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The equanimity of your average tosser of coins
depends upon a law, or rather a tendency, or let us
say a probability, or at any rate a mathematically
calculable chance, which ensures that he will not
upset himself by losing too much nor upset his
opponent by winning too often. This made for a kind
of harmony and a kind of confidence. It related the
fortuitous and the ordained into a reassuring union
which we recognize as nature.

Guildenstern in Rosencrantz and
Guildenstern Are Dead

In Tom Stoppard’s famous play, the ill-fated heroes
toss a coin 101 times. The first 100 times they do so
the coin lands heads up. The chance of this happening
is approximately 1 in 10%, a sequence of events so rare
that one might argue that it could only happen in such
a delightful fiction. Similarly rare events, however,
may underlie the origins of biological catalysis. What
is the probability that an RNA, DNA, or protein
molecule of a given random sequence will display a
particular catalytic activity? The answer to this
question determines whether a collection of such
sequences, such as might result from prebiotic chem-
istry on the early earth,'? is extremely likely or
unlikely to contain catalytically active molecules, and
hence whether the origin of life itself is a virtually
inevitable consequence of chemical laws or merely a
bizarre fluke. The fact that a priori estimates of this
probability, given by otherwise informed chemists and
biologists, ranged from 107° to 1070, inspired us to
begin to address the question experimentally. As it
turns out, the chance that a given random sequence
RNA molecule will be able to catalyze an RNA poly-
merase-like phosphoryl transfer reaction is close to 1
in 10%3, rare enough, to be sure, but nevertheless in a
range that is comfortably accessible by experiment.
It is the purpose of this Account to describe the recent
advances in combinatorial biochemistry that have
made it possible for us to explore the abundance and
diversity of catalysts existing in nucleic acid sequence
space.
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In Vitro Selection

At the beginning of this decade, it was shown that
RNAs with virtually any desired binding properties
could be isolated from pools of random sequence
molecules by iterative rounds of selection and ampli-
fication.®* This process is called in vitro selection, or
SELEX (systematic evolution of ligands by exponential
enrichment;3 Figure 1). The RNA receptors that result
from such experiments are often referred to, at least
by those who do not object to linguistic chimaeras, as
aptamers (from the Latin, aptus, to fit, and the Greek
suffix -mer). Aptamers that bind small molecules with
good affinity and specificity are relatively abundant
in sequence space: ~1 in 10'° random sequence RNA
100-mers can fold into structures capable of specifi-
cally binding certain organic dyes.* In the last few
years a number of RNA and DNA aptamers for amino
acids,5° drugs,° and enzymatic cofactors®11~1> have
been isolated. Typical association constants, mea-
sured in aqueous buffers, are in the range 105-107
M~L It is not possible, at present, to design RNA or
DNA molecules with such properties.

Having shown that RNAs with specific binding
properties could be isolated fairly easily, the next
logical question to ask was whether RNAs with
catalytic activity could also be isolated from pools of
random sequences by in vitro selection. In principle,
this can be viewed simply as an extension of the
selection criterion from substrate binding to prefer-
ential binding of the transition state. While it had
been known for some time that catalytic RNAs exist
in nature,'®17 it was not clear how easy or difficult it
would be to find new ribozymes in collections of
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Figure 1. Schematic representation of in vitro selection and
evolution. A combinatorial library of nucleic acid molecules is
subjected to selection for some physical property (e.g., binding
to a ligand, catalysis, etc.). Molecules possessing the desired trait
are separated from inactive ones to yield a new pool enriched
in functional sequences. The enriched pool is then amplified
(e.g., by reverse transcription followed by the polymerase chain
reaction) to obtain sufficient material to carry out another round
of selection. The cycle is repeated until the pool is sufficiently
enriched in active sequences. If the amplification procedure is
carried out in an error-prone manner and the selection proce-
dure is gradually changed or increased in stringency, the
population of RNA or DNA molecules will undergo true Darwin-
ian evolution.

random sequences. Furthermore, all naturally occur-
ring ribozymes catalyze similar kinds of reactions. It
seemed possible that this was because of fundamental
limitations to the catalytic ability of RNA, which lacks
the functional group diversity of proteins (4 similar
nucleotides vs 20 diverse amino acid building blocks).
We were interested in using in vitro selection to define
the functional capabilities and limitations of RNA (and
DNA). The study of new and different ribozymes
generated by in vitro selection could make it easier to
deduce general principles about how polynucleotides
mediate catalysis. The promise of using ribozymes
(and deoxyribozymes) as therapeutic agents is just
beginning to be explored,'® and in vitro selection may
also aid in the development of these new therapeutic
agents.

Indirect Selections: Transition State
Analogues

The successful use of transition state analogues in
the isolation of catalytic antibodies'® immediately
suggested that aptamers to transition state analogues
might also exhibit catalytic activity. Aptamers that
bind transition state analogues for ester and carbonate
hydrolysis (phosphonates, alcohols)?~2% and both in-
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ter- and intramolecular pericyclic reactions??2* have
been isolated, but none have exhibited catalytic activ-
ity. In the one successful application of this approach,
Prudent et al.?®> selected for aptamers to a planar
phenanthrene derivative designed as a transition state
analogue for the slow isomerization of two diastereo-
meric bridged biphenyls. One of three aptamers
isolated was found to accelerate the isomerization
reaction by ~100-fold. Almost all of the binding
energy of the RNA for the transition state analogue
is realized in transition state stabilization. This
modest success may reflect the simple requirements
for catalysis in this case: pure geometric stabilization
of the transition state, probably mediated by stacking
of the RNA bases with aromatic rings, and no need
for chemical catalysis, e.g., acid—base, nucleophilic,
etc. A more general extension of this approach may
require the synthesis of transition state analogues
designed to interact strongly and specifically with
RNA, perhaps less hydrophobic and with more hydro-
gen bond donors and acceptors than typically found
on transition state analogues designed to interact wth
proteins.

Direct Selections: Self-Modifying Ribozymes

In contrast to the difficulties encountered with the
transition state analogue approach, direct selections
for catalytic activity have led to the isolation of many
new ribozymes (Table 1). Direct selections lead to the
isolation of ribozymes that can accelerate a chemical
reaction, but only for a single reaction cycle, because
it is the self-modifying nature of the reaction that
allows the active RNA molecules to be distinguished
from inactive molecules during selection (Figure 2).
However, in many cases it has turned out to be quite
easy to engineer these single-turnover ribozymes into
true multiple-turnover enzymes.

All known naturally occurring ribozymes catalyze
cleavage/ligation reactions of phosphodiesters. Thus,
the search for non-natural ribozymes began by hunt-
ing in sequence space for RNAs that could perform
these kinds of reactions. Yeast tRNAPhe undergoes
hydrolytic cleavage at a specific site in its D loop in
the presence of Pb?".2672° |n an effort to isolate new
RNAs that contain lead cleavage sites and to use the
Pb?* cleavage reaction to probe the sequence require-
ments of the tRNA fold, Pan and Uhlenbeck®° selected,
from a pool of partially randomized tRNAs, RNAs that
self-cleave in the presence of lead ion (Figure 3). The
positions that were randomized were known to form
structurally important tertiary interactions near the
Pb?" binding site of the tRNA. In order to select for
cleavage, Pan and Uhlenbeck developed a clever
scheme in which the pool of mutagenized tRNAs was
circularized using T4 RNA ligase. Molecules that
cleaved themselves in the presence of Pb?", and thus
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Table 1. Results of Successful Selections for Nucleic Acid Catalysts

target reaction pool complexity/length

no. of ribozymes

reactions catalyzed noteworthy requirements  ref

RNA
RNA hydrolysis 2.6 x 105/1 x 10° 76-mers  >50

(9/10 random)

RNA ligase 1015 274-mers ~65
(220 random)
polynucleotide kinase 106 174-mers ~104

(100 random/22
mutagenized)

104 156-mers

(24 random/93
mutagenized)

self-alkylation

rotamer isomerization 10 195-mers 1
(128 random)
self-acylation 1014 95-mers ~10

(50 random)

3 ligation of 5'- 1 x 10%5 149-mers consensus
phosphorimidazolide (90 random)
DNA
RNA hydrolysis 104 80-mers consensus
(50 random)
5' ligation of 3'- 104 158-mers consensus

phosphorimidazolide

ot - e %

RNA Pool

(116 random)

Tag Grabber

l Purify

’ Tag Grabber
Amplify <+— [@C]

Figure 2. General method for the direct selection of catalytic
nucleic acids. A pool of nucleic acid molecules is incubated with
a tagged substrate. RNAs or DNAs that covalently label
themselves with the tag are separated from inactive sequences
using the tag as a handle. The tag could be, for example, a biotin
group, and the “tag grabber” could be an immobilized strepta-
vidin resin. The active sequences are amplified as in Figure 1,
and the cycle can then be repeated. By derivatizing the RNA or
DNA with a second substrate molecule, catalysts for reactions
not involving nucleotides can be selected. While the RNA or
DNA molecules as isolated accelerate only their own modifica-
tion, it is often possible to engineer them into true enzymes that
catalyze a multiple-turnover reaction. LG: leaving group.

became linear, were separated from circular ones by
denaturing polyacrylamide gel electrophoresis. The
partially purified molecules were recircularized with
RNA ligase and amplified to allow for further rounds
of purification. After six rounds of selection the pool
of surviving RNAs self-cleaved in the presence of Pb?"
at rates comparable to that of wild-type tRNAP",
Remarkably, only 3 out of 24 clones self-cleaved at the
original site of hydrolysis. A number of the selected
molecules self-cleaved more than 10 times faster than
wild-type tRNAPhe, The fact that pools with only 10
or 11 random positions yielded so many apparently
different catalytically active sequences suggests that
RNA can find a great number of different ways to fold
into structures capable of self-cleavage in the presence
of Pb?*,

Bartel and Szostak chose to search for RNAs that
could catalyze ligation rather than cleavage.?* Rather
than bias their molecules toward any particular
structure, they decided to select for RNA ligase ri-

<10 (1 major seq) N7 alkylation

RNA hydrolysis Pb2+ 30
2'=5"and 3'-5’ ligations 31

2" and 5' (thio)
phosphorylation

some require Mn2+ 43

biotin moiety required 42
(not nucleophilic

“hot spot”)
rotamer isomerization 25
2'(3") acylation (perhaps Ca?* 45
internal as well)
5'—5' tetraphosphate 36
ligation
RNA hydrolysis (in Pb2+ 37
otherwise DNA
substrate)
5 ligation of 3'- Zn?* or Cu?* 38
phosphorimidazolide
i SELECTION
- Circularize ;:)LT‘» e
a2 . 1solate
; ) (RNAlLigso linear RNA

(Polynucleotide
Transcribe Kinase; RNA Ligase)

Recircularize
}(RNA Polymerase)

Double-stranded
DNA Library -

(enriched in active PCR
sequences)

Reverse Transcribe

AMPLIFICATION

Figure 3. Selection scheme used by Pan and Uhlenbeck?® to
isolate tRNA variants that self-cleave in the presence of Pb2*,
A degenerate pool of tRNAs was circularized using T4 RNA
ligase. These molecules were then allowed to self-cleave in the
presence of Pb2*, The resulting linear molecules were purified
by polyacrylamide gel electrophoresis, recircularized, amplified,
and transcribed to yield a new RNA pool enriched in active
sequences. Modified from Figure 1 in ref 30.

bozymes from pools of completely random sequence
RNAs (Figure 4). The selection scheme involved
isolating RNAs that could ligate an oligoribonucleotide
substrate onto their own 5'-ends, with the incoming
oligonucleotide displacing the pyrophosphate group
from the 5'-triphosphate on the pool RNA to form a
new phosphodiester linkage; the attached oligonucle-
otide acts to “tag” the catalytically active RNAs.
Following the reaction, molecules that had performed
the ligation reaction were separated from unreacted
pool RNA on an oligonucleotide affinity column comple-
mentary to the tag sequence and were further en-
riched by selective (polymerase chain reaction (PCR))
amplification. Preparation and amplification of the
original random sequence pool was rather labor in-
tensive due to the large amounts of material involved
(e.g., preparation of 16 copies of a pool of ~10%
sequences requires PCR on a scale close to 1 L);
however, the great decrease in complexity that occurs
after selection allows one to return to the more
standard scale of Eppendorf tube PCR (<1 mL). After
only three rounds of selection, catalytically competent
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Figure 4. Selection scheme used by Bartel and Szostak3! to
isolate RNA ligases. A pool of DNA sequences containing 220
random bases was generated by ligating together three smaller
random sequence pools (represented by parentheses). This DNA
was transcribed to yield a random sequence RNA pool, with all
molecules beginning with a 5'-triphosphate. Incubation with a
substrate oligonucleotide resulted in rare catalytic sequences
becoming ligated to the substrate via a new phosphodiester
bond. The tagged sequences could then be purified by oligo-
nucleotide affinity chromatography and further enriched by
selective PCR using a primer complementary to the tag se-
guence.

RNAs had come to dominate the selected pool. Analy-
sis of the selected pool RNA revealed that ~65
different RNAs, out of an initial pool of 10'° different
RNA sequences, had been recovered. Thus, approxi-
mately 1 in 10'® random 220-mers is capable of
catalyzing this ligation reaction at a rate sufficient to
survive three rounds of selection.

For part of the selection (cycles 5, 6, and 7) the
system was subjected to true Darwinian evolution:
mutations were introduced via mutagenic PCR,%? and
selective pressure was applied by decreasing the time
allowed for ligation. After 10 rounds of selection, the
pool catalyzed the ligation reaction at a rate 7 million
times faster than the uncatalyzed reaction, an im-
provement of almost 10 000-fold over the round 3 pool.
The dramatic effect of in vitro evolution in this
experiment is a consequence of the fact that the
fraction of sequence space being sampled is extremely
small (the number of possible 220-mers is 422°, or
~10%%2, compared to typical pool complexities of ~10'°
different sequences), and thus ribozymes isolated
directly from these pools are unlikely to be optimal
sequences. By allowing the pool to evolve one can
search, in local sequence space, for mutants with
improved activity. Indeed, analysis of DNA from each
cycle of the selection showed that the system had
behaved much like an evolving population of organ-
isms: sequences arose and survived for a time, but
were eventually out-competed as new, more efficient
ribozymes were generated through mutagenesis.

The pool RNA from round 6 formed predominantly
the 3'—5' linkage, but recent experiments have shown
that in later rounds, for reasons which are still
mysterious, ribozymes that catalyzed the formation of
2'—5'-linked phosphodiesters came to predominate.33
In the selection for RNA ligases,? it was expected that
only ribozymes catalyzing the formation of 3'-5%'
linkages would be isolated because of the reported
inability of reverse transcriptase to read through 2'—
5' linkages.®* However, we have since shown that,
under the conditions used in the selection, 2'—5'-linked
molecules are efficiently reverse-transcribed and am-
plified.®® This is a good example of ribozymes emerg-
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ing from in vitro selection but yielding unexpected
reaction products, and it emphasizes the need to
determine experimentally the specificity of every
newly obtained catalyst.

Recently, Bartel and co-workers3® were able to
engineer and evolve a multiple-turnover version of one
of the ribozymes that is over 3 orders of magnitude
more active than the version of the ribozyme from the
initial selection (keat = ~100 min™1), corresponding to
a rate enhancement relative to the uncatalyzed but
template-directed reaction approaching 10°. The struc-
ture of the enzyme is quite complex, and the minimal
catalytic domain appears to be on the order of 90
nucleotides in length, demonstrating that ribozymes
similar in size and catalytic efficiency to those found
in nature can be isolated by in vitro selection and
evolution.

In an attempt to select for RNAs that can ligate
oligonucleotides in a template-directed fashion onto
their 3'-ends, Chapman and Szostak®3® isolated a small
ribozyme that forms a 5'—5' tetraphosphate linkage
between its own 5'-triphosphate and a 5'-phospho-
rimidazole-activated oligonucleotide with a kgt of
approximately 0.1 min~t. The formation of this link-
age, while not the intended reaction, is of interest
because the signaling molecule diadenosine tetraphos-
phate contains a 5'—5' tetraphosphate, and a great
many other biologically important molecules contain
similar linkages (e.g., the 5' cap structure of eukaryotic
mRNAs contains a 5'—5' triphosphate, and NAD and
FAD contain 5'—5' pyrophosphates).

These successes with RNA raised the possibility that
DNA might have similar abilities. In the past year,
two different deoxyribozymes have been isolated via
in vitro selection, one catalyzing the cleavage of an
otherwise entirely DNA substrate at a specific internal
ribonucleotide in the presence of Pb?*3" the other
catalyzing the Zn?*- or Cu?*-dependent ligation of two
DNA molecules,® with rate enhancements on the
order of 10%—10°.

It appears that both RNA and DNA are able to
catalyze the formation and cleavage of a variety of
different phosphodiester and phosphoanhydride bonds
(e.g., 2'=5' linkages, 3'—5' linkages, pyrophosphate
linkages, etc.). The number of different polynucleotide
structures that can accelerate these sorts of reactions
is almost staggering: Ekland et al.®® have suggested,
on the basis of a rather bold extrapolation, that there
may be thousands or even millions of different RNA
structures capable of catalyzing a simple RNA ligation
reaction.

It should be noted that the recovery of only a single
consensus structural motif®6=38 from a selection does
not imply that there were no other functional struc-
tures within the pool. Rather, the observed consensus
represents the simplest, and thus most common,
solution to the particular chemical problem posed by
the selection. The fact that these structures are often
so small (<50 nucleotides in length) demonstrates just
how easy it is for nucleic acids to fold into catalytically
active structures.

As has been done for naturally occurring ribozymes,
several in vitro selected nucleic acid catalysts have
been engineered to act as true enzymes, that is, work
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intermolecularly with multiple turnovers.3337:38 Thus,
in vitro selected nucleic acids are not necessarily
limited to performing self-modification reactions, even
though it is self-modification that is usually the basis
on which the molecules are selected.

Using Portable Binding Sites To Get a Grip on
Cofactors

All of the ribozymes described above require a
divalent cation for activity. Some of these metal ions
almost certainly act as cofactors in the reactions (i.e.,
they are catalytic, as opposed to structural, metals).
Yarus® has suggested that a ribozyme, in its simplest
form, can be viewed as an RNA scaffold that holds
metal ion cofactors in the appropriate places to
perform the required chemistry. What other sorts of
cofactors might RNA be capable of using? If RNA can
fold into shapes that specifically bind enzymatic
cofactors, it seemed possible that we could select for
ribozymes that bind these cofactors and use them to
perform a chemical reaction.

We thought we might have a better chance of
finding such ribozymes by building a largely random
pool around a core domain consisting of an aptamer
for an enzymatic cofactor, i.e., an RNA pool that was
biased toward structures that bind the cofactor of
interest, and around which a variety of different
ribozymes all using this cofactor (e.g., ATP) could
evolve. These aptamer domains could be thought of
as RNA versions of such recurrent protein motifs as
the “Rossman fold”, a nucleotide binding domain found
in a great many protein enzymes.*® This combinato-
rial assembly of distinct functional domains is largely
the mechanism that Gilbert proposed for the evolution
of functional ribozymes in the RNA world.#? Two such
selections have been successfully carried out in our
laboratory. Wilson and Szostak used a two-part
selection scheme to isolate RNAs that performed an
autoalkylation reaction using an iodoacetyl derivative
of the cofactor biotin.*> An RNA receptor for biotin
was first isolated from a random RNA pool. A pool
consisting of the mutagenized aptamer sequence
flanked on either side by 20 random nucleotides was
then constructed, from which a ribozyme was isolated
that alkylates itself with the biotin derivative. Greater
than 50% of the molecules in the final pool were
derived from a single ancestral sequence. In order to
improve the activity of this ribozyme, yet another
mutagenized pool was made, and yet another selection
was performed. The final ribozyme alkylates itself at
a specific guanosine N7 with a ks of approximately
0.05 min~%, corresponding to a rate enhancement of
more than 2 x 107 compared to the uncatalyzed
reaction.

We have also isolated ribozymes that utilize the
ubiquitous cofactor and substrate, ATP.“* We con-
structed a pool consisting of an ATP binding site !
surrounded by 100 bases of random sequence (Figure
5). Using the thiol group from the ATP analogue ATP-
yS as a handle to pull out RNAs that could transfer a
(thio)phosphate group covalently to themselves, we
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isolated approximately 10* different molecules capable
of utilizing ATP(—yS). When we increased the strin-
gency of the selection to isolate only the best catalysts,
the number of active molecules was reduced to roughly
50. Thus, in a region of sequence space clustered
around an ATP binding domain, there is a truly
remarkable number of RNA sequences capable of
utilizing the chemical energy in the phosphoanhydride
bonds of ATP. Of the 50 ribozymes in the final pool,
about half catalyze the transfer of a (thio)phosphate
to their 5'-hydroxyls and half to internal 2'-hydroxyls.
One of these 5' kinase ribozymes has been engineered
to (thio)phosphorylate the 5'-hydroxyl of an exogenous
oligonucleotide substrate with multiple turnover, thus
acting as a true enzyme.

One might ask whether it actually helped to bias
the pool toward binding of the substrate in these
selections. No one has yet repeated these selections
using completely random pools to see how the number
and catalytic efficiency of the solutions compare to
those from the aptamer-based pools. Both the self-
alkylating ribozymes and the kinases retain some of
the conserved parts of the aptamer domains, but
discard or greatly change others.#243 Moreover, it is
not yet certain that the regions apparently conserved
between these ribozymes and the respective aptamers
are actually involved in substrate binding. The large
number of functional sequences isolated in the kinase
selection (~10 000) compared to the relatively few
isolated in the selection for ligases from a completely
random pool (~65)3! suggests that the addition of the
ATP binding site aided in finding functional sequences
(the two reactions are of similar difficulty; the catalytic
efficiencies of the early kinases are similar to those of
the original ligases). These data suggest that it
probably helped to use the aptamer sequences as the
core of the pools, but we cannot yet rule out the
possibility that many of the same solutions could have
been found in a completely random pool as well.

Natural vs in Vitro Evolution: From
Ribozymes to Monkeys

It has been hypothesized that the first life forms on
earth were based on self-replicating RNA molecules.*
The dual nature of RNA as an information carrier and
enzyme makes it well suited to such a task. This view
has been expanded to suggest that complex cells
existed in which ribozymes performed many of the
catalytic functions currently performed by proteins.**
What have in vitro selection and evolution taught us
about the likelihood of such an “RNA world”? First,
the fact that RNA can catalyze the formation of 3'—5’
phosphodiester bonds using a pyrophosphate leaving
group,®* as well as other leaving groups (e.g., gua-
nosine, imidazole), coupled with the fact that RNA can
fold into structures that specifically bind nucleotide
triphosphates,®'! immediately suggests that there
may be RNA sequences that are capable of condensing
nucleotide triphosphates in a template-directed man-
ner. The selection of such ribozymes (RNA replicases)
is currently a very exciting and rapidly progressing
area of research.

In vitro selection has also shown that RNA catalysis
is not limited to phosphate chemistry.?>4245 The first

(44) Benner, S.; Ellington, A. D.; Tauer, A. Proc. Natl. Acad. Sci.
U.S.A. 1990, 86, 7054—7058.
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Copyright 1994 Nature.

demonstration that this was true was provided by
Cech and co-workers,* who showed that the group |
intron from Tetrahymena catalyzes (by about 10-fold)
the hydrolysis of an ester on the 2'(3')-hydroxyl of a
small oligonucleotide complementary to the ribozyme’s
internal guide sequence (the oligonucleotide substrate
binding site of the ribozyme). Recently, Yarus and
colleagues have greatly expanded on these results and
have used in vitro selection to isolate a ribozyme that
can aminoacylate its own 2'(3')-hydroxyl using as a
substrate the phosphoanhydride of phenylalanine and
AMP (Phe-AMP), at least 10° times faster than the

(45) lllangasekare, M.; Sanchez, G.; Nickles, T.; Yarus, M. Science
1995, 267, 643—647.

(46) Piccirilli, 3. A.; McConnell, T. S.; Zaug, A. J.; Noller, H. F.; Cech,
T. R. Science 1992, 256, 1420—1424.

background reaction.*®* The ribozyme is both Mg?*-
and Ca?*-dependent. The authors raise the intriguing
possibility that Ca?*, which is known to be able to
coordinate with sugar hydroxyls, may be used by the
ribozyme to increase the nucleophilicity of the 2'- and/
or 3'-hydroxyls. This ribozyme may be the specter of
a long-vanished class of RNAs that charged their own
2'(3")-hydroxyls with an amino acid. Such amino acid-
charged RNAs could then react with other charged
RNAs to form peptides. As we already know that
RNAs can utilize the chemical energy in the phospho-
anhydride bonds of ATP,* it does not seem too
unreasonable to think that RNAs might exist that can
synthesize the aminoacyl adenylates, as well.

RNA can clearly perform chemistry on the relatively
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labile ester group, but if an RNA world was to have
evolved into a protein world, it is likely that RNA
would have to have been able to catalyze reactions
involving the considerably more stable amide group.
Noller and co-workers*” have provided evidence that
the peptidyl transferase activity of the ribosome may
be due, at least in part, to RNA rather than protein.
More recently, Dai et al.*® have shown that a version
of the Tetrahymena group | intron that had previously
been evolved to cleave DNA can accelerate the hy-
drolysis of an amide bond by over 3 orders of magni-
tude. The wild-type intron does not catalyze the
reaction, and thus there is something about the active
site of the ribozyme optimized for DNA cleavage that
allows the acceleration of amide hydrolysis. We
suspect that RNAs capable of catalyzing the formation
of an amide bond will be described in the near future.

Guildenstern: Is that it, then? Is that all?
Rosencrantz: What?

Guildenstern: A new record? Is that as far as you
are prepared to go?

Rosencrantz: Well...
Guildenstern: No questions? Not even a pause?

Challenges for in Vitro Selection

In vitro selection is in essence a technological
development resulting from a combination of advances
in DNA synthesis, separations technology, and se-
quence amplification technology, and as such it may
be expected to benefit from further advances in these
contributing areas. We will therefore first discuss a
number of technical advances that are under active
investigation and may be expected to greatly increase
the power and widespread utility of this procedure.
We will then discuss a few of the major biochemical
and biomedical problems that in vitro selection may
help to solve.

Perhaps the most important technical advance
would be the development of methods for the direct
selection of RNAs capable of multiple-turnover cataly-
sis. All present selections are for self-modifying RNAs,
since self-modification provides the basis for the
separation of active from inactive RNA molecules. The
attachment of a substrate to all RNAs in a pool by a
long flexible tether could in principle provide a com-
promise situation in which active RNAs still become
tagged by covalently attached product, while retaining
activity against free (untethered) substrate. However,
a more general approach would be to colocalize RNA
and substrate by liposomal encapsulation, and to
purify active RNAs by picking out vesicles containing
accumulated product.

While direct selections for catalysis have so far
proven to be more effective than indirect selections for
binding to transition state analogues, improvements
in the design of transition state analogues may also
lead to more effective ways of isolating new polynucle-
otide catalysts. The transition state analogue ap-
proach has the virtue that, if catalysts can be found,
they will usually catalyze the desired reaction with
multiple turnover.

(47) Noller, H. F.; Hoffarth, V.; Zimniak, L. Science 1992, 256, 1420—
1424,

(48) Dai, X.; Mesmaeker, A. D.; Joyce, G. F. Science 1995, 267, 237—
240.
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Refinements in the design of random and biased
pools may also be expected to facilitate the isolation
of interesting new catalysts. There has been consider-
able debate about the optimal length of the random
sequence region in pools used to isolate new ri-
bozymes. Longer pools provide a linear increase in
the probability of finding any single sequence and a
combinatorial increase in the probability of finding
interacting sequence motifs, and they are of course
necessary for the isolation of long complex structures
such as the recently described class I ligase.®® How-
ever, as pool length increases, “poisoning” of functional
molecules by inhibitory sequences may also increase.
In a number of RNAs selected in this laboratory,
partial deletions often produce molecules with lowered
activity, while larger deletions restore activity to the
level of the full-length RNA. It is not yet clear what
the optimal pool length is, or even whether there is
an optimal length.

The presence of unwanted selective pressures dur-
ing amplification is an unavoidable problem, the
magnitude of which is still unclear. The amplification
steps, because they use enzymes that themselves have
preferences for given sequences or structures, bias the
outcome of in vitro selection. For example, highly
structured molecules may not be efficiently reverse-
transcribed or PCR-amplified, and thus the most
interesting molecules could be lost during repeated
rounds of the selection. The development of new
amplification procedures, using higher temperatures
and more thermostable enzymes, added denaturants,
single-strand binding protein,*° etc., will be needed to
circumvent these problems. Simpler, more robust and
more efficient selection and amplification procedures
could speed up, and ultimately lead to the automation
of, the whole process of the in vitro evolution of new
useful catalysts.

In vitro selection has already been used to answer
guestions about biological systems, largely by provid-
ing an efficient way of defining protein binding sites
on RNA and DNA (for reviews, see refs 50 and 51).
Although good evidence is lacking, RNA structures
that bind small molecules may be involved in in vivo
regulation of transcription or translation, raising the
possibility that RNA motifs defined by in vitro selec-
tion experiments could be found in biological systems
by screening the rapidly growing biological sequences
database.5” Selections for aptamers or catalysts from
RNA pools transcribed from genomic or cDNA may
lead to the identification of new RNA functions in vivo.
The techniques of in vitro selection could also be
applied in vivo to address questions of RNA localiza-
tion and stability.

(49) Crameri, A.; Stemmer, W. P. C. Nucleic Acids Res. 1993, 21, 4410.

(50) Gold, L.; Allen, P.; Binkley, J.; Brown, D.; Schneider, D.; Eddy,
S. R.; Tuerk, C.; Green, L.; MacDougal, S.; Tasset, D. In The RNA World;
Gesteland, R. F., Atkins, J. F., Eds.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, 1993; pp 497—509.

(51) Bartel, D. P.; Szostak, J. W. In RNA—Protein Interactions; Nagai,
K., Mattaj, I. W., Eds.; IRL Press: Oxford, 1994; pp 248—265.

(52) Bock, L. C.; Griffin, L. C.; Latham, J. A.; Varmaas, E. H.; Toole,
J. J. Nature 1992, 355, 564—566.

(53) Tuerk, C.; MacDougal, S.; Gold, L. Proc. Natl. Acad. Sci. U.S.A.
1992, 89, 6988—6992.

(54) Pan, T.; Uhlenbeck, O. C. Nature 1992, 358, 560—563.

(55) Pan, T.; Dichtl, B.; Uhlenbeck, O. C. Biochemistry 1994, 33, 9561—
9565.

(56) Lorsch, J. R.; Szostak, J. W. Biochemistry 1995, 34, 15315—15327.

(57) Richter-Dahlfors, A. A; Anderson, D. I. Mol. Microbiol. 1992, 6,
753—-749.
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One of the major motivations for work with in vitro
selection is the hope that these techniques will gener-
ate therapeutically useful molecules. Aptamers that
bind to and inhibit thrombin,>? HIV reverse tran-
scriptase,> and other physiologically important tar-
gets have been characterized. Ribozymes that cleave
DNA could potentially recognize and destroy DNA
viruses, or the integrated DNA copies of retroviruses.
Breaker and Joyce®” point out that catalytic DNA,
being more stable than RNA, could be useful in gene
therapy. Other stable nucleic acid analogues (e.g.,
phosphorothioates, 2'-O-methyl, 2'-fluoro or 2’'-amino
polynucleotides) could also be used to select for new
aptamers or catalysts with therapautic goals in mind.

Quite apart from issues of application, the most
fascinating opportunity raised by in vitro selection is
the ability to study catalysis by biological macromol-
ecules, not after four billion years of multifactorial
optimization, but in their original state, newly emerged
from the chaos of random sequences. Efforts to select
for catalysts that may be similar to those that existed
in the very earliest cells have already been discussed,
but in vitro evolution also allows us to trace the
various pathways by which primitive catalysts can
evolve, step by step, into the remarkably efficient
catalysts so common in current biology. With these
advances many fundamental questions concerning
catalysis by macromolecules have become experimen-
tally accessible.

Why are enzymes (including ribozymes) generally
so large? While it is obviously possible for small RNAs
to fold into catalytically active structures (the ham-
merhead ribozyme, for example, is only ~40 nucle-
otides), it may be difficult for such small RNAs to
rigidly position the number of functional groups
required for large transition state stabilizations. Larger
molecules, on the other hand, can recruit peripheral
structural units to act as an exoskeleton to stabilize
their catalytic cores, in essence paying the entropic
price required to freeze the transition state stabilizing
conformation with the enthalpy derived from intramo-

Lorsch and Szostak

lecular contacts. A comparison of ribozymes derived
from short vs long random pools could shed light on
this question.

Can substrate binding sites easily evolve into cata-
lysts? In other words, how easy is it to start with an
RNA that binds a substrate and mutate it into one
that preferentially binds the transition state? It has
not yet been definitively established that the incor-
poration of a binding domain into a pool increases the
likelihood of finding efficient catalysts in a selection.
In order to address this question it will be necessary
to perform parallel in vitro selection experiments using
a completely random pool and a pool containing a
mutagenized aptamer domain embedded in random
regions.

What catalytic mechanisms are easiest to imple-
ment in RNA (or DNA) hardware? There are many
ways that ribozymes could, in principle, act to stabilize
the transition state for a given reaction, ranging from
simple substrate proximity and orientation to transi-
tion state specific hydrogen bonds and electrostatic
interactions, to acid—base catalysis and metal-ion
enhancement of nucleophilicity. It will be very inter-
esting to see what kinds of mechanisms will be most
commonly used by the primitive and poorly optimized
catalysts resulting from in vitro selection experiments,
and to see whether the in vitro optimization of these
catalysts results simply from the refinement of the
original mechanisms, or also from the recruitment of
additional catalytic mechanisms. The few studies of
the workings of non-natural ribozymes that have been
carried out33547%¢ suggest that there is much to be
learned about how RNA and DNA structures act to
catalyze reactions.
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