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In Vitro Selection of Functional Oligonucleotides and the
Origins of Biochemical Activity
James M. Carothers and Jack W. Szostak

1.1
Introduction

In vitro selection is an experimental method for searching oligonucleotide se-
quence spaces for synthetic structures and activities. Oligonucleotide sequence
spaces are very large – they contain the ensemble of all possible sequences of a
given length separated by point mutations (Maynard Smith, 1970). For example,
the sequence space of an RNA the length of a small tRNA (74 nucleotides) en-
compasses 1043 different molecules. The largest libraries typically synthesized
in the laboratory, approximately 1016 different sequences, represent only a minute
fraction of the total number of possible sequences for any nucleic acid molecule
of even modest size (Wilson and Szostak, 1999). How can such necessarily sparse
samplings of sequence space produce so many different aptamers, ribozymes,
and deoxyribozymes? In this chapter, we focus on the technology of in vitro selec-
tion and what its application teaches us about the quantity and quality of func-
tional structures in nucleic acid sequence spaces.
We begin with a basic introduction to in vitro selection in Section 1.2, present-

ing a brief history of the technology growing out of the discovery of naturally oc-
curring ribozymes. Section 1.3 deals with the synthetic aptamers, ribozymes, and
deoxyribozymes generated in the last 15 years. Rather than enumerating all the
successes (see Wilson and Szostak, 1999; other chapters this volume), we con-
dense the results into a set of general lessons about the capabilities and potential
limitations of functional nucleic acids. We pay particular attention to the distribu-
tion of activity in sequence space. In the next section (Section 1.4) we consider the
origins of natural biochemical activity. We elaborate on some of the basic ques-
tions about the composition of simple life forms and describe how synthetic ap-
proaches make these problems accessible to experimentation. In the last section
(Section 1.5) we highlight recent technological developments and research ambi-
tions.
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1.2
A Brief History of In Vitro Selection

Suggestions came as early as the 1960s that in addition to their templating func-
tions, nucleic acids could fold into complex three-dimensional shapes and per-
form biochemical activities (Benner et al., 1999). By the 1980s, work from the
Cech, Altman, and Pace groups demonstrated that RNA can catalyze at least
two different kinds of chemical reactions (reviewed in Cech, 2002). Cech (Kruger
et al., 1982) identified the Tetrahymena thermophila group I intron as a naturally
occurring RNA that catalyzes a transesterification reaction. Likewise, the RNA
portion of RNase P was shown to be both necessary and sufficient for the catalysis
of the hydrolysis of the correct phosphodiester bond of its pre-tRNA substrates
(Gardiner and Pace, 1980; Guerrier-Takada et al., 1983).
The discovery of ribozymes renewed speculation about the functional capabil-

ities of RNA (Cech, 1986; Orgel, 1986). Gilbert coined the phrase “RNA world”
(Gilbert, 1986) to refer to an imagined stage in the early evolution of life where
RNA carried out most of the biochemical functions in the cell. In this model, ri-
bozymes with RNA polymerase activity replicated all of the functional RNA struc-
tures in the cell. The RNA world hypothesis offered a conceptual solution to the
problem of how the original functional biochemical structures could have been
copied, but initiated a host of other questions. Chief among them, how did the
self-replicating RNAs arise? At the time, estimates of the probability of finding
an RNA in a pool of random molecules with any binding or catalytic activity,
much less polymerase function, ranged from the relatively likely 1 in 105 to the
practically impossible 1 in 1050 (Lorsch and Szostak, 1996).
Another important unanswered question was whether the functional capabil-

ities of RNA are diverse and robust enough for RNA to have performed all of
the functions necessary in a simple cell. Rational design showed that natural ri-
bozymes can be remodeled to perform their chemistries in different contexts.
Been and Cech (1988) achieved primer extension by a modified Tetrahymena
group I intron; Doudna and Szostak (1989) successfully altered the group I intron
to splice together strands of RNA on an exogenous template; Pace and co-workers
used phylogenetic analysis to guide the creation of a minimized RNase P catalytic
subunit (Waugh et al., 1989). Although those early engineering efforts were suc-
cessful, it became clear that strategies based on laboratory evolution would be bet-
ter suited to address questions about the range of functions that RNA can per-
form and the abundance of active sequences in collections of random sequences
(Szostak, 1988; Joyce, 1989).
In the classic test tube evolution experiments conducted by Sol Spiegelman,

superior variants were isolated from populations of sequences undergoing muta-
tion at the rate inherent to the Qb RNApolymerase (Saffhill et al., 1970; Wilson and
Szostak, 1999). Modern in vitro selection experiments take advantage of the ability
to direct the chemical synthesis of large combinatorial libraries. Oligonucleotide
pools containing as many as 1016 different sequences can be created with nearly
any design. The basic scheme for in vitro selection is outlined in Fig. 1.1.
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By 1990, in vitro selection was used to isolate rare RNAs from random sequence
pools that could bind arbitrarily chosen targets (Ellington and Szostak, 1990;
Tuerk and Gold, 1990). Ellington and Szostak termed the resulting motifs “apta-
mers,” while Tuerk and Gold dubbed the experimental process itself “systematic
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Fig. 1.1 Schemes for in vitro selection.
(a) General scheme for in vitro selection. In vitro
selection is an iterative method for searching
libraries of partially random or completely
random sequences for molecules that can
perform a given function. Sequences from an
input library are subjected to a selective step in
which active molecules are separated from in-
active molecules. Sequences that survive the
selective step are amplified by polymerase chain
reaction (PCR). The cycle is repeated until

functional molecules dominate the population,
at which point they are cloned and sequenced.
(b) Scheme for an RNA aptamer selection.
Transcribing a library of DNA molecules pro-
duces RNA. In this example, RNAs that do not
bind to the ligand immobilized on the column
matrix are washed away. RNAs that bind the
column and specifically elute are collected.
Reverse transcription and PCR generate a pool
of DNA whose corresponding RNA sequences
are enriched in ligand-binding activity.
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evolution of ligands by exponential amplication” (SELEX). Other applications of
the technology soon followed. The same kind of phylogeny-directed analysis con-
ducted on RNase P was demonstrated with the Tetrahymena ribozyme, where
functional sequence variants were generated and identified using in vitro selection
(Green et al., 1990). Tetrahymena ribozymes that could cleave a DNA substrate
were readily isolated (Robertson and Joyce, 1990). Selections for single-stranded
DNA molecules that bind to small organic dyes (Ellington and Szostak, 1992)
and thrombin (Bock et al., 1992) proved that oligonucleotides other than RNA
can also form complex shapes that exhibit non-templating functions.
RNA aptamers to adenosine triphosphate (ATP) were isolated from random se-

quence pools by immobilizing the ligand on a solid support followed by specific
elution with ATP in solution (Sassanfar and Szostak, 1993). Yeast tRNAPhe had
previously been shown to be a Pb2+-dependent self-cleaving RNA (Brown et al.,
1983). An effort to identify molecules with improved lead-dependent self-cleaving
activity from a pool of mutagenized tRNAPhe sequences resulted in diverse novel
structures (Pan and Uhlenbeck, 1992).
The first entirely synthetic ribozymes were molecules with RNA–RNA ligation

activity (Bartel and Szostak, 1993). Several different classes of molecules were ob-
tained from a library of 1015 different sequences each with 220 random positions.
In a manner reminiscent of the Qb polymerase experiments, error-prone poly-
merase chain reaction (PCR) was used to generate mutations in later rounds of
the ligase selection in order to search areas in sequence space that surrounded
the initial isolates. Another technique, DNA shuffling, was created to recombine
sequence variations that would otherwise not be likely to be found in the same
molecule, further increasing the amount of sequence space that can be searched
(Stemmer, 1994; Zhao and Arnold, 1997). Systems of continuous evolution
(Breaker et al., 1994) offer a way to perform dozens of rounds of selection in a
relatively short time period. Population behaviors such as cooperativity and para-
sitism could be observed once continuous evolution was applied to ribozyme se-
lections (Wright and Joyce, 1997; reviewed by Robertson and Ellington, 1997).

1.3
Lessons from the Aptamers, Ribozymes, Deoxyribozymes Generated by
In Vitro Selection

What have we learned from in vitro selection about the functional capabilities of
oligonucleotides? Fast forward to the present and one finds that synthetic RNAs
have been identified that can perform many different kinds of reactions including
phosphodiester bond formation and cleavage, carbon–carbon bond formation, al-
kylation, a Diels-Alder condensation and numerous acyl-transfer reactions includ-
ing amide bond formation, among others (Joyce, 2002). RNA aptamers have been
selected to hundreds of small molecule and protein targets including, for exam-
ple, ATP, GTP, B12, malachite green and caffeine, HIV-1 Rev peptide, MS2
coat protein, and thrombin (reviewed in Wilson and Szostak, 1999 and Hermann
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and Patel, 2000). Biochemical and structural characterization (for a review of ap-
tamer structures see Hermann and Patel, 2000 shows that synthetic RNA struc-
tures can be stable, intricate, and exhibit very specific binding or catalytic activity.
Taken together, these results demonstrate that many different functional RNA
structures exist and that these can be accessed through relatively sparse searches
of sequence space.
In light of all the successes one might ask if there is anything that RNA cannot

do. Given the challenge of keeping free radicals localized so they do not cause
harm, chemical mechanisms that involve radicals may be difficult for RNA
(Joyce, 2002). However, as with naturally occurring proteins, oligonucleotides
can use cofactors to introduce structural or chemical characteristics they do not
possess (for example, Roth and Breaker, 1998; Tsukiji et al., 2004). With the
right cofactor, perhaps B12 or a quinone, a ribozyme or deoxyribozyme may be
able to catalyze a radical-dependent reaction such as ribonucleotide reduction
(Stubbe, 2000).
Because the phosphodiester backbone of oligonucleotides is polyanionic, coun-

terions are required for proper folding (Lilley, 2003). The metal requirements, par-
ticularly for divalent cations, can be very specific. For instance, the class I ligase
ribozyme, as it was originally selected, requires Mg2+ (Glasner et al., 2002), while
other in vitro selected oligonucleotides need Pb2+ (Pan and Uhlenbeck, 1992) or
Ca2+ (Okumoto et al., 2003). On the other hand, structures with altered specificity
for divalent cations can be selected (Lehman and Joyce, 1993; Riley and Lehman,
2003). And there are examples where divalent cations are dispensable even
though the RNA was selected in conditions with a high concentration of the
metal (Dieckmann et al., 1996).
The widespread success in the selection of functional RNAs raised the issue of

whether related nucleic acids could also give rise to functional sequences. Single-
stranded DNA aptamers have been selected for many different targets (Wilson
and Szostak, 1999). Likewise, deoxyribozymes can catalyze a variety of phospho-
diester bond-oriented reactions. In principle, DNA should be able to catalyze as
many different kinds of chemistries as RNA, especially with the help of metals
or other cofactors (Li and Sen, 1997; Sidorov et al., 2004; Silverman, 2004).
With few exceptions, (for example, Lauhon and Szostak, 1995) DNAs made of
the same sequence as a functional RNA motif are not active (Huizenga and Szos-
tak, 1995). And yet, the lack of a 2lOH does not seem to diminish the ability of
DNA to form aptamers or enzymes.
Clearly oligonucleotides such as RNA and DNA can perform many simple bio-

chemical tasks. And, interestingly, they do not have to be made using only, or
even all of, the four canonical nucleotides (A, G, C, U/T). Selections with random
libraries comprising reduced sets of nucleotides reveal that molecules with even
less chemical diversity can form functional structures. Rogers and Joyce (1999)
found that ligase ribozymes could be built with only three bases, A, G, and U.
Even a ribozyme with only two types of nucleotides, 2,6-diaminopurine and uracil
can catalyze a 5l–3l RNA–RNA ligation 36 000 times faster than background
(Reader and Joyce, 2002). Note, however, that the rate enhancement observed
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for the ribozyme with two kinds of nucleotides was very slow compared with
ligases made of three or four base types (rate enhancements of 105 and i106,
respectively) (Reader and Joyce, 2002; Bartel and Szostak, 1993).
Selections from random libraries with modified nucleotides demonstrate that

the “heteropolymer space” surrounding RNA and DNA also contains active mo-
lecules. Vaish et al. (2003) made libraries which incorporated a cationic group,
a functionality not usually found in RNA. ATP-binding aptamers were generated
whose activity depended on the presence of the modification. Yet, a side by side
selection for ATP aptamers from pools with and without a different cationic mod-
ification yielded the same weakly binding motif (Battersby et al., 1999). This sug-
gests that at the level of binding stringency required to survive the Battersby se-
lection, sequences possessing the cationic moiety may have been at a disadvan-
tage relative to those made up of the ordinary RNA bases only. Replication bias
may have resulted in such a low level of the analog base that the composition
of the pool was effectively limited to the three ordinary nucleotides. Synthetic ri-
bozymes whose sugars have 2l-O-Me, 2l-F, or 2l-NH2 modifications are frequently
used for therapeutic or technological applications because of their reduced degra-
dation rates (Zinnen et al., 2002). In a similar vein, many naturally occurring
RNAs have modified nucleotides such as pseudouridine or 2l-O-Me sugars that
improve their folding and stability (Eliceiri, 1999).
Selections typically lead to the emergence of the simplest and therefore most

common motif capable of surviving the pressure applied (Wilson and Szostak,
1999). The effect is that the same molecule can be discovered repeatedly if the
challenges and conditions are the same even though other, more complicated, so-
lutions to the problem may exist. For example, the same “Sassanfar” ATP RNA
aptamer (Sassanfar and Szostak, 1993) was isolated in different labs over the
course of several years in response to selection against adenosine-containing
ligands (Burgstaller and Famulok, 1994; Burke and Gold, 1997). When the selec-
tion was repeated with the additional requirement that the aptamers discriminate
between binding ATP and AMP, a new motif was recovered (Sazani et al., 2004).
Evidently the new aptamer requires more sequence information to specify its
structure than the Sassanfar aptamer. A given pool of random molecules should
contain more sequences corresponding to the simpler Sassanfar motif than the
new, more complex aptamer. Accordingly, without selection pressure against it,
the Sassanfar motif dominates the pool of active molecules. The hammerhead ri-
bozyme may be a natural example of the same phenomenon. In vitro selection for
cleavage activity in near-physiological conditions produced the same hammerhead
motif found in diverse natural phyla (Salehi-Ashtiani and Szostak, 2001).
Pragmatism motivates interest in the kinds of library designs most likely to

yield functional oligonucleotides (Bartel and Szostak, 1993; Sabeti et al., 1997;
Davis and Szostak, 2002). The hypothesis that longer sequence pools are better
sources of activity than shorter pools relies on two rationales: (1) Larger oligonu-
cleotides have an inherently greater capacity to fold into functional conformations
than shorter molecules. (2) Complex molecules can be split into smaller modules
where the likelihood of finding the motifs together in the same sequence in-
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creases with the length of the pool. Calculations show that the potential advan-
tages of larger pools depend highly on the number of modules into which the
functional structure can be broken (Knight and Yarus, 2003). When sequences
in a random library are longer than the functional structure, the functional
motif can be present in many different positions, or registers, within a pool mo-
lecule. If a functional structure (N nucleotides long) is shorter than the pool mo-
lecules (L nucleotides long), the likelihood of finding the functional structure in-
creases by a factor of (L –N). When the functional structure can be assembled
from stretches of sequence interspersed with unconstrained regions of variable
lengths, further increases in the abundance of active molecules are attained.
The theoretical benefits of long random oligonucleotide pools are balanced by

the realities that long pools tend to aggregate (Bartel and Szostak, 1993) and that
otherwise functional structures may have a propensity to misfold when extra-
neous stretches of sequence are present (Sabeti et al., 1997). The negative aspects
of using pools longer than 70 or 80 random nucleotides imply that they should
only be used when the goal is to obtain binding or catalytic activities expected
to require very large, very complex structures.
Ultimately, the answer to the question of how to best design sequence libraries

depends on the goal, the underlying fitness landscapes and the distribution of ac-
tive structures in sequence space. In some cases there may be simple evolutionary
pathways that connect a structure with one activity to a structure with a different
activity (Hanczyc and Dorit, 2000; Lehman et al., 2000; Reidys et al., 2001. These
structures may lie surprisingly close to one another in sequence space. For exam-
ple, Schultes and Bartel (2000) found two ribozymes with entirely different sec-
ondary structures and very different functions that nonetheless share common se-
quences that form a neutral mutational “pathway of connectivity” between them
(see also Held et al., 2003).
In some cases, new functionality can be evolved from an existing structure

without the shape of the molecule undergoing substantial rearrangement. The
class I ligase from the Bartel and Szostak selection (1993) was converted first
into a multiple turnover enzyme (Ekland et al., 1995) and then into a ribozyme
with template-directed primer-extension activity (Ekland and Bartel, 1996). Even-
tually, a new domain was added to the 3l end of the core structure that improves
the primer-extension activity to the point that 14 bases can be polymerized in a
sequence-dependent manner (Johnston et al., 2001; see Fig. 1.2). The mechanistic
similarities between RNA–RNA ligation and RNA polymerization likely facilitated
the conversion. The ligase and the polymerase both recognize a double-stranded
RNA duplex and position the a-phosphate of a downstream nucleotide for attack
by a 3l OH.
Even with high-resolution structural data in hand, it can be difficult to predict

whether a given functional molecule is a good starting point for the evolution of a
new activity. Side by side selections revealed that a library containing an ATP
aptamer flanked by random sequence was not a better source of ATP-dependent
nucleotide kinase ribozymes than a completely random pool (Urbach, 2000).
Because kinases need to position the g-phosphate of ATP in order to activate it
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for nucleophilic attack, the expectation was that library sequences with the em-
bedded ATP aptamer would have a selective advantage relative to completely ran-
dom molecules. The nuclear magnetic resonance (NMR) structure of the aptamer
shows that the ATP is stably bound and that there is good solvent accessibility for
the g-phosphate (Jiang et al., 1996; Dieckman et al., 1996). Perhaps the g-phos-
phate enjoyed too much conformational freedom to provide an advantage to
the aptamer-containing library. Or it may be that structures compatible with the
geometry of that particular ATP aptamer are, by chance, very rare in sequence
space.
Several aptamer structures have been shown to be readily evolvable in terms of

specificity. Three mutations within the binding loop of an in vitro selected l-citrul-
line aptamer were enough to change its specificity to l-arginine because the pat-
tern of hydrogen bond donors and acceptors could be flipped in a simple way
(Yang et al., 1996). Modifying a single base from C to U alters the specificity of
the binding domains of naturally occurring riboswitches from guanine to adenine
(Mandal and Breaker, 2004). In other instances, the evolution of new binding spe-
cificity has resulted in an entirely different fold. Structures with completely new
secondary (and presumably) tertiary configurations were obtained upon evolving
the specificity of three aptamers from flavin-adenine diphosphate (FAD) to gua-
nosine monophosphate (GMP), even though the closest overlapping solutions dif-
fer by only three sequence mutations (Held et al., 2003). Similarly, selection for
GTP binders from a pool of mutagenized ATP aptamers produced molecules
with highly diverged sequences and secondary structures (Huang and Szostak,
2003).
In a broad sense, it is very difficult to know whether a new function can be

evolved from a pre-existing structure. However, there are methods of designing
libraries that increase the chances of producing active structures. Oligonucleo-
tides have a tendency to collapse into folded states because of the ease with
which Watson–Crick and wobble-type pairings form (Wilson and Szostak,
1999). Not surprisingly, functional oligonucleotides usually contain one or more
simple secondary structural motifs such as stems, stable tetraloops, pseudoknots,
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m Fig. 1.2 Stepwise progression from the class I
ligase ribozyme to an RNA-dependent RNA
polymerase with primer extension activity.
(a) The class I ligase was isolated from a
library of 1015 different 220 nucleotide-long
sequences. It catalyzes the formation of a
phosphodiester bond between the 3l hydroxyl
of the substrate and its own 5l triphosphate.
Base-pairing aligns the substrate with the
ribozyme (Bartel and Szostak, 1993).
(b) Selection from a mutagenized library based
on the class I ligase-identified functional se-
quence variants. The sequence variation data
were used to generate a secondary structure

model and guide the design of a molecule
with multiple-turnover, intermolecular ligation
activity (Ekland and Bartel, 1995; Ekland et al.,
1995).
(c) Further engineering converted the ligase
into a ribozyme that extends a primer along an
internal template by incorporating up to six
nucleotides (Ekland and Bartel, 1996).
(d) An extra random sequence domain was
appended to the catalytic core of the ribozyme.
Functional sequences were selected that use
an external template to extend a primer up to
14 nucleotides (Johnston et al., 2001).
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and hairpins. It may be better to build libraries with random sequence flanking
these kinds of elements, than to use completely random molecules or motifs pre-
selected for a particular activity. In one successful example, a library of 2.5q 1014

molecules was constructed with an internal stem and stable tetraloop flanked by
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Fig. 1.3 Partially engineered RNA sequence
libraries. In one successful example, an RNA
library consisting of (a) 2.5q 1014 random
sequences containing a stable internal stem–
tetraloop (“partially engineered”) and (b)
2.5q 1014 completely random sequences

(“undesigned”) was used to select high-affinity
aptamers for GTP (Davis and Szostak, 2002).
The partially engineered sequences proved to
be a much better source of high-affinity apta-
mers than the undesigned fully random pool
(also see Fig. 1.4).

Fig. 1.4 Informational complexity and func-
tional activity. More information is required to
specify aptamers that bind a ligand more
tightly (Carothers et al., 2004). In this figure,
the secondary structure of each of a series of
GTP-binding aptamers is placed according to
its dissociation constant. Moving to the right
(tighter binding), the aptamers have more in-

tricate secondary structures and are more in-
formationally complex. An asterisk indicates
structures that originated from the partially
engineered sequence library. Notably seven of
the 11 aptamers came from the partially engi-
neered portion of the library, including six of
the seven aptamers with dissociation con-
stants better than 300 nmol/L.
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26 completely random bases on each side (see Fig. 1.3; Davis and Szostak, 2002).
The partially designed library was mixed with 2.5q 1014 completely random se-
quences of the same length and subjected to selection for high-affinity binding
to GTP. Eleven different classes of aptamers with dissociation constants (Kd va-
lues) ranging from 8 mmol/L to 9 nmol/L were isolated and characterized (Davis
and Szostak, 2002; Carothers et al., 2004). Seven of the 11 aptamers came from
the partially designed pool, including, remarkably, six of the seven with affinities
better than 300 nmol/L (see Fig. 1.4).
To begin to understand how the abundance of functional structures in sequence

space varies with the difficulty of the biochemical problem, we determined experi-
mentally the amount of information (Schneider et al., 1986; Adami and Cerf,
2000; Adami, 2004) required to specify each of the 11 GTP aptamer structures
in the conditions used in the Davis and Szostak selection (Carothers et al.,
2004). In vitro selection was used to identify functional sequence variants for
each of the aptamers. Roughly speaking, the information required to specify a
structure increases as the number of functional sequence variants decreases (in
other words, a structure that is rarer in sequence space requires more information
to specify than a simpler structure that is more abundant). Based on the way that
informational complexity varied with activity, each tenfold increase in binding af-
finity was shown to require an RNA structure that is about 1000 times less fre-
quent in a pool of random sequences. Because the informational cost of the inter-
nal stem–tetraloop was “pre-paid,” the biased design probably increased the like-
lihood of finding high-activity aptamers by 250- to 1000-fold.
Despite the presence of the engineered stem–tetraloop, several of the GTP ap-

tamers are so informationally complex that they are extremely unlikely to be pres-
ent in a pool with the length and composition used in the selection (Davis and
Szostak, 2002; Carothers et al., 2004). One way to explain their presence, pre-
viously invoked to justify the discovery of the class I ligase (Ekland and Bartel,
1995), is that there are a very large number of different complex functional struc-
tures. Therefore, although the probability of finding any one particular complex
structure may be very low, the number of different possibilities is large enough
that a few informationally complex structures can be present in a diverse, well-
designed pool.
In the case of the GTP aptamers, about ten more bits of information content,

enough to specify five more conserved positions in an RNA molecule, are needed
for each tenfold improvement in activity. Interestingly, the same quantitative re-
lationship between activity and information was observed for a pair of ligase ribo-
zymes (Carothers et al., 2004). Perhaps over the range of activities studied, the
same types of structural changes can improve binding constants or rate constants.
In both cases, increasing the thermodynamic stability of the active structures by
forming more specific contacts within the RNA itself (Bergman et al., 2000) could
lead to improvements in activity. If so, the informational cost of building struc-
tures with better activity could be comparable, regardless of the function. Analysis
of the GTP aptamer binding specificities supports this hypothesis. Aptamers that
exhibit tighter binding to GTP do not make better or more specific contacts with
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the ligand (Oestreich, Carothers and Szostak, unpublished observations). Instead,
tighter-binding aptamers have more intricate and stable secondary structures and
greater propensities to fold into active conformations than weaker-binding mole-
cules. These results demonstrate that, contrary to previous suggestions (Eaton
et al., 1995), selection for high-affinity binding does not automatically produce
aptamers with high specificity for the ligand.

1.4
Synthetic Approaches to Understanding the Natural Origins of Function

Biochemistry began on earth more than 3.5 billion years ago when chemical sys-
tems gave rise to simple biological systems that could grow, divide, and undergo
Darwinian evolution (Mojzsis et al., 1999; Joyce, 2002). Understanding the origins
of life is difficult, if for no other reason than because the distinction between
living and non-living matter can be blurry (Szostak et al., 2001; Ruiz-Mirazo
et al., 2004; McKay, 2004). At their simplest, living systems need an active meta-
bolism to process inputs of mass, energy, and entropy (or information). And, to
enable Darwinian evolution, they must inherit differences in survivability, growth,
and reproduction. We imagine that a system needs to be relatively sophisticated in
order to be considered alive, but much much simpler than any extant form of life.
Assuming the existence of the right precursors, was life likely to happen? The

historical record does not provide many details about how early life forms worked;
it only hints at what their compositions might have been (Simoneit, 2002). Decon-
structing and minimizing existing organisms such as Mycoplasma (Smith et al.,
2003; Check, 2002) will only tell us about cells containing DNA, RNA, and protein
that are many times more complicated than the first were likely to have been.
An alternative approach is to “build up” simple synthetic structures and sys-

tems (Szostak et al., 2001, Luisi, 2002; Monnard, 2003; Hanczyc and Szostak,
2004) that are not burdened by the “non-functional” selective pressures in natural
organisms (for example Zarrinpar et al., 2003). Synthetic methods can render
otherwise intractable questions about the origins of biochemical function accessi-
ble to experimentation (Szostak et al., 2001; Luisi, 2002; Monnard and Deamer,
2002; Joyce, 2002; Benner, 2003). For example, (1) How easily can functional
structures arise? (2) How many different biochemical structures does a simple or-
ganism need? (3) How and when do complexity and systems behavior emerge? (4)
How does the nature of the chemical constituents affect evolutionary trajectories?
Life is a dissipative, open thermodynamic process. To some extent, the physical

chemistry of life makes it similar to other systems, such as BZ chemical oscilla-
tors (reviewed in Schneider, 1985), or even fire (McKay, 2004). In all three, inputs
of matter and/or energy enable the system to persist in a dynamic state far from
equilibrium. But, among open thermodynamic systems, only life has the capacity
for Darwinian evolution.
Among the early, but not necessarily earliest, ancestors of life on earth were dis-

crete cell-like organisms with simple physical boundaries (Szostak et al., 2001;
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Luisi, 2002; Ruiz-Mirazo et al., 2004). Physical boundaries such as membranes
help maintain the concentration of other components and partially insulate the
system from external fluctuations and parasites (Martin and Russel, 2003;
Chen et al., 2004). There is much disagreement about whether metabolism, repli-
cators, or some “emergent” network arose first (Kauffman, 1986; Martin and Rus-
sel, 2003; Chen et al., 2004; reviewed in Anet, 2004). For the purposes of this dis-
cussion, we are agnostic on that point and maintain that all of the models impli-
citly invoke complicated sets of reactions that eventually would have been cata-
lyzed by heteropolymers.
Many chemical reactions are catalyzed efficiently without heteropolymers, or

even macromolecules. For example, small non-polymeric biomimetic catalysts
have been generated that selectively form asymmetric carbon–carbon bonds (re-
viewed in Cordova, 2004). However, to achieve selective reactivity in the presence
of a complex mixture of potential reactants macromolecular catalysts are usually
necessary (Breslow, 2001). Heteropolymeric macromolecules can provide ex-
tended complementarity not readily available in simpler catalysts, and the poten-
tial to generate new functionality from heteropolymers is certainly more open-
ended than for other kinds of macromolecules (van Hest and Tirrell, 2001).
What were the earliest heteropolymers? What were the substrates for their

synthesis? We focus attention not on determining the identity of those heteropo-
lymers, but rather on the qualities that those molecules would have possessed
(Fig. 1.5). To be biologically significant, a potential primordial heteropolymer
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Fig. 1.5 Characteristics of the
first biopolymers. To evaluate
whether a given type of
heteropolymer could have
been the original biopolymer,
we must consider at least four
different properties. (Counter-
clockwise): There must be a
simple mechanism for the
heteropolymer to template its
own synthesis (replicability).
Functional structures that can
bind to ligands or catalyze
chemical reactions must be
relatively abundant in the se-
quence space of the hetero-
polymer (functional activities).
To synthesize the hetero-
polymer itself, there should
be a simple, prebiotic route
for generating its subunits
(monomer availability). Finally,
the conditions required for the
functional heteropolymers to
be stable and active should be
compatible with other compo-
nents likely to have been part
of the system, such as mem-
branes.
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must have the following properties: (1) there must be a simple mechanism for
templating the synthesis of additional heteropolymers from pre-existing ones,
(2) there should be a chemically plausible supply of substrates necessary to
synthesize the heteropolymer, (3) functional molecules must be accessible
through relatively small searches of the sequence space of the heteropolymer,
and (4) the heteropolymer and membrane components must be compatible
with one another.

The first biopolymers are generally thought to more closely resemble RNA
than protein because the base-pairing potential of oligonucleotides enables
them to more readily serve as templates for their own synthesis (Joyce, 2002).
With highly activated substrates, the templated synthesis of simple RNA
sequences can be achieved even without enzymes (Joyce et al., 1984, 1987). Al-
though occasionally invoked in thought experiments (for example, Godfrey-
Smith, 2002), no simple physical mechanism for templating the open-ended
synthesis of polypeptides from another polypeptide has been proposed or achiev-
ed (Cane and Walsh, 1999; Halpin et al., 2004).
A number of different oligonucleotides show base-pairing ability between com-

plementary strands according to simple physical rules (reviewed in Eschenmoser
1999, 2004). Discerning a prebiotic, or even simple biogenic, route for the synth-
esis of the various monomer precursors can be complicated. Noteworthy in this
regard, plausible prebiotic conditions leading to the synthesis and stabilization
of pentose sugars, including ribose, were recently demonstrated (Ricardo et al.,
2004).
RNA has the characteristics of a good model for the kind of heteropolymer the

first life forms might have used even if it was not actually the original biopolymer
(Benner et al., 1999). The capacity of RNA for highly developed function is exem-
plified by its presence at the heart of modern ribosomes (reviewed in Steitz and
Moore, 2003) and spliceosomes (reviewed in Doudna and Cech, 2002). From the
discussion in Section 1.3 (also see Joyce, 2002), we know that comparatively sim-
ple RNAs obtained from samplings of only 1012–1015 different sequences, can ex-
hibit many of the kinds of diverse functionalities a simple organism would have
needed for its metabolism. In vitro selected ribozymes as small as 71 nucleotides
can catalyze the synthesis of ribonucleotide monomers from activated ribose
(pRpp) and pyrimidine (Unrau and Bartel, 1998; Chapple et al., 2003). Favorable
interactions have been shown to occur between clays, liposomes, and RNAs
(Hanczyc et al., 2003). And model experiments suggest that emergent, systems-
level behavior could be present in fatty acid vesicles bearing ribozymes where
the only function is RNA replication (Chen et al., 2004).
It is not always appreciated that in addition to metabolic functions, even very

simple cells would need active regulatory mechanisms, particularly to temper sto-
chastic effects resulting from small concentrations of constituents (McAdams and
Arkin, 1999). Reassuringly, there are many natural examples of RNA aptamer-
regulated mRNA translation in both prokaryotes (Barrick et al., 2004) and eukar-
yotes (reviewed in Kaempfer, 2003; also see Chapter 2.5). Likewise, in vitro
selected “aptazymes” that transduce aptamer ligand binding to the control of
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another activity indicate that RNAs capable of mediating responses to changing
conditions can be readily isolated (Koizumi et al., 1999).
Finally, a simple RNA organism needs an efficient mechanism for catalyzing

the replication of its biopolymeric structures. The class I ligase ribozyme has
been engineered to polymerize 14 bases along an RNA template using ribonucleo-
side triphosphates as substrates (Johnston et al., 2001). However, the ribozyme
itself is more than 200 nucleotides long. With such poor activity, molecules that
large could never copy other polymerase structures, much less other functional
sequences, before the polymerases themselves would chemically degrade. Per-
haps polymerases made from more stable heteropolymers, such as DNA or
threose nucleic acids (TNA) (reviewed in Eschenmoser, 1999, 2004), can be iso-
lated, which, because of their better resistance to degradation, would have a better
chance of exhibiting replicase behavior. Self-replicating ligase structures have
been created (Paul and Joyce, 2002) though their capacity for open-ended evolu-
tion is limited because the “monomer” units are dozens of nucleotides long.

1.5
Recent Technological Developments and Future Directions

Breaker and colleagues (Koizumi et al., 1999) demonstrated a method for isolat-
ing aptazymes, or aptamer-controlled ribozymes, whereby an obligatory internal
stem of a hammerhead ribozyme motif is replaced with a random sequence
library (Fig. 1.6). Ligand binding to the random sequence domain induces a con-
formational shift, after which the ribozyme adopts a reaction-competent state. Ap-
tazymes have been selected that are responsive to a wide variety of ligands, includ-
ing small molecule metabolites (Seetharaman et al., 2001; Hesselberth et al.,
2003) and peptides (Robertson et al., 2004). The relative ease with which apta-
zymes can be generated is related to the fact that many nucleic acid aptamers
are relatively unstructured in the absence of ligand (Hermann and Patel, 2000).
The binding loops tend to be rather floppy. And the flanking stems, if short en-
ough, are energetically unstable until the loop becomes structured upon ligand
binding.
The aptamer domain does not have to be explicitly selected as an aptazyme in

order to function properly in that context. Active aptazyme constructs can be de-
signed through simple secondary structure modeling. For example aptazyme con-
structs made with a pre-existing theophylline aptamer (Jenison et al., 1994)
showed regulated group I intron splicing in vivo (Thompson et al., 2002).
Significantly, allosteric selections for aptamers do not require the ligand to have

a linker or other chemical modification (Wilson and Szostak, 1999). Ordinarily,
small molecule ligands have to be immobilized on a solid support to partition
functional aptamer sequences away from inactive ones. This aspect of the method
permits aptamers that completely enclose the ligand to be isolated, potentially
increasing the maximum binding affinity for which an aptamer selection can
be performed.

171.5 Recent Technological Developments and Future Directions
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When designing an in vitro selection protocol, it is important to make the activ-
ity needed to survive the selective step resemble the desired function as closely as
possible. Most successful attempts to engineer multiple-turnover catalysts from
random sequence libraries have actually begun with molecules isolated because
they could perform a single-turnover reaction on a covalently attached substrate
(for example see Bartel and Szostak, 1993; Seelig and Jaschke, 1999; reviewed
in Griffiths and Tawfik, 2000). After the selection, the molecules must be re-
engineered to function as true multiple-turnover enzymes (for example Ekland
et al., 1995). In contrast, compartmentalizing each of the library molecules in
its own reaction chamber allows for the direct selection of multiple-turnover
catalysts (reviewed in Griffiths and Tawfik, 2000; Fig. 1.7).
In a typical protocol for selection by compartmentalization, water-in-oil emul-

sions are prepared by mixing mineral oil and a cocktail of detergents with a water
phase containing DNA, protein polymerases, and buffer and substrates for tran-
scription and/or translation. The emulsion compartments are stable over a range
of temperature and buffer conditions. Catalysts can be selected on the basis of
their ability to modify an exogenous substrate attached to a library DNA molecule
enclosed in the same compartment (Tawfik and Griffiths, 1998). Fluorescence-
activated cell sorting (FACS) can be used to enrich active molecules if the reaction
can produce, directly or indirectly, a fluorescent signal. FACS has been employed
to isolate active library sequences attached to beads (Sepp et al., 2002; Griffiths
and Tawfik, 2003). Alternatively, water-in-oil compartments can be emulsified in
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Fig. 1.6 A simple aptazyme. There are many
different ways to couple aptamer ligand bind-
ing to the activation of a ribozyme (also see
Chapters 9 and 16). This figure illustrates a
simple self-cleaving aptazyme (after Koizumi
et al., 1999). The structure consists of a self-
cleaving hammerhead ribozyme with an inter-

nal stem replaced by an aptamer sequence
(“A”). Upon binding the ligand (“L”), the ap-
tamer becomes well-ordered, reconstituting
the disrupted hammerhead stem. Once the
stem forms, the ribozyme can adopt an active
conformation and undergo self-cleavage.
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water to produce stable water-in-oil-in-water double emulsion compartments that
can be sorted (Bernath et al., 2004). Liposomes also have properties that make
them attractive for use as encapsulated reaction chambers (reviewed in Monnard,
2003). However, the emulsion techniques are much farther along in development
because liposomes typically exhibit low encapsulation efficiency.
To produce reaction chambers 1 mm in diameter, approximately 1mL of water-

in-oil emulsion is needed for every 1012 library molecules (Tawfik and Griffiths,
1998) unless more than one library sequence is put into the same chamber.
This limits efficient selections to a library size of about 1014 different molecules.
Because FACS is a serial screening process, selections that employ it are further
limited; 107 beads or compartments can be easily sorted but approaching even
1010 molecules would be nearly impossible. Bead panning (Coomber, 2002) is
an alternative sorting process that may allow for higher throughput. However,
until the sorting of larger libraries can be routinely accomplished, the best appli-
cations of compartmentalized selection are (1) selecting for simple activities that
are very abundant in random sequence pools and (2) searching the sequence
space surrounding pre-existing structures for variants with altered, or superior,
activity.
Compartmentalized selection of protein enzymes has been used to improve a

phosphotriesterase (Griffiths and Tawfik, 2003), alter the sequence specificity of
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Fig. 1.7 Compartmentalized selections with
emulsions, beads, and flow cytometry.
(a) Fluorescence from Oregon Green dye
marks the aqueous droplet of a water-in-oil-in-
water emulsion (also see Griffiths and Tawfik,
2003). The droplet in the center of the image
contains RNA transcribed from a single DNA
template (courtesy of Luptak and Szostak, un-
published). Water-in-oil droplets containing
RNAs with a desired activity can be selected on
the basis of a spectroscopic signal using flow
cytometry. This approach also allows for the

direct selection of aptamers or ribozymes that
elicit a particular change in the emission
spectrum of a fluorescent dye.
(b) In much the same way, flow cytometry can
be used to sort microbeads displaying a spec-
troscopic signal. In the example depicted, RNA
is immobilized on beads in an emulsified
solution containing a fluorophore (“F”). After
breaking the emulsions, beads displaying
aptamers that induce changes in fluorescence
can be sorted (after Luptak and Szostak,
unpublished).



Druck-PDF (30.12.2005)

a methyltransferase (Cohen et al., 2004) and enhance the temperature stability
and heparin resistance of Taq polymerase (Ghadessy et al., 2001). However,
there is nothing that prevents compartmentalized selections from being used
for the in vitro selection of functional nucleic acids.
Generating ribozymes with replicase activity remains a significant hurdle to the

goal of creating simple chemical systems capable of Darwinian evolution (Szos-
tak, 2001 et al., 2001; Luisi, 2002; Benner, 2003). In principle it should be possible
to build replicases through iterations of in vitro selection and rational design. If
there are class I ligase-based polymerase variants with improved affinity for the
primer–template complex (Lawrence and Bartel, 2003), these could be isolated
in a compartmentalized selection based directly on their ability to polymerize
longer strands of RNA. Alternatively, compartmentalized selections for complete-
ly novel ribozymes with efficient and processive polymerase activity could be un-
dertaken. In either case, these efforts might benefit from the use of substrates
that are more highly activated than nucleotide triphosphates, or from the addition
of other metal ions and cofactors (Szostak et al., 2001; for example Joyce et al.,
1984, 1987).
Compartmentalization can also be used to isolate aptamers or ribozymes where

a spectroscopic signal is the desired function, not just the readout. Two aptamers
have been shown to elicit fortuitous changes in the spectroscopic properties of
fluorescent small molecule ligands upon binding (Babendure et al., 2003, refer-
ences therein). A FACS-based selection could be used to isolate aptamers that in-
duce specific binding-dependent changes in quantum yield or spectroscopic reso-
nance (Fig. 1.7) (Luptak and Szostak, unpublished results).
We briefly considered the issue of whether functional molecules can be built

from oligonucleotides that are chemically distinct from RNA in Section 1.3. Func-
tional nucleic acids that are more resistant to degradation than RNA have biotech-
nological applications. It is also possible that increasing the chemical diversity of
the constituents used to build a library may improve the quality of the functional
molecules that can be obtained (see Section 1.3). In Section 1.4 we alluded to the
fact that while RNA is a good model for the first biopolymer, a wide range of pos-
sibilities should be explored.
Chemical alternatives to the ribose sugar backbone have been examined in

some detail (reviewed in Eschenmoser, 1999, 2004). Among these, threose nucleic
acid (TNA), with a four-carbon sugar backbone, is the most noteworthy. Because
TNA is chemically simpler than RNA but retains many of its other properties, it is
considered a plausible alternative to RNA as one of the earliest biopolymers
(Eschenmoser, 2004). A DNA duplex containing a single TNA nucleotide main-
tains good helical geometry (Pallan et al., 2003), and single-stranded TNA base
pairs with both RNA and DNA (Schoning et al., 2000).
Protein polymerases can incorporate TNA monomers by primer extension on

DNA templates (Chaput and Szostak, 2003), and can also use TNA oligos to tem-
plate DNA synthesis (Chaput et al., 2003). A system for selecting functional TNA
structures from libraries of random molecules was recently devised (Fig. 1.8)
(Ichida et al., 2005). Briefly, TNA sequences are displayed on DNA by primer-
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extending hairpins at the 3l ends of library molecules. DNA sequences displaying
functional TNA structures are amplified using PCR.
The TNA selection system is conceptually similar to nucleic acid display tech-

nologies for selecting proteins from random sequence libraries (Roberts and
Szostak, 1997; Keefe and Szostak, 2001; Bertschinger and Neri, 2004; reviewed
in Frankel et al., 2003) and directing the organic synthesis of diverse classes of
molecules (Rosenbaum et al., 2003; Gartner et al., 2004; Kanan et al., 2004; Hal-
pin and Harbury, 2004; reviewed in Calderone and Liu, 2004). Experimental re-
sults demonstrate that a large number of modified nucleobase-pairing systems
can be constructed as long as rules for stacking, charge, geometry, and hydrogen
bonding are followed (Geyer et al., 2003; Liu et al., 2003). Recent work has iden-
tified protein polymerases that can synthesize strands of other modified oligonu-
cleotides (Ghadessy et al., 2004; Chelliserrykattil and Ellington, 2004; reviewed in
Benner, 2004). These, or other novel enzymes, could be utilized to select func-
tional molecules from any type of heteropolymer library displayed on DNA.
It will be interesting to see if functional activities, in addition to base-pairing

ability, can be obtained from libraries of alternative oligonucleotides such as
TNA. Experimentally determining the abundance and distribution of function
in various oligonucleotide sequence spaces may shed light on why RNA, as op-
posed to TNA, or something else, is found in extant biology. By quantifying the
number of functional sequences (Szostak, 2003) in sequence space or the diffi-
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Fig. 1.8 In vitro selection for functional non-
standard oligonucleotides. Any molecule
whose synthesis can be templated on DNA is
amenable to selection using DNA display. For
instance, libraries of sequences with a four-
carbon sugar backbone, threose nucleic acid
(TNA) (reviewed in Eschenmoser, 1999, 2004)
can be transcribed using the “therminator”
DNA polymerase (Ichida et al., 2005).

The TNA sequence is displaced from the
template by extending a DNA primer in the
opposite direction. Following the selection
step, PCR amplifies the DNA template. Note
that this method does not require enzymes to
directly copy TNA because of the covalent
linkage between the displayed sequence and
its DNA template.
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culty of specifying functional structures (Carothers et al., 2004), it will be possible
to rigorously compare the functional capabilities of different kinds of oligonucleo-
tides. Among the most chemically plausible prebiotic or early-biotic nucleic acids,
RNA may turn out to be the most likely to exhibit functional activities. Alterna-
tively, RNA may have become the evolutionary winner because of historically con-
tingent events or contexts.

1.6
Conclusion

In vitro selection was developed by the Gold, Joyce and Szostak laboratories in the
early 1990s to search nucleic acid sequence spaces for functional molecules. Since
then, in vitro selection experiments have been performed by researchers around
the world to isolate, optimize and characterize hundreds of different synthetic
aptamers and catalysts.
In vitro selection has helped us understand the functional capabilities of oligo-

nucleotides. Work to describe the distribution of functional structures in molecu-
lar sequence spaces continues to inform the design of sequence libraries with a
greater likelihood of yielding highly active molecules. Study of the relationships
between complexity and activity is teaching us how to isolate molecules of higher
activity, and is also beginning to improve our comprehension of the origins of bio-
chemistry. Heteropolymers would have been required at a very early stage in the
history of life to carry out the necessary biochemical functions. While RNA may
not have been the first biopolymer, it serves as a useful model because it pos-
sesses many of the qualities that the initial biopolymers would have needed. Re-
cent work strongly suggests that the functional capabilities of other oligonucleo-
tides can be examined in the near future.
New techniques and applications for in vitro selection continue to be developed.

For example, encapsulated selections will enable direct enrichment for multiple
turnover catalysts such as ribozymes with RNA polymerase activity, or for apta-
mers that elicit changes in the spectroscopic properties of the ligand. Once selec-
tions for functional structures made up of alternative nucleic acids such as TNA
have been successful, it will be interesting to compare their functional properties
with those of RNA and DNA. Is the number of functional structures in an oligo-
nucleotide sequence space relatively constant for different types of molecules, or
does it depend heavily on chemical composition? Are there general rules that de-
scribe how the number of functional structures or sequences varies with activity,
or is every case unique? There are many fundamental questions about the origins
of biochemical function and life on Earth that remain unanswered; some may
even be unanswerable. We are hopeful that through the careful application of
in vitro selection and other synthetic methods, we will come to understand the
range of possible pathways that lead from chemical systems to biological ones.
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