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(57) ABSTRACT 

Polynucleotides having allosteric properties that modify a 
function or configuration of the polynucleotide with a 
chemical effector and/or physical Signal are employed pri 
marily as biosensors and/or enzymes for diagnostic and 
catalytic purposes. In Some preferred embodiments, the 
polynucleotides are DNA enzymes that are used in Solution/ 
Suspension or attached to a Solid Support as biosensors to 
detect the presence or absence of a compound, its concen 
tration, or physical change in a Sample by observation of 
Self-catalysis. Chemical effectors include organic com 
pounds Such as amino acids, amino acid derivatives, pep 
tides, nucleosides, nucleotides, Steroids, and mixtures of 
these with each other and with metal ions, cellular metabo 
lites or blood components obtained from biological Samples, 
Steroids, pharmaceuticals, pesticides, herbicides, food tox 
ins, and the like. Physical Signals include radiation, tem 
perature changes, and combinations thereof. 
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BOREACTIVE ALLOSTERC 
POLYNUCLEOTDES 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of co 
pending U.S. application Ser. No. 09/331,809, filed Jun. 18, 
1999 as a national phase entry of PCT/US97/241.58, filed 
internationally Dec. 18, 1997 and claiming priority benefit 
of U.S. Provisional application Ser. No. 60/033,684, filed 
Dec. 19, 1996 and Ser. No. 60/055,039, filed Aug. 8, 1997. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0002 The invention was made with partial government 
support under NIH grant GM59343. The government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

0003) 1. Field of the Invention 
0004. This invention relates primarily to functional DNA 
polynucleotides that exhibit allosteric properties, and to 
catalytic RNA and DNA polynucleotides that have catalytic 
properties with rates that can be controlled by a chemical 
effector, a physical Signal, or combinations thereof. Biore 
active allosteric polynucleotides of the invention are useful 
in a variety of applications, particularly as biosensors. 
0005 Biosensors are widely used in medicine, veterinary 
medicine, industry, and environmental Science, especially 
for diagnostic purposes. BioSensors are typically composed 
of a biological compound (Sensor material) that is coupled to 
a transducer, in order to produce a quantitative readout of the 
agent or conditions under analysis. Usually, the biological 
component of the biosensor is a macromolecule, often 
Subject to a conformational change upon recognition and 
binding of its corresponding ligand. In nature, this effect 
may immediately initiate a signal process (e.g., ion channel 
function in nerve cells). Included in the group of affinity 
Sensors are lectins, antibodies, receptors, and oligonucle 
otides. In biosensors, ligand binding to the affinity Sensor is 
detected by optoelectronic devices, potentiometric elec 
trodes, field effect transistors (FETs), or the like. 
0006 Alternatively, the specificity and catalytic power of 
proteins have been harnessed to create biosensors that 
operate via enzyme function. Likewise, proteins have been 
used as immobilized catalysts for various industrial appli 
cations. The catalytic activity of purified enzymes or even 
whole organelles, microorganisms or tissues can be moni 
tored by potentiometric or amperometric electrodes, FETs, 
or thermistors. The majority of biosensors that are commer 
cially available are based on enzymes, of which the oxi 
doreductases and lyases are of great interest. It is nearly 
exclusively the reactants of the reactions catalyzed by these 
enzymes for which transducers are available. These trans 
ducers include potentiometric electrodes, FETs, pH- and 
O-Sensitive probes, and amperometric electrodes for H2O2 
and redox mediators. For example, the oxidoreductases, a 
group of enzymes that catalyze the transfer of redox equiva 
lents, can be monitored by detectors that are Sensitive to 
HO or O. concentrations. 
0007 Enzymes are well-suited for application in sensing 
devices. The binding constants for many enzymes and 
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receptors can be extremely low (e.g., avidin; K=10' M) 
and the catalytic rates are on the order of a few thousand per 
second, but can reach 600,000 sec (carboanhydrase) (45). 
Enzymes can be monitored as biosensors via their ability to 
convert Substrate to product, and also be the ability of certain 
analytes to act as inhibitors of catalytic function. 
0008 Organic chemistry and biochemistry have reached 
a State of proficiency where new molecules can be made to 
Simulate the function of protein receptors and enzymes. 
Macrocyclic rings, polymers for imprinting, and Self-assem 
bling monolayers are now being intensively investigated for 
their potential application in biosensors. In addition, the 
immune System of animals can be harnessed to create new 
ligand-binding proteins that can act as artificial biorecogni 
tion systems. Antibodies that have been made to bind 
transition-State analogues can also catalyze chemical reac 
tions, thereby functioning as novel artificial enzymes (36). 
The latter examples are an important route to the creation of 
biosensors that can be used to detect non-natural com 
pounds, or that function under non-physiologic conditions. 
0009 2. Description of Related Art 
0010. In nature, RNA not only serves as components of 
the information transfer process, but also performs tasks that 
are typically accomplished by proteins, including molecular 
recognition and catalysis. A Seemingly endless variety of 
aptamers, and even DNA aptamers can be created in vitro 
that bind various ligands with great affinity and Specificity 
(17). Nucleic acids likely have an extensive and as yet 
untapped ability adopt Specific conformations that can bind 
ligands and also to catalyze chemical transformations (16). 
The engineering of new RNA and DNA receptors and 
catalysts is primarily achieved via in vitro Selection, a 
method by which trillions of different oligonucleotide 
Sequences are Screened for molecules that display the 
desired function. This method consists of repeated rounds of 
Selection and amplification in a manner that Simulates Dar 
winian evolution, but with molecules and not with living 
organisms (4). One drawback to the use of existing enzymes 
as biosensors is that one is limited to developing a Sensor 
based on the properties of existing enzymes or receptors. A 
Significant advantage can be gained if one could tailor 
make the Sensor for a particular application. It would be 
desirable to employ nucleic acids to create entirely new 
biosensors that have properties and Specificities that Span 
beyond the range of capabilities of current biosensors. 
0011. In vitro selection has been the main vehicle for new 
ribozyme discoveries in recent years. The catalytic reper 
toire of ribozymes includes RNA and DNA phosphoester 
hydrolysis and transesterification, RNA ligation, RNA phos 
phorylation, alkylation, amide and ester bond formation, and 
amide cleavage reactions. Recent evidence has shown that 
biocatalysis is not solely the realm of RNA and proteins. 
DNA has been shown to form catalytic structures that 
efficiently cleave RNA (5.7), that ligate DNA (10), and that 
catalyze the metallation of porphyrin rings (24). AS 
described herein, self-cleaving DNAS have been isolated 
from a random-Sequence pool of molecules that operate via 
a redox mechanism, making possible the use of an artificial 
DNA enzyme in place of oxidoreductase enzymes in bio 
sensors. In addition, these DNA enzymes or “deoxyri 
bozymes are considerably more stable that either RNA or 
protein enzymes-an attractive feature for the Sensor com 
ponent of a biosensor device. 
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BRIEF SUMMARY OF THE INVENTION 

0012. It is an object of the invention to provide examples 
of RNA and DNA sensing elements for use in biosensors, 
including polynucleotides attached to a Solid Support. Both 
RNA and DNA can be designed to bind a variety of ligands 
with considerable specificity and affinity. In addition, both 
RNA and DNA can be made to catalyze chemical transfor 
mations under user-defined conditions. A combination of 
rational design and combinatorial methods has been used to 
create prototype biosensors based on RNA and DNA. 
0013 These and other objects of the invention are accom 
plished by the present invention, which provides purified 
functional DNA polynucleotides that exhibit allosteric prop 
erties that modify a function or configuration of the poly 
nucleotide with a chemical effector, a physical Signal, or 
combinations thereof. The invention further provides puri 
fied functional polynucleotides having catalytic properties 
with rates that can be controlled by a chemical effector, a 
physical Signal, or combinations thereof. Some embodi 
ments are enzymes exhibiting allosteric properties that 
modify the rate of catalysis of the enzyme. In addition, the 
invention encompasses biosensors comprising bioreactive 
allosteric polynucleotides described herein. 

0.014) Examples of chemical effectors include, but are not 
limited to, organic compounds Such as amino acids, amino 
acid derivatives, peptides, nucleosides, nucleosides, nucle 
otides, Steroids, and mixtures of organic compounds and 
metal ions. In Some embodiments, the effectors are micro 
bial or cellular metabolites or components of bodily fluids 
Such as blood and urine obtained from biological Samples. In 
other embodiments, the effectors are pharmaceuticals, pes 
ticides, herbicides, and food toxins. Physical Signals include, 
but are not limited to, radiation and temperature changes. 

0.015 The invention also provides methods for determin 
ing the presence or absence of compounds, or compound 
concentrations in biological, industrial, and environmental 
Samples, and physical changes in Such Samples using biore 
active allosteric polynucleotides of the invention and bio 
Sensors incorporating them. 

DESCRIPTION OF THE FIGURES 

0016 FIG. 1 is a schematic diagram of an example of a 
biosensor of the invention. In this embodiment, a self 
cleaving DNA is immobilized on a solid matrix that is 
mounted in a plastic spin-column. The self-cleaving DNA 
remains inactive, unless it encounters a specific effector 
molecule that causes allosteric induction. Test Sample is 
added to the porous matrix, allowed to incubate, then the 
Solution is collected at the bottom of the tube via centrifu 
gation. Since catalytic activity is a function of the presence 
(in concentration) of the effector, the concentration of 
released DNA fragments will report the presence and quan 
tity of effector. 
0017 FIG. 2 illustrates a sequence and secondary-struc 
ture model for a self-cleaving DNA of the invention (SEQ 
ID NO: 1). The bracket indicates the main region of DNA 
cleavage. 

0018 FIG.3 sketches an example of (A) an immobilized 
DNA biocatalyst of the invention and (B) a simple reactor 
assembly. 
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0019 FIG. 4 shows a demonstration of catalytic function 
by immobilized DNA enzymes. 5'P-labeled RNA substrate 
was applied to a streptavidin column (AffiniTip Strep 20, 
Genosys Biotechnologies) that was derivatized with 5'-bi 
otinyl DNA enzyme. The DNA enzyme was immobilized to 
give an effective concentration of ~1 uM. Substrate (0.5uM 
was applied to the column in repetitive 20 till aliquots, 
allowed to react for 10 min., then recovered for analysis by 
polyacrylamide gel electrophoresis. Fraction of Substrate 
cleaved was plotted as a function of Volume eluted. 
0020 FIG. 5 illustrates hammerhead ribozyme con 
structs described in Example 1 below. H1 (SEQ ID NO: 2) 
is identical to the ribozyme “HH15 that was originally 
characterized by Fedor and Uhlenbeck (12). H2 (SEQ ID 
NO:3) carries an additional G-C base pair in stem I and is 
flanked on each end by accessory Sequences that are 
designed as short hairpins to reduce the occurance of inac 
tive structures. H3 (SEQ ID NO: 4) is an integrated ham 
merhead ribozyme that includes an RNA domain corre 
sponding to a truncated version of an ATP- and adenosine 
specific aptamer (35). H4 and H5 are modified versions of 
H3 that include an aptamer-domain mutation and a 3 base 
pair extension of Stem II, respectively. Arrowheads indicate 
the Site of ribozyme-mediated cleavage. 

0021 FIG. 6 shows evidence of ATP- and adenosine 
mediated inhibition of a hammerhead ribozyme described in 
Example 1. (A) Hammerhead constructs H1, H2 and H3 
(400 nM) were incubated with trace amounts of (5'-'P)- 
labeled Substrate (S) in the absence (-) or presence (+) of 1 
mM ATP for 30 min. (B) The specificity of the effector 
molecule was examined by incubating H3 and S for 45 min 
as described in Example 1 without (-) or with 1 mM of 
various nucleotides as indicated. Similarly, constructs H4 
and H5 were examined for activity in the presence of 1 mM 
ATP Reaction products were separated by a denaturing (8 M 
urea) 20% polyacrylamide gel and visualized by autorad 
iography. E., S and Pidentify enzyme, Substrate and product 
bands, respectively. 

0022 FIG. 7 plots kinetic analysis results of the catalytic 
inhibition of H3 by ATP described in Example 1. (A) Plot of 
H3 ribozyme activity (400 mM) in the presence of 10 uM 
(open circles) and 1 mM (filled circles) ATP. Dashed line 
represents the average initial Slope obtained in the absence 
of ATP or in the presence of as much as 1 mM dATP. (B) Plot 
of H3 ribozyme activity (k) in the presence of various 
concentrations of dATP (open circles) and ATP (filled 
circles). Also plotted on the y axis are k values for H1, H2 
and H3 (open Squares, filled Squares and open circles, 
respectively) with no added effector molecules. 
0023 FIG. 8 (A) depicts integrated constructs for allos 
teric induction by ATP (H6, SEQID NO:5 and H7, SEQ ID 
NO: 6) and allosteric inhibition by theophilline (H8) 
described in Example 1. H7 replaces the central U-A pair 
with a G.U mismatch and is designed to further reduce 
hammerhead catalysis. H8 is analogous to H3 except that the 
ATP-aptamer domain is replaced by the theophylline 
aptamer corresponding to mTCT8-4' that was described by 
Jenison, et al. (21). Arrowhead indicates the Site of 
ribozyme-mediated cleavage. (B) Induction of ribozyme 
catalysis during the course of a ribozyme reaction was 
examined by incubating H6 in the absence (open circles) and 
presence (open squares) of 1 mM ATP, and when ATP is 
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added (filled circles), to a final concentration of 1 mM 
during an ongoing ribozyme reaction. Arrow indicates the 
time of ATP addition. 

0024 FIG. 9 shows in vitro selection of self-cleaving 
DNAs described in Example 2. In a a, (I) a pool of 
5'-biotinylated DNAS is immobilized on a streptavidin 
matrix, washed to remove unbound DNAS, then (II) eluted 
under the desired reaction conditions to Separate Self-cleav 
ing DNAS from those that are inactive. (III) Selected DNAS 
are amplified by the polymerase chain reaction (PCR) and 
(IV) the selection round is completed by immobilizing the 
resulting double-stranded DNAS on new matrix followed by 
removal of the nonbiotinylated strand by chemical denatur 
ation. (V) The pool is prepared for further analysis by PCR 
amplification with non-biotinylated primers. Encircled B 
indicates 5' biotin. In b, the construct used for the initial 
round of Selection contains a domain of 50 random-Sequence 
nucleotides (Ns) flanked by 38 and 14 nucleotides of 
defined Sequence. DNAS used in Subsequent rounds carry an 
additional 26 nucleotides, as defined by primer 1 (SEQ ID 
NO: 7; primer 2 is SEQ ID NO:8). Precursors that cleave 
within the overlined region retain sufficient 5' primer bind 
ing site for amplification and are expected to be favored 
during Selection. In c, Self-cleavage activity of the initial 
DNA pool (GO) and the pool isolated after seven rounds 
(G7) of selection. 5°P-labeled precursor DNA (Pre) was 
incubated in the presence (+) or absence (-) of 10 um each 
of Cu" and ascorbate, or in the absence of Cut" or ascorbate 
(-Cu" and -asc, respectively) for various times as indi 
cated. M is 5'P-labeled primer 3 and Clv identifies cleav 
age products. 
0.025 FIG. 10 shows sequence analysis and catalytic 
activity of individual G8 DNAS described in Example 2 
(SEQ ID NOS: 9-31). Ina, alignment of 34 sequences reveal 
the presence of two major classes of molecules that are 
characterized by sets of common sequences (boxed nucle 
otides). DNAS that were encountered more than once are 
identified by noting the number of occurrences in parenthe 
ses. In b, self-cleavage activity of 5 nM 5P-labeled 
precursor DNA from G8 DNA and from individuals CA1, 
CA2 and CA3 in the absence (-) or presence (+) of Cu" and 
ascorbate (10 uM each) are shown. 
0026 FIG. 11 depicts cleavage site analysis of CA3 (lane 
2), an optimized variant (variant 1, FIG. 13b) of CA3 (lane 
3) and CA1 (lane 4) described in Example 2. DNA size 
markers (lane 1) are 5'-P-labeled DNAs of 10-13 nucle 
otides as indicated. The nucleotide Sequence of these mark 
erS correspond to the 5' terminal constant region of the 
precursor. 

0027 FIG. 12 (a) shows an artificial phylogeny of CA1 
(SEQ ID NO: 30) variants described in Example 2. The 
numbered Sequence is wild-type CA1, and nucleotides of 
variants that differ from this Sequence are aligned below. A 
dash indicates a deleted nucleotide. (b) Partial Secondary 
structure model for a variant of CA1 (arrowhead, SEQ ID 
NO:32). Numbered nucleotides are derived from the region 
that was randomized in the Starting pool. Asterisk indicates 
the primary cleavage site and the bar defines the region that 
undergoes detectable cleavage. Not detailed are nucleotides 
within the 3' primer binding site that are also required for 
catalytic activity. 
0028 FIG. 13 shows a Cut-dependent self-cleaving 
DNA described in Example 2. (a) Cleavage assay of G8 
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DNA, CA1 (SEQ ID NO:30), CA3 (SEQ ID NO:31) and 
the optimized population of CA3 variants was isolated after 
mutagenesis followed by five additional rounds of Selection. 
(b) Sequence alignment of individual CA3 variants that have 
been optimized for catalytic function with Cut". The num 
bered Sequence is wild-type CA3, and nucleotides of Vari 
ants that differ from this Sequence are aligned below. A dash 
indicates a deleted nucleotide. Arrowheads identify CA3 
variants 1-3 as denoted. Asterisk and bar indicate the major 
and minor Clv 2 cleavage Sites, respectively. 

0029 FIG. 14 shows the sequence and predicted second 
ary structures of minimized self-cleaving DNAS described in 
Example 3. (A) Sequence and Secondary structure of a 
synthetic 69-nucleotide self-cleaving DNA that was isolated 
by in vitro selection (SEQ ID NO: 33). Numbers identify 
nucleotides that correspond to the 50-nucleotide random 
Sequence domain that was included in the original DNA pool 
(note that 19 bases of this domain have been deleted). The 
conserved nucleotides (11-31, boxed) are similar to those 
previously used to define this class of deoxyribozymes 
(Example 2). (B) A46-nucleotide truncated version of class 
II DNAs that retains full activity (SEQID NO:34). I and II 
designate Stem-loop Structures of the 46 mer that are pre 
dicted by the structural folding program “DNA mfold (18, 
19), and that were confirmed by Subsequent mutational 
analysis (FIG. 15). The conserved core of the deoxyri 
bozyme spans nucleotides 27-46 and the major site of DNA 
cleavage is designated by the arrowhead. Encircled nucle 
otides can be removed to create a bimolecular complex 
where nucleotides 1-18 constitute the 'Substrate Subdomain, 
and nucleotides 22-46 constitute the catalyst Subdomain. 

0030 FIG. 15 shows a confirmation of stems I and II by 
mutational analysis described in Example 3. (A) Trace 
amounts of 5P-labeled substrate DNAs (s1-s3) were incu 
bated with 5 uM complementary or non-complementary 
catalyst DNAS (c1-c3) in reaction buffer Acontaining 10 uM 
CuCl at 23° C. for 15 min. Reaction products were sepa 
rated by denaturing 20% polyacrylamide gel electrophoresis 
(PAGE) and imaged by autoradiography. Bracket identifies 
the position of the Substrate cleavage products. (B) Self 
cleavage activity of the original 46 mer Sequence compared 
to the activity of variant DNAS with base substitutions in 
stem II. Individual 46 mer variants (100 uM 5'P-labeled 
precursor DNA) were incubated for the times indicated 
under reaction conditions as described above. Clv1 and Clv2 
identify 5'-cleavage fragments produced upon precursor 
DNA (Pre) Scission at the primary and Secondary Sites, 
respectively. Mutated positions are defined using the num 
bering system given in FIG. 14. 

0031 FIG. 16 identifies a triplex interaction between 
substrate and catalyst DNAS described in Example 3. A 
revised Structural representation portrays a triple-helix inter 
action (dots) between the four base pairs of stem II and four 
consecutive pyrimidine residues near the 5' end of the 
Substrate DNA. cA and S4 represent Sequence variants of c3 
(SEQ ID NO:36) and s3 (SEQ ID NO: 35) that retain base 
pairing within Stem II, and that use an alternate Sequence of 
base triples. DNA cleavage assays were conducted as 
described in FIG. 15A. Bracket identifies the position of the 
Substrate cleavage products. 

0032 FIG. 17 shows targeted cleavage of DNA sub 
Strates using deoxyribozymes with engineered dupleX and 
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triplex recognition elements. (A) A 101-nucleotide DNA 
incorporating three different deoxyribozyme cleavage Sites 
was prepared by automated chemical synthesis (SEQ ID 
NO:37). Each cleavage site consists of an identical leader 
Sequence (shaded boxes) followed by a stem I recognition 
element of unique Sequence. The Specific base complemen 
tation between the synthetic catalyst DNAS c1, c3 and c7 are 
also depicted. The catalytic core Sequences and the leader 
Sequence/stem II interactions for each Site are identical 
(inset). Asterisks indicate G-T wobble pairs that allow cross 
reaction between c1 and the target for c3. Dots indicate base 
triple interactions. (B) Cleavage of the 101 merDNA by c1, 
c3, and c7 was examined by incubating trace amounts of 
5P-labeled substrate in reaction buffer containing 30 uM 
CuCl2 at 23° C. for 20 min., either in the absence (-) or 
presence of 5 uM catalyst DNA as indicated. Reaction 
products were separated by denaturing 10% PAGE and 
visualized by autoradiography. (C) Similarly, a 100-nucle 
otide DNA was prepared that contained three identical stem 
I pairing regions (shaded boxes) preceded by eight Succes 
Sive pyrimidine nucleotides of unique sequence (SEQ ID 
NO:38). Three synthetic deoxyribozymes (c9, c10, c11) that 
carry identical stem I paring elements (inset) and extended 
Stem II Subdomains of unique Sequence, were designed to 
target the three cleavage Sites exclusively through DNA 
triplex interactions. (D) Cleavage of 100 mer DNA by c9, 
c10, and c11 was established as described in (B) above. 
Miscleavage is detected for each triplex-guided deoxyri 
bozyme upon extended exposure during autoradiography 
(e.g., c11), indicating that weak-forming triplex interactions 
allow Some DNA-cleavage activity to occur. 
0033 FIG. 18 illustrates the in vitro selection of histi 
dine-dependent deoxyribozymes described in Example 4. (a) 
A pool of 4x10" biotin-modified DNAS was immobilized 
on a streptavidin-derivatized column matrix. Each DNA 
carries a single embedded RNA linkage (ra) and a 40-nucle 
otide random-sequence domain that is flanked by regions 
that are complementary to nucleotides that reside both 5' and 
3' of the target phosphodiester (pairing elements i and ii; 
SEQ ID NOs: 39 and 40). These pre-engineered substrate 
binding interactions are expected to increase the probability 
of isolating active catalysts (7). DNAS that catalyze the 
cleavage of the RNA linkage upon incubation with a Solu 
tion buffered with histidine were released from the matrix, 
were amplified by the polymerase chain reaction (PCR), and 
the amplification products again were immobilized to com 
plete the selection cycle (14-16). (b) Four classes of deox 
yribozymes were determined by Sequence comparison (SEQ 
ID NOS 41 to 44). Variants within each group differed by no 
more that two mutations from the Sequences shown. Cata 
lytic assays active (+) when either HEPES or histidine 
buffers are used, while class II DNAS not active (-) when 
histidine is absent. Arrowhead identifies the Site of cleavage 
and numbers correspond to the original 40-nucleotide ran 
dom-Sequence domain. 
0034 FIG. 19 shows sequences and secondary structures 
of variant deoxyribozymes discussed in Example 4. (a) 
Individual DNAS isolated after reselection of mutagenized 
pools based on the class II deoxyribozyme (II) (SEQID NO: 
45) or the HD2 deoxyribozyme (HD2 pool, SEQ ID NO: 
46). Depicted are the nucleotide sequences for the 
mutagenized core of the parent DNAS and the nucleotide 
changes for each variant deoxyribozyme examined after 
reselection. Deoxyribozymes HD1 (SEQ ID NO: 47) and 
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HD2 (SEQ ID NO: 48) were recovered from DNA pools 
generated after five rounds of reselection with 50 or 5 mM 
histidine, respectively. (b) Each deoxyribozyme was reor 
ganized to create a bimolecular complex, whereby Separate 
Substrate molecules are recognized by two regions of base 
complementation (stems I and II) with the enzyme domain. 
Deoxyribozyme nucleotides are numbered consecutively 
from the 5' terminus. 

0035 FIG. 20 shows cofactor recognition by a deoxyri 
bozyme described in Example 4. (a) Catalytic activity of 
HD1 with L-histidine, D-histidine, and various dipeptides 
that received (+) or did not receive (-) pretreatment with 
hydrochloric acid. HD.1 (10 uM) was incubated in the 
presence of trace amounts of 5P-labeled substrate oligo 
nucleotide (FIG. 19b) and were incubated at 23° C. for 2.5 
hr with 50 mM L-histidine, D-histidine, or various dipep 
tides as indicated. Reaction products were analyzed by 
denaturing (8 M urea) polyacrylamide gel electrophoresis 
(PAGE) and imaged by autoradiography. S and P identify 
Substrate and product (5'-cleavage fragment) bands, respec 
tively. (b) Chemical structures of L-histidine and the ana 
logues used to probe deoxyribozyme cofactor specificity. (c) 
Representative deoxyribozyme assays for HD.1 (E1) cata 
lytic activity with Selected amino acids and histidine ana 
logues. Reactions and analyses were conducted as described 

a. 

0036 FIG. 21 are graphs showing the involvement of 
histidine in deoxyribozyme function described in Example 
4. (a) Concentration-dependent induction of deoxyribozyme 
function by histidine. Open and shaded arrowheads indicate 
the concentration of histidine that was maintained during the 
selection of HD1 and HD2, respectively. (b) Dependence of 
deoxyribozyme function on pH. Data represented in the 
main plot was produced using 1 mM histidine while data 
given in the inset was obtained using 5 mM histidine. Data 
depicted with filled, open, and shaded circles was collected 
using MES-, Tris-, and CAPS-buffered solutions, respec 
tively. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0037 Natural ribozymes and artificial ribozymes and 
deoxyribozymes that have been isolated by in vitro selection 
are not known to operate as allosteric ribozymes. This 
invention is based upon the finding that Small-molecule 
effectors can bind to ribozyme and deoxyribozyme domains 
and modulate catalytic rate. AS will be discussed more fully 
below, in the practice of the invention, an effector molecule 
or effect binds or affects an allosteric Site that is spatially 
distinct from that of the enzyme or reporter domain. Allos 
teric polynucleotides of the invention can thus rapidly 
interconvert from an “off” state to an “on” state, or vice 
Versa, reversibly, on a time Scale that is relevant for their use 
as biosensors and bioSwitches. For example, using rational 
design Strategies, a hammerhead Self-cleaving ribozyme 
described herein was coupled to different aptamer domains 
to produce ribozymes whose rates can be specifically con 
trolled by adenosine and its 5'-phosphorylated derivatives. 
A number of other allosteric ribozymes have been created 
that are Sensitive to a variety of other effectors, including 
drug compounds, biological metabolites, and toxic metals. It 
is possible to construct, using a mix of in vitro Selection and 
rational design Strategies, novel biosensors that rely on 
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nucleic acid Sensor elements. To achieve this, unique RNA 
or DNA sequences can be appended to ribozymes or deox 
yribozymes, thereby creating new enzymes having catalytic 
rates that can be influenced by Specific chemical effectors 
(e.g., molecules of diagnostic interest), physical signals, and 
combinations thereof. 

0.038. About 50 years ago, it was observed with some 
polypeptide enzymes that catalytic plots of reaction Velocity, 
V, Versus Substrate concentration S, displayed sigmoidal 
plots, rather than hyperbolic plots predicted by the Simple 
enzyme--Substrate model of enzymatic action described by 
Michaelis-Menten in 1913. In 1965, Monod, et al., 
explained these findings by Suggesting that enzymatic reac 
tion rates were altered by regulatory domains (3a). In this 
classical model of “allostery', enzymatic activity by “allos 
teric enzymes' is modulated by reversible binding to com 
pounds, termed “effectors', at Specific Sites other than the 
enzyme’s Substrate binding Sites, which, accordingly, are 
called “allosteric Sites. At constant enzyme and Substrate 
concentrations, binding of a negative “effector reduces the 
reaction rate ("allosteric inhibition”), and binding of a 
positive “effector” increases the rate ("allosteric activa 
tion”). Allosteric inhibition may be achieved a number of 
ways, including reducing the binding affinity of the enzyme 
for its Substrate (often reported as increases in Michaelis 
Menton parameter K) and/or by increasing the time 
required for each catalytic turnover (often reported as a 
decrease in V). Conversely, allosteric activation may 
occur either by reduction in K or by an increase in V 
or both. 

0.039 Decades later it was found that polynucleotides 
could also catalyze chemical reactions, and in 1995, Porta 
and Lizardi described what they called the first “allosteric' 
ribozyme (32a). This was a hammerhead, Self-cleaving 
ribozyme that could be rendered active by incubating it with 
a 35-nucleotide antisense DNA oligomer for several hours. 
Notwithstanding the terminology used in the paper, this was 
not a true allosteric effect. AntiSense interactions Such as that 
described between the oligonucleotide and the ribozyme are 
typically comprised of Strong base pairing contacts that have 
Slow kinetic interchange between bound and unbound States. 
There was no allosteric interconversion (from an “off” state 
to an “on” state, or vice versa) disclosed upon addition of the 
35-mer to an ongoing reaction mixture. Instead, Porta and 
Lizardi described a ribozyme construct which had a folding 
pathway that could be dictated by the 35-mer, but not 
allosterically Switched from active to inactive forms imme 
diately upon addition or depletion of a Small effector mol 
ecule to or from the reaction mixture. Hence, their need for 
long preincubation and incubation times, and a large oligo 
nucleotide that could kinetically and thermodynamically 
lock the ribozyme into an active configuration. 
0040. In contrast, in the practice of the invention, purified 
functional DNA and/or polynucleotides that exhibit true 
allosteric properties that modify a function or configuration 
of the polynucleotide with a chemical effector, a physical 
Signal, or combinations thereof, are constructed. The func 
tion of polynucleotides of the invention is not necessarily 
controlled by base pairing to an oligonucleotide, but, 
instead, by binding of a Small molecule effector to an 
allosteric binding site, or interaction of a physical Signal 
with an allosteric Site, Spatially distinct from the enzyme 
domain, Such that the function of the polynucleotide is 
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allosterically modulated. In Some embodiments, the poly 
nucleotide is an enzyme exhibiting allosteric properties that 
modify the rate of catalysis of the enzyme. The invention 
further provides functional RNA or DNA polynucleotides 
having catalytic properties with rates that can be positively 
and/or negatively controlled by a chemical effector, a physi 
cal Signal, or combinations thereof. For example, where 
enzyme polynucleotides of the invention exhibit a reaction 
rate that is enhanced or inhibited by reversible binding to a 
chemical effector at an allosteric binding Site Spatially 
distinct from the Substrate binding or Self-cleaving site. In 
Some embodiments, the polynucleotides contain from about 
100 or fewer bases; others are much larger. 
0041 Allosteric polynucleotides of the invention are 
comprised of any natural, recombinant, or Synthetic RNA, 
DNA and mixtures of RNA and DNA. As used herein, the 
terms “DNA” and “RNA” specifically include sequences 
that have RNA and/or DNA analogues. Analogues include 
chemically modified bases and unusual natural bases. Fur 
ther encompassed by the invention are polynucleotides 
modified during or after preparation of the domains and 
constructs using Standard means. DNA and/or RNA starting 
materials for the domains, and constructs and complexes 
containing them, may be isolated from whole organisms, 
tissueS or tissue cultures, constructed from nucleotides and 
oligonucleotides using Standard means, obtained commer 
cially, Selected from random and enriched in vitro or in vivo 
Sequence pools, and combinations thereof. 
0.042 Any element, ion, and/or molecule can be used as 
chemical effectors for interaction with the bioreactive allos 
teric polynucleotides of the invention. It is an advantage of 
the invention that the rational design Strategies used to 
construct the polynucleotides (discussed more fully below) 
can be adapted to a great variety of effectors. A vast number 
of ligand-responsive ribozymes with dynamic structural 
characteristics can be generated in a massively parallel 
fashion (23b). Examples include, but are not limited to, 
organic compounds and mixtures of organic compounds and 
metal ions. Chemical effectors may be amino acids, amino 
acid derivatives, peptides (including peptide hormones), 
polypeptides, nucleosides, nucleotides, Steroids, Sugars or 
other carbohydrates, pharmaceuticals, and mixtures of any 
of these. Many are Small; hence, peptides having 9 or fewer 
amino acid Substitutents and disaccharides and trisaccha 
rides are typical polypeptide and carbohydrate effectors. 
Illustrated hereafter are theophylline, ATP and modified 
ATP; 3-methylxanthine, c0MP, ccMP. cAMP, FMN, cobalt, 
cadmium, nickel, Zinc, and manganese have also been 
shown to be effectors that modulate the reaction rates of 
polynucleotides of the invention (see, for example, various 
effectors described in 21a, 23a, 23b, 36a, 39a, 39b, 39c, and 
39e). In many preferred embodiments, small molecule effec 
tors, typically having a molecular weight of about 300 or 
less, are employed, including metalions, amino acids, amino 
acid derivatives, nucleosides, nucleotides, Simple Sugars, 
and Steroids. Effectors can be much larger in other embodi 
ments, larger molecule effectors can have molecular weights 
ranging in the tens or thousands Da, and Sometimes even 
larger, protein effectors, for example, can range up to 
500,000, and Sometimes several million, Da. In some 
embodiments, the chemical effectors are microbial or cel 
lular metabolites or other biological Samples. Components 
found in liquid biological Samples Such blood, Serum, urine, 
Semen, tears, and biopsy homogenates taken from patients 
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for medical or veterinary diagnostic or therapeutic purposes 
are particularly preferred chemical effectors in Some 
embodiments (36a). In industrial and environmental appli 
cations, the effectors are pesticides, herbicides, food toxins, 
product ingredients, reactants, and contaminants, drugs, and 
the like. Allosteric polynucleotides of the invention can be 
used to detect the presence or absence of compounds, as well 
as their concentration (36a). 
0.043 Bioreactive polynucleotides of the invention 
exhibit allosteric properties that modify polymer function or 
configuration with a physical signal or a combination of a 
physical signal and a chemical effector in alternate embodi 
ments. Physical Signals include, but are not limited to, 
radiation (23a), temperature changes, movement, physical 
conformational changes in Samples, and combinations 
thereof. Physical signals include, but are not limited to, tags, 
beacons, and the like allosteric reporters that respond to UV, 
IR, and/or visible light (23b, 44b). The effects are reversible. 
Chemical effectors binding to alloSteric ribozymes and/or 
deoxyribozymes of the invention, for example, can enhance 
or inhibit the catalytic rate, or do both. It is an advantage of 
the invention that, because the molecules are truely allos 
teric, any type of allosteric interconversion is possible. 
Hence, a Sample of allosteric polynucleotide enzymes can be 
fully active, partially active, or fully inactive. In other 
words, acting as a Switch, they can be all “on” or all “off”, 
or exhibit any level of activity between “on” or “off”. (For 
a further discussion of Switches, See Soukup and Breaker, 
39c). Morever, because they are truly allosteric, the observ 
able response time to an effector molecule or effect is 
immediate. The kinetics of allosteric polynucleotides are 
Similar to what is observed with allosteric polypeptides. 
Illustrated hereafter are polynucleotides that react in leSS 
than 60 minutes, preferably inless than 6 minutes, and most 
preferably, in less than about a minute. (See, for example, 
FIGS. 7 and 8.) Most preferred allosteric polynucleotides 
respond to effectors within Seconds. 
0044) Many embodiments employ bioreactive allosteric 
polynucleotides of the invention as biosensors in Solution or 
Suspension or attached to a Solid Support Such as that 
illustrated in FIG. 1. Alone or as a component of a biosen 
Sor, the polynucleotides are used to detect the presence or 
absence of a compound or its concentration and/or a physi 
cal Signal by contact with the polynucleotide. In a typical 
practice of these methods, a Sample is incubated with the 
polynucleotide or biosensor comprising the polynucleotide 
as a Sensing element for a time under conditions Sufficient to 
observe a modification or configuration of the polynucle 
otide caused by the allosteric interaction. These are moni 
tored using any method known to those skilled in the art, 
Such as measurement and/or observation of polynucleotide 
Self-cleavage, binding of a radioactive, fluorescent, or chro 
mophoric tag, binding of a monoclonal or fusion phage 
antibody; or change in component concentration, Spectro 
photometric, or electrical properties. It is an advantage of the 
invention that current biosensor technology employing 
potentiometric electrodes, FETs, various probes, redox 
mediators, and the like can be adapted for use in conjunction 
with the new polynucleotide biosensors of the invention for 
measurement of changes in polynucleotide function or con 
figuration. 

004.5 The initial studies described in the Examples that 
follow have involved the creation and characterization of 

Aug. 11, 2005 

novel RNA- and DNA-cleaving enzymes that function with 
Specific cofactors, or that can be regulated by Specific 
Small-molecule chemical effectors, physical Signals, or com 
binations thereof. It is clear that additional molecules with 
Similar Sensor and biocatalytic properties can be created by 
Similar means, thereby expanding the applications of Such 
molecules. The creation and characterization of a prototype 
biosensor for ATP is given herein. One construct (H3) in 
particular shows ATP concentration-dependent catalytic 
activity, indicating that this ribozyme could be adapted for 
use in reporting the concentration of this ligand in test 
solutions. Specifically, H3 RNA actively self-cleaves in 
concentrations of ATP that are below 1 micromolar, but is 
maximally inhibited (170-fold rate reduction) in the pres 
ence of 1 millimolar ATP (FIG.3b). The catalytic rate of the 
ribozyme in concentrations of ATP that range between these 
two extremes is reflective of the ATP concentration, and can 
be used to determine unknown concentration values. It is 
important to note that the receptor portion of this allosteric 
ribozyme is completely artificial (created via in vitro Selec 
tion) (35), and could be exchanged for other artificial or 
natural receptor domains that are specific for other ligands. 
0046 New and highly-specific receptors can be made via 
in vitro selection or "SELEX (4.5) using simple chromato 
graphic and nucleic acid amplification techniques (4, and 
illustrated in the Examples). RNA and DNA “aptamers 
produced in this way can act as efficient and Selective 
receptors for Small organic compounds, metalions, and even 
large proteins. In a dramatic display of RNA receptor 
function, a series of RNA aptamers for theophilline have 
been isolated (35) that show ~10,000-fold discrimination 
against caffeine, which differs from theophilline by a single 
methyl group. 

0047 One can isolate new classes of aptamers that are 
Specific for innumerable compounds to create novel biosen 
SorS or even controllable therapeutic ribozymes for use in 
medical diagnostics, environmental analysis, etc. In the 
examples that follow, Simple design Strategies have been 
used to create conjoined aptamer-ribozyme complexes 
who's rates can be controlled by small effector molecules. 
Preliminary studies have already shown that theophilline 
dependent ribozymes can be created through rational design. 
Theophilline, for example, is an important drug for the 
treatment of asthma and its therapeutic effect is highly 
dependent on concentration. A biosensor for theophilline 
concentration would be of Significant value. Further exami 
nation of this allosteric ribozyme and of other model 
ribozymes will help to lay the biochemical and structural 
foundations for the design of additional Sensor molecules 
based on RNA and DNA. 

0048. It is an advantage of the invention that the discov 
ery that DNA can function as an enzyme (5) has made 
practical the engineering of enzymes that are chemically 
more stable than either RNA or proteins. The half-life for the 
hydrolytic breakdown of a DNA phosphoester is 200 million 
years, making DNA the most stable of the three major 
biopolymers. These features of DNA, coupled with the fact 
that DNA also can be made to bind various ligand with great 
Specificity and affinity, make this polymer an attractive 
medium for the creation of new industrial enzymes and as 
Sensor elements for diagnostics. Also, modified DNAS can 
be made that are resistant to degradation by natural 
nucleases, making DNA analogues an attractive format for 
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use in biological Solutions. AS illustrated hereafter, it has 
been found that DNA can be made to self-cleave in a metal 
ion-dependent fashion. The creation of these DNAS that 
catalyze their own cleavage in the presence of copper can 
now be used as a Sensitive reporter of free copper concen 
tration in Solution. Another example given below is a 
polynucleotide reactive to histidine. Further engineering of 
such catalysts will yield allosteric DNA enzymes that can be 
used to detect a wide variety of ligands, or that report other 
reaction conditions Such as the concentration of Salts, pH, 
temperature, etc. In addition, these DNAS may be conducive 
to monitoring via amperometric HO probes or by Spectro 
photometric analysis of the redox State of copper. Clearly, 
the diversity of signal read-out for both RNA and DNA 
Sensors can be expanded. 

0049 Another feature of the invention is that use of 
polynucleotides as biosensors offer advantages over protein 
based enzymes in a number of commercial and industrial 
processes. Problems. Such as protein Stability, Supply, Sub 
Strate Specificity and inflexible reaction conditions all limit 
the practical implementation of natural biocatalysts. AS 
outlined above, however, DNA can be engineered to operate 
as a catalyst under defined reactions conditions. Moreover, 
catalysts made from DNA are expected to be much more 
Stable and can be easily made by automated oligonucleotide 
Synthesis. In addition, DNA catalysts are already Selected for 
their ability to function on a Solid Support and are expected 
to retain their activity when immobilized. 

0050. The invention further encompasses the use of 
bioreactive allosteric polynucleotides attached to a Solid 
Support for use in catalytic processes. Immobilizing novel 
DNA enzymes will provide a new form of enzyme-coated 
Surfaces for the efficient catalysis of chemical transforma 
tions in a continuous-flow reactor under both physiological 
and non-physiological conditions. The isolation of new 
DNA enzymes can be each tailor-made to efficiently catalyze 
Specific chemical transformations under user-defined reac 
tion conditions. The function of catalytic DNAS to create 
enzyme-coated Surfaces that can be used in various catalytic 
processes is described herein and illustrated in FIG. 4. Due 
to the high stability of the DNA phosphodiester bond, such 
Surfaces are expected to remain active for much longer than 
similar surfaces that are be coated with protein- or RNA 
based enzymes. 

0051 A variety of different chromatographic resins and 
coupling methods can be employed to immobilize DNA 
enzymes. For example, a simple non-covalent method that 
takes advantage of the Strong binding affinity of Streptavidin 
for biotin to carry out a model experiment is illustrated in 
FIG. 3. In other embodiments, DNA enzymes can be 
coupled to the column Supports via covalent links to the 
matrix, thereby creating a longer-lived catalytic Support. 
Various parameters of the System including temperature, 
reaction conditions, Substrate and cofactor concentration, 
and flow rate can be adjusted to give optimal product yields. 
In fact, these parameters can be preset based on the kinetic 
characteristic that are displayed by the immobilized DNA 
enzyme. However, in practice, product formation will be 
monitored and the chromatographic parameters will be 
adjusted accordingly to optimize the System. 

0.052 A prototype System for the large-scale processing 
of RNA substrates using an immobilized DNA enzyme is 
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described herein. Product yields have been determined by 
analysis of 'P-labeled substrate and product molecules by 
polyacrylamide gel electrophoresis of eluant Samples. Mul 
tiple turn-over of immobilized enzyme during tests of the 
reactive chromatographic surface has been observed (FIG. 
4). The in vitro Selection and engineering of new tailor-made 
DNA biocatalysts will produce catalytic Surfaces for prac 
tical use and of unprecedented Stability and catalytic versa 
tility. 

EXAMPLES 

0053. The following examples are presented to further 
illustrate and explain the present invention and should not be 
taken as limiting in any regard. 

Example 1 

0054 As mentioned above, natural ribozymes (8) and 
ribozymes that have been isolated by in vitro selection are 
not known to operate as allosteric enzymes (6). This 
example illustrates allosteric ribozymes. 
0055. Using simple rational design concepts, aptamer 
domains with hammerhead Self-cleaving ribozymes (13) 
were joined in a modular fashion, to create a Series of 
catalytic RNAS that are amenable to both positive and 
negative allosteric control by Small-molecule effectors. Ini 
tial efforts were focused on the 40-nucleotide ATP-binding 
aptamer, termed ATP-40-1", that was described by Sassan 
far and Szostak (35). This motif shows a specific affinity for 
adenosine 5' triphosphate (ATP; K -10 uM) and adenosine, 
but has no detected affinity for a variety of ATP analogues 
including 2'-deoxyadenosine 5' triphosphate (dATP) or the 
remaining three natural ribonucleoside triphosphates. The 
aptamer also undergoes a significant conformational change 
upon ligand binding, as determined by chemical probing 
Studies. These characteristics were exploited to create a 
conjoined aptamer-ribozyme molecule that could be Subject 
to ATP-dependent allosteric control. 
0056. The initial integrated design, H3, incorporates sev 
eral key features into an otherwise unaltered bimolecular 
hammerhead ribozyme that is embodied by H1 (FIG. 5). 
Each ribozyme and conjoined aptamer-ribozyme was pre 
pared by in vitro transcription from a double-stranded DNA 
template that was produced by the polymerase chain reac 
tion using the corresponding antisense DNA template and 
the primers 5'GAATTCTAATACGACTCACTATAGGC 
GAAAGCCGGGCGA (SEQ ID NO: 49) and 
5'GAGCTCTCGCTACCGT (SEQ ID NO: 50). The former 
primer encodes the promoter for T7 RNA polymerase. 50-ul 
transcription reactions were performed by incubating of 30 
pmoles template DNA in the presence of 50 mM Tris-HCl 
(pH 7.5 at 23° C), 15 mM MgCl, 5 mM dithiothreitol, 2 
mM spermidine, 2 mM of each NTP, 20 uCi (O.--P)-UTP 
and 600 units T7 RNA polymerase for 2 hr at 37° C. RNA 
products were separated by polyacrylamide gel electro 
phoresis (PAGE), visualized by autoradiography and the 
ribozymes were recovered from excised gel slices by crush 
soaking in 10 mM Tris-HCl (pH 7.5 at 23° C.), 200 mM 
NaCl and 1 mM EDTA and quantified by liquid Scintillation 
counting. The RNA substrate was prepared (Keck Biotech 
nology Resource Laboratory, Yale University) by standard 
solid-phase methods and the 2'-TBDMS group was removed 
by 24-hr treatment with triethylamine trihydrofluoride (15ul 
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per AU crude RNA). Substrate RNA was purified by 
PAGE, isolated by crush-soaking, (5'-'P)-labeled with T4 
polynucleotide kinase and (y-P)-ATP, and repurified by 
PAGE. Even after exhaustive incubation with H1, approxi 
mately 45% of the RNA remains uncleaved. The kinetic 
calculations have been adjusted accordingly. 
0057 Superficially, sequences at the 5' and 3' termini 
were appended to make the constructs amenable to ampli 
fication by reverse transcription-polymerase chain reaction 
methods for future studies. Surveyed independently as H2 
(FIG. 5), these changes causes a 6-fold reduction in k. 
compared to H1 (rates are summarized in Table 1). In 
addition to the 5'-and 3'-terinal flanking sequences, H3 
includes a modified hammerhead stem II that carries the ATP 
aptamer. The decision to locate the aptamer here was made 
primarily because changes in Stem II can have large effects 
on the catalytic rates of hammerhead ribozymes (28). In the 
absence of ATP, this alteration causes an additional two-fold 
reduction in rate compared to H1. 
0058. The RNA-cleavage activity of H3 is significantly 
reduced when incubated with 1 mM ATP (FIG. 6A). In 
contrast, ATP has no effect on the cleavage activity of H1 or 
H2. Moreover, inhibition is observed in the presence of 
adenosine, but not with dATP or the other ribonucleoside 
triphosphates (FIG. 2B). This inhibition is highly specific 
and is consistent with the observed binding Specificity of the 
aptamer (35). 

TABLE 1. 

Catalytic rates of various ribozyme constructs. Constructs denoted 
with * and it, contain either a functional ATPaptamer or a defective 

ATP aptamer, respectively. 

min' 

construct stem II Ole ATP dATP 

H1 AG GCC O.58 
| | | | 

G C C G G 

H2 AG GCC O.10 
|| || 

G C C G G 

H3* CAAC O.O54 O.OOO31 O.O53 

| | | | 
G U U G 

H4 CAAC O.042 O.O61 

| | | | 
G U U G 

H5* CAAG G CC 0.075 O.13 
| | | | | | | 
G U U C C G G 

H6* CGU AUGC 0.022 O.12 O.O27 

GU G UGU G 

H7* CGU G UGC O.OO12 O.OO98 O.OOO9 

| - - - - - 
GU G UGU G 

0059) To investigate the mechanism of inhibition of H3 
by ATP, two additional integrated constructs (FIG. 5) were 
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designed. H4 is identical to H3, but carries a G to C point 
mutation that is expected to eliminate ATP binding by the 
aptamer domain (35). AS expected, this mutation eliminates 
the inhibitory effect of ATP. The allosteric effect may be due 
to the proximity of the aptamer and hammerhead domains. 
Specifically, Structural models of the hammerhead indicate a 
parallel orientation for stems I and II (32). In the uncom 
plexed State, the aptamer domain is likely to exist in a single 
or a set of conformational State(s) that allow catalysis to 
proceed unhindered. However, when complexed with ATP, 
this domain undergoes a conformational change that pre 
Sumably causes Steric interference between Structures that 
are appended to stems I and II. H5 carries an additional three 
base pairs in helix II, to further Separate the domains, and is 
not inhibited by ATP. This is consistent with an allosteric 
inhibition mechanism that involves conformational change 
and the mutually-exclusive formation of aptamer and 
ribozyme domains. 
0060. The inhibitory effect of ATP with H3 has been 
confirmed and quantitated by kinetic analysis. Ribozyme 
activity assays were conducted with trace amounts of Sub 
Strate and exceSS ribozyme concentrations that significantly 
exceed K. Replicate k values obtained for H1 and H2 at 
200, 400 and 800 nM ribozyme concentration under iden 
tical assay conditions differed by less that two fold, Sug 
gesting that for each construct, k, Values approach Va. 
Reactions also contained 50 mM Tris-HCl (pH 7.5 at 23° C.) 
and 20 mM MgCl2, and were incubated at 23° C. with 
concentrations of effector molecules and incubation times as 
noted for each experiments. Ribozyme and Substrate were 
preincubated Separately for 10 min in reaction buffer and 
also with effector molecules when present, and reactions 
were initiated by combining preincubated mixtures. ASSayS 
with H8 were conducted in 50 mM HEPES (pH 7.3 at 23° 
C.),500 mM NaCl and 10 mM MgCl2. Catalytic rates (k) 
were obtained by plotting the fraction of substrate cleaved 
Versus time and establishing the slope of the curve that 
represents the initial Velocity of the reaction by a least 
Squares fit to the data. Kinetic assays were analyzed by 
PAGE and were visualized and analyzed on a Molecular 
Dynamics Phosphorimager. When shorter effector-molecule 
preincubations are used, the catalytic burst was more promi 
nent and when encountered, a post-burst Slope was used in 
the calculations. Replicate experiments routinely gave k. 
values that differed by less than 50% and the values reported 
are averages of two or more experiments. Equivalent rates 
were also obtained for duplicate ribozyme and Substrate 
preparations. 

0061 The H3 ribozyme displays different cleavage rates, 
after a briefburst phase, with different concentrations of ATP 
(FIG. 7A), with the curve closely predicting the K of the 
aptamer for its ligand. A plot of k versus ATP or dATP 
concentration (FIG. 7B) demonstrates that H3 undergoes 
~170-fold reduction in catalytic rate with increasing con 
centrations of ATP, but is not inhibited by dATP, 
0062) Whether ATP could also be made to function as a 
positive effector of ribozyme function was investigated by 
designing H6 and Subsequently H7 (FIG. 8A), both which 
were found to display ATP-dependent allosteric induction. 
H6 is similar to H5, except that four Watson/Crick base-pairs 
in stem II are replaced with less-stable G.U mismatches. 
These changes are expected to Significantly weaken Stem II 
and result in diminished ribozyme activity. It was intended 
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to exploit the fact that the G-C pair that begins stem II within 
the aptamer domain is not paired in the absence of ATP, but 
will form a stable pair when ATP is complexed (35), thereby 
increasing the overall Stability of the Stem and inducing 
catalytic activity. Indeed, a ~5-fold reduction in catalytic 
activity with H6 compared to H5 was found, yet ribozyme 
function could be specifically and fully recovered with ATP. 
The catalytic rate of H6 is also enhanced by ATP when added 
during the course of the reaction (FIG. 8B). 
0.063 As with allosteric effectors of proteins, there is no 
true similarity between the effector molecule and the Sub 
strate of the ribozyme. Substrate and effector occupy differ 
ent binding Sites, yet conformational changes upon effector 
binding result in functional changes in the neighboring 
catalytic domain. The Specificity of allosteric control of 
ribozymes can be exquisite, and in this example the 
ribozyme activity is Sensitive to the difference of a single 
oxygen atom in the effector molecule. 
0064. With similar model studies, a palate of design 
options and Strategic approaches that can be used to create 
ribozymes with controlled catalytic activity can be built. The 
principles used here (Secondary binding sites, conforma 
tional changes, steric effects and structural Stabilization) as 
well as otherS may be generally applicable and can be used 
to design additional allosteric ribozymes, or even alloSteric 
deoxyribozymes (37). For example, an allosteric hammer 
head (H8, FIG. 8A) that includes the theophylline aptamer 
described by Jenison, et al. (21) was designed. This con 
Struct displays a modest 3-fold reduction in ribozyme activ 
ity (k of 0.006 v.0.002 min') when theophylline is added 
to a final concentration of 100 uM. In addition, Sargueil, et 
al. (21) have Suggested Similar Studies with the hairpin 
Self-cleaving ribozyme. 

Example 2 

0065. The isolation by in vitro selection of two distinct 
classes of self-cleaving DNAS from a pool of random 
Sequence oligonucleotides are reported in this example. 
Individual catalysts from 'class I require both Cu" and 
ascorbate to mediate oxidative Self-cleavage. Individual 
catalysts from class II were found to operate with copper as 
the sole cofactor. Further optimization of a class II indi 
vidual by in vitro selection yielded new catalytic DNAS that 
facilitate Cul-dependent Self-cleavage with rate a enhance 
ment that exceed 1 million fold relative to the uncatalyzed 
rate of DNA cleavage. 
0.066 DNA is more susceptible to Scission via depurina 
tion/B-elimination or via Oxidative mechanisms than by 
hydrolysis (27). To begin a comprehensive Search for arti 
ficial DNA-cleaving DNA enzymes, DNAS that facilitate 
Self-cleavage by a redox-dependent mechanism were 
screened for. Cleavage of DNA by chelates of redox-active 
metals (e.g., Fe", Cuf") in the presence of a reducing agent 
is expected to be a more facile alternative to DNA phos 
phoester hydrolysis due to the reactivity of hydroxyl radicals 
that are produced by reduction of H2O (i.e., Fenton reac 
tion). Moreover, a variety of natural and artificial chemical 
nucleases rely on similar cleavage mechanisms (38-39). 
0067. Beginning with a pool of ~2x10" random-se 
quence DNAS (FIG. 13b), eight rounds of selection were 
carried out (5, 10) (see materials and methods Section, 
below) for DNAS that self-cleave in the presence of CuCl 
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and ascorbate. The DNA pool that was isolated after seven 
rounds (G7 DNA) displays robust self-cleavage activity that 
requires both Cu" and ascorbate (FIG. 13c). Trace amounts 
of non-specific DNA cleavage can be detected with Cut" and 
ascorbate concentrations of 100 uM or above, but no cleav 
age of random-sequence (GO) DNA was detected under the 
final selection conditions (10 uM of each cofactor). In 
contrast, incubation of G7 DNA yields a number of distinct 
DNA cleavage products, Suggesting that the pool contains 
multiple classes of DNAS that promote Self-cleavage at 
unique sites. 
0068 Sequence analysis of individual DNAS from G8 
reveals a diverse set of catalysts that were divided into two 
groups (FIG. 10a) based on Sequence similarities. Cleavage 
assays from three representative DNAS (CA1, CA2 and 
CA3) confirm that two distinct classes of catalysts have been 
isolated (FIG. 10b). It was expected that the cleavage sites 
for the selected catalysts would reside exclusively within the 
first 23 nucleotides of the original construct (FIG. 13b). 
Cleavage in this region would result in release of the 
molecule from the Solid matrix, yet the cleaved molecules 
would retain enough of the original primer-binding Site to 
allow amplification by PCR. Cleavage elsewhere in a mol 
ecule would release a DNA fragment that has lost the 
5'-terminal primer-binding site, and would be incapable of 
Significant amplification during PCR. Surprisingly, although 
CA1 promotes DNA cleavage within this expected region, 
CA2 and CA3 each cleave at a primary region (Clv 1) near 
the 5' terminus as expected, and at a distal region (Clv 2) that 
resides within the domain that was randomized in the 
original DNA pool. The Clv 1/Clv 2 product ratio of CA3 is 
approximately 2:1. 

0069. The distribution of cleavage products between the 
two Sites in CA3 is expected to result in a significant 
disadvantage during the Selection process. About 35% of 
CA3-like molecules cleave within the center of the molecule 
(and hence are probably not amplified), while only about 
65% cleave at the expected Site and can be perpetuated in the 
next round of selection via amplification by PCR. In con 
trast, 100% of the catalysts that cleave exclusively in the 
primer-binding region can be amplified, giving individuals 
from class I an apparent Selective advantage. However, 
CA3-like catalysts were found to persist in additional rounds 
of in Vitro Selection and actually come to dominate the 
population by generation 13. The Success of these catalysts 
can be understood, in part, by examining the catalytic rates 
of CA1 and CA3. The cleavage rate (k) of 0.018 min' 
was obtained for CA1 under the final selection conditions, 
while cleavage at Clv 1 of CA3 occurs with a k of 0.14 
min'. Despite a high frequency of miscleavage, class II 
catalysts more rapidly cleave at the correct Site, giving 
CA3-like catalysts a distinct Selective advantage over cata 
lysts from class I. 
0070 Cleavage sites for both classes have been further 
localized by gel-mobility analysis of the 5'P-labeled self 
cleavage products (FIG. 11). CA1 produces a major cleav 
age product with a gel mobility that corresponds to a 
9-nucleotide fragment, and also yields a Series of minor 
products that correspond to DNAS of 3 to 8 nucleotides. The 
cleavage Site heterogeneity observed for CA1 is consistent 
with an oxidative cleavage mechanism that involves a 
diffusible hydroxyl radical. Typically, cleavage of nucleic 
acids by an oxidative cleaving agent occurs over a range of 
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nucleotides, with a primary cleavage Site flanked on each 
Side by Sites that are cleaved with decreasing frequency. It 
has been Suggested that the frequency of DNA cleavage is 
proportional to the inverse of the distance that Separates the 
target phosphoester linkage and the generation site of the 
hydroxyl radical (18). However, the distribution of cleavage 
products formed by CA1 are indicative of a unique active 
Site that permits localized DNA cleavage to occur only at 
nucleotides that immediately flank the 5' side of the major 
cleavage Site. 

0071 Similarly, Clv 1 of CA3 consists of a series prod 
ucts that range in mobility from 9 to 14 nucleotides, with the 
major product corresponding to a 12-nucleotide DNA (FIG. 
11). The major product formed upon DNA scission at Clv 2 
corresponds to 70 nucleotides, with minor products corre 
sponding to DNAS of 66-69 nucleotides. The most frequent 
Site of cleavage at Clv 2 is located near position 34 (G) of 
the original random-Sequence domain. Oxidative cleavage 
of DNA can proceed by a variety of pathways, each that 
produce distinct cleavage-product termini (22). Therefore, 
conformation of these cleavage Sites must now proceed by 
conducting a more detailed analysis of the chemical Struc 
tures of the reaction products. 

0.072 To gain insight into the secondary structure of 
CA1, an artificial phylogeny (2) of functional CA1 sequence 
variants for comparative Sequence analysis (47) were pro 
duced. The 50 nucleotides that corresponds to the original 
random-Sequence domain were mutagenized by preparing a 
synthetic DNA pool such that each wild-type nucleotide 
occurs with a probability of 0.85 and each remaining nucle 
otide occurs with a probability of 0.05. The resulting pool 
was subjected to five additional rounds of selection for 
activity in the presence of 10 uM each of Cu" and ascor 
bate. Sequence alignment of 39 resulting clones (FIG. 12a) 
reveal two main regions (nucleotides 20-28 and 41-50) of 
Strictly-conserved Sequence interspersed with regions that 
tolerate variation. A total of 25 positions experienced two 
mutations or leSS. Other positions show Sequence covaria 
tion, indicating that these nucleotides may make physical 
contact in the active conformation of the deoxyribozyme. 
For example, A32 and G40 frequently mutate to C or T, 
respectively. This Suggests a preference for these bases to 
pair as C-G or A-T Indeed, this inferred pairing occurs in a 
region (nucleotides 28-44) that has considerable base-pair 
ing potential, consistent with the formation of a hairpin 
Structure. 

0073). Using sequence data and truncation analyses, a 
partial Secondary-Structure model for CA1 was constructed 
(FIG. 12b). Both the 5’- and 3'-terminal nucleotides show 
Significant base-pairing potential with the Substrate domain 
of the molecule. The putative hairpin domain described 
above (nucleotides 28-44) is flanked by the conserved 3' 
terminus and by a highly-conserved region that is composed 
mainly of G residues. It was found that removal of an 
additional G-rich region that is located in the 3' primer 
binding site abolishes the catalytic activity of CA1. 
Extended stretches of G residues that form "G-quartet 
structures (46) have been identified in a number of other 
single-stranded DNAS (3,20,26,48). The G-rich sequence in 
CA1 may also form a G-quartet, either independently or 
with other stretches of G residues that occur elsewhere in the 
primary Structure of the catalyst. 
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0074 CA1 has no detectable activity in the absence of 
ascorbate, but surprisingly, both the G8 population DNA and 
CA3 display significant cleavage when only Cu" is added 
(FIG.13a). Ak=8x10" min' for Clv 1 was measured for 
CA3 in the presence of 10 uM Cu". In vitro selection was 
employed to isolate CA3 variants with enhanced the Cut"- 
dependent activity of CA3. CA3 was mutagenized (see 
above) and subjected to five rounds of selection using 10 uM 
Cut" as the sole cofactor. Sequence alignment of 40 result 
ing clones (FIG. 13b) reveal a single region of highly 
conserved Sequence, Spanning nucleotides 15 to 50 of the 
original random-sequence domain. The base identity of 27 
nucleotides within this region were found to vary in three or 
fewer individuals. The most notable exceptions to this 
Sequence conservation are a T deletion between nucleotides 
39 and 45, and a T to G mutation that occurs at nucleotide 
28. In a related Selection experiment, active variants of CA3 
in which nucleotides 1 through 20 of the original random 
Sequence domain have been deleted were isolated. 
0075) The catalytic activity of the reselected CA3 pool 
improved by nearly 100-fold, with variant DNAS 1, 2 and 3 
(FIG. 13b) displaying k, values of 0.052 min', 0.033 
mini and 0.043 min', respectively. The uncatalyzed rate of 
DNA cleavage in the presence of Cut" was assessed by 
incubating 5'-P-labeled DNA oligomer (primer 3) under 
identical conditions. No Cu"-dependent cleavage of DNA 
was detected, even after a 2-week incubation at 23 C. The 
overall rate enhancement of the CA3 variants was estimated 
to be considerably greater than 10 fold compared to the 
uncatalyzed rate. Both CA3 and variant 1 likely proceed via 
the same DNA cleavage mechanism, as evident by their 
Similar catalytic cleavage patterns (FIG. 11). A synthetic 
87-nucleotide version of variant 1 that lacks the 3'-terminal 
primer-binding site remains active (k=0.02 min' for Clv 
1, 10 uM Cui"), while an inhibitory effect is observed with 
100 uM Cut". In addition, the self-cleavage activity of this 
truncated DNA has a pH optimum of 7.5, with no specific 
monovalent cation requirement. Sequential deletion of 
nucleotides from the 5' terminus of this DNA results in a 
progressive reduction in catalytic activity, with a 4-nucle 
otide deletion resulting in nearly complete loSS of function. 
0076. The isolation of a variety of self-cleaving DNAS 
with Cu"/ascorbate-dependence is consistent with an ear 
lier report (23) of site-specific cleavage of a single-stranded 
DNA under similar conditions. These results confirm that 
DNA is indeed capable of forming a variety of structures that 
promote chemical transformations. In addition, the catalytic 
rates for both classes of self-cleaving DNAS compare favor 
ably to those attained by other deoxyribozymes and by 
natural and artificial ribozymes. The finding that DNA is 
also able to perform self-cleavage with Cu" alone is unex 
pected, since the mechanism for the oxidative cleavage of 
DNA also requires a reducing agent Such as ascorbate or a 
thiol compound (38.39). 
0077. A number of chemical nucleases have been pre 
pared by others and examined for their potential as Site 
Specific DNA-cleaving agents. For example, 1,10-phenan 
throline and similar agents bind DNA, presumably via 
intercalation, and positions copper ions near the ribose 
phosphate backbone where formation of a reactive oxygen 
derivative favors cleavage of the DNA chain (39). Alterna 
tively, metal-binding ligands have been attached to oligo 
nucleotide probes, in order to construct highly-specific DNA 
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cleaving agents that recognize DNA by triple-helix forma 
tion (26). The catalytic DNAS described in this report likely 
replace the role of chemical nucleases by forming their own 
metal-binding pockets So as to promote region-specific 
Self-cleavage. In fact, the addition of 1,10-phenanthroline to 
a catalytic assay of a synthetic class II DNA actually inhibits 
catalytic function. The optimal Cut" concentration for the 
87-nucleotide DNA is ~10 uM, with catalytic activity drop 
ping significantly at both 1 and 100 uM Cut". The inhibitory 
effect of 1,10-phenanthroline might be due to the reduction 
in concentration of free Cut" upon formation of Cu"- 
phenanthroline complexes. 
0078 While not wishing to be bound to any theory, 
Several different mechanisms for the oxidative cleavage of 
class II DNAS seem possible. For example, the class II 
DNAS may simply Scavenge for trace amounts of copper and 
reducing agents that are present in the reaction buffer. 
Alternatively, these DNA molecules might make use of an 
internal chemical moiety as the initial electron donor. In 
each example, the catalytic DNAS could still cleave by an 
oxidative mechanism, but would at least appear to gain 
independence from an external Source of reducing agent. 
The importance of H2O in oxidative processes can be 
examined with catalase, an enzyme that efficiently promotes 
the dismutation of H2O molecules to yield water and 
molecular oxygen. The catalytic activity of a representative 
DNA from class II is completely inhibited upon the addition 
of catalase, consistent with the notion that H2O is a nec 
essary intermediate in an oxidative pathway for DNA cleav 
age. The catalytic rate of CA3 variants is greatly increased 
when incubated in the presence of added H2O. For 
example, the 87-nucleotide DNA can be made to cleave 
quantitatively at Clv 1 (k=1.5 min) in the presence of 10 
uM Cu" and 35 mM H.O. 
0079. It has not been determined whether trace amounts 
of HO, in water are used by the catalysts, or if the DNA can 
produce H2O in the absence of a reducing agent. It was 
found that preincubation of Separate Solutions of catalytic 
DNA in reaction buffer (minus Cut") and of aqueous Cui", 
followed by thermal denaturation of the catalase, results in 
full Self-cleavage activity upon mixing of the two Solutions. 
We also find that self-cleavage of the 87-nucleotide variant 
reaches a combined maximum (Clv 1+Clv 2) of 70%, 
regardless of the concentration of catalytic DNA present in 
the reaction. Similarly, preincubation of a reaction mixture 
with excess unlabeled catalyst (1 uM) followed by the 
addition of a trace amount of identical 5P-labeled cata 
lysts produces normal yields of labeled-DNA cleavage prod 
ucts. Finally, addition of fresh reaction buffer to a previ 
ously-incubated reaction mixture does not promote further 
DNA cleavage, as might be expected if limiting amounts of 
reducing agent were responsible for activity. 
0080 Certain constructs of the self-splicing ribozyme of 
Tetrahymena have been shown to catalyze the cleavage of 
DNA via a transesterification mechanism (19,33), and the 
ribozyme from RNase P has been found to cleave DNA by 
hydrolysis (31). Such ribozymes might also be made to serve 
as therapeutic DNA-cleaving agents, analogous to the func 
tion of RNA-cleaving “catalytic antisense ribozymes (9). 
The secondary-structure model of CA1 (FIG.12b) includes 
stretches of predicted base pairing both 5' and 3' to the 
primary cleavage Site, Suggesting that Substrate and 
enzyme domains can be separated. Likewise, preliminary 
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analysis of class II molecules reveals similar base comple 
mentation. It is expected that both class I and class II DNAS 
can be engineered to create catalytic DNAS that Specifically 
cleave DNA substrates with multiple turn-over kinetics. 

0081. In summary, two distinct classes of DNAS that 
promote their own cleavage have been isolated. One class 
requires copper and catalyzes the oxidative cleavage of 
DNA with a rate in excess of 1 million fold. Extensive 
regions of both classes of Self-cleaving DNAS are important 
for the formation of catalytic Structures, as implicated by 
Sequence conservation found with Selected individuals. 
These results support the view that DNA, despite the 
absence of ribose 2'-hydroxyl groups, has considerable 
potential to adopt higher-ordered Structures with functions 
that are Similar to ribozymes. 

Materials and Methods 

0082) Oligonucleotides 

0083 All synthetic DNAS were prepared by automated 
chemical Synthesis (Keck Biotechnology Resource Labora 
tory, Yale University). The starting pool is composed of 
DNAS that carry a 5'-terminal biotin moiety and a central 
domain of 50 random-sequence nucleotides. Primer 3 is an 
analogue of primer 1 (FIG. 13b) that contains a 3'-terminal 
ribonucleoside. Primer 4 is the nonbiotinylated version of 
primer 2 (FIG. 13b). Primer 5 is the 5'-biotinylated form of 
primer 1. 

0084) 
0085. A total of 40 pmoles of pool DNA in 40 ul buffer 
A (50 mM HEPES, pH 7.0 at 23° C., 0.5 M NaCl, 0.5 M 
KCl) was loaded on two streptavidin-matrix columns 
(Affinitip Strep20, Genosys Biotechnologies) and incubated 
for ~5 min. Unbound DNAS were subsequently removed 
from each column by pre-elution with 500 ul of buffer A, 
then by 500 ul 0.2N NaOH, and the resulting matrix-bound 
DNAS were equilibrated with 500 ul buffer A. Catalytic 
DNAS were eluted with three successive 20-ul aliquots of 
buffer B (buffer A, 100 uM CuCl2, 100 uMascorbate) for 
rounds 1-3, or buffer C (buffer A, 10 uM CuCl2, 10 uM 
ascorbate) for rounds 4-8. Eluate from each column was 
combined with 120 til 4 mM EDTA and 40 pmoles each of 
primers 1 and 2. Selected DNAS and added primers were 
recovered by precipitation with ethanol and amplified by 
PCR a 200 ul reaction containing 0.05 U ul-1 Taq poly 
merase, 50 mM KCl, 1.5 mM MgCl, 10 mM Tris-HCl (pH 
8.3 at 23° C), 0.01% gelatin, and 0.2 mM each dNTP for 25 
cycles of 10 sec at 92 C., 10 sec at 50° C. and 30 sec at 72 
C. The 5'-terminal region of each cleaved DNA, including 
the biotin moiety, was reintroduced at this stage. Subsequent 
rounds were performed by immobilizing 20 pmoles of pool 
DNA on a single streptavidin column and selected DNAS 
were amplified in a 100 ul reaction for 10 to 20 temperature 
cycles. Steps II-IV (FIG. 13) were repeated until the popu 
lation displayed the desired catalytic activity, at which time 
the pool was PCR amplified with primers 1 and 3, cloned 
(Original TA Cloning Kit, Invitrogen) and Sequenced 
(Sequenase 2.0 DNA Sequencing Kit, U. S. Biochemicals). 
Reselections with CA1 and CA3 were initiated with 20 
pmoles synthetic DNA. This is expected to offer near 
comprehensive representation of all Sequence variants with 
Seven or fewer mutations relative to wild type. 

In vitro Selection 
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0086) Catalytic Assays 
0087 5'--P-labeled precursor DNA was prepared by 
PCR-amplifying double-stranded DNA populations or plas 
mid DNA using 5'--P-labeled primer 4 and either primer 5 
or primer 3. The antisense strand is removed either by 
binding the biotinylated Strand to a Streptavidin matrix 
(primer 5) or by alkaline cleavage of the RNA phosphodi 
ester-containing strand, followed by PAGE purification 
(primer 3). DNA self-cleavage assays (~5 nM 5P-labeled 
precursor DNA) were conducted at 23° C. in buffer A, with 
cofactors added as detailed for each experiment. For both in 
Vitro Selection and for assays, reaction buffers that contained 
ascorbate were prepared just prior to use. Self-cleavage 
assays conducted with catalase (bovine liver, Sigma) con 
tained 50 mM HEPES (pH 7.0 at 23° C), 50 mM NaCI, 10 
luM CuCl2, and 0.5 U?ul catalase, and were incubated at 
room temperature for 20 min. Catalase activity was 
destroyed by heating at 90° C. for 5 min. Products were 
Separated by denaturing (8 M urea) polyacrylamide gel 
electrophoresis (PAGE) using a 10% gel and visualized by 
autoradiography or Visualized and quantitated by Phospho 
rImager (Molecular Dynamics). 
0088 Cleavage Product Analysis 
0089. Primary cleavage sites for CA1 and CA3 were 
identified by incubating 5P-labeled precursor DNA in 
buffer C and assessing the gel mobility of the 5'-terminal 
cleavage fragments by analysis using a denaturing 20% 
PAGE as compared to a series of 5°P-labeled synthetic 
DNAS that correspond in sequence to the 5' terminus of the 
precursor DNAS. Products resulting from sission at Clv 2 
were analyzed by denaturing 6% PAGE. 
0090 Kinetic Analysis 
0.091 Catalytic rates were obtained by plotting the frac 
tion of precursor DNA cleaved versus time and establishing 
the slope of the curve that represents the initial velocity of 
the reaction as determined by a least-Squares fit to the data. 
Kinetic assays were conducted in buffer C or in buffer Aplus 
10 uM CuCl as indicated for each experiment. Rates 
obtained from replicate experiments differed by less than 
two fold and the values reported are averages of at least two 
analyses. 

Example 3 

0092. This example describes a DNA structure that can 
cleave single-Stranded DNA Substrates in the presence of 
ionic copper. This deoxyribozyme can Self-cleave, or it can 
operate as a bimolecular complex that Simultaneously makes 
use of dupleX and triplex interactions to bind and cleave 
separate DNA substrates. DNA strand scission proceeds 
with a k, of 0.2 min', a rate that is ~10'-fold faster than 
the uncatalyzed rate of DNA phosphoester hydrolysis. The 
duplex and triplex recognition domains can be altered, 
making possible the targeted cleavage of Single-Stranded 
DNAS with different nucleotide sequences. Several small 
synthetic DNAS were made to function as simple restriction 
enzymes for the Site-specific cleavage of Single-Stranded 
DNA 

0093. A Minimal Cut"-Dependent Self-cleaving DNA. In 
Example 2, a variety of self-cleaving DNAS were isolated by 
in Vitro Selection from a pool of random-Sequence DNAS. 
Most individual DNAS that were isolated after eight rounds 
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(G8) of selection conformed to two distinct classes, based on 
Similarities of nucleotide Sequence and DNA cleavage pat 
terns. Although individual DNAS from both class I and class 
II require Cut" and ascorbate for full activity, the G8 DNA 
population displays weak Self-cleavage activity in the pres 
ence of Cut" alone. A representative class II DNA termed 
CA3 was further optimized for ascorbate-independent activ 
ity by applying in vitro Selection to a DNA pool that was 
composed of mutagenized CA3 individuals. The Sequence 
data from this artificial phylogeny of DNAS indicates that as 
many as 27 nucleotides, most of them located near the 3' 
terminus of the molecule, are important for Self-cleavage 
activity. 
0094. Beginning with the original G7 DNA population, 
an additional Six rounds of in vitro Selection was carried out 
for DNAS that self-cleave in the presence of 10 uM Cu", 
without added reducing agent. Analysis of the G13 popula 
tion of DNAS revealed robust self-cleavage activity, dem 
onstrating that catalytic DNAS can promote efficient cleav 
age of DNA using only a divalent metal cofactor. The G13 
population displays the same cleavage pattern that was 
observed with individual class II DNAS, indicating that class 
II-like DNAS dominate the final DNA pool. 
0.095 A total of 27 individual DNAS from G13 were 
Sequenced and, without exception, each carried a 21-nucle 
otide Sequence domain that largely conformed to the con 
Sensus Sequence that was used previously to define class II 
self-cleaving DNAs. Although individuals that have a 
strictly conserved core (spanning nucleotides 11 to 31, FIG. 
14A) dominate the G13 pool, two common variations from 
this consensus Sequence include a C to T mutation at 
position 17 (6 of 28 individuals) or the presence of six 
Successive T's instead of five in the region Spanning nucle 
otides 21 to 25 (4 of 27 individuals). However, significant 
differences in nucleotide Sequence were found to occur 
outside this conserved domain, indicating that large portions 
of the class II deoxyribozymes isolated may not be neces 
sary for catalytic activity. Indeed, three individual DNAS 
were found to have undergone deletions of 16, 19, and 20 
nucleotides within the 50-nucleotide domain that was ran 
domized in the original Starting pool. The predicted Second 
ary structure for the 19-nucleotide deletion mutant (69 mer 
DNA, FIG. 14A), obtained by the Zucker DNA mfold 
program (33.50; the DNA mfold server can be accessed on 
the internet at www.ibc.wust 1.edu/~Zuker/dna/form1.cgi.), 
indicates the presence of three base-paired regions, two 
involve pairing between the original random-Sequence 
domain and the Substrate domain, and one that involves 
putative base-pairing of nucleotides that lie within the 
conserved-Sequence region. A Synthetic DNA corresponding 
to the 69-mer depicted in FIG. 14A undergoes Cu"-depen 
dent Self-cleavage at two locations with a combined catalytic 
rate of approximately 0.3 min' under the conditions used 
for in vitro selection (see Materials and Methods below for 
additional discussion on catalytic rates). 
0096. Whether the two pairing regions of the 69-mer that 

lie within the variable-Sequence region could be replaced by 
a Smaller Stem-loop Structure was tested by Synthesizing a 
46-mer DNA, in which 26 nucleotides of this imperfect 
hairpin were replaced by the trinucleotide loop GAA (FIG. 
14B). As expected, the truncated 46 mer DNA retains full 
catalytic activity, thereby confirming that the deleted nucle 
otides are not essential for deoxyribozyme function. This 



US 2005/0176O17 A1 

46-nucleotide deoxyribozyme is predicted to adopt a pistol 
like secondary structure (FIG. 14B) composed of two base 
paired structural elements (stems I and II) flanked by regions 
of single-stranded DNA. The primary site of DNA cleavage 
is located at position 14 which resides within one of the 
putative Stem Structures of the 46 mer. The catalyst also 
promotes DNA cleavage within a region located apart from 
the main cleavage Site (Example 2), as might be expected for 
a deoxyribozyme that makes use of an oxidative cleavage 
mechanism (22). 
0097 Bimolecular Deoxyribozyme Complexes: Sub 
strate Recognition by Duplex and Triplex Formation. Sepa 
rate substrate and “catalyst DNAS can be created from the 
46 mer by eliminating the connecting loop of stem I (FIG. 
14B). Active bimolecular complexes then can be reconsti 
tuted by combining independently prepared Substrate and 
catalyst DNAS. Both the unimolecular 46 mer and the 
bimolecular complexes examined cleave with identical 
rates, promoting primary-Site cleavage with a kit of 
approximately 0.2 min. The importance of stem I was 
confirmed (FIG. 15A) by synthesizing different catalyst 
DNAS (c1, c2 and c3) and assessing their ability to cleave 
different Substrate molecules (S1, S2 and S3). For example, 
c1 displays activity with its corresponding Substrate (S1), but 
not when the non-complementary substrate DNAS S2 or s3 
are Substituted. Likewise, c2 and c3 only cleave their 
corresponding Substrate DNAS S2 and S3, respectively. 
Extending Stem I to create a more Stable interaction was also 
found to confer greater binding affinity between Substrate 
and catalyst oligonucleotides. These data indicate that base 
pairing interactions that constitute Stem I are an essential 
determinant for catalyst/Substrate recognition. 
0.098 Stem II was examined by a similar approach using 
mutant versions of the 46 mer self-cleaving DNA. A series 
of variant deoxyribozymes with one or two mutations 
included in the putative Stem II Structure were Synthesized 
and assayed for catalytic activity (FIG. 15B). Disruption of 
the original C35-G43 base pair in stem II, either by mutation 
of C to G at position 35 or mutation of G to C at position 43, 
results in a Substantial loSS of activity. Cleavage activity is 
partially restored when these mutations are combined in the 
same molecule to produce a G35-C43 base pair. These 
results are consistent with the Stem-loop Structure modeled 
in FIG. 14. Additional support for the presence of stem II 
was found upon Sequence analysis of the deoxyribozymes 
that are present in the original in vitro-Selected pool of 
DNAs. A single self-cleaving DNA was found with a core 
Sequence that differS Significantly from that of the most 
frequently represented deoxyribozyme. Nucleotides 38-40 
of the more common 46 mer Sequence are replaced in the 
variant deoxyribozyme with the nucleotides 5'-CTGGGG. 
This alternative Sequence extends Stem II by a single C-G 
base pair, consistent with the formation of the predicted 
Stem-loop Structure. 
0099 Although the existence of stem II is supported by 
the data derived from mutational analysis, the fact that total 
restoration of deoxyribozyme activity was not achieved with 
restoration of base complementation indicates that the iden 
tities of the base pairs in this structural element are important 
for maximal catalytic function. Moreover, it was found that 
mutation or deletion of nucleotides 1-7 of the 46 mer result 
in a dramatic loSS of DNA cleavage activity. It was recog 
nized that nucleotides 4-7 within this essential region of the 
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Substrate form a polypyrimidine tract that is complementary 
to the paired Sequence of Stem II for the formation of a 
YR*Y DNA triple helix (14). 
0100. To examine the possibility of triplex formation in 
the active structure of the deoxyribozyme, we modified both 
the base pairing sequence of stem II (c4) and the Sequence 
of the polypyrimidine tract of the substrate (S4) to alter the 
Specificity, yet retain the potential for forming four contigu 
ous base triples (FIG. 16). The c4 variant DNA cleaves its 
corresponding S4DNA substrate, but shows no activity with 
a Substrate that carries the original polypyrimidine Sequence. 
It was found that even single mutations within stem II (e.g., 
FIG. 15B) or single mutations within the poly-pyrimidine 
tract cause significant reductions in catalytic activity. How 
ever, the introduction of Six mutations in a manner that is 
consistent with triplex formation results in a variant (c4/s4) 
complex that displays full DNA cleavage activity. This is the 
first example of a catalytic polynucleotide, natural or arti 
ficial, that makes use of an extended triple helix for the 
formation of its active structure (43). 
0101 Targeted Cleavage of DNA “Restriction Sites’ with 
Deoxyribozymes. The results described above demonstrate 
that class II deoxyribozymes identify substrate DNAS by 
Simultaneously utilizing two distinct recognition domains 
that are formed Separately by Stems I and II. These Structures 
might be further exploited as recognition elements to engi 
neer deoxyribozymes that selectively cleave DNAS at dif 
ferent target sites. To demonstrate this capability, a 101 
nucleotide DNA that carries three identical leader 
Sequences, each followed by different Stem I recognition 
sequences was synthesized (FIG. 17A). Three catalyst 
DNAS (c1, c3 and c7) each were designed to be uniquely 
complementary to one of the three target Sites. When incu 
bated separately with 101 mer substrate, DNAS c3 and c7 
cleave eXclusively at their corresponding target Sites, while 
c1 cleaves at its intended Site and also to a lesser extent at 
the c3 cleavage site (FIG. 17B). The cross reactivity 
observed with c1 can be explained by examining the base 
pairing potential of Stem I. Of the Six nucleotides in the c1 
recognition Sequence, four can form Standard base pairs, 
while the remaining two form G-T wobble pairs. The 
contribution of both dupleX and triplex recognition elements 
presumably allows for detectable cleavage activity at this 
Secondary location. 

0102) The triplex interaction that is defined by the base 
pairing Sequence of Stem II can also be exploited to target 
specific DNA substrates. We designed three new catalyst 
DNAS (c9, c10 and c11) that carry identical stem I pairing 
Subdomains, but that have expanded and unique Stem II 
subdomains (FIG. 17C). When incubated separately with a 
100-nucleotide DNA that carries three uniquely complemen 
tary polypyrimidine tracts, each catalyst DNA cleaves its 
corresponding target Site with a rate that corresponds well 
with that found for the original self-cleaving DNA. In this 
example, Substrate Selectivity is determined almost entirely 
by triplex formation, despite the presence of identical and 
extensive base complementation (stem I) between catalyst 
and Substrate molecules. 

0.103 Although DNA cleavage catalyzed by the deoxyri 
bozyme is focused within the Substrate domain, Substantial 
(~30%) cleavage occurs within the conserved core of the 
catalyst Strand. This collateral damage causes inactivation of 
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the deoxyribozyme and, as a result, Super-Stoichiometric 
amounts of catalyst DNA are needed to assure quantitative 
cleavage of DNA substrate. Cleavage of the substrate Sub 
domain proceeds more rapidly than does cleavage within the 
catalytic core. In the presence of exceSS c1, S1 is cleaved at 
a rate of approximately 0.2 min' (reaction buffer containing 
30 uM CuCl2), reaching a plateau of 80% cleaved after 20 
min. In contrast, cleavage of c1 in the presence of exceSSS1 
proceeds more than 2-fold Slower, consistent with our earlier 
report that the ratio of Self-cleavage localized in the Sub 
Strate domain to Self-cleavage in the catalytic core gives a 
ratio of 2:1. It was established that, barring inactivation by 
miscleavage, the catalyst Strand can undergo multiple turn 
OVC. 

0104 Cleaving Double-stranded DNA by Thermocy 
cling. Class II catalyst DNAS are not able to cleave target 
DNAS when they reside within a duplex. The catalyst DNA, 
with its short recognition Sequence, presumably cannot 
displace the longer and more tightly-bound complementary 
Strand of the target in order to gain access to the cleavage 
Site. It was found that an effective means for Specific 
cleavage of one Strand of an extended DNA duplex makes 
use of repetitive cycles of thermal denaturation and rean 
nealing. For example, c3 remains inactive against a double 
Stranded DNA target in the absence of thermal cycling, but 
efficiently cleaves the same DNA substrate upon repeated 
heating and cooling cycles. Cleavage of the radiolabeled 
target is quantitative after 6 thermal cycles. DNA cleavage 
by class II DNAS occurs within the base-pairing region 
corresponding to Stem I, presumably when this region is in 
double-helical form. This, coupled with the observation of 
Substrate recognition by triplex formation, Suggests that 
different DNA enzymes might be engineered to cleave 
duplex DNA substrates without the need for thermal dena 
turation. Such deoxyribozyme activity would be similar to 
that performed by a number of triplex-forming oligonucle 
otides that have been engineered to bind and cleave duplex 
DNA using a chemically-tethered metal complex Such as 
Fe-EDTA (24-27). 
0105 Conclusions. In its unimolecular arrangement, the 
class II deoxyribozyme could be used to confer the capacity 
for self-destruction to an otherwise stable DNA construct. In 
its bimolecular form, the deoxyribozyme can act as an 
artificial restriction enzyme for Single-Stranded DNA, 
whereas protein-based nucleases that cleave non-duplex 
DNA do not demonstrate Significant Sequence Specificity. It 
is likely that Ymaximal discrimination by class II catalysts 
between closely related target Sequences can be achieved 
through careful design of the dupleX and triplex recognition 
domains. This is expected to eliminate the croSS reactivity 
that was observed here. Although the role of most nucle 
otides within the Substrate domain are involved in Substrate 
recognition, the importance of each nucleotide within the 
leader Sequence has yet to be fully delineated. However, 
guided by the basic rules of duplex and triplex formation, 
one W3can now engineer highly-specific deoxyribozymes 
that can catalyze the cleavage of Single-Stranded DNA at 
defined locations along a polynucleotide chain. 

Materials and Methods 

0106 Oligonucleotides 
0107 Synthetic DNAS were prepared by automated 
chemical Synthesis (Keck Biotechnology Resource Labora 
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tory, Yale University), and were purified by denaturing (8M 
urea) polyacrylamide gel electrophoresis (PAGE) prior to 
use. Double-stranded 101 mer DNA was prepared by the 
polymerase chain reaction (PCR) as described in Example 2 
using the primer DNAS 5'-P-GTCGACCTGC 
GAGCTCGA, (SEQ ID NO: 51) 5'GTAGATCG 
TAAAGCTTCG (SEQ ID NO: 52) and the 101 mer DNA 
oligomer (FIG. 17A) as template. 
0108) 
0109 Optimization of class II self-cleaving DNAS was 
achieved by in vitro Selection essentially as described In 
Example 2 using a reaction mixture for DNA cleavage 
composed of 50 mM HEPES (pH 7.0 at 23° C), 0.5 M NaCl, 
0.5 M KCl (buffer A), and that included 10 uM CUC1. The 
selection process was initiated with 20 pmoles G7 PCR 
DNA in which the 5' terminus of each catalyst strand carried 
a biotin moiety, thereby allowing DNA from this and Sub 
Sequent generations to be immobilized on a Streptavidin 
derivatized chromatographic matrix. Reaction time was 15 
min. for immobilized DNA from G8-G10 and 12, 7 and 5 
min. for the G11-G13 DNA populations, respectively. Indi 
vidual self-cleaving DNAS from G13 were analyzed by 
cloning (Original TA Cloning Kit, Invitrogen) and Sequenc 
ing (Sequenase 2.0 DNA Sequencing Kit, U.S. Biochemi 
cals). 
0110 DNA Cleavage Assays 
0.111) To assess the DNA cleavage activity of self-cleav 
ing molecules, radiolabeled precursor DNA was prepared by 
enzymatically tagging the 5' terminus of Synthetic DNAS in 
a reaction containing 25 mM CHES (pH 9.0 at 23° C), 5 
mM MgCl, 3 mM DTT, 1 uM DNA, 1.2 uM (y-P)-ATP 
(~130 uCi), and 1 U?ul T4 polynucleotide kinase, which 
was incubated at 37° C. for 1 hr. The resulting 5'P-labeled 
DNA was isolated by denaturing PAGE and recovered from 
the gel matrix by crush-soaking in 10 mM Tris-HCl (pH 7.5 
at 23° C), 0.2 M NaCl, and 1 mM EDTA. The recovered 
DNA was concentrated by precipitation with ethanol and 
resuspended in deionized water (Milli-Q, Millipore). Self 
cleavage assays using trace amounts of radiolabeled precur 
sor DNA (~100 p.M) were conducted at 23° C. in buffer A 
containing CuCl as indicated for each experiment. Exami 
nations of the DNA cleavage activity of bimolecular com 
plexes were conducted under Similar conditions using trace 
amounts of of 5'P-labeled “substrate DNA. Cleavage 
products were separated by denaturing PAGE, imaged by 
autoradiography or by Phosphorimager (Molecular Dynam 
ics) and product yields were determined by quantitation 
(ImageOuant) of the corresponding precursor and product 
bands. 

0112 Kinetic Analyses 
0113 Catalytic rates were estimated by plotting the frac 
tion of precursor or substrate DNA cleaved versus time and 
establishing the slope of the curve that represents the initial 
Velocity of the reaction as determined by a least-Squares fit 
to the data. Upon close examination, DNA cleavage in both 
the Substrate and enzyme domains displayed a brief lag 
phase that complicates the determination of the initial cleav 
age rate. In order to avoid the lag phase, the initial Slope was 
calculated only using data collected after the reaction had 
proceeded for 1 min. Rates obtained from replicate experi 
ments differed by less than 50% and the values reported are 
averages of at least three analyses. 

In vitro Selection 
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Example 4 

0114. The in vitro selection of a catalytic DNA that uses 
histidine as the active component for an RNA cleavage 
reaction is described in this example. An optimized deox 
yribozyme only binds to L-histidine or to several closely 
related analogues and Subsequently catalyzes RNA phos 
phoester cleavage with a rate enhancement of ~10-million 
fold over the uncatalyzed rate. While not wishing to be 
bound to any theory, the DNA-histidine complex apparently 
performs a reaction that is analogous to the first Step of the 
catalytic mechanism of RNase A, in which the imidazole 
group of histidine acts as a general base catalyst. 
0115 The class of deoxyribozymes that catalyze the 
cleavage of an RNA phosphoester bond using the amino acid 
histidine as a cofactor described herein is depicted in FIG. 
18a. To assure that metal-dependent deoxyribozymes were 
not recovered from the random-Sequence pool of DNAS, the 
divalent metal-chelating agent ethylenedimainetetraacetic 
acid (EDTA) was included in a reaction mixture that was 
buffered with 50 mM histidine (pH 7.5). After 11 rounds of 
selective amplification, the DNA pool displayed RNA phos 
phoester-cleaving activity, both under in vitro Selection 
conditions, and in a reaction buffer containing HEPES (50 
mM, pH 7.5) in place of histidine. Individual molecules 
cloned from the final DNA pool were grouped into one of 
four sequence classes (FIG. 19b), and representative clones 
were tested for catalytic activity. Only class II DNAS dem 
onstrate complete dependence on histidine while the remain 
ing classes appear to operate independently of any metalion 
or Small organic cofactor. 
0116. The catalytic rate for the original class II deoxyri 
bozyme was 1000-fold slower (k=1.5x10 min) than 
most natural Self-cleaving ribozymes (44). As a result, 
further optimization of catalytic activity was Sought in order 
to provide an artificial phylogeny of variant catalysts for 
comparative Sequence analysis. A new DNA pool was pre 
pared based on the Sequence of class II deoxyribozymes, 
Such that the 39 nucleotides corresponding to the original 
random-Sequence domain were mutagenized with a degen 
eracy of 0.21 (6). Beginning with a mutagenized pool that 
sampled all possible variant DNAS with seven or fewer 
mutations relative to the original class II Sequence, parallel 
reselection was conducted using reaction Solutions buffered 
with either 50 mM histidine, or with 5 mM histidine and 50 
mM HEPES. Individual DNAS isolated from the populations 
resulting from five rounds of reselection are more active 
than the original class II deoxyribozyme, and show specific 
patterns of conserved Sequences and mutation acquisition 
(FIG. 19a). 
0117. It was speculated that engineered pairing element i 
included in the original DNA construct (FIG. 18a) was 
being utilized by class II deoxyribozymes. In contrast, it was 
recognized that a conserved-Sequence domain near the 3' 
end of the core (FIG. 19a, nucleotides 32-36) was identical 
to pairing element ii. Considering these observations, 
individual deoxyribozymes HD1 and HD2 were designed to 
operate as separate Substrate and enzyme domains (FIG. 
19b). Specificity for the substrate oligonucleotide is defined 
by the Watson/Crick base complementation between the 
Substrate and the two pairing arms of the enzyme domain. 
Class II deoxyribozymes have an absolute requirement for 
histidine as show by the activity of the bimolecular HD1 
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construct to “caged histidine delivered in the form of 
dipeptides, and to free amino acids that were liberated from 
each dipeptide by acid hydrolysis (FIG. 16a). In addition, 
HD1 accepts L-, but not D-histidine as a cofactor. However, 
Samples of D-histidine become active upon treatment with 
HCl in accordance with the accelerated rate of interconver 
Sion between the two isomeric forms in acidic conditions 
(11). 
0118. A larger panel of histidine analogues were exam 
ined (Fogire 16b) in order to more carefully examine the 
chemical groups of histidine that are important for catalytic 
activity and to rule out the possibility that catalysis might be 
due to a contamination of a metal ion cofactor. HD1 dis 
criminates against a variety of histidine analogues, but 
shows full activity with the methyl ester of L-histidine (FIG. 
16c). Both the 1-methyl- and 3-methyl-L-histidine ana 
logues do not Support HD1 activity, indicating that the 
imidazole ring of histidine is important for deoxyribozyme 
function. AS expected, HD2 has a similar pattern of cofactor 
discrimination (Table 2). Both catalysts show stereospecific 
recognition of histidine, and make use of interactions with 
the C-amino group, with both carboxyl oxygens, and with 
the imidazole group in order to attain maximize cofactor 
binding. Although a number of analogues cannot Support 
deoxyribozyme activity, no compounds function as competi 
tive inhibitors, indicating that their inactivity is due to the 
failure to bind the deoxyribozyme. 

TABLE 2 

Relative k values for HD2 in the presence of 25 mM L-histidine 
and various analogues (k, for L-histidine = 0.11 min'). 

relative fold 
cofactor kobs discrimination 

L-histidine 1. 
L-histidine methyl ester O.93 1.1 
L-histidine benzyl ester O.76 1.3 
C.-methyl-DL-histidine O.O41 24 
histidinamide O.O25 40 
glycyl-histidine O.OO6 170 
histidinol O.OO3 330 
3-methyl-L-histidine O.OO2 500 
D-histidine O.OO1 1OOO 
1-methyl-L-histidine <10 >1000 

0119) The rate constant for HD2-promoted catalysis (k, 
of 0.2 min, 50 mM histidine) is similar to that of natural 
Self-cleaving ribozymes and corresponds to a rate enhance 
ment of 10 million fold over the uncatalyzed reaction (k 
<10 min' under in vitro selection conditions). The depen 
dence of the rate constant on histidine concentration is 
characteristic of the presence of a Saturable binding Site for 
histidine, although neither HD2 nor HD1 reach saturation 
even at 100 mM concentration of cofactor. The established 
Specificity for particular cofactors, however, indicates that 
both catalysts do indeed form a histidine binding site. HD2 
demonstrates greater activity with lower histidine concen 
trations, perhaps reflecting a greater binding affinity for 
histidine as would be expected due to its isolation from a 
low-histidine Selection regiment. 
0120) The pH-dependent activity profile for HD2 also 
implicates histidine as an integral component of the catalytic 
process (FIG. 21b). The rate constant of HD2 is entirely 
independent of pH between the values 7 and 9. However, the 
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activity of this enzyme drops precipitously at pH values that 
lie outside this optimum range. Most revealing is the 
response of HD2 to low pH conditions. The k values 
increase linearly with increasing pH between pH 4.5 and 5.5, 
giving a slope of approximately 1. This result is expected if 
the protonation State of a Single functional group determined 
the catalytic rate. Moreover, a rate constant that is half the 
maximum value is obtained at pH 6, where this chemical 
group will be half deprotonated. This value corresponds 
precisely with the pK for the imidazole group of free 
histidine. Taken together, these results are consistent with a 
mechanism whereby the imidazole group Serves as a general 
base catalyst for the deprotonation of the 2'-hydroxyl group, 
thereby activating the oxygen for nucleophilic attack on the 
neighboring phosphorus atom. 

0121 The loss of catalytic activity at higher pH values is 
not expected to be due to the protonation State of histidine, 
unless the pKa of the imidazole group of a putative Second 
histidine cofactor is dramatically shifted from its normal 
value. The B-amino group of histidine, which has a pKa of 
greater than 9, conceivably could be involved in catalysis as 
well. However, it is expected to find a loss of activity with 
pH values in excess of 9 or less than 4.5 due to the 
Significant level of deprotonation of T and G residues or 
protonation of C and A residues, respectively. 

0.122 Histidine was chosen as a candidate cofactor 
because of the potential for the imidazole Side chain to 
function in both general acid and general base catalysis near 
neutral pH. This property is neither inherent to the four 
Standard nucleotides of RNA nor to the remaining natural 
amino acids. As a consequence, histidine is one of the 
most-frequently used amino acids in the active sites of 
protein enzymes. For example, two active-site histidines are 
essential for the function of ribonuclease A from bovine 
pancreas, where both of these capacities are used to accel 
erate RNA cleavage. Although RNase A has long Served as 
a model for the Study of enzyme action, the Specific roles 
that each active-site reside play in the catalytic process are 
still vigorously debated (31). The classical view holds that 
the histidine at position 12 acts as a general base for the 
deprotonation of the 2' hydroxyl, while the histidine at 
position 119 acts as a general acid and protonates the 5' 
oxyanion leaving group. Breslow and others (25.47) have 
proposed that the role for histidine 119 instead may be to 
protonate the phosphorane intermediate, thereby implicating 
general acid catalysis by the imidazole group as a priority 
Step during the catalytic process. The data described herein 
indicate that the histidine cofactor for class II deoxyri 
bozymes is not involved in a protonation Step, but is 
functioning exclusively as a general base catalyst. 

0123. In comparison to proteins, the more repetitive 
nature of monomeric units that make up nucleic acids limits 
both the formation of fine structure in folded polynucle 
otides and the chemical reactivity of RNA and DNA. The 
fact that a nucleic acid enzyme can co-opt one of the favorite 
chemical units of protein-based enzymes Supports the notion 
that RNA could rally its limited structure-forming potential 
and, using the catalytic tools of modern protein enzymes, 
could produce and maintain a complex metabolic State. 
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Materials and Methods 

0.124. In vitro Selection and Reselection 
0.125. In vitro selection was carried out essentially as 
described previously (5,747). The initial DNA pool was 
prepared by PCR amplification of the template 
5'-CTAATACGACTCACTATAGGAAGAGATG 
GCGACATCTC (N), GTGAGGTTGGTGTGGTTG (SEQ 
ID NOs: 53 and 54) (50 pmoles; N an equal probability of 
occurrence of the four nucleotides) in a 500-ul PCR reac 
tion containing 400 pmoles of primer B2, 5'-biotin-GAAT 
TCTAATACGACTCACTATrA (SEQ ID NO: 55), and 400 
pmoles of primer 1, 5'-CAACCACACCAACCTCAC (SEQ 
ID NO:56), with 4 thermocycles of 94° C. (15 sec), 50° C. 
(30 sec), and 72 C. (30 sec). PCR reaction mixture was 
prepared as described previously (16). Amplified DNA was 
precipitated with ethanol, resuspended in binding buffer (50 
mM HEPES (pH 7.5 at 23° C), 0.5 MNaCl, 0.5 M KC1, and 
0.5 mM EDTA), and the solution was passed through a 
Streptavidin-derivatized affinity matrix to generate inunobi 
lized single-stranded DNA'. The matrix displaying the pool 
DNA was repeatedly washed with binding buffer (1.5 mL 
over 30 min), and subsequently eluted over the course of 1 
hr with three 20-uIl aliquots of reaction buffer in which 
HEPES was replaced with 50 mM histidine (pH 7.5, 23°C). 
In rounds 8-11, reaction time was reduced to 25-15 min to 
favor those molecules that cleave more efficiently. Selected 
DNAS were preciptitated with ethanol and amplified by PCR 
using primer 1 and primer 2, 5'-GAATTCTAATACGACT 
CACTATAGGAAGAGATGGCGAC (SEQ ID NO:57), and 
the resulting PCR was reamplified as described above to 
reintroduce the biotin and embedded ribonucleotide moi 
eties. 

0.126 Reselection of the class II deoxyribozyme was 
initiated with a pool of 10' DNAs, each carrying a 
39-nucleotide core that had been mutagenized with a degen 
eracy of 0.21 per position. Similarly, HD2 reselection was 
conducted with an initial pool in which 26 nucleotides was 
mutagenized to a degeneracy of 0.33 per position. Individual 
from the final Selected pools were analyzed by cloning and 
Sequencing. The DNA pools were prepared for this process 
by PCR amplification using primer 2 in place of primer B2. 
DNA populations and individual precursor DNAS were 
prepared for assays as described previously (7). 
0127 Deoxyribozyme Catalysis Assays 
0128. All catalytic assays were conducted in the presence 
of 0.5 M NaCl, 0.5 M KCl, 0.5 mM EDTA. Single turn-over 
assays contained a trace amount (~50 nM) Substrate oligo 
nucleotide and an excess (1-10 uM) DNA catalyst as 
described for each assay. The cofactor used was L-histidine 
unless otherwise Stated. Reactions were terminated by addi 
tion to an equal Volume of a Solution containing 95% 
formamide, 0.05% xylene cyanol, and 0.05% bromophenyl 
blue and Stored on ice prior to gel electrophoresis. Termi 
nation buffers containing both urea and EDTA were inca 
pable of completely terminating deoxyribozyme activity. 
0.129 Caged histidine experiments were conducted with 
intact dipeptides or with a concentration of hydrolyzed 
dipeptide products. Hydrolysis of dipeptides was achieved 
by incubating Solutions containing 100 mM dipeptide and 6 
N HCl in a sealed tube at 115° C. for 23 hr. Samples were 
evaporated in vacuo, coevaporated with deionized water, 
and the resuspended Samples were adjusted to neutral pH 
prior to use. 
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0130 Catalytic rate constants (k) either were deter 
mined by determining the initial velocity of the reaction (16) 
or by plotting the natural log of the fraction Substrate 
remaining over time, where the negative slope of the line 
obtained over Several half lives represents k. The uncata 
lyzed rate was determined by incubating a trace amount of 
5P-labeled substrate under reaction conditions in the 
absence of deoxyribozyme at 23° C. or at -20° C. for 21 
dayS. Comparative analysis of RNA phosphoester cleavage 
indicates that the rate constant for uncatalyzed RNA cleav 
age in the presence of histidine does not exceed the Speed of 
Substrate degradation due to radiolysis. It is expected that the 
maximum uncatalyzed rate for cleavage of the embedded 
RNA linkage does not exceed 10 min. This value is 
~10-fold lower than the value obtained in the presence of 1 
mM Mg (7). 
0131 The above description is for the purpose of teach 
ing the perSon of ordinary skill in the art how to practice the 
present invention, and it is not intended to detail all those 
obvious modifications and variations of it which will 
become apparent to the skilled worker upon reading the 
description. It is intended, however, that all Such obvious 
modifications and variations be included within the Scope of 
the present invention, which is defined by the following 
claims. The claims are intended to cover the claimed com 
ponents and Steps in any Sequence which is effective to meet 
the objectives there intended, unless the context specifically 
indicates the contrary. 
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-continued 

ggcgaccCug alugaggc.cga aaggcc.galaa C ggu 

<210> SEQ ID NO 3 
&2 11s LENGTH 56 
&212> TYPE RNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<223> OTHER INFORMATION: H2 ribozyme 

<400 SEQUENCE: 3 

ggcgaaagcc ggg.cgacCCu gaugaggc.cg aaaggcc gala acgguagcga gag cuc 

<210> SEQ ID NO 4 
&2 11s LENGTH 80 
&212> TYPE RNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
<223> OTHER INFORMATION: H3 ribozyme 

<400 SEQUENCE: 4 

ggcgaaagcc ggg.cgacCCu gaugaguugg gaagaaacug lugg Cacuucg 

gugC Cagcaa C gaaacggua gcdagagcuc 

<210 SEQ ID NO 5 
&2 11s LENGTH 89 
&212> TYPE RNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: H6 ribozyme 

<400 SEQUENCE: 5 

ggcgaaagcc ggg.cgacCCu gaugaugagu gugugggaag aaacuguggc 

acuu.cggugC CagcguaugC gaaacggulag cqagagcuc 

<210> SEQ ID NO 6 
&2 11s LENGTH 77 
&212> TYPE RNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<223> OTHER INFORMATION: H8 ribozyme 

<400 SEQUENCE: 6 

gaaag.ccggg C gaccCugau gag uugaulac Cag calculu.cg glugcc.culugg 

Cagcaa.cgaa acggguagcg agagcuc 

<210 SEQ ID NO 7 
&2 11s LENGTH 35 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: primer 1 

<400 SEQUENCE: 7 

gtttcgcatt goactaagttc cca accacac caacc 

<210 SEQ ID NO 8 
&2 11s LENGTH 38 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: primer 2 

34 

56 

5 O 

5 O 

89 

5 O 

77 

35 
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2O 

-continued 

<400 SEQUENCE: 8 

gaattctaat acg act cact ataggaagag atggcgac 

<210 SEQ ID NO 9 
&2 11s LENGTH 49 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 9 

gCagcCaagg gtaggagctg gaggatgaca gg.cggggtga talactagaa 

<210> SEQ ID NO 10 
&2 11s LENGTH 49 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 10 

ttatatagtc gag to cattc gaggtagg.cg ggaacggtac togtagaag 

<210> SEQ ID NO 11 
&2 11s LENGTH 52 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 11 

totCacgt.ca ggagggtaga Citggtagcga tagg.cgg.cgg ggtgtaa.cag aa 

<210> SEQ ID NO 12 
&2 11s LENGTH 50 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 12 

agagctgtgg atctggagca aggaaatcto g g tagg.cggg tttacitagaa 

<210> SEQ ID NO 13 
&2 11s LENGTH 48 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 13 

gccaga acct cogtagg.cgg aaatgagtaaa cattgtaga agaggggg 

<210> SEQ ID NO 14 
&2 11s LENGTH 45 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 14 

gttagaacctic gtagg.cgga aatgagtaaac atgtagaag agggg 

38 

49 

49 

52 

5 O 

48 

45 
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<210 SEQ ID NO 15 
&2 11s LENGTH 50 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 15 

21 

-continued 

gtttgaggga gacagatgtg galagg.cgggga gattgattc. tctagalaggt 

<210> SEQ ID NO 16 
&2 11s LENGTH 40 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 

agg tagg.cgg g gaatactaa C gotgttcagt attatagaa 

16 

<210 SEQ ID NO 17 
&2 11s LENGTH 48 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 17 

gtatggggta tatctgaagg cqgaaatagot attgggctd ttgtagaa 

<210> SEQ ID NO 18 
&2 11s LENGTH 50 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 18 

agcaattcta ggatagg.cgg gaaagtggaat atgc gtttc agttgtagaa 

<210 SEQ ID NO 19 
&2 11s LENGTH 48 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 19 

attatggaag acagatgagg gcaggcgggaa tatacacat attaagaa 

<210> SEQ ID NO 20 
&2 11s LENGTH 43 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 20 

tgatagg.cgg cita accotgc titacgggittat ggittagtta gaa 

<210> SEQ ID NO 21 
&2 11s LENGTH 43 

5 O 

40 

48 

5 O 

48 

43 
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22 

-continued 

&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 21 

tgatagg.cgg gctaacct gc citt.cgggittat ggittagtta gaa 43 

<210> SEQ ID NO 22 
&2 11s LENGTH 46 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

O &223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 22 

gtatagtgat citcgggtotc tdtctatoaag aact gtagc cataat 46 

<210> SEQ ID NO 23 
<211& LENGTH 44 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

O &223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 23 

gtatagtgat citggggtotg totatgaagaa citgtagcca taat 44 

<210> SEQ ID NO 24 
&2 11s LENGTH 50 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 24 

gtaagggtgt citgggtotct tctggggaaga actagagaa togctdttggc 5 O 

<210> SEQ ID NO 25 
&2 11s LENGTH 49 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 25 

citgagtgata taggtgtctg. g.gtcticittatg acgaatgta attaagaac 49 

<210> SEQ ID NO 26 
&2 11s LENGTH 46 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 

<400 SEQUENCE: 26 

tgtttagaag caggct citta cittatcttctg. g.gc.citcttt taagaa 46 

<210 SEQ ID NO 27 
&2 11s LENGTH 47 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: G8 DNA 
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SEQUENCE: 27 

23 

-continued 

tgtttagagg caggct citta atgcttctggg cotcitttitt taagaac 

<400 

SEQ ID NO 
LENGTH 49 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION G8 DNA 

SEQUENCE: 

28 

28 

gtgagaagtt toaattggac gtgagtctggg totcitttgc gtgaagaac 

<400 

tgtttagaac gaggcticcita cittctggcctic ttittagac 

<400 

SEQ ID NO 
LENGTH 39 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION G8 DNA 

SEQUENCE: 

SEQ ID NO 
LENGTH 50 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION C1 DNA 

SEQUENCE: 

29 

29 

30 

30 

atagittaaga gcgc.gtggta gg.cgggaaca aatgtttacg ttgttgtagaa 

<400 

SEQ ID NO 
LENGTH 50 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION C3 DNA 

SEQUENCE: 

31 

31 

tgtttagaag caggctcitta cittatgcttctgg gcctcitt ttittaagaac 

<400 

SEQ ID NO 
LENGTH 87 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 
OTHER INFORMATION: C1 variant DNA 

SEQUENCE: 

32 

32 

gaattctaat acg act cact ataggaagag atggcgacat agittaagagc 

togggg tagg cqggaacaac gttcacgttg totagaa 

<400 

SEQ ID NO 
LENGTH 69 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: self-cleaving DNA 

SEQUENCE: 

33 

33 

47 

49 

39 

5 O 

5 O 

5 O 

87 
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-continued 

gaattctaat acg act cact ataggaagag atggc gacct agattgagtic 5 O 

tggg cctott tittaagaac 69 

<210> SEQ ID NO 34 
&2 11s LENGTH 46 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<223> OTHER INFORMATION: truncated class II DNA 

<400 SEQUENCE: 34 

gaattctaata cqacticaga atgagtctgg gcc totttitt aagaac 46 

<210 SEQ ID NO 35 
<211& LENGTH 21 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION S3 DNA 

<400 SEQUENCE: 35 

gaattctaat acggcttacc g 21 

<210 SEQ ID NO 36 
&2 11s LENGTH 2.8 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION: C3 DNA 

<400 SEQUENCE: 36 

cggtaagcct g g g cctottt ttaagaac 28 

<210 SEQ ID NO 37 
&2 11s LENGTH 65 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: DNA with 3 cleavage sites 

<400 SEQUENCE: 37 

gtogacct gc gag citcg act catacgtoga tocct catgt ggcttaccga 5 O 

agctttacga totac 65 

<210 SEQ ID NO 38 
&2 11s LENGTH 58 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: DNA with 3 cleavage sites 

<400 SEQUENCE: 38 

gtog acctg.cg agctttctd ttgctcittct ttgcttctitt citaagctitta 5 O 

cgatctac 58 

<210 SEQ ID NO 39 
<211& LENGTH 44 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
<221 NAME/KEY: misc RNA 
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-continued 

<222> LOCATION: 20 - 22 
<223> OTHER INFORMATION: portion 1 

n is an RNA. A linkage 

<400 SEQUENCE: 39 

gaattctaat acg act cact nggaagagat gg.cgacacac totc 44 

<210> SEQ ID NO 40 
&2 11s LENGTH 18 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<223> OTHER INFORMATION: portion 2 

<400 SEQUENCE: 40 

gtgaggttgg togtggttg 18 

<210> SEQ ID NO 41 
&2 11s LENGTH 39 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<221 NAME/KEY: misc RNA 
<222> LOCATION: 20 - 22 
&223> OTHER INFORMATION class I DNA 

<400 SEQUENCE: 41 

gttgggtcac gg tatggggt cactcgacga aaatgc.cgg 39 

<210> SEQ ID NO 42 
&2 11s LENGTH 39 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION class II DNA 

<400 SEQUENCE: 42 

aggattggitt Ctgggtggggt aggagttag togtgatc.cg 39 

<210> SEQ ID NO 43 
<211& LENGTH: 40 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION class III DNA 

<400 SEQUENCE: 43 

Cggg to gagg toggggaaaac aggcaaggct gttcaggatg 40 

<210> SEQ ID NO 44 
<211& LENGTH: 40 
&212> TYPE DNA 

<213> ORGANISM: artificial sequence 
&220s FEATURE 
&223> OTHER INFORMATION class IW DNA 

<400 SEQUENCE: 44 

aggattaa.gc cqaatticcag cacactgg.cg gcc.gcttcac 40 

<210> SEQ ID NO 45 
&2 11s LENGTH 38 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
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-continued 

&223> OTHER INFORMATION class II DNA 

<400 SEQUENCE: 45 

aggattggitt Ctgggtgggt aggaagttag togtgagcC 

<210> SEQ ID NO 46 
&2 11s LENGTH: 31 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: HD2 pool DNA 

<400 SEQUENCE: 46 

ttgatcgggg Ctgtgcgggt aggaagtaat a 

<210> SEQ ID NO 47 
&2 11s LENGTH 66 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<221 NAME/KEY: misc RNA 
<222> LOCATION: 9. . .11 
&223> OTHER INFORMATION: HD 1 

n is an RNA. A linkage 

<400 SEQUENCE: 47 

cgacitcacat niggaagagat gcatctogca gttgggtotg gttggg tagg 

aagttaatgt gagacg 

<210> SEQ ID NO 48 
&2 11s LENGTH 65 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 
<221 NAME/KEY: misc RNA 
<222> LOCATION: 11 - . 13 
&223> OTHER INFORMATION: HD2 

n is an RNA. A linkage 

<400 SEQUENCE: 48 

cgacitcacta tinggaagaga tigcatctott gatcgggggc tigtgcgggta 

ggalagtaata gtgag 

<210 SEQ ID NO 49 
&2 11s LENGTH 39 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: primer 

<400 SEQUENCE: 49 

gaattctaat acg act cacta tagg.cgaaag coggg.cga 

<210 SEQ ID NO 50 
&2 11s LENGTH 16 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: primer 

<400 SEQUENCE: 50 

gagctotcg citaccgt. 
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<400 

SEQ ID NO 51 
LENGTH 18 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 51 

gtogacct gc gag citcga 

<400 

SEQ ID NO 52 
LENGTH 18 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 52 

gtag atcgta aagctt.cg 

<400 

SEQ ID NO 53 
LENGTH 38 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: template, part 1 

SEQUENCE: 53 

citaatacgac toactatagg aagagatggc gacatcto 

<400 

SEQ ID NO 54 
LENGTH 18 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: template, part 2 

SEQUENCE: 54 

gtgaggttgg togtggttg 

<400 

EQ ID NO 55 
ENGTH 23 
YPE DNA 

RGANISM: artificial sequence 
EATURE 

NAME/KEY: misc RNA 
LOCATION: end 
OTHER INFORMATION: primer 
n is an RNA. A 

SEQUENCE: 55 

gaattctaat acg acticact atn 

<400 

SEQ ID NO 56 
LENGTH 18 
TYPE DNA 

ORGANISM: artificial sequence 
FEATURE: 

OTHER INFORMATION: primer 

SEQUENCE: 56 

calaccacacic aaccticac 

27 
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-continued 

<210 SEQ ID NO 57 
&2 11s LENGTH 38 
&212> TYPE DNA 
<213> ORGANISM: artificial sequence 
&220s FEATURE 

<223> OTHER INFORMATION: primer 

<400 SEQUENCE: 57 

gaattctaat acg act cact ataggaagag atggcgac 

1-20. (canceled) 
21. A polynucleotide of mixed RNA and DNA nucleotide 

composition comprising an allosteric Site and an enzyme 
domain Spatially distinct from Said allosteric Site, wherein 
reversible interaction of a chemical effector with the allos 
teric Site on the polynucleotide reversibly alters the cleavage 
function or configuration of the polynucleotide, wherein the 
chemical effector is a metal ion or Small molecule having a 
molecular weight of 300 Daltons or less. 

22. The polynucleotide of mixed RNA and DNA nucle 
otide composition of claim 21, wherein the cleavage func 
tion or configuration of the polynucleotide is altered in leSS 
than 60 minutes after interaction with the chemical effector. 

23. A polynucleotide of mixed RNA and DNA nucleotide 
composition comprising an allosteric Site and an enzyme 
domain spatially distinct from Said allosteric site, wherein 
the rate of catalysis of the enzyme domain is reversibly 
modulated by interaction with a chemical effector, wherein 
the chemical effector is a metalion or Small molecule having 
a molecular weight of 300 Daltons or less. 

24. The polynucleotide of mixed RNA and DNA nucle 
otide composition of claim 23, wherein an observable 
change in the rate of catalysis of the enzyme domain occurs 
6 minutes or less after interaction with the chemical effector. 

25. The polynucleotide of mixed RNA and DNA compo 
Sition of claim 24, wherein the observable change in the rate 
of catalysis of the enzyme domain occurs in 1 minute or less. 

26. The polynucleotide of mixed RNA and DNA compo 
sition of claim 23, wherein the rate of catalysis of the 
enzyme is measured by observing enzyme Self-cleavage or 
Substrate cleavage. 

27. The polynucleotide of mixed RNA and DNA nucle 
otide composition according to claims 21 or 23, wherein the 
chemical effector is a Small molecule Selected from the 
group consisting of amino acids, amino acid derivatives, 
peptides, nucleosides, nucleotides, and Steroids. 

28. The polynucleotide of mixed RNA and DNA nucle 
otide composition according to claims 21 or 23, wherein Said 
composition comprises modified nucleotides. 

29. A biosensor comprising the polynucleotides of mixed 
RNA and DNA nucleotide composition according to claims 
21 or 23. 

30. The biosensor of claim 29, wherein the polynucleotide 
of mixed RNA and DNA composition is attached to a solid 
Support. 

31. A method for detecting the presence or absence of a 
compound or its concentration in a Sample, comprising the 
Step of 

contacting the Sample with a polynucleotide of mixed 
RNA and DNA composition, said polynucleotide com 

38 

prising an allosteric Site and an enzyme domain Spa 
tially distinct from Said allosteric Site, wherein revers 
ible interaction of the compound with the allosteric site 
on the polynucleotide alters the cleavage function or 
configuration of the polynucleotide relative to that of a 
control Sample, wherein the chemical effector is a metal 
ion or small molecule having a molecular weight of 300 
Daltons or less, and 

further wherein an alteration in function or configuration 
of the polynucleotide indicates the presence or absence 
of a compound or its concentration in the Sample. 

32. The method of claim 31, wherein the presence or 
absence of a compound or its concentration is detected by 
observation of an alteration in the cleavage function of the 
polynucleotide. 

33. The method of claim 31, wherein the chemical effector 
is a Small molecule Selected from the group consisting of 
amino acids, acid derivatives, peptides, nucleosides, nucle 
otides, and Steroids. 

34. A polynucleotide of mixed RNA and DNA composi 
tion, Said polynucleotide comprising an allosteric Site and an 
enzyme domain Spatially distinct from Said allosteric Site, 
having three Stem components, Stem I, Stem II and Stem III, 
wherein Stem I and Stem III are polynucleotide Sequences 
which together form the enzyme domain and Stem II is a 
polynucleotide Sequence which forms the allosteric Site, 
wherein interaction of a chemical effector with the allosteric 
Site reversibly alters the cleavage function or configuration 
of the polynucleotide, further wherein the chemical effector 
is a metalion or a Small molecule having a molecular weight 
of 300 Daltons or less. 

35. The polynucleotide according to claim 34, wherein the 
cleavage function or configuration of the polynucleotide is 
altered in less than 60 minutes after interaction with the 
chemical effector. 

36. A polynucleotide of mixed RNA and DNA composi 
tion, Said polynucleotide comprising an allosteric Site and an 
enzyme domain Spatially distinct from Said allosteric Site, 
having three Stem components, Stem I, Stem II and Stem III, 
wherein Stem I and Stem III are polynucleotide Sequences 
which together form the enzyme domain and Stem II is a 
polynucleotide Sequence which forms the allosteric Site, 
wherein interaction of a chemical effector with the allosteric 
Site reversibly modulates the rate of catalysis of the poly 
nucleotide, further wherein the chemical effector is a metal 
ion or a Small molecule having a molecular weight of 300 
Daltons or less. 

37. The polynucleotide of claim 36, wherein an observ 
able change in the rate of catalysis of the polynucleotide 
occurs in 6 minutes or less after interaction with the chemi 
cal effector. 
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38. The polynucleotide of claim 37, wherein the observ 
able change occurs one minute or less after interaction with 
the chemical effector. 

39. The polynucleotide of claim 36, wherein the chemical 
effector is a Small molecule Selected from the group con 
Sisting of amino acids, amino acid derivatives, peptides, 
nucleosides, nucleotides, and Steroids. 

40. A biosensor comprising the polynucleotide according 
to claims 34 or 36. 

41. A method for detecting the presence or absence of a 
compound or its concentration in a Sample comprising 
contacting the Sample with a polynucleotide according to 
claims 34 or 36, whereby reversible interaction of the 
compound with the allosteric Site alters the cleavage func 
tion or configuration of the polynucleotide relative to that of 
a control Sample, and observing Said alteration in the cleav 
age function or configuration of the polynucleotide, wherein 
the compound is a chemical effector that is a metal ion or 
small molecule having a molecular weight of 300 Daltons or 
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leSS and further wherein an alteration in function or con 
figuration of the polynucleotide indicates the presence or 
absence of a compound or its concentration in the Sample. 

42. The method of claim 41, wherein the presence or 
absence of a compound or its concentration is detected by 
observation of an alteration in the cleavage function of the 
polynucleotide. 

43. The method of claim 42, wherein the compound is a 
chemical effector that is Selected from the group consisting 
of amino acids, amino acid derivatives, peptides, nucleo 
Sides, nucleotides, and Steroids. 

44. A polynucleotide of claim 36, wherein the rate of 
catalysis of the enzyme is measured by observing enzyme 
Self cleavage or Substrate cleavage. 

45. A biosensor of claim 40, wherein the polynucleotide 
is attached to a Solid Support. 


