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Abstract: DNA and RNA molecules have been isolated from synThe whole field has been the subject of numerous review

) o .
thetic combinatorial libraries that are able to bind a variety of smﬁ[t'd_es' . Rat_her th"?‘” a_dd'”g anothe_r one, we want_ to
organic molecules and catalyze different chemical reactions. TRENIGNt in this publication the most important selection
properties of these molecules as well as the techniques for th&gthodologies and the properties of selected nucleic acid
identification are discussed with respect to potential applications imolecul es with respect to their potential application in or-

new I-nnls

organic synthesis.

ganic synthesis. It must be noted, however, that while sev-
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combinatorial chemistry

1 Introduction

For along time, nucleic acids have been the subject of in-
tensive biochemical studies, and oligonucleotides as short
synthetic pieces of DNA have become essential research
and diagnostic toolsin molecular biology. For the organic
chemist, however, oligonucleotides have been more a
subject of synthetic investigations than tools that help to
solve synthetic problems. Elaborate solid-phase method-
ologies were devel oped, and now automated synthesizers
alow thereliable synthesis of DNA and short RNA oligo-
nucleotides as well as the site-specific incorporation of
numerous modifications.

With the advent of combinatorial chemistry in the early
1990s, the laboratories of Gold, Szostak and Joyce were
thefirst to demonstrate that one can isolate from synthetic
combinatorial RNA or DNA libraries moleculeswith new
properties, which are not related to the biological func-
tions of nucleic acids.® The most prominent examplesare
nucleic acids with new binding properties and those with
novel catalytic activities. Nucleic acid ligands were gen-
erated against small organic molecules that exhibit re-
markable enantioselectivity or highly selective
discrimination between closely related molecules. The
properties of the isolated molecules (e.g., the specificity
of binding) could be largely determined by the design of
the selection experiments. In similar studies, agreat many
of new catalysts were generated. While the first examples
dealt with modifying reactions of nucleic acids, recent
work has created catalysts for Diels-Alder reactions and
amide bond formation. The possibility to rationally influ-
ence the properties of the molecules to be selected makes
the iterative search in and the evolution of nucleic acid li-
braries potentially superior to the screening of other com-
pound libraries. Potentialy, nucleic acid molecules
derived by in vitro selection could become useful toolsfor
the organic chemist astailored highly selective ligandsfor
preparative separations or as specifically developed cata-
lysts in bioorganic transformations.

Synlett 1999, No. 6, 825—-833

been reported, to-date no practical utilization in organic
synthesis has been described.

2 Nucleic Acids Seen with the Eyes of a
Chemist

Stripped from all biological context, nucleic acidsare lin-

ear heterocopolymers. They consist of 4 different mono-

mers, the nucleotides. The properties of nucleic acids are
governed by the order in which these monomers appear,
which is their sequence. Since the nucleotides have the
ability to form specific hydrogen bonds with "comple-
mentary nucleotides” (i.e., those with the opposite H-bond
donor/acceptor pattern), nucleic acids can form higher-or-
der structures: They can fold back intramolecularly and
thereby form structures with double-stranded stems and
single-stranded loops and bulges, or they can recognize
intermolecularly a complementary piece of nucleic acid
and form more complex aggregates. Several other modes
of interaction are known like three- and four-stranded
structures and pseudoknots which stabilize and tune the
three-dimensional structure necessary to present the func-
tional groups in the proper arrangement to interact with a
variety of organic molecules. By doing so, a remarkable
variety of different shapes is created. Like in proteins, the
three-dimensional architecture of folded nucleic acids
may provide binding pockets and catalytic centers. The
physico-chemical properties of individual functional
groups (e.g., pKvalues) can change tremendously in the
context of a specific three-dimensional structure. Various
types of interaction with small organic molecules are
known?®° Aromatic rings can intercalate between adjacent
nucleobases thereby participating in the nucleobase stack-
ing. Heteroatoms of organic molecules can form dipolar
contacts with the hydrogen donors and acceptors of the
oligonucleotides, especially the heteroatoms of the nucle-
obases and the 2’-hydroxyl groups of the ribose moieties.
The negatively charged phosphate groups of the oligonu-
cleotide backbone can form electrostatic contacts either
directly with cationic groups present in the target mole-
cule or via a suitable positioning of divalent metal i&hs.
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The modes of interaction can be further expanded if nu- 3 RNA and DNA M oleculeswith Specific
cleotide anal ogs containing unnatural functionalities (e.g. Binding Properties
thiols, amino groups, imidazolyl moieties, hydrophobic

: . 11
side chains) are used. 3.1  InVitro Selection

Nucleic acid libraries are like any other library, except for . . )
y y P The most common method for the isolation of nucleic ac-

the following differences: ) . o . -
ids with an affinity to a certain target molecule uses affin-

— They are very easy to create. In automated solid—phqﬁp chromatography (Figure 1yith a solid matrix to
synthesis, the machine must just be programmed t0 Usgi@ch the target molecule of interest is immobilizéd.

mixture of monomers rather than a specific nucleotide. fy,e compinatorial nucleic acid library is created by auto-
position where an equimolar mixture of the 4 monomers

is used is called "randomized”, and with N randomized
positions inside a given sequence, one (theoretically) ci

chemical synthesis of a DNA library

ates a mixture of¥Mdifferent oligonucleotides. and transcription info RNA
— The library sizes are huge. In a typical selection expe l
ment, the initial library contains ¥to 10* different mo-

lecular species in a single test tube. RNA library

— The most important difference is that from any given nu e
cleic acid molecule, enzymes (template-dependent pol

merases) can create thousands or even millions of copi
This advantage, which is obviously not available for othe
classes of compounds, allows the iterative screening
very large oligonucleotide libraries. By this multiple, con
secutive purification, the active species present initiall
only in very few copies (<20) can be enriched and event
a||y isolated. RNA pool enriched

. ) . o in binding molecules
The major disadvantage is the restriction to only fou
chemically rather similar monomers, which is caused

the need to use enzymes obeying the Watson-Crick base ) _ ) _ o
pairing rules for the copying steps. Erlgg;retiglnwtro selection of RNA ligands with specific binding

isolation, affinity chromatography with
characterization E Immobilized target molecule

N/
discard
unbound RNA

elution of
pinding ligands
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mated solid-phase synthesis and then applied to the affin-
ity matrix in a suitable buffer. Unbound nucleic acid
molecules are washed away retaining the desired binding
molecules which are later competitively eluted with a
buffer containing the free target molecule. The eluted
molecules are collected, a template-dependent poly-
merase and nucleotides are added and several thousand
copies of each selected nucleic acid molecule are generat-
ed. Thisresultsin alibrary in which molecules with affin-
ity to the immobilized target are enriched. Since
molecules with high affinity to a given target are very
rare, and enrichment of active species in one such round
of selection and amplification is normally in the order of
10? to 107, this scheme has to be repeated several times,
until molecules with the desired properties dominate the
enriched library. The members of this library are then
identified and their nucleotide sequences compared to
find common structural motifs.

In vitro selection?!® (also termed SELEX - Systematic
Evolution of Ligands by EXponential enrichment) can be
carried out with either DNA or RNA libraries, and modi-
fied DNA/RNA libraries can be used too, as long as the
chemical modifications do not interfere with the enzymat-
ic amplifications. Technical details of the amplification
procedures vary, depending on the type of nucleic acid li-
brary used.

The majority of the selection experiments described so far
were concerned with oligonucleotide binding to all kinds
of bioactive macromolecules, mainly proteins.’* These
oligonucleotide binders, generally called aptamers (lat.
aptus: to fit), are now entering phases of biomedical and
pharmaceutical application and should not be within the
scope of this review.® The range of small molecules to
which binding oligonucleotide sequences have been
found comprises biological monomerslike amino acids or
nucleotides, cofactors like NAD or biotin, natural RNA
binderslike glycoside antibiotics, transition state anal ogs,
substituted purines or organic dyes. These small target
molecules with their corresponding aptamers and binding
constants are summarized in table 1.

One of the smallest aptamer motifs was found by
Sassanfar and Szostak?® in a selection experiment against
adenosine triphosphate (ATP). They synthesized a DNA
pool with 120 randomized positions, transcribed it enzy-
matically into RNA and applied this RNA pool to a solid
matrix derivatized with ATP (Figure 2a8). Unbound or
only weakly adsorbing RNA molecules were removed by
extensive washing. ATP-binding RNAs were then specif-
ically eluted by competition with free ATP present in the
elution buffer and enzymatically amplified to yield a new
RNA pool enriched in binding sequences which was sub-
jected to further rounds of selection. Starting with about

Table 1: Small molecule targets of RNA binders (Selection)

Target K4 [uM]? Minimal | Reference
motif size
L-valine 12000 - 15
L-citrulline 65 44 16
L-arginine 0.33 - 17
D-arginine 135 38 18
D-ATP 14 40 19
L-adenosine 1.7 58 20
riboflavin 0.5 35 21
NMN/NAD 2.5 - 22
guanine 1.3 32 23
guanosine 32 - 24
7-methyl-GTP 0.5° - 25
theophylline 0.1 38 26
cibacron blue <100 - 2
3G-A (CB)
dopamine 2.8 - 27
cyanocobalamin 0.088 35 28
biotin 6 - 29
tobramycin 0.009 27 30
neomycin 0.1 - 31
kanamycin, =0.3 - 32
lividomycin

*Binding constants may vary slightly depending on the
individual assay conditions {e.g. Mg**-concentration).
b ICso values were determined instead of Ky values.
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Figure2. a) ATP and b) the corresponding aptamer. N can be any nu-
cleotide, base-pairing is indicated by thin lines. The underlined nu-
cleotides are involved in hydrogen bonding with the ATP and the
arrow marks the intercalation site of the target adenine base.
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10* different RNA molecules, only few ATP-binding se-
quences dominated the pool popul ation after the 8" round.
These were isolated and characterized, and a minimal
ATP-binding motif was identified based on the obtained
sequence information (Figure 2b). This 40mer RNA
bound ATP with a K, of about 14uM. The structure de-

picted in Figure 2b appears to be a nearly optimal solution
for the ATRbinding problem as several independent se-
lection experiments for adenosine containing cofactors
subsequently reproduced this motif under varying experi-
mental conditiong!
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Subsequent NMR studies of the ATP-aptamer complex
revealed the detailed molecular interactions between the
target and its ligand (Figure 2).%3% The target adenine
base is stacked between two neighboring purines and is
hydrogen bonded by two conserved nuclectidesin the mo-
tif. This structure also explains the remarkable specificity
of recognition by the aptamer. Of the four natural nucle-
otides, only adenosine is recognized while the adenosine
derivatives AMP, ADP and ATP are tolerated since these
phosphates do not participate in the aptamer-target inter-
actions.

It is, thus, possible to intentionally generate ligands for a
desired target. Several major improvements of the selec-
tion methodology have been developed since that allows
fine-tuning and evolutionary refinement of the selected
oligonucleotides.

3.2 Counter Selection — Regioselectivity of

Aptamers

In a modified in vitro selection scheme called counter
SELEX aptamers can be purposely raised to discriminate
between closely related substances.

This was first demonstrated by Jenison et al.,? selecting
RNAs binding to an affinity column derivatized with the
purine analog theophylline (Figure 3). Prior to the com-
petitive elution with free theophylline, the bound RNASs
werefirst incubated with caffeine thereby removing those
RNAs capable of binding to both purine analogs. After
eight rounds of selection, an isolated RNA bound theo-

3.3

DNA and RNA - constituted of a (deoxy)ribose phosphate
backbone - are chiral polymers occurring naturally only in
the polyb-conformation. This can impose a high sensitiv-

ity towards the asymmetrical centers in their target mole-
cules.

In a selection experiment by KluBmann et?ab-RNA
aptamers were selected againstittaelenosine. Counter-
selection with the>-adenosine was employed to enhance
the stereoselectivity of the resulting aptamers. The isolat-
ed adenosine binders indeed favored thenantiomer
about 9000-fold over the-enantiomer. This was subse-
guently validated for the corresponding enantiomers of
target and ligand, i.e. the chemically synthesiz&NA
aptamer favored-adenosine 9000-fold overadenosine.
This rational approach termed 'mirror-image design' ex-
tends the range of in vitro selection to the previously inac-
cessible classes ofnucleic acids?

It was supposed that high affinity of an aptamer should
imply high selectivity since a large number of functional
groups are involved in binding interactiofisThis was
demonstrated in an experiment where 20 rounds of selec-
tion yielded very tight binders af-arginine (K= 330
nM). The obtained minimal motifs were - as expected -
larger and more complex than comparable aptamers with
lower arginine affinity and showed excellent discrimina-
tion against related compounds. They also exhibited an
over 12,000 fold preference over the enantiomargin-
inel’

Stereoselectivity of Aptamers

phylline with a dissociation constant of 0.32 pM. In con-

trast, the aptamer bound caffeine only weakly=R.5

mM) and therefore could discriminate between the tw
purines differing by as little as a single methyl group wit
a factor of 10,900 (Figure 3). By the same techniqu
aptamers were selected binding the guanosine analo
methyl-guanosine triphosphate. The obtained oligonucl
otides preferentially bound the guanosine analog a th

sand times tighter than the unmodified GYP.

0 0 CH,
HaCo_ \ HyCo N
I )
O O N
(|3H3 ‘E:% > 10900 C;:Hs

1
theophylline caffeine

Figure 3. Molecular discrimination of small molecules by an
aptamer.

Counterselective pressure is also routinely used in seld

ou-

34 In Vitro Evolution

ne should keep in mind that most often the initial library
gontains only a tiny fraction of all theoretically possible

itions inside a molecule, the theoretical complexity of the
rary is 4. With 25 randomized positions, we gét dr
roughly 18°, which is about the limit of what can be han-
dled with a reasonable amount of work and at reasonable
costs. Very often, the length of the randomized part is in
the 100 nucleotides range or above, which means that only
very few examples @ out of 4%) are contained in the
initial library. This means, on the other hand, that the mol-
ecules selected from such an under-represented library are
very likely to be not optimal. These ligands, however, can
be a good starting point for what is called "in vitro evolu-
tion”.%"38 While the techniques described so far are simply
iterative screening procedures with inserted amplification
steps, in vitro evolution adds the element of mutation. The
most simple variant uses error-prone amplification. The
enzymatic amplification steps are carried out under condi-
ons where the copying enzymes work sloppily, i.e., they

%tfpl members. As already stated, with N randomized po-
3

create imperfect copies of the templates containing one or

tion experiments to remove RNAs binding to underiva: . ; . ; . o
tized matrix material by the use of a precolumn. CountgFVeral point mutations. This results in new diversity in
ach round of selection which is now not random but "bi-

selection can also be used in a multi-dimensional way 4 in f f the alread iched molecul
ing more than two different targets to emphasize/de-e@S€¢ !N favor ot the already enriched molecules.

phasize several positions in a given structure.
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By using in vitro evolution, the relevant properties (e.g.,
binding constants) could be improved by several orders of
magnitude. In other projects, in vitro evolution was used
to change the specificity of a once-identified RNA motif.
Famulok isolated arginine binders starting from alibrary
of mutated citrulline binders, and he could show, that the
two binding motifs differed only in 3 nucleotides.'® This
technique could therefore be useful to develop bindersfor
molecules, when RNA molecules with affinity for related
targets are already known.

4 Ribozymes — New Nucleic Acid Catalysts

4.1

While the concept of selecting or generating ligands for a
given target can be easily comprehended, the identifica-
tion of new catalysts is conceptually more ambitious. A

General considerations

catalyst is — by definition — required to leave the reactio X
unchanged. In order to preparatively separate the few ¢RNA
tive molecules in a library from the excess of inactive spe
cies, however, one needs a difference in the physical
chemical properties. This is a serious contradiction, bt

two major detours have been worked out.

4.2 Selection Against Transition State Analogs

(TSAs)

The concept of transition state stabilization and transition
state analogs has been very successfully applied in the
field of catalytic antibodies. Antibodies were raised in an-
imalsagainst atransition state analog (TSA), using the an-

ing that these members might combine substrate and cat-
alyst properties in one molecule. For selection purposes,
X carries an anchor group; a functional group that is nor-
mally not present in RNA, like a thiol or biotinyl group.
RNA molecules that react with the substrate automatically
acquire the anchor group and can subsequently be isolated
by affinity chromatography on a suitably derivatized ma-
trix, e. g. activated thiopropyl agarose (disulfide bond for-
mation with the thiol anchor group) or streptavidin
agarose (specific interaction with the biotinyl group). Un-
reacted RNA does not bind to the matrix since it does not
contain the anchor group and is removed by washing,
while bound RNA is isolated and enzymatically ampli-
fied. This cycle is repeated, until active molecules domi-
nate the library.

Reaction: RNA + X RNA-X

\r

Reaction

RNA-X
~~

Immobilization l c\e

RNA‘KRQ

enzymatic
Amplification

\(’ Anchor group

o\o Solid Phase

Figure 4. Direct selection of catalytic RNA.

imal’s immune system as a self-optimizing combinatorial
library. Antibodies that bound to these TSA's were the'f'he isolated molecules are self-modifiers and not cata-

screened to find molecules that catalyze the respective
action that proceeds via this transition state. This has
come a well-established technique, and recently fir
applications in preparative organic chemistry have beesla

described®

action unchanged, and they perform the reaction only
ce. Quite often it is possible, however, to rationally dis-
ct the identified self-modifiers into a substrate part and
a catalyst part after elucidation of the primary and second-

k%s‘ts in the sense of the definition, they do not leave the
3

Several groups have tried to apply this concept to comBiry structure. E. g., a ribozyme accelerating the transfer of
natorial RNA and DNA libraries. A TSA is immobilized, a phosphate group onto its own 5-end was rationally con-
and nucleic acid ligands are enriched that bind to thigrted into a true enzyme that is able to phosphorylate ex-
TSA. The binding RNAs are then screened for catalysis @&rnal oligonucleotide®.

the respective reaction. While the first part worked qui

often, the isolated RNAs only occasionally displayed cazil
alytic activity. Only two examples are known to-date, a
RNA catalyzed isomerization of a bridged biphen
with multiple turnovef? and the metallation of a por-
phyrin#:42 Numerous unsuccessful attempts have be

ilson and Szostak selected self-alkylating ribozymes

y using N-biotinyl-N"-iodoacetyl ethylenediamine as
Ikylating reagent, in which biotin is the anchor group.
hey incubated the RNA pool with the alkylating reagent

and isolated by affinity chromatography with streptavidin

%%arose those RNA molecules that had acquired the biotin

reported. tag. After several rounds of in vitro selection and evolu-
tion they obtained ribozymes catalyzing self-alkylation
4.3 Direct Selection with a rate enhancement of more than 1 million over the

. . . . uncatalyzed reaction. The alkylation took place on the N7
The most successful method to identify nucleic acid cataing group of an internal guanosine residue.

lysts is direct selection. Those members of a combinatori- _ .
al DNA or RNA library are isolated that show anln order to increase chances to select active catalysts,

accelerated reaction with a substrate X (Figure 4), assufese authors did not use a completely randomized pool.
They incorporated into their pool design a previously
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identified biotin-binding matif, which was partialy mu-
tated at alow level and which was surrounded by stretches
of completely randomized RNA. Thishas become arather
common strategy, one first identifies a binding motif for
the potential substrate and uses this motif as a starting
point in the search for catalysts.

Using these techniques, a great many ribozymes could be
selected performing various types of chemical reactions.
The range starts from ribozymes accelerating the reac-
tions catalyzed aso by the naturally occurring ribozymes
(i. e, phosphoester transfer reactions), to alkylation,
amide bond formation and acylation reactions. Other im-
pressive examples of the catalytic performance of RNA
include the formation of N-glycosidic bonds *° and vari-
ous aminoacy! transfer reactions %4 (for a selection, see
Table 2).

Table 2: Selection of organic reactions catalyzed by
oligonucleotides

catalyzed reaction rate acceleration reference
phosphorylation 100,000 43
RNA ligation 700 57
RNA cleavage a 58
DNA cleavage 1,000,000 59
aminoacylation >100,000 46
aminoacyl transfer >2,000 47
porphyrin metallation 460 42
1,400 41
biphenyl isomerisation 88 40
N-alkylation > 1,000,000 44
S-alkylation 2,420 60
N-glycosidic bond 10,000,000 45
formation
transesterification a 48
amide bond formation 1,000,000 49
10,000 51
Diels-Alder reaction 800 50
20,000 53

*The rate acceleration could not be measured due to
undetectable background reaction

Despite the success of direct selection, this strategy has a
number of serious drawbacks that limit a broader applica-
bility. First, since one of the reactantsis always the RNA
itself, only catalysts for modification reactions of RNA
(or chemically modified RNA) can be selected. The ma-
jority of reactions of interest to the chemist, namely bimo-
lecular reaction between two small reactants, can not be
accessed. Second, this approach selects primarily for sub-
strate properties of the RNA molecules. Library members
being excellent catalysts but poor substrates do not ac-
quire the anchor group and are therefore eliminated in the
selection step.

To overcome these limitations, the Eaton group and our
lab devel oped an approach involving linker-coupled reac-
tants.>053

Synlett 1999, No. 6, 825-833 ISSN 0936-5214 © Thieme Stuttgart

4.4 Direct Selection with Linker-Coupled
Reactants

To select RNA catalystsfor ageneral reaction A+B - A-
B, the potential reactant A is attached to each molecul e of
acombinatorial RNA library viaalong flexible polymeric
tether (preferably polyethylene glycol). This library of
RNA-linker-substrate conjugates is then incubated with
reactant B which carries the anchor group. If an RNA
molecul e catalyzesthereaction of the attached substrate A
with B, it becomes linked to the anchor group and can be
selected and amplified (Figure 5).

RNA,

‘cat

Reaction: A +B A-B

RNA~~~A B\(- RNA~~~~A-B

Reaction ~
Conjugation of
A linker-coupled Immobilization c\e
Reactant
RNA ————————— RNA~~~A-
enzymatic

Amplification

c\o Solid Phase

Figure 5. Direct selection of catalytic RNA with linker-coupled
reactants.

~~~~A linker-coupled Reactant \( Anchor group

Eaton and co-workers 5051 combined this technique with
the use of chemically modified nucleotides that contained
additional functional groups. Imidazolyl- and pyridyl
moieties, respectively, were attached to the C-5 position
of al uridinesin their RNA libraries, to provide for addi-
tional hydrophobic and dipolar interactions, hydrogen
bonds and metal ion coordination.!* From such modified
RNA librariesthey identified molecules that accelerated a
Diels-Alder reaction about 800-fold,* and amide synthas-
es that catalyzed the reaction of atethered primary amine
with an activated anhydride about 10°-fold.>!

Our lab used direct selection with linker-coupled reactants
to isolate ribozymes that catalyze a Diels-Alder reaction
of linker-coupled anthracene and biotinylated maleimide
(Figure 64).5% We generated alibrary of 2 * 10 different
RNA-PEG-anthracene conjugates, and allowed them to
react with biotin maeimide. Biotinylated reaction prod-
ucts were isolated using a streptavidin matrix and ampli-
fied. After 10 rounds of conjugation, reaction, selection,
and amplification, the reactivity of the enriched pool was
increased about 10*-fold. We could identify several differ-
ent sequence families, the best of which accelerated the
reaction about 20,000-fold. We identified a small motif
present in 90% of all active sequences (Figure 6b). Al-
though we could not detect an accelerated reaction to-
wards free anthracene, we could rationally convert this

- New York
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motif into a true catalyst that accelerates the Diels-Alder
reaction of short anthracene-oligonucleotides about
15,000-fold with multiple turnover.>

a)
Blotm%N o
0% )
+ Biotin Nb
RNA © RNA
b) /“
.
N
c € a N"\N‘NN
G b
A
U
A
N
N N\N‘N U
/" Sunnnn Ny Ugc A

nz‘l\/ﬂ! N NN 1:1G3' N 5' O‘O
A GG

Figure 6: @) Diels-Alder reaction of linker-coupled anthracene and
biotin maleimide; b) Proposed secondary structure motif of the selec-
ted Diels-Alderase ribozymes.

These examples demonstrate that the catalytic repertoire
of nucleic acids is by no means limited to few modifying
reactions at nucleic acid components. Further progressin
the expansion of DNA/RNA catalysis will depend on the
development of suitable selection systems that alow the
isolation of molecules with exactly the properties one is
looking for.

5 In Vitro Selected Nucleic Acidsin Organic
Synthesis

Thefollowing points make it worthwhileto seriously con-
sider the practical use of in vitro selected nucleic acidsin
organic synthesis:

For a broader practical appreciation, a number of current-
ly persisting obstacles need to be overcome. The organic
chemist is used to work in organic solvents. Multi-step
synthesis involves the use of protecting groups, and the
majority of protected synthons are hydrophobic and insol-
uble in water. At present, it appears that unmodified RNA
is not as efficient in handling hydrophobic targets as it is
hydrophilic ones. In fact, examples of selections for this
type of molecule are rare. The selection of aptamers
against the hydrophobic amino acid valine demonstrated
that RNA is capable of solving such hydrophobic binding
problems!® although with a much lower affinity, com-
pared to other targets of similar size (Table 1). To make
RNA compatible with organic building blocks and sol-
vents, several possible solutions have been proposed. Se-
lections could be carried out in agueous mixtures of
(water-miscible) solvents to select those RNAs that form
suitable structures also in the presence of solvents. RNA
counterions (most commonly N&K*, Mg?*) might be ex-
changed against tetraalkylammonium or similar ions. The
use of derivatized nucleotides or post-synthetic modifica-
tion to introduce hydrophobic side chains into the RNA
should not only increase the solubility in organic solvents
but also provide for better interactions with hydrophobic
targetsi>4

The discrimination between closely related small organic
molecules achieved by relatively small RNA molecules
rivals or even exceeds the performance of known antibod-
ies. This differentiation, combined with the ability to ra-
tionally emphasize or de-emphasize positions in a given
set of targets makes these aptamers potentially interesting
for preparative separations, both of synthetic mixtures and
of natural product extracts. Immobilized aptamers could
serve as tools for difficult chromatographic separation
problems especially for the resolution of chiral com-
pounds. The final purification of natural compounds or its
key intermediates are of particular interest. Furthermore,
the development of purification schemes based on the spe-
cific recognition of widely used protecting groups can be
imagined to have significant synthetic impact.

Organic molecules complexed with aptamers might have
different reactivities towards conventional reagents lead-
ing to otherwise inaccessible products. The same should
be valid if the reactive reagents themselves are complexed

— DNA/RNA can specifically bind to a wide variety of dif- with oligonucleotides. We therefore propose the use of
ferent targets, and can differentiate between very similgptamers as chemo- and/or stereoselective ligands in or-

target molecules.

ganic synthesis.

— DNA/RNA can catalyze a wide variety of chemical reThe tailoring of catalysts for chemical reactions has al-

actions.

ways been the chemist’'s dream. The described examples

— To identify/develop DNA/RNA species with certainshow that this is actually possible for oligonucleotide-
properties, iterative screening procedures can be appligaised catalysts. Techniques like counter-selection and in
to combinatorial libraries, and the outcome can be cowmitro evolution allow to fine-tune and optimize the prop-
trolled by purposely emphasizing or de-emphasizing indérties of the enriched catalysts, and with the beginning de-

vidual parameters.

— The catalytic and/or binding repertoire of nucleic aci
can be expanded by using chemically modified nucg

otides.
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velopment of more sophisticated selection strategies,

Jeurrent limitations could be overcome quite soon. At
|present, the reaction kinetics of most in vitro selected ri-

ozymes are quite sluggish, and conversion of two free re-
actants with multiple turnover still represents a major
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problem. These problems, however, have nothing to do  (17) Geiger, A.; Burgstaller, P.; von der Eltz, H.; Roeder, A.;
with limited catalytic abilities of RNA/DNA, they arejust 8) Ei?:;"i\k “,Q;Tgﬂ;‘ﬁn’*‘é"?;*;z 1396é$3}n1‘91%2r19_\%0i§ﬁmste S
r imperf ion methodology. E.g., Figur 1
hows et multiple rnover s Smply ot n theelection 1o, PN Btesa 1996, 14 1116-1119

. (19) Sassanfar, M.; Szostak, J. Mature 1993, 364, 550-553.
query. In order to be selected, the RNA molecule just  (50) kjygmann, S.; Nolte, A.; Bald, R.; Erdmann, V. A.: Firste, J.
needsto accelerate the reaction once, so it isnot surprising P.Nat. Biotechnol. 1996, 14, 1112-1115.
that many selected ribozymes exhibit slow — if any — turi21) Burgstaller, P.; Famulok, Mingew. Chem. Int. Ed. Engl.
over. New selection methodologies need to be developed 1994, 33, 1084-1087.

that address the issues relevant to the organic chemist(22) '1-2220{'215%- T.; Szostak, J. \W.Am. Chem. Soc. 1995, 117,

We anticipate that the excellent enantioselectivity in su»3) Kiga, D.: Futamura, Y.: Sakamoto, K.; Yokoyamay@leic
strate recognition by nucleic acids will finally allow their  Acids Res. 1998, 26, 1755-1760.

use as enantioselective catalysts in organic synthesis (28 Connell, G. J.; Yarus, Mcience 1994, 264, 1137-1141.
demonstrated recently for catalytic antibodies. Sinha et &5) Haller, A. A.; Sarnow, Feroc. Natl. Acad. Sci. USA 1997, 94,
used an antibody to catalyze the formation of cifiray- 8521-8526.

droxyketones, which then were used to elaborate the coff?) geeé"sﬁg’ﬁfég Gill, S. C.; Pardi, A.; Polisky S8ience 1994,

plex natural product epothiloe Similarly, acceleration 27y mannironi, C.; Di Nardo, A.; Fruscoloni, P.; Tocchini-Valen-
of disfavored chemical reaction pathways is also an attrac- - tini, G. P.Biochemistry 1997, 36, 9726-9734.

tive target, which might significantly shorten some multi¢28) Lorsch, J. R.; Szostak, J. Blochemistry 1994, 33, 973-982.
step organic syntheses. E.g., antibodies were genera@ Wilson, C.; Nix, J.; Szostak, J. \Biochemistry 1998, 37,

that accelerated the kinetically highly disfavored exo-  14410-14419. _

Diels-Alder reactions and anti-Baldwin cyclizations. It i39) Wang, Y.. Rando, R. Rhem. Biol. 1995, 2, 281-290.

. . ... {31) Wallis, M. G.; von Ahsen, U.; Schroeder, R.; Famulok, M.
conceivable to develop DNA/RNA catalysts with similaf Chem. Biol. 1995, 2, 543.552.

properties, thereby allowing one-step syntheses of co@y) Lato, S. M.; Boles, A. R.; Ellington, A. Exhem. Biol. 1995,
pounds that would otherwise require high synthetic effort. ~ 2 291-303.

The application of in vitro selected nucleic acids in orgai33) Eéjzr'f’ D. H.; Gold, LNucleic Acids Res. 1997, 25, 2020-
ic synthesis will benefit from the technological develop(t y

. . ':?14) Dieckmann, T.; Suzuki, E.; Nakamura, G. K.; FeigoRNA
ments and corresponding cost reductions made WIth” 1996 2 628-640.

respect to the use of nucleic acid as drugs. While 10 ye@ss) Jiang, F.; Kumar, R. A.: Jones, R. A.; Patel, Diafure 1996,
ago, a DNA synthesis at a 100 mg scale was a costly en- 382, 183-186.

deavor, therapedutically relevant DNA oligonucleotide$36) Eaton, B. E.; Gold, L.; Zichi, D. AChem. Biol. 1995, 2, 633-
can now be synthesized at a kilogram scale, and with the 638 .

recent approval of the first oligonucleotide drug, ton-sca %7) Beaudry, A. A.; Joyce, G. Ecience 1992, 257, 635-641.
production is targete®>® RNA, too, is already produced 8) Szostak, J. WiNature 1993, 361, 119-120.

: . N ) (39) Sinha, S. C.; Barbas lll, C. F.; Lerner, RPfoc. Natl. Acad.
in very large scale, making in vitro selected oligonucle- * o ysa 1998, 95 14603-14608.

otides available to the organic chemist. (40) Prudent, J. R.; Uno, T.; Schultz, P.Sience 1994, 264,
1924-1927.
(41) Li, Y.; Sen, DNat. Sruct. Biol. 1996, 3, 743-747.
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