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ABSTRACT

Allosteric ribozymes are engineered RNAs that operate as molecular switches whose rates of catalytic activity are
modulated by the binding of specific effector molecules. New RNA molecular switches can be created by using
“allosteric selection,” a molecular engineering process that combines modular rational design and in vitro evolution
strategies. In this report, we describe the characterization of 3 9,59-cyclic nucleotide monophosphate (cNMP)-
dependent hammerhead ribozymes that were created using allosteric selection (Koizumi et al., Nat Struct Biol , 1999,
6:1062–1071). Artificial phylogeny data generated by random mutagenesis and reselection of existing cGMP-, cCMP-,
and cAMP-dependent ribozymes indicate that each is comprised of distinct effector-binding and catalytic domains.
In addition, patterns of nucleotide covariation and direct mutational analysis both support distinct secondary-
structure organizations for the effector-binding domains. Guided by these structural models, we were able to disin-
tegrate each allosteric ribozyme into separate ligand-binding and catalytic modules. Examinations of the independent
effector-binding domains reveal that each retains its corresponding cNMP-binding function. These results validate the
use of allosteric selection and modular engineering as a means of simultaneously generating new nucleic acid
structures that selectively bind ligands. Furthermore, we demonstrate that the binding affinity of an allosteric ribo-
zyme can be improved through random mutagenesis and allosteric selection under conditions that favor tighter
binding. This “affinity maturation” effect is expected to be a valuable attribute of allosteric selection as future
endeavors seek to apply engineered allosteric ribozymes as biosensor components and as controllable genetic
switches.
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INTRODUCTION

Allosteric ribozymes are an engineered class of RNA
catalysts whose activities are regulated by the binding
of specific effector molecules (Soukup & Breaker, 1999a,
2000a, 2000b)+These effector-modulated catalysts have
been engineered to recognize and respond to numer-
ous effector types including a variety of small mol-
ecules (Tang & Breaker, 1997a, 1997b, 1998; Araki
et al+, 1998; Koizumi et al+, 1999; Robertson & Elling-

ton, 1999; Soukup & Breaker, 1999b, 1999c; Jose et al+,
2001;Robertson & Ellington, 2000; Soukup et al+, 2000)
and oligonucleotides (Porta & Lizardi, 1995; Kuwabara
et al+, 1998; Robertson & Ellington, 1999, 2000; Ha-
mada et al+, 2000; Komatsu et al+, 2000; Tanabe et al+,
2000)+Allosteric ribozymes have vast potential to serve
either as molecular switches for the precision control of
cellular processes or as biosensors for the detection of
analytes+ Ribozymes with allosteric properties already
have been shown to control gene expression in vivo
(Kuwabara et al+, 1998; Hamada et al+, 1999; Tanabe
et al+, 2000) and to function in a prototype RNA array as
biosensor elements for the detection of target com-
pounds in complex chemical solutions and biological
samples (Seetharaman et al+, 2001)+

Allosteric ribozymes require an arrangement where
an allosteric domain changes shape upon binding an
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effector, which in turn modulates the function of an
adjoining catalytic domain (Soukup & Breaker, 2000b)+
These constructs can be created by using modular ra-
tional design strategies (Tang & Breaker, 1997a; Soukup
& Breaker, 1999b) that suitably integrate preexisting
ligand-binding aptamers (Gold et al+, 1995; Chow &
Bogdan, 1997; Osborne & Ellington, 1997; Famulok,
1999) and preexisting ribozymes (Eckstein & Lilley,
1996; Carola & Eckstein, 1999)+ However, rational de-
sign strategies used in conjunction with in vitro selec-
tion techniques (Williams & Bartel, 1996; Breaker, 1997)
typically yield allosteric catalysts with superior ligand-
dependent function (Soukup & Breaker, 1999c; Rob-
ertson & Ellington, 2000)+

Allosteric ribozymes presumably can utilize as effec-
tors virtually any chemical entity that can influence the
structure of RNA upon binding+ However, strategies for
the development of ligand-dependent catalysts that rely
exclusively on the integration of preexisting aptamers
fall short when no apparent strategy for integrating ap-
tamer and ribozyme exists, or particularly when no ap-
tamer is easily attainable+ We have recently described
a process termed “allosteric selection” that can be used
to generate allosteric ribozymes with new effector spec-
ificities from a random-sequence RNA population (Koi-
zumi et al+, 1999)+ Specifically, the RNA population was
created by replacing stem II of the self-cleaving ham-
merhead ribozyme (Carola & Eckstein, 1999) with a
25-nt random-sequence domain+ Ribozymes were iso-
lated by the iterative selection and amplification proto-
col only if they contained unique ligand-binding sites
derived from the random-sequence region that also
modulated self-cleavage activity+ Using this allosteric
selection process, various hammerhead ribozymes that
require cGMP, cCMP, or cAMP as effector molecules
were isolated simultaneously from the same initial pop-
ulation (Koizumi et al+, 1999)+ Although these allosteric
ribozymes exhibit excellent molecular discrimination
capabilities and kinetic properties, the affinity of each
catalyst for its cognate effector is relatively poor+ Fur-
thermore, little can be inferred from the primary se-
quence alone regarding the structural organization and
allosteric function of each effector-binding domain+

In this study, we have further analyzed the cGMP-,
cCMP-, and cAMP-dependent ribozymes using a vari-
ety of techniques to understand better the structure,
function, and limitations of these allosteric catalysts+
Artificial phylogeny data and mutational analysis are
used to determine the secondary structure of each
effector-binding domain+ Structural analyses demon-
strate that the effector-binding domains, when removed
from the context of their respective allosteric ribo-
zymes, exhibit ligand-binding properties+ Therefore, the
effector-binding domains of catalysts developed using
allosteric selection can be engineered as functionally
distinct ligand-binding RNAs+ Furthermore, we demon-
strate that the affinity of an allosteric ribozyme for its

cognate ligand can be improved through random mu-
tagenesis and selection under more stringent reaction
conditions+ These investigations also provide insight
into a general mechanism of allosteric regulation for
the cNMP-dependent ribozymes+

RESULTS

Structural characteristics of
cNMP-dependent ribozymes

The structural features of each effector-binding domain
from the cGMP-1, cCMP-1, and cAMP-1 ribozymes (Koi-
zumi et al+, 1999) were identified using three strategies+
First, the Zuker (1989) RNA MFOLD algorithm1 was
used to identify possible base-paired regions+ Second,
artificial phylogeny data were generated for each ribo-
zyme by mutagenizing the effector-binding domain and
by using allosteric selection to isolate sequence vari-
ants that retain ligand-dependent self-cleavage activity+
Third, directed mutational analysis was used to vali-
date the secondary structure models for each ribo-
zyme and to evaluate the necessity of certain sequence
components within each effector-binding domain+

The effector-binding domain of cGMP-1 is proposed
to contain two stem elements (IIa and IIb) in addition to
stem II of the hammerhead ribozyme domain (Fig+ 1A)+
The artificial phylogeny of cGMP-dependent ribozymes
demonstrates that nucleotides comprising the unpaired
segments in the putative three-stem junction are highly
conserved whereas nucleotides within each loop of
stems IIa and IIb are less well conserved (Fig+ 2B)+ Two
variants (7 and 10) have mutations that are not con-
sistent with the formation of a three-stem junction in
stem II of cGMP-1+ In contrast, covariations observed
for base-paired nucleotides within stem IIa (variant 3)
or stem IIb (variant 4) are consistent with the proposed
secondary structure model derived by the structure-
prediction algorithm+

Mutational analysis was used to examine the impor-
tant structural features of the cGMP-binding domain in
greater detail (Fig+ 1C)+A single guanosine substitution
within the putative three-stem junction of cGMP-1 mit-
igates effector dependence (variant a)+ Interestingly,
the position of guanosine substitution tolerates any of
the other 3 nucleotides without loss of allosteric func-
tion as demonstrated by the artificial phylogeny data
(Fig+ 1B)+ Variant a has an abnormally high rate of RNA
cleavage in the absence of cGMP relative to the parent
cGMP-1 RNA (data not shown)+ Therefore, we specu-
late that the guanosine substitution might lend stability
to stem II through the formation of an additional G-C
base pair, thereby stabilizing the active form of the vari-
ant ribozyme even in the absence of effector+ This would

1The RNA M-FOLD algorithm can be accessed on the internet
(http://bioinfo+math+rpi+edu/;mfold/rna/form1+cgi)+
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also be consistent with a mechanism of allosteric acti-
vation for cGMP-1 that involves ligand-dependent sta-
bilization of the G-C base pair comprising stem II
(Ruffner et al+, 1990; Fedor & Uhlenbeck, 1992), whose
stability is critical for ribozyme function (Tuschl & Eck-
stein, 1993; Long & Uhlenbeck, 1994)+

Other mutational analyses either support the forma-
tion of stems IIa and IIb or indicate the importance of
their corresponding loop sequences in cGMP-1 func-
tion (Fig+ 1C)+ For example, replacement of loop IIa
with a tetraloop sequence does not deleteriously affect
cGMP-dependent function (variant b), suggesting that
the precise composition of loop IIa is largely inconse-
quential with respect to either ligand recognition or allo-
steric function of cGMP-1+ In contrast, mutations that
disrupt stem IIa formation are observed to disrupt cGMP-
dependent self-cleavage activity (variant c), and com-

pensatory mutations that restore stem IIa formation
restore cGMP-dependent function (variant d )+ These
data demonstrate that stem IIa is a requisite structural
component of the cGMP-binding domain+ The impact
of mutations in loop IIb and stem IIb were similarly
examined (variants e–g)+ Both stem IIb formation and
loop IIb sequence are necessary for ligand recognition
or allosteric function of cGMP-1+ The latter observation
indicates that loop IIb might interact with the core of the
effector-binding domain or otherwise be involved in the
allosteric conversion between inactive and active states
of the cGMP-dependent ribozyme+

The effector-binding domains of the cCMP-1 and
cAMP-1 ribozymes were similarly characterized using
RNA MFOLD, artificial phylogeny analysis, and muta-
tional analysis (Figs+ 2 and 3, respectively)+ For cCMP-1
(Fig+ 2A), the artificial phylogeny reveals that both the

FIGURE 1. Secondary-structure analysis of a cGMP-dependent ribozyme+ A: Proposed secondary structure of cGMP-1+
Denoted are stems I, II, and III of the hammerhead ribozyme domain (Hertel et al+, 1992), the site of catalytic cleavage
(arrowhead), and stems IIa and IIb of the cGMP-binding domain (shaded box)+ B: Artificial phylogeny of cGMP-1+ Shown
are sequence variants of the proposed effector-binding domain of cGMP-1 that were identified by allosteric selection for
ligand-dependent function from a degenerate population of ribozymes+ The mutations acquired by each variant are depicted
relative to the parent construct+ Mutations that maintain base pairing within the putative stem regions (indicated by bars)
are underlined+ Numbers in parentheses indicate the frequency of occurrence for each variant+ Variants that retain cGMP-
dependent activity under selection conditions are indicated (1)+ The activity of certain variants was not determined (nd)+
C: Mutational analysis of cGMP-1+ Shown are sequence variants of cGMP-1 (stem II region only) that were used to examine
different structural aspects of the ligand-binding domain+ Sequence changes relative to the parent cGMP-1 construct are
denoted (bold)+ For each variant a–g, the self-cleavage activity in the absence (2) or presence (1) of 500 mM cGMP under
selection conditions is depicted as an autoradiogram of internally 32P-labeled RNAs separated by denaturing 10% PAGE+
Lanes containing unreacted ribozyme are indicated as “no rxn+” Open and filled arrowheads denote the precursor ribozyme
and 59-cleavage product, respectively+
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stem and loop elements of IIa are highly conserved
components of the ligand-binding domain+ For exam-
ple, three variants exhibit mutations in stem IIa se-
quence that are consistent with base-pair formation
(Fig+ 2B)+ Mutational analyses further demonstrate the
necessity of stem and loop IIa in cCMP-1 function
(Fig+ 2C)+Although truncation of loop IIa disrupts cCMP-
dependent self-cleavage activity (variant a), mutations
in stem IIa that prohibit ligand-dependent ribozyme
function (variant b) can be offset by compensatory mu-
tations that restore function (variant c)+ These data dem-
onstrate that stem IIa formation and loop IIa sequence
are required for the allosteric function of cCMP-1+ For
cAMP-1 (Fig+ 3A), the artificial phylogeny (Fig+ 3B) and

mutational analyses (Fig+ 3C) similarly demonstrate a
critical role for stem and loop IIa in allosteric function+

In both the cCMP-1 and cAMP-1 ribozymes, the 59
bulge between stems II and IIa varies somewhat in
primary sequence (Figs+ 2B and 3B, respectively)+How-
ever, the bulge loop in the ligand-binding domain of
cCMP-1 demonstrates higher sequence conservation
in its 59 region, whereas the 39 region of the corre-
sponding bulge loop in cAMP-1 is more conserved+
Although the secondary structure model for the ligand-
binding domain of cCMP-1 is similar to that for cAMP-1,
there exist distinct differences in the primary sequences
that likely contribute to the discrete effector-binding spec-
ificities observed for each ribozyme (Koizumi et al+,
1999)+

FIGURE 2. Secondary structure analysis of a cCMP-dependent ri-
bozyme+ A: Proposed secondary structure of cCMP-1+ Denoted are
stems I, II, and III of the hammerhead ribozyme domain, the site of
catalytic cleavage (arrowhead), and stem IIa of the cCMP-binding
domain (shaded)+B: Artificial phylogenetic analysis of cCMP-1+Shown
are sequence variants of cCMP-1 that were identified by allosteric
selection for ligand-dependent function from a degenerate popu-
lation of ribozymes+ Annotations are as described for Figure 1B+
C: Mutational analysis of cCMP-1+ Shown are sequence variants of
cCMP-1 (stem II region only) that examine different structural as-
pects of the ligand-binding domain+ Annotations are as described for
Figure 1C+

FIGURE 3. Secondary structure analysis of a cAMP-dependent ri-
bozyme+ A: Proposed secondary structure of cAMP-1+ Denoted are
stems I, II, and III of the hammerhead ribozyme domain, the site of
catalytic cleavage (arrowhead), and stem IIa of the cAMP-binding
domain (shaded)+B: Artificial phylogenetic analysis of cAMP-1+Shown
are sequence variants of cAMP-1 that were identified by allosteric
selection for ligand-dependent function from a degenerate popu-
lation of ribozymes+ Annotations are as described for Figure 1B+
C: Mutational analysis of cAMP-1+ Shown are sequence variants of
cAMP-1 (stem II region only) that examine different structural as-
pects of the ligand-binding domain+ Annotations are as described for
Figure 1C+
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Disintegration of allosteric
ribozyme domains

In several previous studies, preexisting aptamer and
ribozyme domains were conjoined to create allosteric
ribozymes (Soukup & Breaker, 2000b)+ The success of
this engineering approach relies in part on the modular
nature of certain RNA domains+ Because the effector-
binding components of the allosteric ribozymes de-
scribed herein were made by allosteric selection, it
cannot automatically be assumed that the capacities of
these domains to bind their corresponding ligands will
be retained when the ribozyme domain is removed+

To determine whether the effector-binding domains
raised by allosteric selection exhibit modular charac-
teristics, we employed a reverse engineering strategy
to disintegrate the effector-binding and ribozyme do-
mains from one another+ In this approach, we as-
sumed that the hammerhead ribozyme must form the
single G-C base pair comprising stem II in order to
exhibit self-cleavage activity+ Because binding of the
corresponding cNMP of each allosteric construct brings
about the active state of the ribozyme, the ligand-
bound form of the effector-binding domain must co-
exist with the stem II base pair+ Furthermore, because
the nucleotides forming the core of the hammerhead
three-stem junction immediately adjacent to stem II
are predicted to form a helix-like structure (Pley et al+,
1994), we reasoned that the hammerhead domain
could be replaced by a simple Watson–Crick base-
paired element+

Using this rationale, we prepared three RNAs corre-
sponding to the effector-binding domains of the cGMP-1,
cCMP-1, and cAMP-1 ribozymes+ RNAs representing
only the ligand-binding domain from each allosteric ribo-
zyme were transcribed, where stem II was extended by
5 bp to replace the ribozyme domain (Figs+ 4A, 5A, and
6A)+ To address whether each domain can bind its
cognate ligand when isolated from the allosteric ribo-
zyme, the RNAs were examined for ligand-dependent
conformational changes or induced fit characteristics
(also called “adaptive binding”; Patel et al+, 1997; Her-
mann & Patel, 2000)+ The susceptibility of the phos-
phodiester linkages of each RNA to spontaneous
cleavage resulting from intramolecular transesterifica-
tion was evaluated in the absence or presence of li-
gand+ This structure-probing technique, previously used
to investigate ligand-mediated changes in RNA confor-
mation (Soukup & Breaker, 1999d), relies on the ex-
pectation that linkages constrained to a “non-in-line”
orientation will exhibit low rates of spontaneous cleav-
age+ In contrast, linkages located in relatively unstruc-
tured regions of RNA that are free to explore many
conformational states will occasionally sample an “in-
line” structure, which leads to an increased level of
spontaneous cleavage+ Therefore, ligand binding by
RNAs that undergo a concomitant change in confor-

mation can be observed by monitoring the changes in
the rates of spontaneous transesterification throughout
the polynucleotide+

The detached effector-binding domain from cGMP-1
RNA (Fig+ 4A) exhibits relatively modest changes in the
pattern resulting from spontaneous transesterification
in response to ligand addition (Fig+ 4B)+ The cleavage
patterns for the detached cGMP-1 RNA in the pres-
ence of the noncognate cAMP or cCMP effectors
(Fig+ 4B, lanes 4 and 5, respectively) differ slightly from
that observed in the absence of ligand (Fig+ 4B, lane 6)
in that there appears to be a general enhancement in
cleavage rate+ This suggests that high concentrations
of noncognate ligands may have a nonspecific dena-
turing effect on the cGMP-binding RNA, or in some
other way modestly accelerate RNA transesterification+
In contrast, the cleavage pattern observed in the pres-
ence of cGMP (Fig+ 4B, lane 12) demonstrates that
cognate ligand has a stabilizing effect on RNA confor-
mation+ The effect is apparent, albeit only weakly, from
cleavage rates of phosphodiester linkages throughout
loop IIb (nt 27–33) and the loop regions comprising the
three-stem junction (e+g+, nt 20–23)+ Ligand-dependent
changes in cleavage pattern are most notable at cer-
tain phosphodiester linkages such as those 39 to nu-
cleotides C7, C8, and C39+ These data indicate that the
detached cGMP-1 domain undergoes conformational
changes specifically in the presence of cGMP that are
consistent with adaptive binding+ Furthermore, an analy-
sis of cleavage at C39 in the presence of various con-
centrations of cGMP establishes a curve with which
the apparent dissociation constant (Kd) can be deter-
mined (Fig+ 4C)+ An apparent Kd was derived graphi-
cally by assuming that the fraction of RNA cleaved at
position C39 is maximal in the presence of 10 mM cGMP
and minimal in the presence of 10 mM cGMP (Fig+ 4C,
lanes 7 and 12, respectively)+ Therefore, the concen-
tration of cGMP (;2 mM) that provides half-maximal
cleavage at C39 reflects the apparent Kd for cGMP
binding+ The apparent Kd value of 2 mM for the cGMP-
binding RNA is comparable to that previously deter-
mined for the allosteric ribozyme (Koizumi et al+, 1999),
suggesting that disintegration of the cGMP-binding do-
main from the original cGMP-1 allosteric ribozyme has
not significantly altered its ability to bind cGMP+ Similar
results are obtained upon the analysis of other linkages
whose cleavage is altered by the addition of cGMP
(Fig+ 4D)+

It is important to note that ligand binding appears to
stabilize an RNA structure that involves C39, which is
positioned analogously to the cytosine residue that forms
the single but critical G-C base pair in stem II of the
cGMP-1 ribozyme+ These data provide further evi-
dence that the conformational changes accompanying
cGMP binding ultimately serve to promote stem II for-
mation, thereby revealing a likely mechanism for allo-
steric activation of the cGMP-1 ribozyme+
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FIGURE 4. Structural analysis of the detached effector-binding domain of the cGMP-1 ribozyme+ A: Sequence and pro-
posed secondary structure of the effector-binding domain detached from cGMP-1+ Nucleotides derived from the original
effector-binding domain are indicated (bold)+ B: Uncatalyzed, ligand-dependent cleavage of the detached cGMP-1 domain
by intramolecular phosphoester transfer+ 59-32P-labeled RNA was incubated in selection buffer in the absence of ligand
(lane 6) or in the presence of 10 mM cAMP (lane 4), 10 mM cCMP (lane 5), or various concentrations of cGMP (10 mM,
100 mM, 300 mM, 1 mM, 3 mM, or 10 mM; lanes 7–12, respectively)+ Cleavage products were separated by denaturing 10%
PAGE+ Also shown are unreacted RNA (lane 1) and RNA ladders generated by hydroxide-mediated cleavage (lane 2) and
RNase T1 (G-specific cleavage; lane 3)+ Filled arrowheads identify bands corresponding to cleavage 39 relative to guano-
sine residues+ Open and filled boxes indicate putative loop and stem regions, respectively, of the detached RNA domain+
Open arrowheads identify nucleotides at which the rate of spontaneous transesterification most notably changes with
respect to ligand concentration+ The gel image depicts the results of one of two replicate experiments that provided near
identical results+ C: Ligand-dependent phosphodiester cleavage at C39 of the cGMP-binding RNA+ The fraction of RNA
cleaved 39 to C39 with respect to various concentrations of cGMP is plotted+ The arrowhead denotes a minimum apparent
dissociation constant of ;2 mM+ D: Similar apparent Kd values are generated upon analysis of spontaneous cleavage, for
example, at C7, C8, U9, A20, A21, G23, G24, and U25+ Normalized cleavage values were established by the equation
(n 2 y)(m 2 y)21, where n is the fraction of RNA cleaved at a given concentration of effector, m is the maximum value
measured for fraction of RNA cleaved at a given site (typically obtained in the absence of effector), and y is the minimum
value measured for fraction of RNA cleaved at this site (typically obtained in the presence of 10 mM effector)+ Dashed lines
represent half-maximal cleavage and identify the Kd for effector binding as determined in C+
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More obvious ligand-dependent cleavage patterns
were observed for the detached effector-binding do-
mains of cCMP-1 and cAMP-1 RNAs (Figs+ 5B and 6B,
respectively), indicating that these RNAs also undergo
adaptive binding+ For each detached effector-binding
domain, ligand-dependent increases or decreases in

cleavage rates were observed for certain linkages within
the asymmetric bulge loop and loop IIa+ For the cCMP-
binding RNA, the most marked decreases in cleavage
were observed for linkages 39 to nucleotides A12, U26,
A30, and G31, whereas increases in cleavage were
noted at the unassigned positions i and ii (Fig+ 5B,

FIGURE 5. Structural analysis of the detached effector-binding domain of the cCMP-1 ribozyme+ A: Sequence and pro-
posed secondary structure of the effector-binding domain detached from cCMP-1+ Nucleotides derived from the original
effector-binding domain of cCMP-1 are indicated (bold)+ B: Uncatalyzed, ligand-dependent cleavage of the detached
cCMP-1 domain by intramolecular phosphoester transfer+ 59-32P-labeled RNA was incubated in selection buffer in the
absence of ligand (lane 6) or in the presence of 10 mM cAMP (lane 4), 10 mM cGMP (lane 5), or various concentrations
of cCMP (10 mM, 100 mM, 300 mM, 1 mM, 3 mM, or 10 mM; lanes 7–12, respectively)+ Cleavage products were separated
by denaturing 10% PAGE+ An asterisk denotes an unresolved region of compression between G13 and G20, within which
nucleotides i and ii reside+Other annotations are as described for Figure 4B+ C: Ligand-dependent phosphodiester cleavage
at U26 of the detached domain from cCMP-1+ The fraction of RNA cleaved 39 to U26 with respect to various concentrations
of cCMP is plotted+ The arrowhead denotes an apparent dissociation constant of ;20 mM+ D: Similar apparent Kd values
are generated upon analysis of spontaneous cleavage, for example, at A12, A30, and G31+ Details are as described in the
legend to Figure 4D+
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FIGURE 6. Structural analysis of the detached effector-binding domain of the cAMP-1 ribozyme+ A: Proposed secondary
structure of the effector-binding domain detached from cAMP-1+ Nucleotides derived from the original effector-binding
domain of cAMP-1 are indicated (bold)+ B: Uncatalyzed, ligand-dependent cleavage of the detached cAMP-1 domain by
intramolecular phosphoester transfer+ 59-32P-labeled RNA was incubated in selection buffer in the absence of ligand (lane 6)
or in the presence of 10 mM cCMP (lane 4), 10 mM cGMP (lane 5), or various concentrations of cAMP (10 mM, 100 mM,
300 mM, 1 mM, 3 mM, or 10 mM; lanes 7–12, respectively)+ Cleavage products were separated by denaturing 10% PAGE+
Other annotations are as described for Figure 4B+ C: Ligand-dependent phosphodiester cleavage at C39 of the detached
domain of the cAMP-1 RNA+ The fraction of RNA cleaved 39 to C39 with respect to various concentrations of cAMP is plotted+
The arrowhead denotes an apparent dissociation constant of ;500 mM+ D: Similar apparent Kd values are generated upon
analysis of spontaneous cleavage for example at C7, C8, U9, C17, C28, A32, and U38+ Details are as described in the
legend to Figure 4D+ Triangles identify data for linkages (C7, C8, U9, C17, and C28) that experience cleavage rate
enhancement upon addition of effector+ In these cases, the maximum value measured for fraction of RNA cleaved (m) at a
given site typically is obtained in the presence of 10 mM of effector, and the minimum value measured for fraction of RNA
cleaved (y) at this site typically is obtained in the absence of effector+
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compare lanes 6–12)+ Further analysis of cleavage at
U26 reveals that the detached domain from cCMP-1
RNA exhibits an apparent Kd of ;20 mM (Fig+ 5C),
representing an increase in ligand-binding affinity of
;150-fold relative to the cCMP-1 ribozyme (Koizumi
et al+, 1999)+ For the detached domain from cAMP-1,
the most apparent ligand-dependent decreases in cleav-
age were observed for linkages 39 to A32, U38, and
C39, whereas increases in cleavage were noted at C17
and C28 (Fig+ 6B, compare lanes 6–12)+ Cleavage at
C39 demonstrates that the detached effector-binding
domain from cAMP-1 has an apparent Kd of ;500 mM
(Fig+ 6C), which represents only a twofold increase in
binding affinity relative to the cAMP-1 ribozyme (Koi-
zumi et al+, 1999)+ Similar dissociation constants were
obtained by examining the effector-dependent cleav-
age patterns of other sites in the cCMP-1 and cAMP-1
RNAs (Figs+ 5D and 6D)+

Interestingly, ligand binding does not elicit the same
structural stabilization of C39 in the detached cCMP-1
domain that was observed in the detached domains
from the cGMP-1 and cAMP-1 RNAs+ In addition, only
the effector-binding domain from cCMP-1 exhibits a
substantial improvement in Kd when examined sepa-
rately from the ribozyme+ It is possible that the de-
tached cCMP domain is uniquely affected by the extra
base pairs added to the stem II element, such that the
critical G6-C39 base pair is stabilized even in the ab-
sence of its cCMP ligand+ If this is the case, then the
increase in apparent Kd observed for the cCMP-binding
RNA could be attributed in part to the conformational
preorganization of stem II (Van Duyne et al+, 1991;
Giebel et al+, 1995; Katz, 1995; Sussman et al+, 2000)+

The cleavage patterns of the detached domains from
cCMP-1 and cAMP-1 in the presence of noncognate
ligands suggest that certain compounds might act as
antagonists of cNMP-dependent ribozyme function+ For
example, the cleavage pattern observed for the cCMP-
binding RNA in the presence of cAMP is similar to
that evoked by cCMP (Fig+ 5B, compare lanes 4, 6,
and 12)+ Likewise, the cleavage pattern observed for
the cAMP-binding RNA in the presence of cCMP re-
sembles that elicited by the cognate ligand (Fig+ 6B,
compare lanes 4, 6, and 12)+ These data suggest
that cAMP and cCMP might interact with the cCMP-
and cAMP-binding RNAs, respectively, although nei-
ther noncognate ligand is capable of activating the
respective allosteric ribozyme (Koizumi et al+, 1999)+
To investigate whether cGMP, cCMP, or cAMP acts
as an antagonist of cGMP-1, cCMP-1, or cAMP-1 ribo-
zyme function, each ribozyme was assayed for activity
in the presence of 500 mM cognate ligand in the ab-
sence or presence of 5 mM of either noncognate li-
gand+ Only cCMP-1 was inhibited by noncognate
ligand, exhibiting one-half the cCMP-dependent rate
constant for self-cleavage in the presence of cAMP
(data not shown)+

Affinity maturation of a
cNMP-dependent ribozyme

To address whether allosteric ribozymes that possess
higher affinity binding sites for cNMP effectors can be
developed, we sought to isolate variants that retain
cNMP-dependent function under lower effector concen-
tration using allosteric selection+ The ligand-binding do-
mains of several cNMP-dependent ribozymes were
mutagenized to generate an initial population from which
variants were selected for self-cleavage in the pres-
ence of cNMPs at one-tenth concentration (50 mM)
relative to that which originally yielded the parent ribo-
zymes (Koizumi et al+, 1999)+ The reduction of effector
concentration is expected to give those variant ribo-
zymes with higher affinity binding sites a selective ad-
vantage+ Eleven rounds of allosteric selection provided
a final population of catalysts that exhibits markedly
greater self-cleavage in the presence of cNMPs than in
the absence of effectors (data not shown)+

Sequence analysis revealed that the final population
largely consists of variants of cGMP-1 (data not shown),
the majority of which contain a subset of two specific
mutations that replace the terminal A-U base pair in
stem IIa with a G-C base pair+ One clone containing
only the two specific mutations (Fig+ 7A) was analyzed
in greater detail+ The apparent Kd (;200 mM) for the
cGMP-1 variant is approximately one-tenth of the value
determined for the parental cGMP-1 RNA (Fig+ 7B)+
The new G-C base pair present in the variant ribozyme
could effect high-affinity binding by promoting preorga-
nization of the effector-binding domain because it is
expected to contribute greater thermodynamic stability
to stem IIa (Serra & Turner, 1995)+ Alternatively, the
terminal G-C base pair of stem IIa could more directly
affect specific contacts between the RNA and bound
effector+ These data demonstrate that allosteric selec-
tion can be used to refine the binding characteristics of
prototype allosteric ribozymes that are isolated from
large populations of random-sequence RNAs+

DISCUSSION

Disintegration of ligand-binding
and catalytic domains

The purposeful integration of well-characterized ligand
binding and catalytic RNAs has been used to generate
numerous allosteric ribozymes for which either precise
or general mechanisms of allosteric regulation have
been identified (Soukup & Breaker, 2000b)+ However,
allosteric selection has made possible the isolation of
novel effector-dependent nucleic acid catalysts for which
neither the specifics of molecular recognition nor allo-
steric function are readily apparent (Koizumi et al+, 1999)+
Undoubtedly, this combination of unknowns renders the
detailed mechanisms of these allosteric catalysts less
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easily discernible+ Nevertheless, it is possible to begin
to understand certain aspects of molecular recognition
and allosteric function through the use of RNA struc-
ture prediction algorithms, artificial phylogeny data,
mutational analysis, and the separation of functional
effector-binding and catalytic domains+

In this study, both computer-aided structure predic-
tion and artificial phylogenies were used to examine
three cNMP-dependent ribozymes isolated previously
(Koizumi et al+, 1999)+ The resulting secondary struc-
ture models have been further substantiated by muta-
tional analysis+ These studies delineate the requisite
but sequence-insensitive secondary structure ele-
ments of each effector-binding domain, which serve to
constrain the remaining nucleotides that are required
for effector recognition and allosteric function+

For each cNMP-dependent ribozyme, the effector-
binding domain is comprised of a two- or three-stem
junction, where one stem (stem II) is formed from a
single G-C base pair that is an essential feature of the
active hammerhead ribozyme (Ruffner et al+, 1990; Fe-
dor & Uhlenbeck, 1992)+ In addition to the unpaired
nucleotides that comprise the multistem junction, the
composition of an adjacent loop region impacts the
function of each allosteric ribozyme+ Presently, it is un-
clear what specific interactions might exist between nu-
cleotides that comprise the loop and those within the
multistem junction+ Furthermore, it is unknown whether
either region might contribute more to effector recog-
nition or to the structural dynamics that enable con-
formational transitions+ Further insight regarding the
function of these allosteric catalysts can be gained
through bisection into distinct functional domains+

By definition, the effector-binding and catalytic sites
of an allosteric enzyme are spatially distinct+ Conse-

quently, the functional domains of an allosteric catalyst
are theoretically separable+ The cNMP-binding domain
from each allosteric ribozyme was prepared in isolation
from the catalytic domain, and each was demonstrated
to exhibit adaptive binding (Patel et al+, 1997; Hermann
& Patel, 2000) when incubated with its cognate ligand+
These studies provide evidence that the effector-binding
site of each allosteric ribozyme examined in this study
is distinct from the adjacent ribozyme domain+ Further-
more, assuming that the ligand-induced conforma-
tional changes exhibited by each cNMP-binding RNA
are identical to those that contribute to allosteric acti-
vation of the corresponding ribozyme, a precise mech-
anism of allosteric regulation involving ligand-induced
stabilization of the catalytically requisite G-C base pair
in stem II can be corroborated+ This work serves both
to unravel the structure and function of the cNMP-
dependent ribozymes, and to validate allosteric selec-
tion as a viable means of generating both interdependent
and independent molecular recognition motifs that are
similar to aptamers+

Affinity maturation of allosteric ribozymes

Any form of macromolecular combinatorial selection
cannot help but to parallel the natural processes of the
vertebrate immune system+ Thus, in the same way that
protein antibodies are improved by affinity maturation,
higher affinity variants of allosteric nucleic acids can be
created through a fundamentally similar process of
mutation and selection+ Indeed,mutagenization and re-
selection of cNMP-dependent ribozymes under condi-
tions that favor the survival of variants that bind effector
with higher affinity gave rise to a cGMP-dependent vari-
ant that exhibits a 10-fold improved affinity for its effector+

FIGURE 7. A higher affinity cGMP-dependent ribozyme identified by allosteric selection+ A: Proposed secondary structure
of a higher-affinity cGMP-1 variant+ Shown is the stem II region only of a cGMP-1 variant containing two mutations (bold)
relative to the parent construct+ B: Ligand-binding affinities for cGMP-1 and the higher affinity variant+ The logarithm of the
observed rate constant versus the logarithm of cGMP concentration is plotted for cGMP-1 (open circles) and the higher
affinity variant (filled circles)+ The apparent dissociation constants for cGMP-1 and the higher affinity variant indicated by the
open and filled arrowheads, respectively, differ by one order of magnitude+
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Although affinity maturation is not a novel process, these
studies demonstrate an essential component of the en-
gineering process needed to create highly proficient
allosteric ribozymes that function as biosensors or as
genetic control elements+

Unfortunately, the isolation of variant ribozymes pos-
sessing even greater affinity for their effector com-
pounds was occluded by “selfish” molecules that
survive the selection process using alternative strat-
egies (data not shown), as was observed in the orig-
inal selection (Koizumi et al+, 1999)+ Although future
methodology must strive to evade such catalysts, one
must consider the possibility that high-affinity variants
may be exceedingly rare in certain instances+ Fur-
thermore, the very nature of an allosteric catalyst may
negatively impact its capacity for high-affinity molec-
ular recognition+ Specifically, the allosteric transition
or conformational change that must accompany effec-
tor binding disallows the preformation of a well-ordered
complementary binding surface for ligand recogni-
tion, which typically correlates with relatively higher
affinity (Van Duyne et al+, 1991; Giebel et al+, 1995;
Katz, 1995; Sussman et al+, 2000)+ Aptamers that are
generated by SELEX methods exhibit Kd values that
usually range from ;10 mM to ;1 nM (Gold et al+,
1995)+ It is therefore not surprising that the allosteric
ribozymes examined in this study exhibit Kd values
that are at the high end of this range (1–3 mM; Koi-
zumi et al+, 1999)+

In dynamic molecular systems, the trade-off between
the adaptive binding needed for allosteric function and
the conformational preorganization needed for high-
affinity binding must be overcome for extremely high-
affinity effector recognition to be possible with allosteric
ribozymes+ In certain cases, removing the effector-
binding domain from its parental allosteric construct
can reduce this structural heterogeneity+ For example,
the ligand-binding affinity of the cCMP domain de-
scribed in this study (Fig+ 5) is improved by ;150 fold
when removed from the cCMP-1 allosteric ribozyme+
One possibility is that the extended stem II of the in-
dependent effector-binding domain serves to signifi-
cantly preorganize the RNA, thereby improving its affinity
for cCMP+ In contrast, the cGMP- and cAMP-binding
domains might not experience significant preorganiza-
tion by extension of their respective stem II elements,
and therefore do not exhibit improvements in ligand
affinity+ Consistent with this possibility is the observa-
tion that ligand binding to the cGMP- and cAMP-specific
RNAs reduces spontaneous cleavage at nucleotide C39,
whereas this same linkage in the cCMP-binding RNA is
resistant to cleavage even in the absence of ligand+
Perhaps the stem II extensions of the cGMP and cAMP
RNAs are insufficient to stabilize the critical G8-C39
base pair of these RNAs, which otherwise would pro-
vide an improvement in binding affinity like that ob-
served with the cCMP RNA+

CONCLUSIONS

Our extended analyses of the cNMP-dependent ribo-
zymes reveal several fundamental properties of these
allosteric catalysts and of the allosteric selection pro-
cess+ In each case, the effector-binding domain of the
allosteric ribozyme is physically and functionally sepa-
rable from the catalytic domain+ The disintegration of
independent ligand recognition motifs from allosteric
ribozymes validates allosteric selection as a means of
concurrently generating novel aptamer-like domains for
multiple compounds in a rapid manner+ These findings
further reveal the modular nature of RNA structures+ In
addition, the ligand-binding affinity of an allosteric ribo-
zyme can be improved through mutagenization and
reselection under conditions that favor tighter binding+
Affinity maturation in this sense will likewise prove to
be a valuable attribute of allosteric selection as future
endeavors seek to apply allosteric ribozymes as bio-
sensors and genetic switches+

MATERIALS AND METHODS

Preparation of RNA

RNAs were transcribed from double-stranded DNAs using T7
RNA polymerase+ Double-stranded DNAs were generated
by reverse transcriptase (RT) extension of primer 1 (59-TAA
TACGACTCACTATAG) or primer 2 (59-TAATACGACTCACT
ATAGGGCGACCCTGATGAG) using synthetic DNA templates
complementary to the desired RNA+ Synthetic DNAs were
prepared by standard solid phase methods (Keck Biotech-
nology Resource Laboratory, Yale University) and purified by
denaturing (8 M urea, 89 mM Tris base, 89 mM boric acid,
1 mM EDTA) 10% polyacrylamide gel electrophoresis (PAGE),
crush-soak elution (in 10 mM Tris-HCl [pH 7+5 at 23 8C],
200 mM NaCl, 1 mM EDTA), and precipitation with ethanol+
RT extension reactions (50 mL) containing 200 pmol template
DNA, 300 pmol primer DNA, 50 mM Tris-HCl (pH 8+3 at 23 8C),
75 mM KCl, 3 mM MgCl2, 1 mM DTT, 1 mM each dNTP, and
400 U SuperScript II reverse transcriptase (Gibco BRL) were
incubated at 37 8C for 30 min+ Extension products were pre-
cipitated with ethanol and redissolved in water+ Transcription
reactions (50 mL) containing ;40 pmol extension product,
40 mM Tris-HCl (pH 8+0 at 23 8C), 15 mM MgCl2, 5 mM DTT,
50 mg/mL BSA, 1 mM each NTP, and ;1,000 U T7 RNA
polymerase were incubated at 37 8C for 1 h+ RNAs were pu-
rified by denaturing 10% PAGE+When necessary,RNAs were
32P-labeled by supplementing transcription reactions with
3+3 pmol [a-32P]-UTP (20 mCi)+ RNA populations were initially
derived from DNA templates containing a degeneracy of 0+135
(86+5% wild type) per nucleotide position corresponding to
the effector-binding domain of the ribozyme+

Artificial phylogenetic and mutational
analyses of cNMP-dependent ribozymes

Artificial phylogenetic data were generated by allosteric se-
lection for cNMP-dependent ribozyme function from degen-

534 G.A. Soukup et al.



erate RNA populations based on the cGMP-1, cCMP-1, or
cAMP-1 ribozymes (Koizumi et al+, 1999)+ Each round of
allosteric selection consisted of preselection against cNMP-
independent self-cleavage activity and selection for cNMP-
dependent self-cleavage activity+ Selected RNAs were reverse
transcribed, and their cDNA products were amplified by PCR
to produce templates for the transcription of subsequent RNA
populations using T7 RNA polymerase+ For the initial round of
selection, 28 pmol each RNA population (84 pmol total RNA,
5 3 1013 molecules) were incubated for 5 h at 23 8C in a
reaction mixture (20 mL) containing selection buffer (50 mM
Tris-HCl [pH 7+5 at 23 8C], 20 mM MgCl2)+ The reaction was
punctuated at 1 h intervals by incubation at 90 8C for 30 s+
The uncleaved fraction of the population was isolated by de-
naturing 10% PAGE and subsequently incubated for 15 min
at 23 8C in a reaction mixture (20 mL) containing selection
buffer and 500 mM each cGMP, cCMP, and cAMP (Sigma)+
The cleaved fraction of the population was isolated by dena-
turing 10% PAGE+ Cleavage reactions were terminated by
the addition of an equal volume of gel loading buffer A (89 mM
Tris base, 89 mM boric acid, 7+3 M urea, 40 mM EDTA, 20%
sucrose, 0+1% SDS, 0+02% xylene cyanol, and 0+02% bromo-
phenyl blue)+ RT reactions (40 mL) containing selected RNAs,
100 pmol primer 3 (59-GGGCAACCTACGGCTTTCACCG
TTTCG), 50 mM Tris-HCl (pH 8+3 at 23 8C), 75 mM KCl, 3 mM
MgCl2, 1 mM DTT, 0+4 mM each dNTP, and 400 U Super-
Script II reverse transcriptase (Gibco BRL) were incubated at
37 8C for 30 min+ PCR reactions (100 mL) containing half of
the cDNA products, 100 pmol each primer 2 and primer 3,
10 mM Tris-HCl (pH 8+3 at 23 8C), 50 mM KCl, 1+5 mM MgCl2,
0+01% gelatin, 0+2 mM each dNTP, and 5 U Taq DNA poly-
merase were thermocycled for the appropriate number of
iterations at 94 8C for 30 s, 55 8C for 30 s, and 72 8C for 60 s+
In two subsequent rounds of allosteric selection, 16+6 pmol
(1013 molecules) of RNA were similarly manipulated+ How-
ever, in the third and final round, three individual populations
were selected for only cGMP-, cCMP-, or cAMP-dependent
function+ DNA corresponding to individual RNAs from the fi-
nal populations was isolated using a TOPO TA Cloning Kit
(Invitrogen) and was sequenced using a Thermo Sequenase
Cycle Sequencing Kit (USB)+

Sequence variants of the cGMP-1, cCMP-1, and cAMP-1
ribozymes were prepared either by PCR amplification from
plasmid DNAs using primers 2 and 3, or from the appropriate
synthetic DNA templates+ Trace amounts (;100 nM) of 32P-
labeled sequence variants were assayed for cNMP-dependent
self-cleavage activity by incubation at 23 8C for 15 min in the
absence or presence of 500 mM cGMP, cCMP, or cAMP in se-
lection buffer+Reactions were terminated by the addition of an
equal volume of gel loading bufferAand the products were sep-
arated by denaturing 10% PAGE and visualized using a Phos-
phorImager and ImageQuant software (Molecular Dynamics)+

Structural analysis of cNMP-binding RNAs

RNA structural analysis was similarly performed as previously
described (Soukup & Breaker, 1999d)+Prior to analysis,RNAs
were dephosphorylated using calf intestinal alkaline phospha-
tase (CIAP;Roche Molecular Biochemicals) and 59-32P-labeled
using T4 polynucleotide kinase (T4 PNK; New England Bio-
labs)+ Phosphatase reactions (20 mL) containing ;50 pmol
RNA, 50 mM Tris-HCl (pH 8+5 at 20 8C), 100 mM EDTA, 2 U

CIAP were incubated at 50 8C for 1 h+Dephosphorylated RNA
was precipitated with ethanol and redissolved in water+Kinase
reactions (20 mL) containing ;10 pmol dephosphorylated
RNA, 70 mM Tris-HCl (pH 7+6 at 25 8C), 10 mM MgCl2, 5 mM
DTT, 10 pmol [g-32P]-ATP (60 mCi), and 20 U T4 PNK were
incubated at 37 8C for 1 h+ End-labeled RNAs were purified by
denaturing 10% PAGE, isolated from the gel by crush-soak elu-
tion, precipitated with ethanol, redissolved in water, and quan-
titated by scintillation counting+

Trace amounts of 59-32P-labeled RNAs (;200 fmol) were
incubated at 23 8C for precisely 48 h in the absence or pres-
ence of various concentrations of cGMP, cCMP, or cAMP in
reactions (10 mL) containing selection buffer+ Reactions were
terminated by the addition of 15 mL water and 25 mL gel
loading buffer B (10 M urea and 1+5 mM EDTA)+ RNA ladders
were prepared essentially as previously described (Knapp,
1989)+ Briefly, hydroxide cleavage ladders were generated by
incubating ;200 fmol RNA in reactions (10 mL) containing
50 mM NaHCO3/Na2CO3 (pH 9+0 at 23 8C) and 1 mM EDTA
for 7 min at 90 8C+ G-specific sequencing ladders were gen-
erated by incubating ;200 fmol RNA in reactions (10 mL)
containing 25 mM sodium citrate (pH 5+0 at 23 8C), 7 M urea,
1 mM EDTA, and 1 U RNase T1 (Roche Molecular Biochem-
icals) for 15 min at 55 8C+ Reactions were quenched on ice
and combined with 15 mL water and 25 mL gel loading buffer
B+ Reaction products separated by denaturing 10% PAGE
were visualized and quantitated using a PhosphorImager and
ImageQuant software (Molecular Dynamics)+ For each RNA,
cleavage 39 to each nucleotide position derived from the ligand-
binding domain was examined+ The fraction of total RNA
cleaved at each nucleotide position was calculated+

Allosteric selection for higher affinity
cNMP-dependent ribozymes

Allosteric selection for higher affinity cNMP-dependent ribo-
zymes was performed as described herein+ However, degen-
erate RNA populations based on the cGMP-1, cGMP-4,
cCMP-1, cCMP-2, cAMP-1, or cAMP-2 ribozymes (Koizumi
et al+, 1999) were selected for function under reduced cNMP
concentration (50 mM each cGMP, cCMP, and cAMP)+ Selec-
tion reactions were incubated for either 5 or 1 min+ Individual
members were isolated from the final population, sequenced,
and assayed for cNMP-dependent self-cleavage activity+

Observed rate constants (kobs) for cNMP-dependent ribo-
zyme self-cleavage were established by plotting the natural
logarithm of the fraction of substrate uncleaved versus time,
where kobs is derived as the negative slope of the resulting
line+ Trace amounts (;25 nM) of 32P-labeled RNA were in-
cubated at 23 8C in selection buffer containing various con-
centrations of cGMP in the range from 1 mM to 10 mM+
Reactions were terminated by the addition of an equal vol-
ume of gel loading buffer A and the products were separated
by denaturing 10% PAGE, and visualized and quantitated
using a PhosphorImager and ImageQuant software (Molec-
ular Dynamics)+
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