGTGTT. . . GGTTGGTTGG . ATGGAGTATGCAGTGATCCTG. - . v v v v v v vsn s eesnnnnes ggcaccacggtcggatccac
RO1-E5 ggagctcagccttcactge..... GTGGGGC. . ... GGTTGGTTGG . AGCAGACGGGAAGACTG . ¢« v v vt v s e svn s asnannansas ggcaccacggtcggatccac
RO1-H1 ggagctcagccttcactge..... CTTGGGGA. . . .GGTTGCTTGCG . CGGCAGTGCAAGGCAGCGTGA. . ... ... it i i ii i nannns ggcaccacggtcggatccac
R03-Al10 gggcgctaagtcctcgctea. ... . TAGGGTATGGTGG . TGGTTGG . ACTGTCCTGGAAGGATGGGTGAATGCTATGAGAGACGTG. . . . . . acgcgcgactcggatcctac
R03-G11 gggcgctaagtcctegctea........... GTGTTGGTTGGTTGG . TTGGATGAGGGAGGCCTTAGGAATCGTGACGGCCTGGGTTCAGG . acgegegactcggatectac
Family 3

RO1-B5 ggagctcagccttcactge...... AATTCCG. . . . TGCACGAGATGCTGAC. . ... ........ GIGTGTGA .GGGGGT.G. .. ....... ggcaccacggteggatccac
RO1-B2 ggagctcagccttcactge...... AATTCCG. . . . TGCACGAGATGCTGAC. .. ... ... ... GTGTGTGA.GGGGG.AG. . ........ ggcaccacggtcggatccac
R02-F5 ggagctcagccttecactge...... AATACCG. . . .GCCCATACTTTGGGATTTC. .. ... ... . GIGTGTG. .GGGG.TAG. . . ....... ggcaccacggtcggatccac
R02-C6 ggagctcagccttcactge...... AATTCCG. . . .GCCCATACTTTGGGATTTC. . . ....... GTGTGTG. .GGGG.TAG. . ........ ggcaccacggtcggatccac
RO1-E1 ggagctcageccttcactge...... AATTCCG. . . .AGTGCCGTAAGGTTCTTTC. .. ... .nw . GTGTGTGA.GG. .ACAG. . ........ ggcaccacggtcggatccac
RO1-D6 ggagctcagccttcactge...... AATTCCT. .. .GCTTTATTACTTAAGTTCA.......... GTGTGTGA.GG...TCG.......... agcaccacggtcggatccac
RO1-E4 ggagctcageccttcactge...... AATCCCG. . . . GTAGCGCTGATGCGCTAGGC. . . ... ... GTGTGTGTTGG. . ..CG. ..o ... ggcaccacggtcggatccac
Orphans

R0O1-G5 ggagctcagecttcactge. .CGCTGAGAGAGGTGGTTAGGCAAGGCEGCTGTGGCGGECCG. oo v v v v v vttt et iie s an e ggcaccacggtcggatccac
RO1-C6 ggagctcagccttcactge. . TCTGGGAGGGTAGGTTGGGACAAGATGCGGGTGAGGGTAG . v v v vt vt v vt s st e i anssanansss ggcaccacggtcggatccac
R01-A4 ggagctcagccttecactge. . GCTGAGTACGGCTTTGGTGCGCGT b f =€ 5 b ] - S PP ggcaccacggtcggatccac
R01-C4 ggagctcagccttcactge. . TCCCGGAGAAGGGCGECGTAARACTAGCAGCGGCGGCCTG. v v v v v v v v v s s s nn s sasansans s ggcaccacggtcggatccac
R02-D4 ggagctcagecttecactge. . TCTTGATCCTAGGCCGAGTGAAGGTCGCGATAGTGCGCGC. v v v v v vt v ittt iiancn e ggcaccacggtcggatccac
R02-H4 ggagctcagccttcactge. . TTGGGGAGGAGGTGTGGAGGAGTTIGGGTGCGTGRAGCTG . - . - ¢ v v v v et e e i e et i canann s ggcaccacggtcggatccac
R03-H11 gggcgctaagtcctegetea. GGGAGCTATGTGCTCGAGCTCATAGCGTGGTAGT GGCTGGTGGAGACAGGAGTGGTGACG . . v v v v v v &« acgcgegacteggatectac
R0O3-E12 gggcgctaagtcctcgectea.GIGGGTGCCTGGGAGTTACTCAGGTTGACGGTGGTTGGTTTTGGGCTGAGGGATGACCT . . .. .o v v . .. acgcgcgactcggatcctac
R03-C10 gggcgctaagtcctcgetca.CACCGCTGTGGGGTGGACGGAGGTGGTGATGTTAAGGGAGGCGAGTGTGATGCTGTGAGG . v v v v v v v v v s acgcgegactcggatectac
R03-G12 gggcgctaagtcctcgetea.GAGGCCGGCTGCCCAATTAGCAGTCGGGAAATCAACTAGCGGCTCGGAGCGAGGGTATGG. . . . .. ... . . acgcgcgactcggatcectac
R03-G8 gggcgctaagtcctegetca.CGACCTCTATATGATACGAGGAGTTTTCTAAAGAACTGGGGGAGTGCCAGTAGGGTGGGG . « + v v v v vt s acgcgcgactecggatcctac

FIGURE 1. (Legend on facing page)
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TABLE 1. Observed equilibrium constants of RNA aptamers to free
D-N/OFQ.

Sequence Equilibrium binding
Clone family constant K, (UM)?
RO1-B1 1 1.2+1.9
RO1-C3 1 2.7 +3.7
R02-C4 1 1.3+1.6
R02-D4 Orphan 0.3 +0.1
RO3-A12 1 1.3+1.3
R0O3-A8 1 1.2+£0.8
R0O3-G10 1 2.1+£2.0
R03-G8 Orphan 0.2 +£0.1
RO3-H7 1 0.7+04

2Screening of isolated aptamers was carried out using fluorescence
polarization. Data points were taken at 3, 1, 0.3, 0.1, and 0 uM
concentration of RNA aptamer; concentration of fluorescein-la-
beled b-N/OFQ was 100 nM.

was not detectable in the concentration range employed
(K,;> 100 uM).

Ligand R03-G8 was chosen for further analysis because it
showed the highest affinity to free N/OFQ. Truncation and
optimization of an aptamer to a minimal binding motif is
desirable to allow an easier and cost-effective chemical syn-
thesis. R03-G8 was isolated from the N60 pool and con-
sisted of 100 nt. According to the algorithm of the folding
program RNAfold (Hofacker et al. 1994), the aptamer
forms a clover-leaf-like structure (Fig. 2A) consisting of a
stem and two hairpin loops (I and III) that are connected
via a bulge of 13 nt. The predicted structure was in accor-
dance with results from enzymatic probing experiments
(data not shown; Ehresmann et al. 1987).

A minimal binding motif was identified by using base
substitutions and deletions and was additionally aided by a
reselection using a doped pool of R03-G8. At first, trunca-
tions at the 3’ and 5’ termini resulted in the 75mer ligand
NOX 2035 (positions 9—-83 of R03-G8, C[9] substituted by
G) that bound with an affinity of 5.6 uM (Table 2). A series
of deletions of four bases at a time pinpointed regions that
were essential for target binding. When positions A(29)—
U(32) or G(33)-A(36) in loop I were deleted (Fig. 2A),
binding was still detectable. This was a clear indication that
the predicted loop I was not involved in target recognition.
Binding was also observed when, in loop II, bases between
positions A(42) and A(54) were deleted whereas deletions
in loop III led to a loss of binding.

When loop U(28)-C(37) was replaced by a stable GUGA
hairpin loop (Antao et al. 1991), the resulting ligand NOX

2053 displayed an affinity of 1.3 pM. A combination of
modifications of NOX 2035 and NOX 2053 led to the
69mer NOX 2093 that showed an improved K, of 1.8 uM
compared to NOX 2035. By substituting C(13) to G(16)
with 5'-GGAC-3" and U(76) to G(79) with 5'-GUCC-3', we
were able to further truncate and stabilize the closing stem
to 7 bp. This process reduced the size to 61 nt, yielding
NOX 2124, which displayed a K}, of 1.4 pM.

The goal of the reselection experiment was to identify
base positions that were either highly conserved and there-
fore essential for target binding or less conserved and hence
could be substituted by other bases or deleted without los-
ing or even improving target binding affinity. Reselection
employed a 15% doped pool of the ligand R03-G8. As a
result of the low mutation rate, variants that contained a
few point mutations or deletions were isolated after four
and five rounds of selection (sequence data not shown).
After five rounds ~17% of the sequences corresponded to
R03-G8. Most mutations were found in loop I, confirming
that this region was not directly involved in target binding.
Common to most isolated variations was a substitution of
G(62) by any of the other three bases, although substitution
by U was favored. Point mutation G(62)U, which resulted
in NOX 2149 (Fig. 2B), had a significant impact on the
affinity to b-N/OFQ, which was determined to a K}, of 300
nM. This improvement might be the result of a higher
structural stability in NOX 2149. ITC measurements re-
vealed a significantly higher fraction of active binding se-
quences compared to the other variants, which is consistent
with the improvement in activity.

Another strategy employed to identify minimal binding
ligands to N/OFQ was to divide R03-G8 into two interde-
pendent fragments (Fig. 2C). The approach was to split the
original ligand at sites with relatively large helical regions so
that the two fragments could hybridize with each other and
yield a binding ligand with the correct three-dimensional
structure. Preferred cleavage sites were hairpin loops. In
preliminary experiments, cleavages in loops I, II, and III
were tested. Interestingly, fragments G(1)-U(47) and
C(48)-C(100) formed a ligand that bound the target at 2.3
uM, indicating that loop II may presumably form a third
hairpin. However, efforts to further truncate or stabilize
these fragments were not successful. The best results were
obtained following cleavage in loop I. The hairpin stem was
further extended by 4 bp to form a stable closing helix.
Fragments of aptamer NOX 2149 were generated and the
resulting ligand NOX 2137a/b was reconstituted from 19-
and 46mer fragments. The determined binding affinity is
600 nM (Table 2).

FIGURE 1. Sequences of isolated RNA ligands to p-N/OFQ. One-hundred-ninety clones from different selections were sequenced. All of them
displayed a high G content. Only those clones that had a measurable affinity to free p-N/OFQ (Table 1) are shown in the figure. N40 and N60
regions are in capital letters, bases belonging to a primer binding site are in small letters, the consensus motif in families 1, 2, and 3 is underlined.
Numbers in brackets reveal the number of clones related to each of the displayed families. Aptamer R03-G8 appeared only once, and its sequence

was not related to any other sequence.
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FIGURE 2. Secondary structure models of aptamer R03-G8 (A) and NOX 2149 (B) and NOX 2137a/b (C). Secondary structure models were
generated using RNAfold (Hofacker et al. 1994) and corresponded well with the results of enzymatic probing experiments (Ehresmann et al. 1987).
The secondary structures consist of a stem, two hairpin loops, and a 13-nt bulge forming a clover-leaf-like structure. The bulge formed by
A(20)C(21)G(22)A(23) opposite the single A(72) in the core of the structure and the hairpin loop A(50)-U(71) seem to be essential for N/OFQ

binding.

Aptamers NOX 2149 and NOX 2137a/b were chosen for
bioactivity studies and synthesized in their enantiomeric
forms. As expected, the Spiegelmer/L-N/OFQ complexes
matched the equilibrium binding constants of the aptamer/
D-N/OFQ complexes, within experimental error (Table 2).

In vitro characterization of Spiegelmers that bind
N/OFQ

The interference of the Spiegelmers with the binding of
N/OFQ to the ORL1 receptor was shown in a binding com-
petition assay using [*H]-N/OFQ and the human ORLI

TABLE 2. Observed equilibrium constants of truncated R03-G8
aptamers and Spiegelmers to free D- and L-N/OFQ, respectively

Equilibrium binding constant

Length e
Aptamer/Spiegelmer (nt) FP ITch
N60 pool 100 n.d.
R03-G8 100 0.2 +0.1
R03-G3 + L-Noc® 100 n.d.
NOX 2035 75 5.6 +3.0
NOX 2053 94 1.3+£0.5
NOX 2124 61 1.4+04 1.0 (0.3)
NOX 2149 61 0.3 £0.1 0.2 (0.8)
L-NOX 2149 + 1-Noc® 61 0.3 +0.1 0.2 (0.8)
NOX 2149scr 61 n.d.
NOX 2137a/b 19/46 0.6 +0.3 0.6 (0.9
L-NOX 2137a/b + .-Noc®  19/46 0.7+0.4 0.6 (0.9)

2Equilibrium binding constants were determined using fluores-
cence polarization (FP) and isothermal titration calorimetry (ITC).
With fluorescence polarization, 10 data points in a concentration
range of 0.001-50 uM RNA aptamer were taken; concentration of
fluorescein-labeled b-N/OFQ or L-N/OFQ was 100 nM. Measure-
ments were carried out in duplicate.

K, values are with respect to total RNA concentration, numbers in
parentheses refer to the portions of molecules in active, binding
conformations.

CAffinity to L-N/OFQ was determined.

n.d., not detectable.
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receptor. Spiegelmers NOX 2149 and NOX 2137a/b inhib-
ited [’H]-N/OFQ binding, yielding a classical sigmoidal
dose response curve. The calculated 1Cs, values were 300
nM for NOX 2137a/b and 110 nM for NOX 2149 (Fig. 3).
In this experimental setting, the control Spiegelmer NOX
2149scr inhibited *H-N/OFQ binding to ORL1 by ~50% at
the highest tested concentration of 10 pM. However, the
specific effects are clear and significant and the results are in
good agreement with the biophysically determined binding
affinities of NOX 2149 and NOX 2137a/b to N/OFQ.

For further characterization, the Spiegelmers were ana-
lyzed in a functional GTPyS assay. Consistent with the
binding characteristics described above, both Spiegelmers
antagonized N/OFQ-induced [*°S]GTPyS incorporation
into membranes containing the human ORL1 receptor (Fig.
4A). In the presence of 1 pM Spiegelmer, the dose—response
curve of N/OFQ showed a rightward shift. In this assay, the
Spiegelmers behave like competitive antagonists with the

[ ]
100 —
§. 80 —
=]
£
° 60 —
=
°
A NOX 2149
40 —

@ nox 2137alb

20 —

T T T TTInT T T T T T
0,001 0,01 0.1 1 10

Spiegelmer concentration [pM]

FIGURE 3. Competition binding for [*H]-labeled N/OFQ between
the expressed ORLI receptor in CHO cells and various concentrations
of the N/OFQ-Spiegelmer NOX 2149 (filled diamond) and NOX
2137a/b (filled circle). (Binding assay was carried out as described in
Materials and Methods.)
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FIGURE 4. Analysis of Spiegelmers in a functional GTPyS-assay.
N/OFQ (A) or [Phe'((CH,-NH)GIy*IN/OFQ,,_,5NH, (B) induces
[*>S]GTPyS binding to membranes of CHO cells stably expressing the
human ORLI receptor. The membranes were incubated with 0.4
nmole [**S]GTPYS and 10 pumole/L GDP and various concentrations
of the agonists. To show functional antagonism of the Spiegelmers, the
reaction was also carried out in the presence of 1 pM NOX 2137a/b or
1 uM NOX 2149. The data shown present mean values expressed as
percent stimulation of [**S]GTPyS binding with basal [**S]GTPvS
bound set at 100%.

receptor and Spiegelmer competing for binding of the
neuropeptide N/OFQ. Furthermore, the Spiegelmer NOX
2149 reduced the maximal binding of N/OFQ in this as-
say. Additional experiments were performed to evaluate
the selectivity of the Spiegelmer effect. The pseudo-pep-
tide [Phe'y(CH,-NH)Gly’IN/OFQ,_,3NH, has been de-
scribed as a partial ORL1 agonist (Guerrini et al. 1998;
Burnside et al. 2000). Its pseudo-peptide bond differs
from natural peptide bonds by a methylene group at the
a-carbon atom of the amino-terminal phenylalanine de-
rivative instead of a carbonyl function. Interestingly, the
[Phe's(CH,-NH)Gly*IN/OFQ(,_,5)NH, induced [**S]GTPS
binding, which was antagonized by both Spiegelmers (Fig.
4B). This clearly indicates that both Spiegelmers do not

bind to the N terminus of N/OFQ. GRT2932Q), a nonpep-
tidic ORLI agonist induced [*>S]GTPyS incorporation that
was not antagonized by either Spiegelmer (data not shown).

In a GTPyS assay using human p-opioid receptor, the
Spiegelmers were tested against various opioid ligands. The
agonists morphine, DAMGO, endomorphin-1, and endo-
morphin-2 all induced GTPyS incorporation, but were un-
affected by the addition of 1 uM Spiegelmer. Results of the
GTP~S assays are summarized in Table 3.

The Spiegelmers showed also a clear effect on the
N/OFQ-ORL1 receptor system in oocytes from Xenopus lae-
vis. The ORLI receptor is functionally coupled with G-
protein-regulated inwardly rectifying K™ channels (GIRK)
in excitable cells and can also be expressed in oocytes from
X. laevis (Ikeda et al. 1997). ORL1 was coexpressed with
GIRK1 for the study of the interaction of NOX 2149 and
N/OFQ. Because the inward rectifier passes a larger current
in the inward than in the outward direction, the currents
were measured for accuracy at negative potentials in oocytes
previously depolarized by 98 mM external K* concentra-
tion.

In ORLI-GIRK1-cRNA-injected oocytes, N/OFQ pro-
duced a pronounced inward current that rapidly increased
to a peak current and then slowly inactivated to nearly 30%
of the maximum effect (Fig. 5A). The average N/OFQ-in-
duced peak current was —318 nA compared to —135 nA for
the noninduced control (Fig. 5B). NOX 2149 reduced the
effect of N/OFQ on the peak current by about 50% when
added after N/OFQ (Fig. 5C). The inhibitory effect was also
seen when Spiegelmer NOX 2149 was added first (Fig. 5D).
The concentrations of the Spiegelmers (10 uM) were 20
times higher than the concentrations of the agonist N/OFQ
(0.5 pM) used. To show that the inhibitory effect of
Spiegelmer NOX 2149 is related to its antagonistic proper-
ties and not due to Spiegelmers in general, the sequence-
scrambled Spiegelmer NOX 2149scr was also tested as a
control. As expected, an inhibitory effect of NOX 2149scr
was not observed (Fig. 6). This corresponds well with the
result of an ITC experiment that also did not show binding
of NOX 2149scr to N/OFQ in the concentration range mea-
sured (Table 2). The specificity of the Spiegelmer NOX 2149

TABLE 3. Summary of the effect of Spiegelmers in GTPyS-assay

Effect of
Ligand Receptor Spiegelmer
N/OFQ Human ORL1 Antagonistic
[Phe' W(CH,-NH)Gly?]N/

OFQ_13NH, Human ORL1 Antagonistic
GRT2932Q Human ORL1 No effect
Buprenorphine Human ORL1 No effect
Morphine Human p-opioid No effect
DAMGO Human p-opioid No effect
Endomorphin-1 Human p-opioid No effect
Endomorphin-2 Human p-opioid No effect
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FIGURE 5. Effect of NOX 2149 on N/OFQ on membrane currents in
ORL1-GIRK1-cRNA-injected oocytes. [K'], 96 mM; Vc —60 mV. (A)
Original current record in control conditions and after the addition of
N/OFQ (0.3 uM). (B) Control and peak currents after the addition of
N/OFQ (0.3 uM). Means + S.E.M. (n = 36). (C) Original current trace
in response to N/OFQ and NOX 2149, added consecutively. (D) Origi-
nal current trace in response to NOX 2149 and N/OFQ, consecutively.

was also tested with buprenorphine. The effects of bu-
prenorphine, which also activates ORL1 receptors (Bloms-
Funke et al. 2000), remained unchanged in the presence of
NOX 2149 (Fig. 6). This further emphasizes the specificity
of NOX 2149 for N/OFQ.

DISCUSSION

In vitro selection and biophysical characterization of
RNA ligands to N/OFQ

In recent years, a great number of nucleic acid ligands rec-
ognizing a wide range of different target molecules (Jay-
asena 1999; Brody and Gold 2000; Toulmé 2000) have been
identified by in vitro selection and evolution of combina-
torial nucleic acid libraries. Targets have included small
molecules such as theophylline or cyanocobalamine as well
as large molecules such as proteins. The affinities and speci-
ficities of the described aptamers often rival those of anti-
bodies. However, nucleic acid ligands have long been ham-
pered by their comparatively low stability in a biological
environment. Even extensive postselection modifications of
aptamers were not able to resolve the stability problem. An
elegant solution to this obstacle is presented by Spiegelmers,
which are not recognized by mammalian nucleases and are,
therefore, highly stable in vivo. The goal of this work was to
apply the Spiegelmer technology to identify biostable
nucleic acid ligands that recognize the neuropeptide N/OFQ
with high affinity and specificity and to assess their biologi-
cal function in vitro. In the course of the selection process,
a number of high affinity ligands were successfully isolated.
The selection under more stringent conditions in later
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rounds led to a depletion of sequence variety as expected.
The binding affinities were in the range from 200 nM to 3
uM as determined by fluorescence polarization. Nucleic
acid ligand R03-G8 was chosen for further characterization
and optimization because of its favorable high binding af-
finity (K, of 200 nM) to N/OFQ.

Some of the ligands that bound to immobilized N/OFQ
failed to recognize the free target. This is probably due to
their individual binding sites. A general obstacle in the se-
lection against a small target molecule is that the immobi-
lization linker occasionally represents a part of the recog-
nition site of the ligand. This seemed to be the case in a
number of the selected nucleic acid ligands described in this
work. A possible solution to this problem could be the use
of linkers that offer far fewer interaction possibilities with
nucleic acid ligands than amino acid analogs such as al-
koxyethylene glycols.

The Spiegelmers described in this work compare well
with other nucleic acid ligands reported in literature, for
example aptamers that bind substance P (Nieuwlandt et al.
1995), a hexadecapeptide corresponding to the arginine-
rich motif of HIV-1 Rev (Xu and Ellington 1996), and
Spiegelmers that bind the constrained Vasopressin (Wil-
liams et al. 1997 and the nonconstrained GnRH (Leva et al.
2002). The binding constants to these peptides are in the
low nanomolar to micromolar range.

Upon complex formation, an aptamer generally has two
possibilities to react with the conformation of the target
molecule; either it undergoes structural rearrangement to
adapt to the target conformation, as described for aptamers
binding the MS2 coat protein (Convery et al. 1998; Rowsell
et al. 1998), or it dictates the conformation of the bound
target, as previously described for complexes of the argi-
nine-rich motif of HIV-1 Rev and two different RNA mol-
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ecules (Ye et al. 1999). N/OFQ is a nonconstrained hep-
tadecapeptide with a sequence very similar to dynorphin A,
but its conformational state in solution is less ordered (Sal-
vadori et al. 1997). Because the conformation of N/OFQ is
relatively disordered, the second mechanism of action is
more likely to apply here. An aptamer or Spiegelmer must
itself be rather rigid and well defined to fix the flexible,
nonconstrained N/OFQ into a specific conformation. As a
consequence, the search for a size-minimized Spiegelmer
had to result from truncation experiments accompanied by
attempts to stabilize the secondary and tertiary structure of
the Spiegelmer. Such structural stabilization can be
achieved through minor changes in the primary structure of
a nucleic acid ligand. This was clearly demonstrated in this
work by the single point mutation G(62)U from NOX 2124
to NOX 2149. ITC measurements revealed significant dif-
ferences in the activity of these ligands. Although the bind-
ing affinities for the active conformation of these two
Spiegelmers were similar, the percentages of functional
molecules were 30% and 80%, respectively. This resulted in
a significantly improved overall K, of NOX 2149 (Table 2).
Moreover, this was observed by fluorescence polarization,
where the observed K, is a result of the average effects of
active and inactive binding conformations of the nucleic
acid ligand.

An optimization of the Spiegelmer by size minimization
is necessary, because it will lead to more efficient chemical
synthesis and effectively reduces the cost of a potential
therapeutic substance. Partial truncation of the 5’ and 3’
primer to a 75mer (NOX 2035) resulted in a binding affin-
ity of 5.6 pM, a loss in binding affinity of ~30-fold. How-
ever, substitution of the 10-nt loop of hairpin I by a rigid
GUGA tetraloop not only further reduced the Spiegelmer
size, but also improved the binding affinity ~6-fold to a K,
of 1 uM. A further optimization targeting the closing stem
of the Spiegelmer by sequence mutation and truncation
resulted in a 61mer with a K}, of 1.4 pM. A point mutation
in the loop of hairpin III improved the binding affinity to a
Kp, of 300 nM. As a result of the size minimization, the
reduction of the length of the Spiegelmer by more than 40
nucleobases was achieved with next to no loss in binding
affinity to N/OFQ.

The reconstitution of a nucleic acid ligand from two in-
dependent fragments was found to be an efficient alterna-
tive to obtain a minimal binding motif. It allows the gen-
eration of relatively long Spiegelmers in a large-scale syn-
thesis with acceptable efficiency and costs. Affinity and
bioactivity of the resulting Spiegelmer L-NOX 2137a/b were
comparable to those of L-NOX 2149 in the concentration
range used in the different assays. The reconstitution of two
independent fragments also allows a closer analysis of the
interaction site of ligand and target. Although loop I is
readily opened up without losing target recognition, this is
not possible in loop III. Therefore, it appears that loop I is
not involved in direct ligand—target interaction and that the

hairpin is mainly responsible for the proper three-dimen-
sional shape of the Spiegelmer. In contrast, the loop region
of hairpin III seems to be closely involved in the ligand—
target recognition.

In vitro characterization of Spiegelmers that bind
N/OFQ

The antagonistic properties of Spiegelmers NOX 2149 and
NOX 2137a/b were demonstrated in various functional as-
says. The Spiegelmers were shown to antagonize the effect
of N/OFQ in a binding competition assay to the ORL1
receptor. The Spiegelmers also antagonized the N/OFQ-
induced GTPyS incorporation into cell membranes of
CHO-KI1 cells expressing the human ORLI receptor. Inter-
estingly, both Spiegelmers also antagonized [Phe'ys(CH,-
NH)Gly*IN/OFQ,_,3NH,, suggesting that the interaction
site between nucleic acid ligand and peptide is the middle
part of N/OFQ. The high specificity of the Spiegelmers was
also demonstrated. NOX 2149 showed neither detectable
binding to the high sequence homologous dynorphin A in
an ITC measurement nor to various other opioid ligands in
a GTP+S assay (Table 3).

In a second model employing oocytes from X. laevis,
NOX 2149 demonstrated an antagonistic effect to the
N/OFQ-ORL 1 receptor system that was functionally
coupled with G-protein-regulated inwardly rectifying K"
channels. The Spiegelmer inhibited the effect of N/OFQ by
about 50% of the induced peak current. This was observed
whether the Spiegelmer was added to the oocytes prior to or
after N/OFQ. No effect was observed in control experi-
ments with Spiegelmer NOX 2149scr or buprenorphine.
These results further emphasize the excellent antagonistic
properties and specificity of NOX 2149 and NOX 2137a/b
for N/OFQ.

Nucleic acid ligands are beginning to emerge as a class of
molecules that rival antibodies in both therapeutic and di-
agnostic applications. This is true not only for aptamers, but
especially for Spiegelmers, principally because of their en-
hanced stability. The RNA Spiegelmers identified in our
work recognize the neuropeptide N/OFQ and are efficient
inhibitors of its effects, as was shown in three model sys-
tems. They add to previously described Spiegelmers that
bind adenosine (Klussmann et al. 1996) and arginine (Nolte
et al. 1996), vasopressin (Williams et al. 1997) and GnRH
(Leva et al. 2002). Given the fact that Spiegelmers combine
the excellent binding properties of aptamers and show re-
markable stability in serum and other biological fluids, they
are considered superior to D-nucleic acid aptamers whose
stability must be improved by sometimes cumbersome and
lengthy postselective modification processes. The develop-
ment of Spiegelmer diagnostics or therapeutics also benefits
from the high degree of nuclease resistance of this substance
class and the established production methods available for
oligonucleotides.
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MATERIALS AND METHODS

Materials

L-N/OFQ (FGGFTGARKSARKLANQ) was purchased from Ba-
chem and Neosystem Laboratoire. ORL1 agonist N/OFQ,_,5,NH,
and the partial agonist [Phe'y(CH,-NH)Gly’]N/OFQ,_;5)NH, as
well as endomorphin-1 and endomorphin-2 were purchased from
Neosystem Laboratoire. b-N/OFQ and fluorescein-labeled p- and
L-N/OFQ were custom synthesized by Jerini BioTools with a
spacer (B-Ala-B-Ala) between fluorescein and N/OFQ. [leucyl-
*H]-N/OFQ was purchased from Amersham Pharmacia Biotech.
Synthetic DNA pools containing 40 nt and 60 nt completely ran-
domized sequence tracts were custom synthesized by Metabion.
All other synthetic DNA and RNA oligomers were synthesized by
NOXXON Pharma AG using standard oligonucleotide synthesis
procedures on an ABI 394 Nucleic Acid Synthesizer (Applied Bio-
systems). L-Phosphoramidites were synthesized by NOXXON
Pharma AG. RNA Spiegelmers NOX 2137a, NOX 2137b, NOX
2149, and the sequence-scrambled Spiegelmer NOX 2149scr allot-
ted to biological assays were synthesized on an AKTA oligopilot 10
(Amersham Pharmacia Biotech) using standard (-cyanoethyl
chemistry, and purified by polyacrylamide gel electrophoresis or
reversed-phase HPLC. Cloning and sequencing of enriched pools
was performed by Agowa. Radionucleotides were purchased from
Hartmann Analytic. Superscript II reverse transcriptase, Taqg DNA
polymerase, RNase inhibitor (RNase OUT), and T4 RNA ligase
were purchased from Life Technologies, and T7 RNA polymerase
from Stratagene. DAMGO and buprenorphine were obtained
from Research Biochemicals Inc. (RS)-8-acenaphten-1-yl-1-phe-
nyl-1,3,8-triazaspiro[4.5]-decan-4-one hydrochloride (GRT2932Q)
was synthesized at Griinenthal GmbH (Rover et al. 2000a, 2000b).
Collagenase A was obtained from Roche. All other chemicals used
were purchased from Sigma.

Methods

In vitro selection

DNA oligonucleotide template libraries 5'-GGAGCTCAGCCTTCACT
GC-N,4,-GGCACCACGGTCGGATCCAC-3" (N40) and 5-GCGCT
AAGTCCTCGCTCA-N,,-ACGCGCGACTCGGATCCTAC-3" (N60),
with N symbolizing an equimolar mixture of A, C, G, and T, were
prepared by chemical synthesis. Oligonucleotide primers used in re-
verse transcription and PCR experiments had the following se-
quences: N40T7, 5'-TCTAATACGACTCACTATAGGAGCTCA
GCCTTCACTGC-3"; N40R, 5-GTGGATCCGACCGTGGTGCC-
3'; N60T7, 5'-TCTAATACGACTCACTATAGGGCGCTAAGTCCT
CGCTCA-3"; and N60R, 5-GTAGGATCCGAGTCGCGCGT-3'.
Double-stranded DNA pools were generated from 5 nmole of syn-
thetic N40 and N60 DNA oligomers. Because not all ssDNA mol-
ecules were used as templates by the DNA polymerase (which was
determined in a PCR reaction with only one cycle) we calculated that
~20-23% (corresponding to 7 X 10'* and 6 X 10"* copyable mol-
ecules, respectively) were accessible by large-scale PCR. Amplification
was carried out in 50-mL reactions containing 3 uM reverse and
forward primer, 0.2 mM of each ANTP, 20 mM Tris (pH 8.0), 50 mM
KCl, 2.5 mM MgCl,, and 50 units/mL Tag DNA polymerase. RNA

524  RNA, Vol. 10, No. 3

pools were generated by transcription of DNA pools in 80 mM
HEPES (pH 7.4), 22 mM MgCl,, 10 mM dithiothreitol, 4 mM of each
NTP, 12 pg/mL BSA, 400 units/mL RNase OUT RNase inhibitor, and
1000 units/mL T7 RNA polymerase. Transcribed RNA pools were
purified on 10% polyacrylamide gels containing 7 M urea. RNA was
extracted by “crush and soak” in 500 mM ammonium acetate, 1 mM
EDTA, and 0.1% SDS (Sambrook et al. 1989).

In two reactions, 750 nmole and 200 nmole D-N/OFQ were
coupled to 5-mL bed volume of N-hydroxysuccinimide-activated
Sepharose 4 fast flow (Amersham Pharmacia Biotech) according to
the manufacturer’s instructions. The amount of peptide present in
solution before and after the derivatization was determined by
HPLC. Based on the wet bed volume, the “concentration” of the
retained peptide on the affinity resin was calculated to be 100 uM
and 25 puM, respectively. A resin for preselection was generated by
derivatizing N-hydroxysuccinimide-activated Sepharose 4 fast
flow with ethanolamine.

The in vitro selection process of affinity selection followed by
amplification of the selected pool has been described in detail
(Leva et al. 2002). Briefly, RNA was dissolved in selection buffer
(10 mM HEPES at pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM
MgCl,, 2 mM CaCl,, 0.005% Triton X-100). Resins for selection
and for preselection were equilibrated with 10 column volumes of
selection buffer before adding the RNA pool. In the first selection
round, 29 pg (1.1 nmole) N40 RNA pool or 43 ug (1.3 nmole) N60
RNA pool in 300 pL selection buffer were mixed with 200 uL resin
derivatized with 100 pM p-N/OFQ at 25°C. The mixture was in-
cubated for 30 min at 25°C. Afterward, the resin was washed six
times with 200 pL selection buffer. For elution of specifically
bound RNA, the resin was incubated three times with 200 pL
selection buffer containing 400 uM D-N/OFQ. In the first and
third elution steps, the respective flow-through was collected with-
out further incubation. The second elution step was carried out by
incubating the resin with the peptide solution for 90 min in a
shaker. RNA was isolated and reverse transcribed. Reverse tran-
scription was followed by eight to 15 cycles of PCR, subsequent
transcription, and the resulting RNA was subjected to further
cycles of selection. In following cycles, 13 pg N40 and 17 pug N60
RNA pool (500 pmole each) in 50 pL selection buffer were incu-
bated with 50 pL resin for preselection for 30 min to remove RNA
species that bind specifically to the resin itself. The preselection
resin was washed twice with 50 pL selection buffer, and the com-
bined eluates were mixed with 100 pL peptide-derivatized resin
and incubated as above. Afterward, the resin was washed with 1.9
mL selection buffer in early rounds and up to 4.0 mL selection
buffer in later rounds. Beginning with round 10, a resin that was
derivatized with 25 uM D-N/OFQ was used for selection, and
specifically bound RNA pool was eluted with 300 uL selection
buffer containing 400 uM p-N/OFQ in three fractions as described
above.

For a reselection experiment, the N60 region of sequence R03-
G8 (Fig. 1) was mutagenized with 15% efficiency per base position
(85% original nucleobase of R03-G8 per position was mixed with
5% each of the other three nucleobases) and flanked by the
primer-binding sites of the N60 RNA pool to yield a doped pool
around the original R03-G8 ligand. In the first selection round, 43
pg (1.3 nmole) doped RNA pool in 200 pL selection buffer and 200
pL of affinity resin derivatized with 100 uM D-N/OFQ were used.
The resin was washed with 1 mL selection buffer, and specifically
bound pool was eluted with 600 uL selection buffer containing 400
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uM D-N/OFQ in three fractions. The resin was incubated with the
peptide solution for 90 min in the second and third elution steps.
In the second and following cycles of selection and amplification,
500 pmole RNA pool, 50 uL resin for preselection, and 100 pL
affinity resin were used. Five hundred microliters of selection
buffer were used for washing. Elution of specifically bound pool
was carried out with 300 pL peptide solution as described above.

Measurement of binding affinities

Affinities of RNA to fluorescein-labeled N/OFQ as a tracer peptide
were determined by fluorescence polarization. Measurements were
performed on a PolarStar Galaxy (BMG Labtechnologies GmbH)
at 25°C. Measurements were made in selection buffer omitting
Triton X-100 and replacing HEPES by Tris, or in HBSS (Life
Technologies). For measurements, stock solutions of RNA samples
were prepared by dissolving the RNA in buffer containing 10 mM
Tris (pH 7.4), 150 mM NaCl, 5 mM KCl, 1 mM MgCl,, and 2 mM
CaCl, or in HBSS. The stock solution was heated for 3 min to 94°C
and incubated for 15 min at 25°C before a series of dilutions was
made from the stock solution in the same buffer. To each sample,
tracer peptide was added to a final concentration of 100 nM. Final
RNA concentrations ranged from 1 nM to 10 pM. Samples were
excited at 485 nm and fluorescence was monitored at 520 nm.
Collected data points were fitted to a 1:1 binding model using least
mean squares regression. Binding constants are the mean values
from two independent experiments.

Affinities of RNA aptamers and Spiegelmers to free b-N/OFQ
and L-N/OFQ, respectively, and the portions of actively binding
molecules were determined by isothermal titration calorimetry
(ITC) on a MicroCal VP-ITC (MicroCal LLC). Measurements
were carried out in degassed selection buffer at 25°C with a stirring
speed of 300 rpm. The measuring cell was loaded with p- or
L-RNA. The respective D- or L-N/OFQ solution was injected (one
3-pL injection followed by 6-uL injections) from a 250-mL syringe
over a time interval of 6 sec with 300 sec between each injection to
allow complete equilibration and baseline recovery. The concen-
tration of N/OFQ in the syringe was eight times the RNA concen-
tration in each experiment. RNA concentrations were in a range of
7-8 uM.

N/OFQ binding to recombinant human ORLT receptor

For these studies, membranes from CHO-K1 cells transfected with
human ORLI receptor (Receptor Biology Inc.) were thawed rap-
idly, diluted 20-fold with assay buffer (50 mM HEPES at pH 7.4,
10 mM MgCl,, 1 mM EDTA), and resuspended by homogeniza-
tion. The membrane homogenate was preincubated with a fivefold
volume of a solution containing 10 mg/mL WGA-SPA-beads
(Amersham Pharmacia Biotech) resuspended with assay buffer.
The binding assays were carried out in triplicate for 1 h at room
temperature in a total volume of 250 pL. In each well of a 96-well
white plate with a clear bottom (Corning Costar GmbH) either 5
pL of 50 uM N/OFQ in 25% DMSO (unspecific binding) or 5 pL
of 100 nM N/OFQ in 25% DMSO (reference) or 5 uL TE buffer as
a vehicle (maximal binding) or 5 pL Spiegelmer solution, 100 pL
assay buffer, and 25 pL of 5 nM [leucyl->H]-N/OFQ in assay buffer
containing 10% ethanol were added. To start the assay, 20 pL
membrane dilution (containing 10.62 ug membrane) and 1 mg
WGA-SPA-beads in 100 uL assay buffer were added to each well.

Plates were top sealed and incubated by shaking for 1 h at 25°C.
Nonspecific binding was defined in the presence of 1 pM N/OFQ.
The bound activity was determined using a Wallac 450 Micro-Beta
scintillation counter (Wallac). Data were analyzed by nonlinear
regression analysis using Figure P (Version 2.98, Biosoft).

N/OFQ-stimulated G protein activation by human ORL1
receptor

To study the G protein activation by the human ORLI receptor, a
CHO-K1 cell line expressing the receptor (Wnendt et al. 1999) was
used to characterize the Spiegelmers in a [*°S]GTP+yS-binding as-
say. The CHO-K1 cells were grown to confluence in 10 flasks of
175 cm?, washed with PBS, and scraped from the plates in 10 mL
of PBS. After pelleting the cells by centrifugation for 10 min at
1000g and 4°C, the supernatant was discarded and the cells were
frozen at —80°C. The cells were thawed in 30 mL of ice-cold
homogenization buffer (50 mM Tris-HCI at pH 7.0, 2.5 mM
EDTA, 0.1 mM PMSF), kept for 10 min on ice, and homogenized
with a Potter S (800 rpm, seven strokes with a Teflon pestle). The
cell suspension was pelleted by centrifugation for 10 min at 750g.
Nuclei were removed by resuspending the cells in 15 mL of 50 mM
Tris-HCI (pH 7.0) using a polytron homogenizer followed by cen-
trifugation for 10 min at 750g and 4°C. Membranes were collected
by centrifuging the supernatants for 30 min at 75,000¢ and 4°C
and resuspended in 25 mL of 50 mM Tris-HCI (pH 7.0), followed
by a second centrifugation for 30 min at 75,000¢ and 4°C and final
resuspension in 2 mL of 50 mM Tris-HCI (pH 7.0) and 0.35 mM
sucrose. The protein concentration was determined by using the
Bicinchoninic Acid (BCA) Assay (Pierce) according to the manu-
facturer’s protocol, and the protein was stored at —80°C. For the
assay, the membranes were thawed rapidly, diluted in 20 mM
HEPES (pH 7.4), and resuspended by homogenization. For each
assay, 10 ug membrane proteins were incubated in a solution
containing 20 mM HEPES (pH 7.4), 10 mM MgCl,, 100 mM
NaCl, 1 mM EDTA, 10 pM GDP, 0.4 mM [**S]GTPvS (Amersham
Pharmacia Biotech), 1 mg WGA-PVT-beads (Amersham Pharma-
cia Biotech), and the agonist in a final volume of 200 pL. After 45
min of incubation at room temperature, the assay plate was cen-
trifuged for 10 min at 3200 rpm. The bound activity was deter-
mined using a Wallac 450 Micro-Beta scintillation counter. Data
were analyzed using Figure P (Version 2.98, Biosoft). The
[*>SIGTPYS incorporation was determined in two independent
experiments, each carried out in triplicate.

N/OFQ-stimulated G protein activation by p-opioid
receptor

To study the G protein activation by the p-opioid receptor, mem-
branes from CHO-K1 cells transfected with human p-opioid re-
ceptor (Receptor Biology, Inc.) were used to analyze [**>S]GTP~S-
binding. The assay conditions and the subsequent data analysis
were identical to the above described ORL1-GTPvyS-assay.

Measurement of membrane currents of X. laevis oocytes

Bags of the ovary of the African clawed frog X. laevis (anaesthe-
tized with ice and 0.1% 3-aminobenzoic acid ethyl ester) were
surgically removed and placed in nominally Ca*"-free saline so-
lution (10 mM HEPES at pH 7.6, 96 mM NaCl, 2 mM KCI, 1 mM
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MgCl,). Oocytes were either singled out by hand, using a platinum
loop, or obtained by enzymatic treatment to remove their follicu-
lar envelopes (collagenase A, 1.9 units/10 mL, 30-40 min), and
stored in modified Ringer solution containing 1.8 mM calcium at
4°C up to 7 d. Complementary RNA (cRNA, 25 ng/25 nL H,0)
was injected into the oocytes with the help of a microscope using
a pneumatic transjector (5246, Eppendorf-Netheler-Hinz GmbH)
and a micromanipulator (MM], Mirzhiuser). The cRNA-injected
oocytes were then incubated for 48-72 h at 18°C for translation,
processing, and embedding of the mature proteins into the cell
membrane, before the electrophysiological experiments were car-
ried out. DEPC-injected or native oocytes were used as controls
(mock-injected oocytes). Single oocytes were placed on a plastic
grid in an organ bath of about 1 mL that was built into a Perspex
block that also contained a main reservoir of 100 mL modified
Ringer solution (5 mM HEPES at pH 7.5, 96 mM NaCl, 2 mM
KCl, 1 mM MgCl,, 1.8 mM CaCl,) that was cooled to 20°C.
Communication between the two compartments was provided by
connecting bores through which the fluids were driven by gas
pressure (O,). Thereby, substances could be easily added to or
removed from the main reservoir by a rapid fluid exchange with-
out mechanically or electrically disturbing the test compartment.
Conventional micropipettes were made from borosilicate glass
(Science Products) filled with 3 M KCl. For voltage clamping, two
electrodes whose tips were broken down to larger diameters, yield-
ing resistances between 0.8 and 1.2 M(), were inserted into the
same oocyte under microscopic control. The two-electrode voltage
clamp was performed as described before (Nawrath et al. 2000).
All measurements were carried out in conjunction with a TEC05
two-electrode voltage-clamp amplifier (NPI Electronics). Data
were stored on a DOS-compatible microcomputer running
pClamp 5.7 software (Axon Instruments Inc.) in conjunction with
an AD-DA converter (DigiData 1200, Axon Instruments Inc.) that
was also used for the generation of voltage commands and data
analysis. Experiments were excluded from analysis when leak cur-
rents increased >10%, thus indicating membrane damage at the
sites of impalements. As fast changes in membrane ion conduc-
tances were not evident in response to any voltage clamp jumps,
the currents were not electronically compensated for membrane
capacity or resistance. The data are presented as original record-
ings or means + S.E.M. Statistical analysis was performed using
ANOVA or paired t test, as appropriate. P values <0.05 were
considered significant.
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