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Abstract. Thermodynamic stability and mutational
robustness of secondary structure are critical to the
function and evolutionary longevity of RNA mole-
cules. We hypothesize that natural and artificial
selection for functional molecules favors the forma-
tion of structures that are stable to both thermal and
mutational perturbation. There is little direct evi-
dence, however, that functional RNA molecules have
been selected for their stability. Here we use ther-
modynamic secondary structure prediction algo-
rithms to compare the thermal and mutational
robustness of over 1000 naturally and artificially
evolved molecules. Although we find evidence for the
evolution of both types of stability in both sets of
molecules, the naturally evolved functional RNA
molecules were significantly more stable than those
selected in vitro, and artificially evolved catalysts
(ribozymes) were more stable than artificially evolved
binding species (aptamers). The thermostability of
RNA molecules bred in the laboratory is probably
not constrained by a lack of suitable variation in the
sequence pool but, rather, by intrinsic biases in the
selection process.

Key words: RNA — Secondary structure — Ther-
mostability — Mutational robustness — Aptamer —
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Introduction

In the short term, natural selection favors individual
organisms that are best able to survive and repro-
duce. In the long term, natural selection favors line-
ages with consistently high fitness. What does it take
for a lineage to be consistently fit? First, organisms
must be able to withstand environmental perturba-
tions either by remaining unperturbed by those
changes or through adaptive genetic or phenotypic
modifications (Meyers and Bull 2002). Second, line-
ages must be somewhat robust to the effects of ran-
dom mutation.

This is true even at the level of a single biopolymer.
Naturally occurring nucleic acids and proteins have,
for the most part, evolved to fold, bind, and catalyze
reactions robustly, regardless of the environment in
which organisms find themselves. In addition, the
nucleic acid replication machinery allows for occa-
sional variation (or error), which is essential for
producing the novelty that fuels evolution. Much of
the time, however, such mutations have deleterious
effects on the form and function of a molecule. Bio-
polymers that are highly sensitive to mutations may
be unreliable, and are eventually eliminated by nat-
ural selection (van Nimwegen et al. 1999; Wagner
et al. 1997).

There is evidence that these two forms of sta-
bility—structural/functional stability and mutational
stability—are biophysically correlated for both
RNA and proteins, and that the evolution of one
form of robustness goes hand-in-hand with the ev-
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olution of the other form (Ancel and Fontana 2000;
Bornberg-Bauer and Chan 1999; Bussemaker et al.
1997; Vendruscolo et al. 1997). The term plasto-
genetic congruence was coined to describe a more
general correlation between the effects of the envi-
ronment and the effects of mutation on form and
function (Ancel and Fontana 2000). In RNA,
plastogenetic congruence means that the set of
shapes that are thermodynamically accessible to a
molecule overlaps significantly with the set of
groundstate shapes produced by point mutations to
that molecule. In particular, if one or more alter-
native shapes (other than the groundstate) have
thermodynamic stabilities similar to the groundstate,
then there will likely also be one or more single
mutations that will stabilize these alternative shapes
relative to the groundstate. If, instead, a molecule
folds stably into its groundstate, in the absence of
any comparably stable suboptimal shapes, then
most mutations to the molecule will leave that
structure unchanged. Conversely, the diversity of
groundstates produced by point mutations to a
molecule is indicative of the diversity of shapes
thermodynamically accessible to the original mole-
cule. This biophysical link between thermody-
namic and genetic stability implies that the evolution
of thermodynamic robustness necessarily entails ge-
netic robustness and vice versa (Ancel and Fontana
2000).

Sequences that form stable structures are likely to
be more functional than sequences that can flit be-
tween various structures. Thus we suspect that any
biopolymer under natural or artificial selection to
perform a function should show some degree of
thermostability. Nonetheless, naturally evolved bio-
polymers that are the products of eons of exposure to
the vagaries of the environment and error-prone
replication should show greater thermostability than
biopolymers that have been evolved in vitro and have
thus been selected in a much more controlled envi-
ronment over a much shorter period of time. By
virtue of both plastogenetic congruence and years of
natural selection against deleterious mutations, we
similarly expect greater mutational robustness in
natural molecules than in those selected in the lab. In
order to test the hypothesis that naturally evolved
molecules should be much more mutationally and
thermodynamically robust than the products of di-
rected selection, we use computational algorithms to
estimate the thermodynamic stability and mutational
stability of a series of natural, functional RNA mol-
ecules, including tRNAs, 5S rRNAs, and natural
ribozymes, and compare these to the stabilities of a
large number of artificially selected nucleic acid
binding species (aptamers) and catalysts (ribozymes)
that have been collected in an Aptamer Database,
now available online.

Materials and Methods

The Sequences

The current version of the Aptamer Database contains entries from

237 papers that describe the in vitro selection of aptamers, ribo-

zymes, and deoxyribozymes. The database primarily contains cat-

alysts that have been selected from completely random pools, as

opposed to variants on known, natural ribozymes. Each entry is

described by the following fields: Author (last name and first name

of the authors of each publication); Title; Medline Accession

Number (allowing a direct link to the Pubmed record); Target

(name of the ligand that was used for selection); Target Type

(currently classified into proteins, peptides, nucleic acids, organic

molecules, inorganic molecules or other); Journal (year, volume,

issue, pages); DNA/RNA or Modified (indicates whether the initial

nucleic acid pool used for the selection was ‘natural’ or contained

modified nucleotides); Buffer Conditions; Template Description

(describes the length of the random region); Template Sequence

(describes the sequences of the terminal primer binding sites); Se-

quences (list of each aptamer or ribozyme sequence that was se-

lected, not including the Template Sequence or constant region).

The database is updated monthly. Data are entered manually

into the database. Each sequence is entered twice and the two en-

tries are compared to ensure accuracy. The Aptamer Database

is publicly available through http://aptamer.icmb.utexas.edu. To

facilitate data entry by other users, a template of the database is

available for download at http://aptamer.icmb.utexas/submit.

We computed the thermodynamic and mutational stability of

532 aptamers and 209 ribozymes from http://aptamer.icmb.utex-

as.edu; 193 bacterial tRNAs, 79 nonhuman eukaryotic tRNAs, and

73 human tRNAs from http://rna.wustl.edu/GtRDB/ (Lowe and

Eddy 1997); 47 archaebacterial 5S rRNAs, 67 eubacterial 5S

rRNAs, and 168 eukaryotic 5S rRNAs from http://biobas-

es.ibch.poznan.pl/5SData/ (Szymanski et al. 2000); and 304 ham-

merhead ribozyme sequences from http://www.sanger.ac.uk/cgi-

bin/Rfam/getacc?RF00008 (Griffiths-Jones et al. 2003). For each of

these molecules, we generated 1000 random molecules, preserving

base composition and length. In the case of the in vitro selected

aptamers and ribozymes, we randomized only the regions that were

originally, experimentally randomized, whereas for the naturally

occurring molecules, we randomized the entire sequence.

Measuring Thermodynamic Stability

We computationally estimated the extent to which single molecules

are buffered against thermodynamic noise. First, we computed the

repertoire of structures that are accessible to a sequence and ap-

proximated the probability of each structure. We used an extension

of the standard thermodynamic minimum free energy folding al-

gorithm, which permits the computation of all secondary structures

within some energy range above the minimum free energy (Hofacker

et al. 1994; Wuchty et al. 1999). This algorithm provides reasonable

approximations but is by no means perfect. It does not predict

pseudoknots or other tertiary interactions, which are known to

occur in both natural and artificial RNA molecules. The thermo-

dynamic parameters used by the algorithm are taken from

(Mathews et al. 1999; Walter et al. 1994) and have been estimated to

predict the correct structure 73% of the time (Mathews et al. 1999;

Walter et al. 1994). The parameters are estimated at the physio-

logical temperature of 37�C, which is appropriate for prediction of

natural sequences. Artificial RNAs, however, are often selected and

optimized at a lower temperature (25�C). These algorithmsmay thus

make less accurate predictions for artificially selected molecules.

Despite these limitations, we used the suboptimal folding

algorithm to rapidly approximate the low energy portion of the

secondary structure space of a given sequence. We neglected energy
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barriers and assumed that a sequence equilibrates among all

structures whose free energy is within 5 kT of the groundstate. The

5-kT choice amounts to approximately 3 kcal at 37�C and corre-

sponds to the loss of two CG/GC stacking interactions.

Under thermodynamic equilibration, we assumed that the

Boltzmann probability of a shape s, exp()DGr/kT)/Z, approxi-

mates the overall fraction of time that the molecule spends in s,

where DGr is the free energy of structure s, k is the Boltzmann

constant, T the absolute temperature, and Z ¼
P

s
exp �DGs=kTð Þ

is the partition function, which is computed by an

algorithm described by McCaskill (1990). We used the Boltzmann

probability of the lowest free energy state (the groundstate) to es-

timate the thermodynamic stability of a molecule. Thus we did not

use minimum free energy alone to estimate thermostability but,

instead, considered the extent to which a groundstate is stabilized

with respect to competing shapes.

In measuring thermodynamic stability, we assayed secondary

structures at two levels of resolution. As illustrated in Fig. 1, the

standard secondary structure of a molecule contains the pairing

status of every individual base. The coarse grained secondary

structure of a molecule notes the relative position of the following

structural components: hairpins (H), interior loops (I), bulges (B),

multiloops (M), and stacks (S). We first predicted the standard

structure of a molecule, and then parsed the standard representa-

tion into these five components. When several suboptimal standard

shapes reduced the same coarse-grained shape, we grouped them

together and summed their Boltzmann coefficients. The coarse-

grained groundstate was the shape with the largest (collective)

Boltzmann, which may or may not have corresponded with the

original standard groundstate.

In essence, the standard secondary structure looks at the precise

sequence and structure of a molecule, while the coarse-grained

structure is a measure of the overall fold, independent of sequence.

By examining coarse-grained structures, we grouped structurally

similar molecules. This may be appropriate, for example, if two

nucleic acids are functionally similar because of a shared stacked

helical junction, but these junctions in the two molecules differ in

the number of single-stranded residues separating the two partici-

pating helices. Such molecules would be substantially different in

the standard representation but appropriately equivalent in the

coarse-grained representation. Coarse-grained structures also allow

for some degree of error in the thermodynamic predictions and,

thereby, provide an additional check on the validity of the analysis.

Measuring Mutational Robustness

For every molecule, we measuredmutational neutrality, which is the

fraction of all possible point mutations that perturb the groundstate.

A molecule of length L will have 3L one-error mutants (sequences

that differ by exactly one mutation). We folded the (standard and

coarse-grained) groundstate of each of these mutants and tallied

those that preserve the original groundstate. This indicated the ex-

tent of intrinsic mutational buffering.We did not consider structural

changes that require multiple simultaneous mutations.

Measuring Plastogenetic Congruence

We estimated the relationship between thermostability and muta-

tional robustness by calculating the correlation coefficient for

thermostability and mutational robustness. We report r and its 95%

confidence intervals.

Measuring Thermostability Potential

In order to assess whether artificially selected molecules might

evolve further stability given time, we calculated the groundstate

shape and thermodynamic stability of every one-error mutant. We

report the fraction of one-error neighbors that either preserve or

further stabilize the original groundstate shape and the extent to

which stability is increased by these mutations. We are interested in

whether laboratory selection fails to select more thermostable

variants or whether such variants do not exist in the first place.

We report the likelihood that a single point mutation will fur-

ther stabilize the existing groundstate. A high value suggests that

more stable mutants are likely to exist in a random library and arise

under mutagenesis and that the failure to select such variants is

perhaps due to a lack of selection pressure for thermostability or

even selection against thermostability.

Results and Discussion

Thermostability and Mutational Robustness of
Random Sequences

The length and composition of a given sequence will
likely affect its thermodynamic stability and muta-
tional robustness. As proof of this, we computa-
tionally generated 1000 different random sequences
for multiple different lengths and base compositions
and then measured and plotted the (standard struc-
tural) thermodynamic stability and mutational ro-
bustness for each sequence (Fig. 2). As previously
noted, there is an obvious and general correspond-
ence between thermodynamic stability and muta-
tional robustness. While sequences of all lengths and
composition demonstrated this trend, however, the
degree of thermodynamic stability and mutational
robustness varied as a function of sequence length
and composition.

Previously, Ancel and Fontana (2000) have sug-
gested that a correlation exists between thermosta-
bility and mutational stability, and have termed this
correlation plastogenetic congruence. In other words,
the more stable a structure is to denaturation by heat,
the more stable it may be to disruption by muta-
tion. The correlation between thermostability and
mutational robustness is statistically significant (p <
0.0005) for all sequence lengths, although the extent
of thermostability and mutational robustness con-
currently decrease with length (Fig. 2A). The reduced

Fig. 1. Two levels of structural resolution. Standard secondary
structure (left) contains the pairing status of every nucleotide,
whereas coarse-grained structure (right) indicates the relative po-
sitions of structural components including hairpins (H), stacks (S),
and multiloops (M).
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ability of longer sequences to readily maintain a given
structure (and hence a given function) in response to
either thermal or mutational pressure may have been
a boon in the evolution of new structures and func-
tions early in evolution (James and Ellington 1999;
Levy and Ellington 2001; Schultes and Bartel 2000).
The relationship between thermostability and muta-
tional stability is more complex when examined as a
function of GC content (Fig. 2B). As might be ex-
pected, thermostability increases with GC content.

Mutational stability, however, slightly decreases.
Nonetheless, within each GC content class, there is
significant plastogenetic congruence, that is, a sig-
nificant positive correlation between thermostability
and mutational stability (p < 0.0001). Interestingly,
these results overall suggest that an organism in the
putative ‘‘RNA world’’ (Gilbert 1986) whose me-
tabolism relied predominantly upon functional nu-
cleic acids might have ‘‘tuned’’ its evolvability
(sensitivity to mutation) by tuning its GC content.

Fig. 2. Sequence length, base composition,
and stability. Thermostability is estimated
with the Boltzmann coefficient of the
groundstate (top); mutational robustness is
the fraction of point mutations that leave the
groundstate unchanged (middle); and
platogenetic congruence is the correlation
between these two forms of stability (bottom).
The top two graphs in each panel show
average and 95% confidence intervals and the
bottom graph shows the correlation coefficient
for thermostability and mutational robustness
(r) and 95% confidence intervals based on
1000 random sequences of (A) each length (40,
80, and 120 bases) and (B) each base
composition (20, 30, 40, 50, and 60% GC).
Inset: Stability for a set of 1000 sequences of
(A) length 40 and (B) 70% GC.
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Thermostability and Mutational Robustness of
Evolved Sequences

In order to normalize for length and compositional
biases that might arise from the diverse, real data sets
under consideration, we generated sets of 1000 ran-
dom molecules with identical length and composition
for each naturally and artificially selected molecule.
We refer to these molecules as random (1000 scram-
bled variants) and original (single, parental variant),
respectively. Using standard thermodynamic predic-
tion algorithms from the Vienna package (Hofacker

et al. 1994), every original and randomized molecule
is analyzed for its standard and coarse-grained ther-
modynamic stability and standard and coarse-
grained mutational stability.

The original molecule will be more stable than
some subset of its 1000 random counterparts and less
stable than the rest. For all four measures of stability,
we calculate the percent of random sequences that are
less stable than the true sequence. This statistic—the
percentile of the original molecule—indicates whether
the original molecule is more stable than expected
while normalizing for both length and base compo-

Fig. 2. Continued
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sition. Any value above 0.5 indicates that a molecule
is more stable than would be expected by chance
alone. This is a conservative normalization. Although
base composition could presumably evolve in re-
sponse to selection for thermostability, it may be
significantly constrained by other factors such as
competition for metabolic resources, ultraviolet ex-
posure, replication error, and repair efficiency (Cal-
cagnile et al. 1996; Cox and Yanofsky 1967; Rocha
and Danchin 2002). Such constraints may lead to
differences in thermostability among taxa that are not
actually the result of differential selection for ther-
mostability. Note that these calculations differ sub-
stantially from those shown in Fig. 2, as do the axes
in the attendant graphs.

In general, both natural and artificially selected
molecules are more stable than would have been ex-
pected by chance, and the results from standard and
coarse-grained stability analyses are largely in agree-
ment with one another (Fig. 3A). Surprisingly, dif-
ferent types of functional RNA molecules from
different classes of organisms show a wide range of
thermostabilities. Nonetheless, it is generally true that
natural, functional RNA molecules are more ther-
mostable than artificially selected molecules such as
aptamers and ribozymes. This correlation is true even
when other factors might be expected to interfere. For
example, all types of tRNAs show greater thermos-
tabilities than artificially selected molecules. More so
than almost any other functional RNAs, the stabilities

Fig. 3. Comparative thermostability of RNA. A Average per-
centile thermostability for nine classes of RNA. Apt—artificial
aptamers; Ribo—artificial ribozymes; Eub tRNA—eubacterial
tRNA; Euk tRNA—nonhuman eukaryotic tRNA; Hum
tRNA—human tRNA; Arch 5S—archaebacterial 5S rRNA; Eub
5S—eubacterial 5S rRNA; Euk 5S—eukaryotic 5S rRNA; Ham-
mer—natural hammerhead ribozymes. We use the Boltzman co-
efficient of the minimum free energy shape to estimate
thermostability. The percentile is the rank of a sequence’s ther-

mostability compared to the thermostabilities of 1000 randomly
generated sequences of the same length and base composition.
Percentiles significantly above 0.5 are more thermostable than ex-
pected from a random sequence. Standard and coarse grained refer
to the level of structural resolution as depicted in Fig. 1. Bars in-
dicate 95% confidence intervals. B Percentile thermostabilities are
averaged over all artificially evolved aptamers and ribozymes and
over all seven classes of natural tRNA, rRNA, and ribozymes.
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of tRNA molecules are due to tertiary structural in-
teractions, and posttranscriptional modifications fre-
quently contribute to stabilization. For example,
Wutchy et al. (1999) showed that modification sig-
nificantly increased the predicted thermostability of
an E. coli tRNAlys molecule. We nevertheless analyze
the unmodified tRNA sequences, as they are func-
tional prior to modification (Claesson et al. 1990;
Harrington et al. 1993; Pestova and Hellen 2001;
Sampson and Uhlenbeck 198S; Takai et al. 1996) and
make for an interesting intermediate between artifi-
cially selected molecules that have undergone only
brief selection for thermostability and naturally
evolved molecules that are not modified or signifi-
cantly stabilized by external forces. One might expect

that the secondary structures of tRNAs would be
under less selective pressure than the secondary
structures of aptamers and ribozymes, since the
functions of these artificially selected molecules derive
largely from unmodified stem loops or other common
secondary structural elements. Figure 3B illustrates
an overall difference between sequences evolved in the
lab and sequences evolved in nature and confirms that
artificially selected sequences are less stable, under
both standard and coarse-grained comparisons.

While this discrepancy is the most clear and intu-
itive result of our analysis, we also venture to spec-
ulate on the observed variation among different types
of RNA molecules. For example, artificially selected
ribozymes are significantly more stable than artifi-

Fig. 4. A Comparative mutational robustness of RNA. Average
neutrality percentile for nine classes of RNA. (See legend to Fig. 3.)
We use neutrality—the fraction of single-point mutations that
preserve the minimum free energy structure—to estimate muta-
tional robustness. The percentile is the rank of a sequence’s neu-
trality compared to the neutralities of 1000 randomly generated
sequences of the same length and base composition. Percentiles

significantly above 0.5 are more mutationally robust than expected
from a random sequence. Standard and coarse grained refer to the
level of structural resolution as depicted in Fig. 1. Bars indicate 95%
confidence intervals. B Robustness percentiles are averaged over all
artificially evolved aptamers and ribozymes and over all seven
classes of natural tRNA, rRNA, and ribozymes.
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cially selected aptamers. This may represent the
greater functional (and therefore possibly structural)
constraints on catalysts relative to binding species. It
is more difficult to frame a direct comparison between
hammerhead ribozymes and other natural, functional
RNA molecules, since ribosomal and transfer RNAs
perform a variety of functions other than just binding
to proteins. Other differences are more enigmatic:
eubacterial 5S rRNA molecules have surprisingly low
stabilities relative to the higher stabilities of eukary-
otic and archaebacterial 5S rRNAs. Hammerhead
ribozyme sequences show somewhat higher stabilities
than artificially evolved ribozymes under standard
folding, but their relative stabilities are lower under
coarse-grained folding.

There is a less pronounced relationship between
the evolutionary or functional history of a molecule
and its mutational stability. Figure 4A shows artifi-
cially selected aptamers and ribozymes to be statisti-
cally indistinguishable from each other. The naturally
selected sequences differ significantly in mutational
rigidity from the artificially selected sequences, in
both directions. Notably human tRNAs show much
greater mutational robustness than artificially select-
ed sequences, while nonhuman eukaryotic tRNAs as
a whole are less mutationally robust. As was the case
with computationally generated sequences (Fig. 2),
while there is a general correlation between thermo-
stability and mutational stability (plastogenetic con-
gruence), the correlation is not exact; for example,
eukaryotic tRNA molecules are relatively thermo-
stable but not similarly stable to mutation. None-
theless, when the data sets are combined there is
again an overall, statistically significant discrepancy
between naturally and artificially selected molecules,
with naturally selected RNAs showing a greater
propensity to retain their secondary structures when
challenged with mutations (Fig. 4B).

Finally, using a subset of 100 aptamers and 100
archaebacterial 5S rRNA molecules, we calculated
the fraction of point mutations that would further
stabilize the original structure. Archaebacterial 5S
rRNA molecules were chosen as the comparison set
since they were initially found to be significantly more
thermostable and mutationally stable than aptamers.
The average fraction of structurally beneficial muta-
tions was not statistically different for the aptamers
(0.123812) and archaebacterial 5S rRNAs (0.132992).
However, the degree to which structurally beneficial
mutations further stabilized the original structure was
significantly divergent (Fig. 5). As was predicted
based on their lower thermostabilities and mutational
stabilities, aptamers showed significantly more
capacity for additional stabilization than did 5S
archaebacterial RNAs.

Overall, these results suggest that artificially se-
lected molecules are less thermodynamically and

mutationally robust than naturally occurring mole-
cules. Intuitively, artificially selected molecules have
experienced a much more consistent environment
over much shorter periods of time than have natural
molecules. In consequence, thermostability and es-
pecially mutational robustness may have been mostly
irrelevant for the function for which they were se-
lected. In fact, thermostability may even be costly
in vitro. Selection experiments rely upon the polym-
erase chain reaction for the amplification of func-
tional species, and excessive structural stability may
lead to discrimination between amplicons. This limi-
tation has likely already been seen in a selection for
oligonucleotide substrates for T4 DNA ligase from a
random sequence population (Harada and Orgel
1993). Despite the well-known propensity of ligase to
covalently join substrates that are paired with a DNA
template, these experiments yielded substrates that
were mismatched with the template, potentially be-
cause perfectly paired substrates were at a selective
disadvantage during amplification. Similarly, in vitro
selection of an RNA ligase produced molecules that
formed alternative, inactive conformations, possibly
because such conformational flexibility facilitated
replication. Upon subsequent reselection under more
stringent selection conditions, the ligase evolved
greater structural stability and a lower propensity for
misfolding (Schmitt and Lehman 1999).

In contrast, structural stability may be under in-
tense selection in natural, functional RNA molecules.
For example, a comparison among ribosomal RNAs
of related free-living and endosymbiotic bacteria in-
dicated that the endosymbiont RNAs contain muta-
tions that generally lead to structural destabilization
(Lambert and Moran 1998). Such destabilizing mu-
tations have not persisted in free-living populations,

Fig. 5. Potential increase in thermostability due to point muta-
tion. Max improvement is the maximum improvement in thermo-
stability achieved by a point mutation, measured as a multiple of
the original stability. Avg improvement is the average increase in
thermostability across all mutations that maintain and further
stabilize the orginal groundstate.
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presumably because the fitness costs are more severe.
Similarly, endosymbiont tRNAs are by and large
less structurally stable than the tRNAs of their
free-living counterparts (Lynch 1996, 1997). RNA
processing mechanisms in natural systems may
therefore have evolved to promote thermostability.

Just as there are examples of naturally evolved
thermostability, there are also naturally occurring
RNA molecules with structural flexibility. The Hepa-
titis Delta Virus (HDV) ribozyme is thought to assume
several different conformations, some active and some
inactive (Gottlieb et al. 1994; Smith et al. 1992). Simi-
larly, slow in vivo transcription rates allow the potato
spindle tuber viroid to form sequential, metastable
structures (Repsilber et al. 1999). Most recently, a
number of RNA regulatory elements (so-called ‘‘ribo-
switches’’) have been shown to undergo conforma-
tional changes in the presence of metabolites (Lai
2003). Our tools for assessing the thermostability and
mutational robustnessmay ultimately shed light on the
molecular underpinnings of functional RNAs with
metastable structures or alternative conformations.

Practical Implications

While directed evolution is a powerful tool, it appar-
ently does not optimize nucleic acid structures to the
same extent as billions of years of natural selection.
Based on the analyses summarized in Fig. 5, there ap-
peared to be numerous aptamer variants that would
have retained a functional structure and been more
thermodynamically stable. It is possible that these
more stable variants did not predominate in the selec-
tion experiments because the mutant sequences were
not originally present in the population or did not arise
during the courseof amplification.However, given that

many nucleic acid pools are thought to initially have
relatively complete coverage of sequence spaces up to
25 nucleotides in length, the lack of more stable vari-
ants may instead be indicative of a general discrimi-
nation against the most stable structures during
amplification.

In order to further examine this hypothesis, we ex-
amined the thermodynamic and mutational stabilities
of a series of RNA catalysts that were selected from a
random sequence pool for their ability to cleave aRNA
substrate (Fig. 6) (Salehi-Ashtiani and Szostak 2001).
This experimentwas especially informative because the
sequences and catalytic abilities of the self-cleaving ri-
bozymes were determined at several points during the
selection. Ultimately, the selection experiment yielded
RNAcatalystswhose sequences and structureswere by
and large similar to that of the hammerhead ribozyme.
We therefore can directly compare the thermostabili-
ties andmutational stabilities of the artificially selected
RNAs to those of natural hammerhead ribozymes. As
can be seen in Fig. 6, the early rounds of selection
generated artificial catalysts with thermostabilities
greater than in the starting pool and approximately
equal to that of natural hammerhead ribozymes.As the
selection progressed, however, the thermal and muta-
tional stabilities of the artificially selected ribozymes
actually decreased, even though the overall activity of
the population progressively increased. While these
results might indicate that functional superiority is
inversely correlated with structural stability, such an
insight would be extremely counterintuitive. It seems
more likely that there were many highly functional
catalysts in the stableRound5populationbut thatonly
those catalysts that could alsomeet the requirements of
replicability survived throughRound 12.That is, to the
extent that thermal stability of a RNAmolecule makes

Fig. 6. Thermostability during in vitro evolution of hammerhead
ribozymes. The average thermostability percentile (see legend to
Fig. 3) for sequences taken from consecutive rounds of in vitro
selection. The selected molecules begin unstable, hit peak stability

in round 9, and then lose stability in later rounds of selection.
Round 9 thermostability is comparable to that found in natural
hammerhead ribozymes. The mutational robustness of the selected
populations follows a qualitatively similar trajectory.
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it less replicable, then functional but less replicable
molecules may ultimately be chosen in a selection
experiment.

This analysis suggests some extremely practical
considerations for biopolymer engineers. First and
most importantly, including thermostability as a cri-
terion during the directed evolution of nucleic acids
may result in unexpected improvements in functional-
ity. This hypothesis can now be directly evaluated by
carrying out parallel selection experiments at different
temperatures. Second, the pool sizes used for selection
experiments may be artificially constrained by the
amplification process, a finding that would skew the
interpretation ofmany published results that speculate
on the relative difficulties of identifying functional nu-
cleic acid molecules during the origin and evolution of
metabolism. Third, many molecules evolved in the lab
may eventually be tasked in natural environments.
While predicting all possible natural challenges for an
engineered molecule would be next to impossible, one
could easily modify selection protocols to favor ther-
mostability and, thereby, hedge against a diversity of
environmental insults. For example, Bevilacqua and
co-workers have carried out a number of selections for
hairpin structures with increased thermostabilities
(Bevilacqua and Bevilacqua 1998; Moody and Bevi-
lacqua 2003; Nakano et al. 2002; Proctor et al. 2002;
Shu and Bevilacqua 1999). Interestingly, a number of
the hairpin loops that were selected for thermostability
resemble those that also occur in natural RNA struc-
tures, including RNA molecules from mesophiles.
Similarly, Guo and Cech selected for increased ther-
mostability in variants of the Tetrahymena Group I
self-splicing ribozyme (Guo and Cech 2002). In this
case, the mutations were predominantly in tertiary
structural contacts rather than secondary structures, as
might be expected for a large and complex ribozyme
structure.
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