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Bacterial Evolution
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Fig. 1. Change in average cell size (1 fl = 107 '° L)
in a population of E. coli during 3000 generations
of experimental evolution. Each point is the mean
of 10 replicate assays (22). Error bars indicate
95% confidence intervals. The solid line shows the
best fit of a step-function model to these data
(Table 1).
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Fig. 2. Correlation between average cell size and
mean fitness, each measured at 100-generation
intervals for 2000 generations. Fitness is ex-
pressed relative to the ancestral genotype and
was obtained from competition experiments be-
tween derived and ancestral cells (6, 7). The open
symbols indicate the only two samples assigned
to different steps by the cell size and fithess data.

Epochal evolution of bacteria in serial transfer experiments under constant conditions
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Variation of genotypes in a bacterial serial transfer experiment
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The serial transfer technique applied to RNA evolution in vitro



Reproduction of the original figure of the
serial transfer experiment with Qf RNA

D.R.Mills, R,L,Peterson, S.Spiegelman,
An extracellular Darwinian experiment
with a self-duplicating nucleic acid
molecule. Proc.Natl.Acad.Sci.USA

58 (1967), 217-224
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Fig. 9. Scrial transfer cxperiment. Each o-25 ml standard reaction mixture
contained 40 xg of Qf rcplicase and **P-UTP, The first reaction (o transfer)
was initiated by the addition of o2 pug ts-1 (temperature-sensitive RNA)
and incubated at 35 °C for 20 min, whereupon o0-02 ml was drawn for
counting and 002 ml was used to prime the second reaction (first transfer),
and so on. After the first 13 reactions, the incubation periods were reduced
to 1§ min (transfers 14-29). Transfers 30-38 were incubated for 1o min.
Transfers 39-52 were incubated for 7 min, and transfers 53-74 were incu-
bated for § min. The arrows above certain transfers (o, 8, 14, 29, 37, 53,and
%3) indicate where o'co1-o0'1 ml of product was removed and used to prime re-
actions for sedimentation annlysis on sucrose. The insct examines both infec-
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to appear after the 4th transfer (Mills et al. 1967).
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Evolutionary design of RNA molecules
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The SELEX technique for the evolutionary design of aptamers
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Table 1. Competition binding analysis with TCT8-4 RNA. The chemical structures are shown for a

additional methy| group series of derivatives used in competitive binding experiments with TCT8-4 RNA (Fig. 2) (20). The

right column represents the affinity of the competitor relative to theophylline, Ky(c)/K(t), where K, (c)

is the individual competitor dissociation constant and K4(t) is the competitive dissociation constant

/ of theophylline. Certain data (denoted by =) are minimum values that were limited by the solubility

0 CH, of the competitor. Each experiment was carried out in duplicate. The average error is shown.
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Fig. 3. Schematic representation of the RNA
(purple) binding site for theophylline (blue).

Schematic drawing of the aptamer binding site for the theophylline molecule
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Aptamer binding to aminoglycosid antibiotics: Structure of ligands

Y. Wang, R.R.Rando, Specific binding of aminoglycoside antibiotics to RNA. Chemistry & Biology 2
(1995), 281-290
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The three-dimensional structure of the
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel,
Chemistry & Biology 4:35-50 (1997)




Hammerhead ribozyme — The smallest RNA based catalyst
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Catalytic activity in the
AUG alphabet

Nature 402, 323-325, 1999

A rihozyme that lacks cytidine

Jeff Rogers & Gerald F. Joyce

Departments of Chemistry and Molecular Biology, and the Skaggs Institute for
Chemical Biology, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, California 92037, USA

----------------------------------------------------------------------------------------------------------------------------------------------

The RNA-world hypothesis proposes that, before the advent of
DNA and protein, life was based on RNA, with RNA serving as
both the repository of genetic information and the chief agent of
catalytic function'. An argument against an RNA world is that the
components of RNA lack the chemical diversity necessary to
sustain life. Unlike proteins, which contain 20 different amino-
acid subunits, nucleic acids are composed of only four subunits
which have very similar chemical properties. Yet RNA is capable of
a broad range of catalytic functions’”. Here we show that even
three nucleic-acid subunits are sufficient to provide a substantial
increase in the catalytic rate. Starting from a molecule that
contained roughly equal proportions of all four nucleosides, we
used in vitro evolution to obtain an RNA ligase ribozyme that
lacks cytidine. This ribozyme folds into a defined structure and
has a catalytic rate that is about 10°-fold faster than the
uncatalysed rate of template-directed RNA ligation.
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Base pairs in the AUG alphabet
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Catalytic activity in the
DU alphabet

Nature 420, 841-844, 2002

A ribozyme composed of only
two different nucleotides

John S. Reader & Gerald F. Joyce

Departments of Chemistry and Molecular Biology and The Skaggs Institute for
Chemical Biology, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, California 92037, USA

RNA molecules are thought to have been prominent in the early
history of life on Earth because of their ability both to encode
genetic information and to exhibit catalytic function'. The
modern genetic alphabet relies on two sets of complementary
base pairs to store genetic information. However, owing to the
chemical instability of cytosine, which readily deaminates to
uracil®, a primitive genetic system composed of the bases A, U,
G and C may have been difficult to establish. It has been suggested
that the first genetic material instead contained only a single
base-pairing unit’>”’. Here we show that binary informational
macromolecules, containing only two different nucleotide sub-
units, can act as catalysts. In vitro evolution was used to obtain
ligase ribozymes composed of only 2,6-diaminopurine and uracil
nucleotides, which catalyse the template-directed joining of two
RNA molecules, one bearing a 5'-triphosphate and the other a
3'-hydroxyl. The active conformation of the fastest isolated
ribozyme had a catalytic rate that was about 36,000-fold faster
than the uncatalysed rate of reaction. This ribozyme is specific
for the formation of biologically relevant 3',5'-phosphodiester
linkages.
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The 2,6-diamino purine — uracil, DU, base pair



Three Watson-Crick type base pairs
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by chemical modification and site-directed mutagenesis studies®. Bold G at positions 1, B B
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Evolution of aptamers with a new specificity and new
secondary structures from an ATP aptamer

ZHEN HUANG!' and JACK W. SZOSTAK?
'Department of Chemistry, Brooklyn College, Ph.D. Programs of Chemistry and Biochemistry, The Graduate School of CUNY,

Brooklyn, New York 11210, USA
2Howard Hughes Medical Institute, Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114, USA

ABSTRACT

Small changes in target specificity can sometimes be achieved, without changing aptamer structure, through mutation of a few
bases. Larger changes in target geometry or chemistry may require more radical changes in an aptamer. In the latter case, it is
unknown whether structural and functional solutions can still be found in the region of sequence space close to the original
aptamer. To investigate these questions, we designed an in vitro selection experiment aimed at evolving specificity of an ATP
aptamer. The ATP aptamer makes contacts with both the nucleobase and the sugar. We used an affinity matrix in which GTP
was immobilized through the sugar, thus requiring extensive changes in or loss of sugar contact, as well as changes in
recognition of the nucleobase. After just five rounds of selection, the pool was dominated by new aptamers falling into three
major classes, each with secondary structures distinct from that of the ATP aptamer. The average sequence identity between the
original aptamer and new aptamers is 76%. Most of the mutations appear to play roles either in disrupting the original
secondary structure or in forming the new secondary structure or the new recognition loops. Our results show that there are
novel structures that recognize a significantly different ligand in the region of sequence space close to the ATP aptamer. These
examples of the emergence of novel functions and structures from an RNA molecule with a defined specificity and fold provide
a new perspective on the evolutionary flexibility and adaptability of RNA.

Keywords: Aptamer; specificity; fold; selection; RNA evolution

RNA 9:1456-1463, 2003

Evidence for neutral networks and shape space covering



Evidence for neutral networks and
intersection of apatamer functions
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Evolutionary Landscapes for the Acquisition of New Ligand Recognition

by RNA Aptamers

Daniel M. Held, S. Travis Greathouse, Amit Agrawal, Donald H. Burke

Department of Chemistry, Indiana University, Bloomington, IN 47405-7102, USA

Received: 15 November 2002 [ Accepted: 8 April 2003

Abstract. The evolution of ligand specificity under-
lies many important problems in biology, from the
appearance of drug resistant pathogens to the
re-engineering of substrate specificity in enzymes. In
studying biomolecules, however, the contributions
of macromolecular sequence to binding specificity
can be obscured by other selection pressures critical
to Dbioactivity. Evolution of ligand specificity
in vitro—unconstrained by confounding biological
factors—is addressed here using variants of three
flavin-binding RNA aptamers. Mutagenized pools
based on the three aptamers were combined and
allowed to compete during in vitro selection for
GMP-binding activity. The sequences of the resulting
selection isolates were diverse, even though most were
derived from the same flavin-binding parent. Indi-
vidual GMP aptamers differed from the parental fla-
vin aptamers by 7 to 26 mutations (20 to 57% overall
change). Acquisition of GMP recognition coincided
with the loss of FAD (flavin-adenine dinucleotide)
recognition in all isolates, despite the absence of a
counter-selection to remove FAD-binding RNAs. To
examine more precisely the proximity of these two
activities within a defined sequence space, the com-
plete set of all intermediate sequences between an
FAD-binding aptamer and a GMP-binding aptamer
were synthesized and assayed [or activity. For this set
of sequences, we observe a portion of a neutral net-
work for FAD-binding function separated from
GMP-binding function by a distance of three muta-

Correspondence to: Donald H. Burke; email: dhburke@indi-
ana.edu

tions. Furthermore, enzymatic probing of these ap-
tamers revealed gross structural remodeling of the
RMNA coincident with the switch in ligand recognition.
The capacity for neutral drift along an FAD-binding
network in such close approach to RNAs with GMP-
binding activity illustrates the degree of phenotypic
buffering available to a set of closely related RNA
sequences—defined as the set’s functional tolerance
for point mutations—and supports neutral evolu-
tionary theory by demonstrating the facility with
which a new phenotype becomes accessible as that
buffering threshold is crossed.

Key words: Aptamers — RNMNA structure — Phen-
otypic buffering — Fitness landscapes — Neutral
evolutionary theory — Flavin — GMP

Introduction

RNA aptamers targeting small molecules serve as
useful model systems for the study of the evolution
and biophysics of macromolecular binding interac-
tions. Because of their small sizes, the structures of
several such complexes have been determined to
atomic resolution by NMR spectrometry or X-ray
crystallography (reviewed by Herman and Patel
2000). Moreover, aptamers can be subjected to mu-
tational and evolutionary pressures for which sur-
vival is based entirely on ligand binding, without the
complicating effects of simultaneous selection pres-
sures for bioactivity, thus allowing the relative con-
tributions of each activity to be evaluated separately.
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One Sequence, Two Ribozymes:
Implications for the Emergence
of New Ribozyme Folds

Erik A. Schultes and David P. Bartel*

We describe a single RMA sequence that can assume either of two ribozyme
folds and catalyze the two respective reactions. The two ribozyme folds share
no evolutionary history and are completely different, with no base pairs (and
prabably no hydrogen bonds) in common. Minor variants of this sequence are
highly active for one or the other reaction, and can be accessed from prototype
ribozymes through a series of neutral mutations. Thus, in the course of evo-
lution, new RNA folds could arise from preexisting folds, without the need to
carry inactive intermediate sequences, This raises the possibility that biological
RMAs having no structural or functional similarity might share a common
ancestry. Furthermore, functional and structural divergence might, in some
cases, precede rather than follow gene duplication.

Related protein or RNA sequences with the
same folded conformation can often perform
very different biochemical functions, indi

ate isolates have the same fold and function, it
is lhnught that l.hey descended from a common
gh a series of mutational variants

that new biochemical functions can arise ﬁ'om
preexisting folds. But what evolutionary mech-
anisms give rise to sequences with new macro-
molecular folds? When considering the origin
of new folds, it is useful to picture, among all
sequence possibilities, the distribution of se-
quences with a particular fold and function.

that were eech functional. Hence, sequence het-
erogeneity among divergent isolates implies the
existence of paths through sequence space that
have allowed neutral drift from the ancestral
sequence to each isolate. The set of all possible
neutral paths composes a “neutral network,”
connecting in sequence space those widely dis-

| sharing a parti fold and

This distribution can range very far in seq

space (1), For example, only seven nucleotides
are strictly conserved among the group I self-
splicing introns, yet secondary (and p bly

activity, such that any sequence on the network
can potentially access very distant sequences by
neutral ions (3-5).

tertiary) structure within the core of the ri-
bozyme is preserved (2). Because these dispar-
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Theoretical analyses using algorithms for
predicting RNA secondary structure have
suggested that different neutral networks are
interwoven and can approach each other very
closely (3, 5-&). Of particular interest is
whether ribozyme neutral networks approach
each other so closely that they intersect, If so,
a single sequence would be capable of fold-
ing into two different conformations, would
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have two different catalytic activities, and
could access by neutral drift every sequence
on both networks. With intersecting net-
works, RNAs with novel structures and ac-
tivities could arise from previously existing
nhozymes, without the need to carry non-

as I y inter-
mediates. l-icre, we explore the proximity of
neutral networks experimentally, at the level
of RNA function. We describe a close appo-
sition of the neutral networks for the hepatitis
delta virus (HDV) self-cleaving ribozyme
and the class III self-ligating ribozyme.

In choosing the two ribozymes for this in-
vestigation, an important criterion was that they
share no evolutionary history that might con-
found the evolutionary interpretations of our
results. Chuosmg at least one artificial -
b dependent evolutionary his-
tories. The class 1II ligase is a synthetic ri-
bozyme isolated previously from a pool of ran-
dom RNA sequences (9). It joins an oligonu-
cleotide substrate to its 5' terminus. The
prototype ligase sequence (Fig. 1A) is a short-
ened version of the most active class 11l variant
isolated after 10 cycles of in vitro selection and

lution. This 1 retains the
activity of the full-length isolate (10). The HDV
ribozyme carries out the site-specific self-cleav-
age reactions needed during the life cycle of
HDV, a satellite virus of hepatitis B with a
circular, single-stranded RNA genome (17).
The prototype HDV construct for our study
(Fig. 1B) is a shortened version of the antige-
nomic HDV ribozyme (/2), which undergoes
self-cleavage at a rate similar to that reported
for other antigenomic constructs (13, 14).

The prototype class III and HDV ribozymes
have no more than the 25% sequence identity
expected by chance and no fortuitous struc-
tural similarities that might favor an intersec-
tion of their two neutral networks. Neverthe-
less, seq; can be designed that simul
neously satisfy the base-pairing requirements
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Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage
ribozyme of hepatitis-d-virus (B)



\A -1 o ) n
- \A O L[S
IR T
SBEOOOO00"C0 O
Q *Sda. i
© _ O
3
G OO
Tl ie
<2< OO
5 M\ "
© -
~ O]
: o
..,..ﬂn —) l.lw
X “x
_\\\
\.. o —
< “ind Lo
£ S o
22 35000< SO0
O ,_Hn_x.._x_un_u JALil
> g €< 0 »

The sequence at the intersection:

HDV fold

Ligase fold

An RNA molecules which 1s 88

nucleotides long and can form both
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AACCAGUCGGAACAC|UAU GACUGG|C AC CE u G GGGAG ~AGGUICUUUU-UA GIA CUAGGC
AACCAGUCGGA|ACACUA GACUGG|CAC|ICCCU UG GG G GGGAGUGCCUR ~AGGIUCUUUUI-UAG|A CUAGGC
AACCAGUCGGAACAC|UA GACUGG|CAC|CCC I Ul&E GGG GGGAGUGCCUAG ~AGGUCUULU-HUA G|A] CUAGGC
AACCAGUCGGAACACIUAU GACUGG|CAC|CCC UG GGG GGGAGUGCCUA ~GGGUICUDUU-U A GlA) CUAGGC
AACCAGUCGGAACACIUWAUUAGACUGG|CANC|ccC [ [e elle e GGGAGUIGCCUAG - GGGUCUUUU|-HU A GlA| CUAGGCC
AARCCAGUCGGAIACACCAUUAGACUGG|CACIcce UG G| G| G GGGAGUGCCUACG =G GGUICUUUULU A G|A CUAGGC
AACCAGUCGGAJACNCCAUUAGACUGG|CAC|cce u G GGGAG ~GGGUCUUTUUCUAG|A CUAGG
AACCAGUCGGAACACCAUUAGACUGG|CACIcce o G GGGAGUUCCUA ~GGIGUICTUUUCUA GIA
AACCAGUCGGAACACCAUUAGACUGG|CAC|cccuy U3 GGG GGGAGUUICCUA ~GAGUICUUUUCUA G|
AACCAGUCGGAJACACCAVUUAGACUGG|cAclcccucculdalala GGGAGUU|CCUA ~GAGICUUUVUCUAGAICUARA -
AACCAGUCGGAJACANCCAUVUUAGACUGG|CcAcldeccuccculdalge GGGAGUU|CCUA ~GAGCCUUUUCUAGGCUARA ~
AACCAGUCGGAACACCAUUAGACUGG|cACGCccUCcculdeca GGGAGU ~-GAGCCUUUUCUAGGCUARA -
AACCAGUCGGAJACHNCCAUUAGACUGG|cACGCcCcUCCcUldGCO GGGAGUUGICUA ~GAGCCUUUUCUAGGCUARA -
AACCAGUCGGAIACANCCAUUAGACUGG|cACGCCcUCCUldGea GGGAGUUGG|UA ~GAGCCUUUUCUAGGCUAR ~
AACCAGUCGGAIACACCAUUAGACUGS cCGCcCcUuccuUgGeeG GGGAGUUGG[UC ~GAGCCUUUUCUAGGCUARA ~
AACCAGUCGGAACANCCAUUAGACUGS CGCCUCCUGGCGUICGGGAGUUGGUC ~GAGCCUUUUCUAGGCUAA ~
AACCAGUCGGAJACACCAUUAGACUGGGAcGccucculdeca CGGEGAGUUGGGC ~GAGCCUUUVUCUAGGCUAA -
AACCAGUCGGA|A NCCAUUAGACUGGGCCBCCUCCU[GGCGGCGREGAGUUGEG ~GAGCCUUUUCUAGGCUAA -

AACCAGUCGGAIAUIACCAUUAGACUGGGCCGCCUCCU[GGCGGCGGGAGUUGGGC AGCCUUUUCUAGGCUARA -
AACCAGUCGGAAUCCCAUUAGACUGGGCCGCCUCCU[GCGGCGGEGAGUUGGGC AGCCUUUUCUAGGCUAR -
AACCAGUCGGAMUCCCAUUAGACUGGGCCGCCUCCU GCGGCGGGAGUUGGGC|GlAGGGAGGA AGCCUUUUCUAGGCUAA -
AACCAGUCGGAIAUCCCAUUAGACUGGGCCGCCUCCU GCGGCGGGAGUUGGGC|GIAGGGAGGAACAGCCUUUUCUAGGCUAA -

GAACCAGUCGGAINUCCCAUUAGACUGGEGGCCGCCUCCU GCGGCGGOAGUUGGGCIGIAGGGAGGAACAGCCUUUUCUAGGCUAA-CGCCCA

GAACCAGUCGGANUCCCAUUAGACUGGGCCGCCUCCU GCGGCGGGAGUUGGGCUAGGGAGGAACAGCCUVUUUCUAGGCUAA-GGCCCA

GAACCAGUCGGA UCCCRUURGACUGGGCCGCCUCCUCGCGGCGGGRGUUGGGCUHGGGBGGnﬁCAGCCUUUUCUAGGCUAA-GGCCCA

G&ﬂCCRGUCGGACUCCCRUUAGACUGGGCCGCCUCCUCGCGGCGGGhGUUGGGCUAGGGAGGAACAGCCUUU CUAGGCUAA-GGCCCA

GRACCRGUCQGRCUCCC&UURG&CUGGGCCGCCUCCUCGCGGCGGGAGUUGGGCUAGGGAGGA&CAGCCUUU CUAGGCUAA-GGCCCRA

GAACCA UCHGACUCCCAUURG&CUGGGCCGCCUCCUCGCGGCGGGAGUUGGGCURGGGAGGAACAGCCUUU CUAGGCUAA-GGRBCCCA
GIGACCAUUCIIGACUCCCAUUAGACUGG CCGCCUCCUCGCGGCGGGAGUUGGGCUAGGGAGGAACAGCCUUUY CUAGGCUAA-GGCCCA
GIGACCAIUUCI-GACUCCCAUUAGACUGG CCGCCUCCUCGCGGCGGEGAGUUGGGCUAGGGAGGAACAGCCUU CUAGGCUAA-GGACCA
GIGGACCAUUCI-GACUCCCAUUAGACUGG CCGCCUCCUCGCGGCEEGAGUUGBGGCUAGGGAGGAACAGCCcUYe CUAGGCUAA-GGIACCA
GlgacCcAaUUCI-GACUC AUUAGACUGG CCGCCUCCUCGCGGCaﬁGaGUUGGGCUhGGGhGGAACAGCCUUC CUAGGCUAA-GGAICCA
GIGACCA|BDCHGACUC AUUAGACUGGUCCGCCUCCUCGBCGGCCOGAGUUGGGC AGGGAGGAACAGCCUUICCICUAGGCUAA-GGlAlccA
GIGACCAIUCI-GACUC AUUAGACUGGUCCGCCUCCUCGCGGCCCGAGUUGGEGC GGGAGGAACAGCCUUCCC GGCUAA-GGAICCA
GIGIA C C AU C| AUUAGACUGGUCCGCCUCCUCGCGGOCCOGAGUUGEGClA GGGAGGRACAGCCUUICCClAU[GGCUAA-GGlAlCCA
GIGlA C C AU UCl- G AUUAGACUGGUCCGECCUCCUCGCEECCcQGaA UGGGCAUGGGAGGAACAGCCUU|ICCCIAUGGCUAA-GGlAlCCA
GIGACCAUUC G AUUAGACUGGUCCGCCUCCUCGCGBGCICTGA UGGGCAUGGGAIMGIGIACAGCCUU|CC|CAUGGCUAA-GGlAlCCA
GIGIA C C AU C| - GlG UaAGACUGGUCCGCcCcUCccUcGeaeocdaealcqueeaclavcacalaelalacascecuule CIARUGGCUAA-GG|ACCA
GIGACCAUUC -GG VAGACUGGUCCGCCUCCUCGCGGCCOGAICdUGGGCAUGGGAlAG ACAGCCUUICCICIAUGGCUAA-GGACCA
GIGACCAUUC -GG G CCGCCUCCUCGCGGCCOGA|ICQUGEGClA AGIGACAGCCUU|ICC|ICIAUGGCUAR -GG cA
GiGACCARU Cl-{GlG G CCGCCUCCUCGCGGCICOGAlCUGGGCAUGGGAlAlG AGCCUUICCICIAUIGGCUAA-GG|AG|ICA
GIGACCAQUC| -GG G CCGCCUCCUCGCGGCCOGAlcAUGGGCla AlG AGCCUUICCICIAUIGGCUAA-GGIAGCA
GIGIA C C AJUIU Cl - G|G G CCGCCUCCUCGCGGLCOGAlCAQUGEEClA AGIGUUAGCCUUICCICAUGGCUAAGIGGAGCA
G AlUU O+ GG -G CCAICCUCCUCGCGGUCQ COQuGGeGCla AGIGUUAGCCUUICCICIAUGG CUAA|GIGGlAGICA
G AUUC -GG -G CCIMCCUCCUCGCGGUCCQ CQUGGGCA AGIGUUAGCCUU|CCClAUIGGCUAA|GIGE|AGCA
G AUUC -GG G CClaACCuUCCUCGCGGUC T CQuGe GG Cla AGIGU CCUUICGICIAUIGGCUAAIGIGGAGCA
e | AUU Cl -GG G cCpccuccucegeGeiue g CQUGGGClA AGIGUUUUICCUVUICGICIAUGGCUAA|GIG G|A

G| AU U O -GG G CCACCUCCUCGCGGUCC COQUGGGCAUCCGAJAGIGUUU GGCUAA|GGGA

G AU Cl - GIG G CCIAICCUCCUCGCGGUCC CQuUGG G G GGCUAAGGGA

G AU C - GG G CCACCUCCUCGCGGUCQ CQUG GG G GGCUAA|GGGA

G A ch G UESUCGC E&G G CU A AG
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