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ABSTRACT RNA molecules that bind a transition state
analog for a Diels-Alder reaction (Kd = 0.35 + 0.05 mM) were
isolated from a starting pool of =1014 sequences by affinity
chromatography. After the initial rise and plateau of the
amount ofRNA that eluted with soluble analog, a step gradient
elution was used to further enrich the pool for sequences with
higher affinities for the target. To our knowledge, the isolation
of RNA molecules that bind either a nonplanar or a hydro-
phobic ligand has not been reported previously. A conserved
nucleotide sequence and secondary structure present in many
of the RNA molecules are necessary but not sufficient for
binding the analog. No catalysts of the targeted Diels-Alder
reaction were found among the binders. The absence of catal-
ysis contrasts with previous successful experiments with anti-
bodies and suggests that other strategies may be needed to
identify oligonucleotides with diverse catalytic activities.

Theories of evolution based on RNA as the progenitor
molecule were fueled by the discovery of RNA molecules
capable of catalyzing transesterification reactions (1, 2).
Recently, a derivative of the Tetrahymena ribozyme was
shown to hydrolyze an aminoacyl ester bond with a modest
rate acceleration (3), and there is strong evidence that the
peptidyltransferase activity of the ribosome is largely due to
RNA (4). In addition, ribozymes with novel catalytic prop-
erties have been isolated from pools of mutagenized Tetrahy-
mena self-splicing introns (5-7) and tRNAs (8, 9) and from
pools ofrandom RNA molecules (10). However, in an "RNA
world" these primitive oligonucleotide catalysts must have
been able to interact with various substrates and to accelerate
a wide range of chemical transformations.
RNA molecules that bind a variety of proteins (11-16) and

small molecules (17-21) have been isolated from large pools
of random sequences through a reiterative selection and
amplification process called SELEX (systematic evolution of
ligands by exponential enrichment) (11). We are seeking to
utilize this technology to develop a general scheme for
surveying the catalytic repertoire ofRNA and to examine the
variety of ligands that can be specifically bound by nucleic
acids. Antibodies that catalyze an extensive list of chemical
reactions have been elicited by transition state analogs (22-
24). Similarly, RNAs that tightly bind such analogs might also
catalyze the corresponding reactions.

Here, we report the isolation ofRNA molecules that bind
a transition state analog for a Diels-Alder reaction (Fig. 1).
This analog successfully elicited antibodies capable of cata-
lyzing the cycloaddition oftetrachlorothiophene dioxide with
N-ethylmaleimide (25). This target was chosen for three
reasons: (i) the bimolecular Diels-Alder reaction is an ex-
cellent candidate forRNA catalysis since the condensation of

the substrates is strongly driven by proximity effects, and the
large conformational changes that accompany the reaction
can be exploited to minimize problems due to product
inhibition; (ii) a catalytic antibody elicited by this analog is
available for direct comparison of the catalytic efficiency of
protein and any RNA isolated; and (iii) it tests the limits of
RNA-ligand recognition by demanding that the nucleic acid
bind a molecule that is nonplanar and hydrophobic.

MATERIALS AND METHODS
Target Synthesis. The N-hydroxysuccinimidyl ester of the

transition state analog was prepared as described (25).
Twelve milliliters ofpreswollen EAH Sepharose (Pharmacia)
was washed with 1 liter of 0.5 M NaCl and then equilibrated
with 1:1 dioxane/100 mM NaHCO3, pH 8.0. The activated
ester was dissolved in 1.5 ml ofdioxane and added to the resin
at room temperature. The resulting slurry was incubated at
5°C for 16 hr with occasional agitation. Remaining free
amines were acylated by treatment of the resin with 1 ml of
acetic anhydride at 5°C for 2 hr. The resin was then washed
with 150 ml of 1:1 dioxane/100 mM NaHCO3, pH 8.0,
followed by 500 ml of phosphate-buffered saline (pH 7.5).
SELEX. The random RNA molecules for selection were

transcribed in vitro from a double-stranded DNA template
containing a random region 80 nucleotides long flanked by
regions with fixed sequences as described (11). One nanomol
of unlabeled RNA and 500,000 cpm of radioactively labeled
RNA were denatured at 70°C for 5 min in 50 mM Tris HCl,
pH 7.5/0.5 M NaCl. The MgCl2 concentration was adjusted
to 5 mM and the sample was immediately incubated at 0°C for
10 min. The RNA solution was allowed to equilibrate to room
temperature and applied to 0.1 ml of the derivatized EAH
Sepharose, which had been prewashed with 1 ml of wash
buffer (50 mM Tris HCl, pH 7.5/0.5 M NaCl/5 mM MgCl2).
The RNA was incubated with the column matrix for 15 min
before washing with 1 ml of wash buffer. Bound RNA was
eluted with wash buffer containing various concentrations of
soluble transition state analog (see Results). A cDNA copy of
the eluted RNA molecules was synthesized with avian my-
eloblastosis virus reverse transcriptase and amplified by PCR
using standard methods (11).
The binding affinities of selected RNA molecules were

determined by analytical affinity chromatography (19) with 1
mM and 10 mM soluble analog.

Cloning and Nucleotide Sequence Determination. Individual
molecules were isolated from selected pools by ligating
BamHI- and HindIII-digested PCR products into pUC18.
The ligated DNA was introduced into Escherichia coli strain
SURE (Stratagene) by electroporation, plasmids were iso-
lated, and the nucleotide sequences in the inserted DNAs

Abbreviation: SELEX, systematic evolution of ligands by exponen-
tial enrichment.
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FIG. 1. The Diels-Alder reaction between tetrachlorothiophene dioxide (TCTD) and N-ethylmaleimide (NEM) (25). The high-energy
intermediate of the reaction is shown in brackets with the soluble form of the transition state analog (hexachloronorbornene derivative 1) below.

were determined by standard dideoxynucleotide methods.
The sequences were searched for patterns in their primary
structures (gap penalty of 2) (26) and in their possible
secondary structures (27, 28).
Truncated RNAs. RNA molecules containing only the

consensus secondary structure were transcribed from syn-
theticDNA templates whose complementary strand had been
made by using standard PCR techniques. Deletions were
introduced into the 15-B-9 and 15-B-11 PCR templates using
primers that hybridized within the double-stranded DNA.
The transcription products were purified, applied to the
derivatized column, and eluted with 1 ml of 50 mM transition
state analog as described above. Each RNA was tested in at
least two independent trials.

Assays for Enzymatic Activity. The starch/iodide assay was
conducted in 96-well microtiter plates containing (100 ,ul per
well) 10 ,uM RNA, 500 ,uM TCTD, 5 mM NEM, 250 ,uM I2,
0.084% starch, 5 mM MgCl2, 0.5 M NaCl, 50 mM Tris HCI
(pH 7.5), and 3% MeCN. The reactions were monitored at
605 nm with a microtiter plate reader (Molecular Devices) at
room temperature for at least 1 hr. The antibody 1E9 (24) was
used as a positive control.
The catELISA assay was carried out as described (29, 30).

RESULTS
Selection of RNA Molecules That Bind a Transition State

Analog. RNA molecules that bind to the hexachloronor-
bornene derivative 1 (Fig. 1) were isolated from a pool of
_1014 sequences containing 80 random nucleotides flanked
by 25-base fixed regions. The RNA pool was folded in 50mM
Tris-HCl, pH 7.5/0.5 M NaCl/5 mM MgCl2 and applied to a
Sepharose column to which the analog was covalently at-
tached at a concentration of -10 mM. The column was
washed extensively before bound RNA molecules were
eluted with 50mM soluble analog. cDNA copies ofthe eluted
RNA molecules were synthesized by reverse transcriptase
and amplified by PCR. The PCR product was used as
template for transcription of RNA for the next round of
selection.

In the first six rounds, <1% of the RNA molecules bound
to the column. Binding increased to 2.9% in round 7 and 20%
in round 8. Two additional rounds of selection and amplifi-
cation did not significantly increase the amount of RNA
bound to the column. Moreover, reapplication of the round
9 RNA that was not retained by the column again resulted in
the same percent binding (21%), indicating that the maximum

degree of enrichment attainable by this method had been
reached.

Analysis of the nucleotide sequence in 125 clones from the
round 9 pool showed that it still consisted of a complex, but
not random, mixture. Twelve sequences were repeated one
or more times. In addition, a conserved sequence appeared
to be present at the 5' end of the random region in 11 of the
molecules (see below).
Rounds of selection using concentration gradient elutions

were used to further decrease the complexity of the selected
RNA pool. In round 11, a step gradient of four column
volumes each of 5 mM, 10 mM, 25 mM, and finally 50 mM
analog was used to elute bound RNA from the column. RNAs
with the weakest affinity for the column-bound analog elute
with the lowest concentrations of soluble analog, whereas the
higher affinity RNAs require increased concentrations of
ligand for elution. RNA molecules that eluted in the 5 mM
analog fractions (population A) and 50 mM analog fractions
(population B) were collected and amplified. Starting with
round 12, population A was applied to the column and eluted
with 5 mM analog. In a separate experiment, population B
was eluted with the four-step gradient, and those RNAs that
dissociated from the column at the highest concentration of
analog (50 mM) were collected. Over five rounds of selection
and amplification, the elution profile and the total amount of
RNA eluting from the column changed according to which
part of the gradient was collected and amplified for the next
round of selection (Fig. 2). In round 11, 26% of the RNA
bound to the column and eluted with a bell-shaped profile. By
round 15, the total amount of population A RNA that bound
to the column remained unchanged (27%), but the majority
eluted with the lowest concentrations of analog. In contrast,
the total amount of population B RNA that bound to the
column dramatically increased to 41% by round 15 and
required higher concentrations of the analog for elution.

Various gradients were used in an attempt to further purify
the tightest binding RNA species from the round 15-B pool.
However, four rounds using a two-step gradient of 25 mM
and 50 mM analog and a fifth round using a third step of 84
mM analog elution did not have an effect on the amount of
RNA that bound to the column. A determination of the
nucleotide sequences of members of several pools (15-B,
19-B, and 20-B) showed that the gradient elution process had
significantly narrowed the complexity from that of the round
9 pool. There were only 82 unique sequences among 153
clones. However, no single sequence dominated the pool.
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FIG. 2. Elution profiles of the step gradient elutions of round 11,
round 15-A, and round 15-B as percent of the total amount ofRNA
applied to the column. The total percent ofRNA eluted is also shown.

A Conserved Sequence. Analysis of the sequence of nucle-
otides in RNA molecules (26) from the round 9, round 15-B,
round 19-B, and round 20-B pools led to the identification of
a 21-nucleotide conserved sequence (Fig. 3A) that was pre-
sent in 10%6 of the 113 unique round 9 RNAs and in 29% of
the 82 unique sequences from later rounds. In all but one
case, this sequence occurred at the 5' end of the random
region of the RNAs. No sequence homology was found
downstream ofthe conserved element. Folding ofthese RNA
sequences by a computer algorithm (27, 28) consistently
yielded a bulged stem-loop structure formed by interaction of
the 7 nucleotides at the 3' end ofthe consensus sequence with
the 5' end fixed region (Fig. 3B). Strong evidence for this
structure was provided by a clone from round 15-B (15-B-9),
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which had a portion of the consensus sequence and was
capable of forming the same secondary structure entirely
from nucleotides in its random region (Fig. 3C). The stem is
composed of different base pairs in 15-B-9, providing cova-
riational evidence for the helix. Surprisingly, even the se-
quence of the bulge contributed by the fixed sequence in the
other RNAs is conserved in 15-B-9, apart from the addition
of a single U. An additional G'U base pair leaving a bulged C
in the top stem would make the large bulge in 15-B-9 even
more similar to the consensus structure (Fig. 3C).

Deletions were introduced into the template encoding
15-B-9 and into a clone with the consensus structure at the 5'
end of the molecule (15-B-li) (Fig. 4). The 15-B-9 RNA
lacking 35 nucleotides from its 3' end [15-B-9 (95-129)] bound
to the column slightly better than the full-length molecule.
This deleted region may either destabilize the structure ofthe
full-length RNA or interfere with its recognition of the
analog. All of the truncated RNAs in which the sequence of
the consensus structure was intact retained at least modest
capacity (>10% of the full-length RNA) to bind to the
column, whereas those in which the sequence was disrupted
no longer bound the analog (<1% of the full-length RNA). In
a second experiment, an RNA containing the consensus
sequence with the ability to form an 8-base-pair helix (Fig.
3D) was transcribed from a synthetic DNA template and
applied to the column. This 38-nucleotide RNA was not
retained by the column-bound analog, nor was a similarRNA
in which the helix was extended by an additional 6 base pairs.
Therefore, the consensus sequence is essential but not suf-
ficient for RNA binding to the column.

Determination of Binding Affinities. The affinity of the
selected RNA molecules for the hexachloronorbornene de-
rivative 1 in solution was determined by analytical affinity
chromatography (19). The mean Kd for the round 15-A and
round 15-B pools was measured to be 1.5 ± 0.5 mM and 0.45
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FIG. 3. (A) Consensus sequence identified in the RNA pools that recognize the hexachloronorbornene derivative 1 (Y = pyrimidine; R =
purine). The percent conservation of each nucleotide after alignment of the sequences (26) is shown below. (B) Proposed secondary structure
(27, 28) formed by a portion of the 5' fixed region (lowercase letters) and the consensus sequence (uppercase letters) at the 5' end of the random
region. Base-pairing interactions are shown as lines connecting the nucleotides. (C) Proposed secondary structure formed by the partial
consensus sequence in the RNA clone 15-B-9. Nucleotides that are conserved between this structure and that in A are denoted by an asterisk.
An additional possible base pair that would make these two structures more similar is shown with a dashed line. (D) The 38-mer RNA that has
the consensus sequence and secondary structure but failed to bind to the column derivatized with 1.
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FIG. 4. Effect of deletions on the ability of the RNA clones 15-B-9 and 15-B-li to bind to the hexachloronorbornene column. The percentage
ofa homogeneous population ofeach RNA that binds to the column and elutes with 50mM soluble analog is given. The truncatedRNA molecules
are designated by the nucleotides that were deleted and are depicted graphically. The regions of fixed sequences and nucleotides that form the
proposed conserved secondary structure are designated by the nucleotides in the primary sequence and are shaded with diagonal lines. The fixed
sequence that contributes to the secondary structure in 15-B-11 is shown as cross-hatched.

± 0.05 mM, respectively, and that of the 15-B-11 clone,
which has the conserved sequence at its 5' end, was deter-
mined to be 0.35 ± 0.05 mM.

Screening for Catalysts. Two methods were used to assess
the ability of the RNA molecules that bind the transition state
analog to catalyze the Diels-Alder reaction. In the first assay,
the bleaching of a starch/iodide solution by the S02 liberated
following the initial cycloaddition of the substrates is moni-
tored spectroscopically. This method was used to screen 117
clones from round 9. A more sensitive catELISA assay (30)
was developed and used to screen 18 unique clones from
round 15-B, 50 unique clones from round 19-B, and 15 unique
clones from round 20-B. In addition, 64 clones from round 9
were rescreened for catalytic activity by this method. In all,
196 unique clones were analyzed by one, or both, of the
methods without the identification of an RNA molecule that
could accelerate the rate of the Diels-Alder reaction.

DISCUSSION
RNA molecules that bind a transition state analog of a
Diels-Alder reaction were isolated from a starting pool of
_1014 sequences. After the initial rise and plateau of the
amount of RNA retained by the column, the use of a step
gradient elution further enriched the pool for RNAs with
higher affinities for the target. Variations of this technique
could be used to isolate nucleic acids with enhanced affinity
for any target from large pools of sequences.
To our knowledge, there have been no previous reports of

the isolation ofRNA molecules that bind either a nonplanar
or a hydrophobic ligand. Other reports have involved ligands
that are planar and/or positively charged (17-21). RNA
presumably binds the later molecules through base stacking
interactions and favorable charge-charge contacts with the
phosphate backbone. RNA is apparently capable of forming
a relatively hydrophobic binding pocket that complements
the nonplanar topology of the hexachloronorbomene 1 and
may take advantage of the few hydrogen bonding opportu-
nities presented by the imide functionality. A fairly large
number of very different RNA sequences appear to form
structures capable of binding this molecule.
The conserved nucleotide sequence present in many of the

selected RNA molecules (Fig. 3) provides a starting point for
examining how RNA can bind this unusual ligand. The
proposed secondary structure formed by this conserved
sequence and the 5' fixed region is strongly supported by its
occurrence entirely within the random region of a clone. The
step gradient elution enriched the consensus in the popula-
tion, suggesting that this sequence contributes to the struc-
ture of the RNA molecules with the highest affinities for the
analog. The Kd of one of these RNAs, 15-B-11 (0.35 ± 0.05
mM), is somewhat lower than the mean of the round 15-B

pool (0.45 ± 0.05 mM). The nucleotide deletion experiments
demonstrate that the region of the RNA that contains the
structure is essential for binding the analog. However, the
conserved sequence alone is not retained by the column. It
may require other sequence elements to fold into the correct
conformation or to bind the target.

It is discouraging that none of the 196 unique RNA mole-
cules had any detectable catalytic activity. This transition
state analog elicited an antibody (1E9) that is able to enhance
the reaction with an effective molarity greater than 100 M
(25). However, the affinities of the selected RNA molecules
are almost five orders of magnitude lower than that of 1E9 (K1
= 8 nM) (24). Therefore, it is likely that the lack of catalysis
reflects an insufficient amount of binding energy available for
increasing the effective concentrations of the two reactants
with respect to one another or to stabilize the transition state
for the cycloaddition reaction.
We are left to contemplate the general prospects for

isolating catalytic RNA molecules through transition state
analog methodology. The highest affinities ofRNA for small
ligands are in the high nanomolar range (20, 21). The rela-
tively sparse chemical features and lack of rotational freedom
of nucleotides when compared to amino acids may prevent
RNAs from tightly binding the transition state without also
having an inhibitory affinity for the substrates or products of
the reaction. Therefore, although RNA molecules have been
isolated that recognize small molecules with considerable
affinity and specificity (17-21), the large, rigid bases may not
be able to form binding pockets that complement the chem-
ical topology of small ligands with the same accuracy of a
protein binding pocket that is asked to "see" tiny differences
in shape. Although RNA is clearly capable of catalyzing
certain reactions (1-10, 31), we predict that the difficulties in
binding small transition state analogs with higher affinity than
substrates may limit the chemical transformations amenable
to rate enhancement by nucleic acids.
The limited catalytic repertoire of nucleic acids might be

enlarged through the use of several changes and additions to
the SELEX procedure described in this report. The SELEX
itself might have missed the highest affinity binders (were
they present) since column SELEX unavoidably presents the
target molecules at high density. Counter-SELEX (21) with
substrates or products to enrich those rare sequences that
may discriminate the transition state from the ground states
of the reaction. In addition, there is compelling evidence that
primitive RNA catalysts contained a larger number of bases
than the four utilized in modem biological systems (32-34).
Toward this end, many pyrimidines with additions at the
5-position are substrates for RNA polymerases and reverse
transcriptases (refs. 35 and 36; Bruce Eaton, personal com-
munication), allowing nucleotides that provide additional
chemical groups to be incorporated into RNA for use in the

Chemistry: Morris et al.
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SELEX procedure. In an extension of this, RNA molecules
with one of the Diels-Alder substrates covalently attached to
pyrimidines could be incubated with the second substrate
followed by purification of sequences that have product
covalently attached. This approach might allow direct selec-
tion for RNA-mediated catalysis of the cycloaddition reac-
tion.
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