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ABSTRACT The nicotinic acetylcholine receptor (AChR)
controls signal transmission between cells in the nervous system.
Abused drugs such as cocaine inhibit this receptor. Transient
kinetic investigations indicate that inhibitors decrease the chan-
nel-opening equilibrium constant [Hess, G. P. & Grewer, C.
(1998) Methods Enzymol. 291, 443-473]. Can compounds be
found that compete with inhibitors for their binding site but do
not change the channel-opening equilibrium? The systematic
evolution of RNA ligands by exponential enrichment methodol-
ogy and the AChR in Torpedo californica electroplax membranes
were used to find RNAs that can displace inhibitors from the
receptor. The selection of RNA ligands was carried out in two
consecutive steps: (i) a gel-shift selection of high-affinity ligands
bound to the AChR in the electroplax membrane, and (ii)
subsequent use of nitrocellulose filters to which both the mem-
brane-bound receptor and RNAs bind strongly, but from which
the desired RNA can be displaced from the receptor by a
high-affinity AChR inhibitor, phencyclidine. After nine selection
rounds, two classes of RNA molecules that bind to the AChR with
nanomolar affinities were isolated and sequenced. Both classes
of RNA molecules are displaced by phencyclidine and cocaine
from their binding site on the AChR. Class I molecules are potent
inhibitors of AChR activity in BC3H1 muscle cells, as determined
by using the whole-cell current-recording technique. Class II
molecules, although competing with AChR inhibitors, do not
affect receptor activity in this assay; such compounds or deriv-
atives may be useful for alleviating the toxicity experienced by
millions of addicts.

The nicotinic acetylcholine receptor (AChR) is a protein located
in the plasma membrane of nerve and muscle cells. It belongs to
a superfamily of membrane proteins that control signal trans-
mission between approximately 10'? nerve cells in the mamma-
lian nervous system. Upon binding acetylcholine, the receptor
transiently (=1 ms) forms a transmembrane channel. Inorganic
cations move through the channel, thus changing the voltage
across the cell membrane. This change in the transmembrane
voltage initiates signal transmission in nerve cells and contraction
in muscle cells. The receptor is inhibited by local anesthetics such
as procaine and QX-222 and the anticonvulsant MK-801 [(+)-
dizocilpine], as well as by tenocyclidine (TCP, thienyl cyclohexyl
piperidine) and the abused drugs phencyclidine (PCP) and
cocaine (1-6).

Cocaine abuse is widespread, with more than five million
addicts in the United States alone (7). It can result in cardiac
disease, sudden cardiac death, seizures, and neurologic disorders
(8, 9). Cocaine inhibits the AChR (1, 10, 11) and also the
dopamine and, possibly other, transporters (12, 13).
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The mechanism of inhibition of the AChR by positively
charged inhibitors, such as cocaine, has been based on the binding
of radioactive inhibitors to the Torpedo AChR (14) and on
electrophysiological measurements (15-17) of the effect of in-
hibitors on the lifetime of the open-receptor channel (18-20),
determined by using the single-channel recording technique (21,
22). A simple mechanism based on these studies involves the
binding of an inhibitor in the open-receptor channel and sterically
blocking it (15, 18, 23-27). Recently, the existing techniques for
investigations of receptor mechanisms have been supplemented
by transient kinetic techniques suitable for measurements of
receptor-mediated reactions on cell surfaces in the us-to-ms time
region (1, 5, 28-30). This technique allows one to determine the
effects of inhibitors on the rate constants for both channel
opening and closing and, therefore, on the channel-opening
equilibrium constant, all in the same experiment (reviewed in ref.
31). The results obtained indicated that an important aspect of
receptor inhibition involves the binding of inhibitors to the
closed-channel form of the receptor, resulting in an inhibitor-
induced decrease in the channel-opening equilibrium constant
(refs. 1, 5, and 32, and reviewed in ref. 30). This suggested (1, 30)
that compounds might be found that bind to the inhibitory site of
the AChR without decreasing the channel-opening equilibrium
constant; such compounds therefore may be useful for alleviating
cocaine poisoning. Alternatively, compounds may be found that
inhibit the AChR but still have desirable therapeutic values.
MK-801 [(+)-dizocilpine] is an example. It has anticonvulsant
properties, alleviates some effects of cocaine intoxication in rats
(33, 34), and prevents N-methyl-D-aspartic acid-induced cell
death (35). It also inhibits the AChR (36, 37).

One way to discover such compounds is to use an in vitro
selection method known as the systematic evolution of ligands by
exponential enrichment (SELEX) (38, 39). The SELEX method
has been used for the isolation of RNA molecules from a large
number (1013-10'#) of different combinatorially synthesized
RNAs that bind to a wide range of water-soluble target molecules
with high affinity (38-42). Such targets have included proteins
that naturally bind nucleic acids in vivo, including HIV type 1
(HIV-1) rev protein (43), and bacteriophage T4 DNA polymer-
ase (38). Water-soluble compounds that were not believed to
naturally bind nucleic acids also have been used as targets for
selection. These targets include basic fibroblast growth factor
(44); substance P (45); several amino acids, such as arginine (46);
antibodies (47); and cell adhesion molecules (48). The SELEX
method can also be applied to the development of clinically useful
therapeutic agents (44, 45, 49). For example, RNA aptamers have
been selected for the ability to prevent growth factors from
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binding to receptors (44). Recently, the SELEX procedure was
used to obtain ligands that bind to proteins in the membrane of
red blood cells (50). Here we demonstrate that the technique can
be used to obtain ligands that bind with high affinity to a specific
site of a membrane-bound receptor.

We have established a SELEX protocol for the isolation of
RNA aptamers that compete with cocaine for the cocaine-
binding site of the AChR in the membrane of the electroplax of
Torpedo californica. The electric organ is a very rich source of the
AChR, and the membrane preparations contain about 0.7 nmol
AChR-binding sites per mg membrane protein (14). The struc-
tures of this receptor and the AChR in the membrane of
mammalian muscle cells are believed to be similar (51).

After nine selection rounds, RNA aptamers that bind with
nanomolar affinities to the AChR in the electroplax membrane
and that could be displaced from the receptor by PCP and cocaine
were isolated and characterized. Analysis of the sequences of the
23 RNA aptamers obtained indicated that on a structural basis
they fall into two distinct classes. A rapid mixing technique and
whole-cell current recordings were used to determine the effects
of the RNA molecules on the AChR activities in BC;H1 muscle
cells. While one class of the RNA molecules are potent inhibitors
of AChR activity, members of the other class do not affect
receptor activity in this assay.

MATERIALS AND METHODS

Materials. The sources of materials used are noted in the
individual sections. All chemicals used were of the highest quality
available. ['*T]a-Bungarotoxin (['*I]a-BTX, 104-128 Ci/mmol;
1 Ci = 37 GBq) and [*H]TCP (46 Ci/mmol) were purchased from
DuPont/NEN, and [*P]JUTP (3,000 Ci/mmol) was purchased
from Amersham.

Preparation of Torpedo californica Electroplax Membrane and
Determination of AChR Concentration. The method of prepa-
ration was modified from the methods described by Szczwinska
et al. (52). Frozen T. californica electric organs were purchased
from Pacific Bio-Marine (Venice, CA). AChR-rich membrane
vesicles were prepared by ultracentrifugation in a sucrose gradi-
ent. The receptor-rich membranes were recovered from the
interphase between 36% (wt/wt) and 28% sucrose, pelleted by
centrifugation, and resuspended at a protein concentration of 1
mg/ml.

The concentration of AChRs in the T. californica membranes
was measured by ['*I]a-BTX binding based on a method mod-
ified from Schmidt and Raftery (53). The range of specific activity
of the membrane fraction was between 0.5 and 1.2 nmol a-BTX
sites per mg of protein.

Binding of [FH]TCP to AChR-Rich Membranes. Equilibrium
binding of [*H]TCP to AChR-rich membranes (6) was measured
by using a filtration assay. Briefly, 60 nM membrane-bound
receptor was incubated with increasing concentrations of
[*H]TCP in BC3H1 extracellular buffer (145 mM NaCl/5.3 mM
KCl/1.8 mM CaCl,2H,0/1.7 mM MgCl,:6H,0O/25 mM Hepes,
pH 7.4) (54), to give a final volume of 30 wl, for 40 min at 25°C.
GF/F glass fiber filters (1.3 cm diameter) (Whatman) were
presoaked in 1% Sigmacote in BC3H1 buffer (Sigma) (14) for 3 h,
then aligned in a 96-well Minifold Filtration Apparatus (Schlei-
cher & Schuell) and placed on top of one 11 X 14 cm GB002 gel
blotting paper sheet (Schleicher & Schuell). Thirty-five microli-
ters of each reaction mixture was spotted per well and washed
twice with 200 ul ice-cold BCsH1 buffer. The filter-bound
radioactivity was quantified by scintillation counting. Samples
containing between 10 nM and 1 uM [*H]TCP were diluted with
unlabeled TCP to 10% of their original activity, and samples
above 1 uM were diluted to 2% of their initial specific activity.
[PH]TCP saturation curves were constructed by varying the
[*H]TCP concentration from 50 nM to 10 uM. The amount of
unspecific binding was determined in the presence of 100 uM
PCP. PCP, an analog of [*’H]TCP, was also used as a competitor
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Fic. 1. Gel-shift binding assay. Gel-shift assays were performed to
analyze the binding affinity of the RNA SELEX pools and of
individually cloned aptamers to the AChR membrane fraction. In
these reactions, 2.5 ug/ul tRNA was used to decrease nonspecific
binding of 500 pM [3?P]RNA to 0.2 pg/ul membrane fraction con-
taining 60 nM AChR-binding sites. Each RNA-binding reaction was
carried out in the presence and absence of membrane AChR to analyze
the [*?P]RNA background on the gel. After a 40-min incubation,
glycerol and bromophenol blue were added to a final concentration of
5% and 0.03%, respectively, in the reaction tubes and the samples were
loaded onto a 3% nondenaturing polyacrylamide gel (57). The gel was
run at 10 V/cm for 3 h. The gel was analyzed by phosphorimaging (71),
and the protein-bound radioactivity was quantified using IMAGEQUANT
software (Molecular Dynamics). (4) Comparison of the original
SELEX pool with SELEX pool 5 and SELEX pool 7. The intensity of
the SELEX 7 aptamer-AChR band corrected for background is 4-fold
greater than the SELEX 5 pool. The intensity of the SELEX 0 pool
is less than the background signal, so no comparison can be made. (B)
Enrichment of RNA binding to electroplax membranes containing
AChR. RNA pools obtained from different selection rounds and
single-cloned RNA molecules denoted class I aptamers 7, 14, and 20
and class II aptamer 3 were analyzed using the gel-shift binding assay
as described above. The intensities of RNA bound to the membrane
fractions obtained by phosphorimaging are compared with the amount
of membrane-bound RNA of the fourth selection pool, the intensity of
which was set to 1.0.

because it binds to the same inhibitory site of the receptor as
cocaine (11) and TCP (14, 55).

SELEX for Isolation of Aptamers Displacing Cocaine from
AChRs. The RNA pool used in these selections was transcribed
from a pool of DNA templates, each consisting of 108 nt with a
40-nt randomized region (N4g) flanked by two constant regions
containing together 68 nt (56). The sequence of the template was
5'-ACCGAGTCCAGAAGCTTGTAGTACT(N49)GCCTAG-
ATGGCAGTTGAATTCTCCCTATAGTGAGTCGTATTA-
C-3'. The primers used to amplify the selected species following
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Table 1. Primary structures of high affinity cocaine-displaceable class I RNA aptamers
Aptamer Structure

01 ACGUUGAGUACAACCCCACCCCGUUCACGGUAGCCCUGUA

05 GCUACAGUACAACGGGCCGUGUGGAAUACACCGACAAGG

06 UCCACCGAUCUAGAUGAUCCAGGCACCCGACCACCACCcUC

07 GCUUGUGGACCAAGAAGCAACCAGUCACcGUUGCccC

09 CAACAGUCCUGUGUCCGUUGAAUCCUCUAGAUCCAGGGUG

11 GGACCCCCCACAGCAAGUUUGCCGGCGACCGCGUUCUUG

13 CUUGCCACUCCUGUCUAGCUGGCGUAGACCGCGCAGAAAG

14 GCUAGUAGCCUCAGCAGCAUAGUUUCGCCGCUAUGCAGUA

16 UAGCAUAAUGUGGAGCGUUGACCGGACCUCUCCAGUCGUA

18 UGGACUACGCACCCGCUAGUCCGUCCAAGAACUGUGCG

19 UUCUGUUCCGACCAAUUGAAUAGUCACCGUGAUGAUUUGA

20, 21 GAUGCCAGCGCGCAUUCUUCACCGAAGUACGUAUCCACG

22 UUCGCCGCUGCACUCUCGCAGCACUGGUCGGGAUGUGUC
Consensus UUCACCG
Position 1 2 3 4 5 6 7
Consensus U U C A C C G
Frequency 9 9 9 10 14 13 14

After nine rounds of selection, the RNA pool was reverse-transcribed, ligated into pPGEM-3Z (Promega), and transformed
into E. coli strain JM109. Twenty-three clones were identified and sequenced. A 7-nt consensus region was found in 14 clones
consisting of UUCACCG. Listed are the positions, nucleotides, and frequencies of the consensus region.

each selection round were 5'-GTAATACGACTCACTATAG-
GGAGAATTCAACTGCCATCTA-3" and 5'-ACCGAGTC-
CAGAAGCTTGTAGT-3’ (both synthesized by GIBCO).
Nitrocellulose filter-binding selection. The transcribed RNA pool
was quantified by measuring the absorbance at 260 nm (40 ug/1
ml RNA at 260 nm has an OD of 1.0) (57). The RNA pool was
diluted to a final concentration of 50 uM in the reaction mixture
in BCsH1 extracellular buffer at pH 7.4 (54). The pool was heated
at 70°C for 10 min and left to cool to room temperature for 30 min
to allow for proper secondary structure formation. The mem-
brane-bound receptor fraction was added to give a final concen-
tration of 500 nM AChHR sites in the presence of 0.5 units/ul
anti-RNase (Ambion), a DT T-independent ribonuclease inhibi-
tor (58). BC3H1 buffer (54) was used to bring the total reaction
volume to 400 ul. The reaction mixture was incubated at room
temperature for 40 min and then passed through nitrocellulose
filters by using a 96-well Minifold filtration apparatus (Schleicher
& Schuell). Both the AChR in the electroplax membrane and the
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RNA ligands bind strongly to this filter (59). Two hundred
microliters of reaction mixture was spotted per well onto an 11 X
14 cm BASS 0.45-um nitrocellulose sheet over a sheet of 11 X 14
cm GBO002 gel blotting paper (Schleicher & Schuell). Each spot
was washed four times with 200 ul ice-cold BCsH1 buffer. The
spots were excised from the nitrocellulose sheet. The excised
nitrocellulose pieces containing the receptor-bound RNA were
incubated for 20 min in 100 ul of a 1-mM PCP solution. The
pieces were then clamped to the top of 1.5-ml microfuge tubes,
and the eluate was collected in the bottom of the microfuge tubes
by centrifugation (400 X g, 3 min). This eluate was added to the
PCP solution in which the nitrocellulose pieces had been incu-
bated and then extracted with 100 ul phenol-chloroform-
isoamylalcohol (25:24:1). The supernatant was extracted with 100
wl chloroform. The organic layer was reextracted with 100 ul TE
buffer (10 mM Tris/1 mM EDTA, pH 7.6). The supernatants
were pooled and ethanol-precipitated (80%) in a total volume of
1 ml in the presence of 10 ug yeast tRNA (GIBCO) (57). The

UuU
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FiG. 2. Secondary structures of
aptamers 3 and 14. The sequences of
the aptamers were entered into the
MFOLD program (66) to determine the
A RNA secondary structure at 25°C. (4)
The predicted secondary structures of
RNA aptamer 14, which is representa-
tive for class I. The variable region is in
uppercase letters, and the shared se-
quence motif is in boldface. (B) The
secondary structure of class I aptamer
3 that does not contain the consensus
sequence found in class I aptamers. The
variable region is in uppercase letters.

auc ugaCAC
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DNA pool needed for the next selection round was restored by
reverse transcription-PCR (60). The DNA pool was in vitro-
transcribed as described for the next round.

Gel-shift selection. In selection rounds 1-3 only the filter-
binding selection was used. In selection rounds 4-9, the gel-shift-
selection method (61) was used before the filter selection tech-
nique to isolate cocaine-site-specific aptamers. The RNA pool
was diluted to a final concentration of 30 uM in the reaction
mixture in BC3H1 extracellular buffer and heated at 70°C for 10
min. The RNA was left to cool to room temperature for 30 min
to allow for proper secondary structure formation. The RNA
then was incubated with membranes containing 100 nM AChR
in the presence of 0.3 unit/ul anti-RNase in a final volume of 80
wl for 40 min at room temperature. After incubation, 5% glycerol
and 0.04% bromophenol blue (BDH) were added to the mixture
(57). The mixture was loaded onto a 3% native acrylamide gel in
TBE (89 mM Tris/89 mM boric acid/2 mM EDTA) adjusted to
pH 7.4 (57). The gel was cast in a vertical electrophoresis system
(GIBCO) of dimensions 15 X 17 X 0.3 cm. The gel was run at 7
V /em (54) for 3 h at room temperature. The gel was removed and
stained in SYBR Green II RNA stain (FMC) (62) for 10 min, and
the band containing the RNA—protein complex was excised and
eluted in 200 ml elution buffer [0.5 M ammonium acetate, pH
5.2/1 mM DTT/0.2 unit/ml DT T-dependent ribonuclease inhib-
itor (GIBCO)] on a vertical rotator (40 rpm) for 12 h at 37°C. The
polyacrylamide was pelleted by centrifugation, and the superna-
tant was passed through a 0.2-um Whatman nylon 66 syringe
filter. The supernatant (200 ul) was extracted with phenol-
chloroform-isoamylalcohol (25:24:1) and then with chloroform,
and precipitated with ethanol as described above.

Aptamer amplification /preparation. After each round of selec-
tion, the ethanol-precipitated RNA (approximately 0.1 ug) was
reverse-transcribed and amplified by using the primers listed
above and the Titan One-Tube RT-PCR System (Boehringer
Mannheim) or the Superscript Kit (GIBCO) and purified by
nondenaturing PAGE (61). These DNAs (10 ug DNA) were
transcribed for the next round of selection by using the Maxiscript
Kit (Ambion, Austin, TX). Before being used in the BC;H1 cell
assay (1, 54), the individual aptamers were cloned and transcribed
as described above. Before a cell assay measurement, the aptamer
solution was diluted to the appropriate concentration in BC3H1
buffer (54) and then heated at 70°C for 10 min and left to cool
to room temperature for 30 min to allow for proper secondary
structure formation.

Binding Analyses. Gel-shift analysis. A 3% acrylamide gel was
prepared as described in the gel-selection protocol. 3?P-labeled
RNA was prepared as above. RNA (2 X 10° cpm) was diluted
with BC5H1 buffer, heated and cooled as above, and added to a
reaction tube containing 100 nM receptor/5 ug/ul tRNA
(GIBCO)/0.3 unit/ul anti-RNase. A sample also was prepared
without receptor to measure the background radiation of the gel.
The samples were incubated for 40 min at room temperature,
loaded onto the gel, and run at room temperature as described
above. The gel was removed after 3 h and imaged by using a
phosphorimaging plate (Fuji). The imaging plate was scanned by
using a Molecular Dynamics PhosphorImager, and band inten-
sities were quantified by using the IMAGEQUANT software from
Molecular Dynamics.

ICsy determinations. The 1Csy value is the concentration at
which an inhibitor displaces 50% of a radioactive ligand from a
protein. One microgram of DNA template in 25 ul of transcrip-
tion buffer was transcribed in the presence of 50 uCi [*?P]JUTP
using the Maxiscript Kit (Ambion) and purified by using a Spin
Column 30 (Sigma) (63). [*>P]JUTP-labeled RNA (5 X 10° cpm)
in the presence of 20 nM unlabeled RNA was incubated with 100
nM receptor in the presence of 0.1 pg/ul tRNA (GIBCO) and 0.1
unit/ul anti-RNase (Ambion) in 35 ul BC3H1 buffer (54) in the
presence of increasing concentrations of cocaine from 0 to 10 mM
for 40 min at room temperature. The reaction mixtures were
separated on Whatman 1.3-cm GF/F filters that were aligned in

Proc. Natl. Acad. Sci. USA 95 (1998)

A: SELEX Pool 9

% [32P) RNA Bound

" " h

1 10 100 1000 104
[Cocaine] (uM)

S

B: Class | Aptamer:

% [32P] RNA Bound

! "

1 10 100 1000 104
[Cocaine] (uM)

C: Class Il Aptamers

h=]

c

3

o

@

<

z

o

g

5
" i s " ud
1 10 100 1000 104

[Cocaine] (uM)

FiG. 3. Displacement of [32P]RNA using cocaine as a competitor.
The experiments were performed by using a constant 20-nM concen-
tration of RNA ([32P]RNA aptamer and unlabeled aptamer) in the
presence of 0.3 ug/ul tRNA to reduce nonspecific binding and 100 nM
receptor in the membrane fraction. The reaction mixtures were
separated by filtration using 1.3-cm GF/F glass fiber filters that had
been soaked in 1% Sigmacote (Sigma) (14) in BC3H1 buffer, pH 7.4.
The radioactivity retained on the filters was estimated by scintillation
counting. The concentration of cocaine required to displace 50% of
the RNA aptamer from the binding site, the ICsq value, was calculated
by fitting the data to the equation ¥ = Bmin + (Bmax — Bmin)/(1 +
[cocaine]/ICsp) (72). Y is the total binding in the presence of various
concentrations of cocaine, Bmin is the minimum amount of [32P]RNA
bound, and Bmax is the maximum amount of [3?P]RNA bound. (4)
RNA SELEX pool 9 (ICse: 50 uM). (B) RNA pool of three cloned
class I aptamers denoted 7, 14, and 20 (ICso: 500 uM). (C) Class II
aptamer 3 (ICsp: 110 uM).

the Minifold Filtration Apparatus and placed on top of one 11 X
14 cm GB002 gel-blotting paper sheet (Schleicher & Schuell).
The filters were washed twice with 200 ul ice-cold BC3H1 buffer.
The filters were removed and scintillation was counted.

Individual Aptamer Characterization. After SELEX cycle 9,
the cDNA pool of the RNA aptamers was cut with EcoRI and
HindIIl (GIBCO) at the constant regions and ligated into the
vector pPGEM-3Z (Promega) (64). The recombinant vectors were
transformed into the Escherichia coli strain JM109 and plated
(57). Colonies were picked and inserts were sequenced (65) at the
Cornell DNA-sequencing facility. RNA structures were predicted
by using the MFOLD program (66) server at http://www.ibc.
wustl.edu/~zuker/rna/form1.cgi.

Cell Culture and Whole-Cell Current Recording. The BC;H1
cell line expressing the muscle-type AChR (67) was cultured as
described elsewhere (68). The equilibration of BC3H1 cells with
carbamoylcholine, a stable acetylcholine analog, cocaine, and
aptamers, using a cell-flow technique, and the determination of
the resulting whole-cell current (69) due to the opening of
receptor channels have been described in detail (1, 54). BC;H1
extracellular buffer (54) was used.
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RESULTS AND DISCUSSION

SELEX Procedure. Unlike the AChR in the native electroplax
membrane, the purified receptor extracted from the membrane
binds inhibitors such as cocaine poorly (M. E. Eldefrawi, personal
communication). However, using the receptor in the native
membrane poses a number of problems, including the binding of
RNA molecules to other components in the membrane (50) and
the retention of RNA by solutions contained within the mem-
brane fragments. Therefore, after the initial three selection cycles
using only nitrocellulose filters, two consecutive selection pro-
cesses were used (Fig. 1). The first was a gel-shift selection of
high-affinity ligands bound to the AChR in the electroplax
membrane. Then, after elution and amplification of the receptor-
bound RNA, the nitrocellulose filter-selection procedure was
used. Both the AChR in the electroplax membrane and the RNAs
bind strongly to these filters. We reasoned that the RNA bound
to the inhibitory site of the AChR could be displaced by the
high-affinity inhibitor PCP. Using a tritium-labeled PCP analog,
[PH]TCP, to elute the desired RNA aptamers, we found that only
45 nM PCP but 15 uM cocaine was required to displace 50% of
the [PH]TCP bound to the AChR in the electroplax membrane
(results not shown). PCP was, therefore, used as a selection agent
in the SELEX method.

Isolation of Cocaine-Displaceable RNA Aptamers. The gel-
shift assay was used to follow the selection of RNA aptamers.
Even after three nitrocellulose-filter-selection procedures RNA
binding to the membrane-bound AChR at the origin of the gel
could not be detected (Fig. 14). However, after selection rounds
4 and 5 in which both the gel-shift and the filter-binding proce-
dures were used, radiolabeled RNA binding to the receptor could
be detected in the gel-shift assay (Fig. 14). The concentration of
receptor-bound RNA increased until the seventh selection (Fig.
1A), but did not increase thereafter. The relative amounts of
receptor-bound RNA, both after selection cycle 9 and in the cases
of the individual cloned class I aptamers 7, 14, and 20 and class
II aptamer 3, are shown in Fig. 1B. (The distinction between
aptamers of classes I and II are discussed in the next section.)

Primary and Secondary Structure of Class I and Class II
Aptamers. Aptamers from SELEX pool 9 were cloned, isolated,
and sequenced (see Materials and Methods). Two classes of
aptamers were obtained. The 7-nt consensus sequence of 14 of
the class I aptamers is shown in Table 1. Interestingly, the MFOLD
structure prediction program (66) integrated this consensus
sequence within a stem-loop structure (Fig. 24). Fig. 24 shows
the prediction of the secondary structure of the consensus
sequence of class I aptamer 14 within a stem loop. Class II
aptamers do not have the consensus sequence displayed by class
I aptamers. The secondary structure of the class II aptamer 3,
predicted by the MFOLD program (66), is shown in Fig. 2B.

Affinity of Class I and Class II Aptamers for the Membrane-
Bound AChR. The ability of cocaine to displace aptamers of
classes I and IT from the AChR in the electroplax membrane was
determined by using GF/F glass-fiber filters (Fig. 3). Comparing
the concentration of cocaine at which 50% of the aptamers were
displaced from the AChR in the electroplax membrane, it was
found that some class I aptamers (Fig. 3B) bind with an approx-
imately 10-fold-higher affinity and a class II aptamer binds with
approximately a 4-fold-higher affinity (Fig. 3C) than the pool of
aptamers after nine selections (Fig. 34). With the assumption
that cocaine binds with an apparent Ky (app) Of 50 uM to the
membrane-bound AChR (1), it can be calculated (70) from the
data shown in Fig. 3 that class I aptamers bind to the membrane-
bound AChR with an apparent Ky (ipp) of 2 nM and class II
aptamers bind with a Ky (4pp) value of 12 nM.

Do the Aptamers Affect the Function of the Muscle AChR? A
combination of the whole-cell current-recording (69) and cell-
flow (54) techniques was used to determine the effects of the
aptamers on the function of the AChR in BC3H1 muscle cells. In
Fig. 4 the maximum current amplitude obtained with 100 uM
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Fic. 4. Inhibition of the BCsH1 AChR by single-cloned RNA
aptamers. A combination (54) of the cell-flow (54) and whole-cell
current-recording (69) techniques was used at a membrane potential
of —60 mV at 22°C in BCsH1 buffer, pH 7.4. The whole-cell currents
were generated by 100 uM carbamoylcholine after 2-sec preincubation
with 0.1 pg/ul tRNA and 0.3 unit/ul anti-RNase alone (4), plus 5 uM
SELEX pool 0 (B), plus 5 uM class II aptamer 3 (C), plus 100 uM
cocaine (D), and plus 0.5 uM class I aptamer 14 (E). The lines parallel
to the abscissa represent currents corrected for receptor desensitiza-
tion (54).

% Response Compared to
100 uM Carbamoylcholine

carbamoylcholine was taken as 100% activity. It can be seen that
at a concentration of 5 uM neither the original pool of RNA
aptamers nor aptamer 3, a member of class II (Fig. 2B), affect the
activity of the receptor (Fig. 4 B and C). Similar results were
obtained with all 10 aptamers in class IT used at a concentration
of 10 uM. In contrast, class I aptamers that have a consensus
sequence not found in class II compounds are potent inhibitors
when used at a concentration of 1 uM. Measurements have been
made with 12 of these aptamers. A typical experiment is shown
with aptamer 14 (Figs. 24 and 4F). At a concentration of 0.5 uM
this compound is a more potent receptor inhibitor than 100 uM
cocaine (Fig. 4D).

The experiments presented describe an efficient approach for
using the SELEX technique to obtain high-affinity ligands for a
regulatory site of a membrane-bound protein, the AChR. Two
classes of high-affinity ligands that compete with cocaine for a
receptor site (Fig. 3 B and C) were identified using this approach.
The consensus sequence found in one class (class I) of these
ligands (Table 1) is not found in the second class. Class I consists
of efficient inhibitors of receptor function, while class IT does not
(Fig. 4). The existence of these two types of compounds was
suggested by transient kinetic investigations, which indicated that
compounds inhibit the receptor by causing a decrease in the
channel-opening equilibrium constant (1, 30).

The successful use of the SELEX method with membrane-
bound proteins demonstrated in this study is promising for finding
ligands that may alleviate the toxic effect of some compounds
such as cocaine on membrane-bound receptors and, therefore, on
the organism. The results reported indicate that the chemical
kinetic approach, which predicted the existence of compounds
that can bind to an inhibitory site without changing the channel-
opening equilibrium constant, may be useful in answering many
of the remaining questions regarding the chemical mechanism by
which neurotransmitter receptors are affected by a large number
of clinically useful compounds (3) and by abused drugs like
cocaine. The approach may also be useful in finding compounds
that inhibit receptor function but still have therapeutic value, such
as MK-801 (33-37). Determining the length of the RNA aptam-
ers required for their effect on the AChR and stabilizing the



14056  Biochemistry: Ulrich et al.

aptamers for clinical trials appear to be interesting problems for
the future.
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