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Abstract: In vitro selection techniques were applied to the development of a DNA enzyme that contains three
catalytically essential imidazole groups and catalyzes the cleavage of RNA substrates. Nucleic acid libraries
for selection were constructed by polymerase-catalyzed incorporation of C5-imidazole-functionalized deoxy-
uridine in place of thymidine. Chemical synthesis was used to define a minimized catalytic domain composed
of only 12 residues. The catalytic domain forms a compact hairpin structure that displays the three imidazole-
containing residues. The enzyme can be made to cleave RNAs of almost any sequence by simple alteration of
the two substrate-recognition domains that surround the catalytic domain. The enzyme operates with multiple
turnover in the presence of micromolar concentrations &fZaexhibiting saturation kinetics and a catalytic

rate of >1 min~1. The imidazole-containing DNA enzyme, one of the smallest known nucleic acid enzymes,
combines the substrate-recognition properties of nucleic acid enzymes and the chemical functionality of protein
enzymes in a molecule that is small, yet versatile and catalytically efficient.

Introduction catalysis®~6 In some cases, however, the metal appears to play
an indirect role, perhaps by increasing positive charge density
within the active site or contributing to the structural integrity
of the enzymé-11 One in vitro-selected DNA enzyme operates
without divalent metals in the presence of millimolar concentra-
tions of histidine. The histidine cofactor is thought to serve as
a general base in promoting the cleavage of an RNA phos-
phodiestet? The development of this catalyst suggests that
nucleic acid enzymes could be made to utilize a wide variety
of small-molecule cofactors, greatly expanding their functional
capacity.

The selection of nucleic acid catalysts that contain extended
chemical functionality already built into the molecule has been
made possible by the synthesis of functionalized NTP analogues
that are efficiently incorporated by polymerases. Replacement
of UTP by C5-substituted UTP analogues enabled the in vitro
selection of an imidazole-containing RNA enzyme that catalyzes
amide bond formatio&® and a pyridine-functionalized RNA
enzyme that catalyzes a Dieldlder cycloaddition reactiof

Proteins and nucleic acids each have properties that offer
unigue advantages in performing catalytic transformations.
Proteins possess a wide variety of functional groups that are
suited to a broad range of chemical tasks, enabling protein
enzymes to achieve extraordinary catalytic rate enhancements
Pancreatic ribonuclease A (RNase A), for example, catalyzes
the cleavage of a dinucleotide substrate with a turnover rate of
1400 s (ref 2). Nucleic acids, although not endowed with the
functional diversity of protein enzymes, are uniquely suited for
sequence-specific recognition of nucleic acids through Watson
Crick base pairing. This capability allows nucleic acid enzymes
to carry out chemical transformations on nucleic acid substrates
with high sequence specificity and catalytic efficiency. In
addition, the substrate-recognition domains of some nucleic acid
enzymes can be altered without disrupting catalytic activity,
allowing them to operate in a general-purpose manner with
nucleic acid substrates of almost any desired sequence.

Although nucleic acids do not contain diverse functional
groups, their functional capabilities can be supplemented through (3 varus, M.FASEB J.1993 7, 31—39.
the use of various metal and small-molecule cofactors. The (4) Steitz, T. A.; Steitz, J. AProc. Natl. Acad. Sci. U.S.A993 90,

i i ; s ai 6498-6502.
activity of nearly all known nucleic acid enzymes is elther (5) Pyle, A. M. Sciencel993 261, 709-714.
dependent upon or greatly enhanced by divalent metal cations.  (g) joyce, G. FProc. Natl. Acad. Sci. U.S.A.998 95, 5845-5847.
In most cases, the metal is thought to participate directly in  (7) Hampel, A.; Cowan, J. AChem. Biol.1997, 4, 513-517.
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Both the amide synthase and Dielslderase ribozymes require A o o

the functionally enhanced nucleotides for their catalytic activity, HNJ]/\/\N)'\/\(N\7
although the number of these nucleotides that are required and S‘°‘9 Ay ! A Lk
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the role that they play in catalysis have not been defined. 5 w
Some naturally occurring RNA enzymes that have the ability )y
to cleave RNA in a sequence-specific manner have been used Y
as “catalytic antisense” agents to cleave target RNAs, both in
vitro and in vivo!>16The in vitro evolution of RNA-cleaving B ¥ ov
DNA enzymes demonstrated that DNA might be applied in a UAGAGAUCAAUG ——B)

similar capacity”-1® Compared to analogous RNA enzymes,
DNA enzymes are easier to prepare, more resistant to chemical
and enzymatic degradation and, in some cases, have more
favorable kinetic propertie. DNA enzymes have been used

to cleave a variety of target RNAs, both in vitt82! and in
Vivo_22—25 C o}

[e] (o]
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The lack of a 2hydroxyl in DNA compared to its presence HN)j/vz'R j\)ﬁy/\ﬂzk/\@m{
O” "N
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in RNA does not appear to be an impediment to efficient oo o™ B, ommo
catalytic activity. It is intriguing to speculate how the catalytic 0 u
ability of DNA might be enhanced if it were provided with some OR
of the chemical groups that occur in proteins. The development s Ron 0 4 me
of a family of dNTP analogues that can be incorporated \r \|/

efficiently into DNA by a polymerasé has made it possible to  rigure 1. Compounds employed in the development and characteriza-

address this question experimentally. In the present study,tion of imidazole-functionalized RNA-cleaving DNAs. (A) Chemical
functionally enhanced DNAs that contained C5-imidazole structure of the C5-imidazole-deoxyuridine analogue that was incor-

deoxyuridine residues (Figure 1) were directed to cleave a targetporated in place of thymidine. The 4-imidazoleacrylic acid moiety is
RNA substrate, withholding high concentrations of divalent joined by an amide bond to the primary amine of 5-(3-aminopropenyl)-
metal cations and instead providing micromolar concentrations deoxyuridine. (B) Library of imidazole-containing DNA molecules.

or ‘AP’O\/\CN

1 R=cock, —Le 2 R=H

of Zn?*. An imidazole moiety was chosen to provide the same
chemical functionality that occurs in the amino acid histidine.
Histidine residues are known to play a prominent role in the
catalytic mechanism of many protein enzymes, including
ribonucleases and other phosphoesterds€3he Zr#+ cofactor

Each molecule contained &biotin (encircled B), 12 target ribonucle-
otides (sequence shown), and 50 random-sequence deoxynucleotides
(Nsg). The selected molecules promoted phosphoester cleavage at one
of three positions within the RNA region (arrows). After 16 rounds of
selection, the molecules cleaved only at the position indicated by the
large arrow. (C) Preparation of phosphoramiditeinvolving the

was chosen because of its propensity to coordinate to imidazolegyccessive treatment afwith (i) aqueous ammonia in methanol, (ii)

nitrogens in either a structural or functional capacity. The
resulting imidazole-containing DNA enzyme is a small, but

the N-hydroxysuccinimidyl ester of 4-imidazoleacrylic acid, and (iii)
2-cyanoethyN,N-diisopropylchlorophosphoramidite ani,N-diiso-

highly efficient, general-purpose endoribonuclease. It provides propylethylamine (see Materials and Methods).

an experimental demonstration of a DNA enzyme that embodies

the chemical functionality of a protein enzyme.

Experimental Section

In Vitro Selection. An initial library was generated by template-
directed extension of 2 nmol of biotin-d(GGAAAAA)r(GUAAC-
UAGAGAU)d(GGAAGAGATGGCGAC)-3 on 3 nmol of 5-GTGC-
CAAGCTTACCG-NsGTCGCCATCTCTTCC-3(N = G, A, T, or
C) in a 1-mL reaction mixture containing 10 units ~* Superscript Il

(14) Tarasow, T. W.; Tarasow, S. L.; Eaton, B. Mature 1997, 389
54-57.

(15) Christoffersen, R. E.; Marr, J. J. Med. Chem1995 38, 2023~
2037.

(16) Rossi, J. JBiodrugs1998 9, 1-10.

(17) Breaker, R. R.; Joyce, G. Ehem. Bi0l.1994 1, 223-229.

(18) Santoro, S. W.; Joyce, G. Proc. Natl. Acad. Sci. U.S.AL997,
94, 4262-4266.

(19) Santoro, S. W.; Joyce, G. Biochemistryl998 37, 13330-13342.

(20) Unrau, P. J.; Bartel, D. Mature 1998 395 260-263.

(21) Pyle, A. M.; Chu, V. T.; Jankowski, E.; Boudvillain, N\Methods
Enzymol.200Q 317, 140-146.

(22) Warashina, M.; Kuwabara, T.; Nakamatsu, Y.; TairaCkem. Biol.
1999 6, 237-250.

(23) Sun, L.; Cairns, M. J.; Gerlach, W. L.; Witherington, C.; Wang,
L.; King, A. J. Biol. Chem1999 274, 17236-17241.

(24) Zhang, X.; Xu, Y.; Ling, H.; Hattori, TFEBS Lett1999 458 151—
156.

(25) Wu, Y.; Yu, L.; McMahon, R.; Rossi, J.; Forman, S. J.; Snyder, D.
S.Hum. Gene Therl999 10, 2847-2857.

(26) Sakthivel, K.; Barbas, C. Rngew. Chem., Int. EA998 37, 2872~
2875.

(27) Gerlt, J. A.Nucleases2nd ed.; Cold Spring Harbor Laboratory
Press: Plainview, 1993; pp-B4.

(28) Lipscomb, W. N.; Stit@r, N. Chem. Re. 1996 96, 2375-2433.

reverse transcriptase (Life Technologies, Gaithersburg, MD), 3 mM
MgCl,, 75 mM KCI, 50 mM tris(hydroxymethyl)-aminomethane (Tris,
pH 8.3), and 0.25 mM each of dATP, dCTP, dGTP, and the imidazole-
functionalized dUTP analog#€.The conditions of the extension
reaction were as previously describ€dExtension products were
purified by non-denaturing polyacrylamide gel electrophoresis (PAGE).

The purified extension products (9@Q, ~1 nmol) were added to
a 300#L solution containing 600 mM NacCl, 0.4 mM NaDTA, and
200 mMN-(2-hydroxyethyl)-piperazin&¥-3-propanesulfonic acid (EPPS;
pH 7.0) and immobilized on an affinity column containing 2@0 of
UltraLink Immobilized Streptavidin PLUS gel (Pierce, Rockford, IL),
that had previously been equilibrated with three 200volumes of
wash buffer [150 mM NaCl, 0.1 mM NEDTA, and 50 mM EPPS
(pH 7.0)]. Following immobilization, the column was rinsed with five
200uL volumes of wash buffer, five 20@L volumes of ice-cold 0.1
N NaOH/150 mM NacCl, and five 200t volumes of wash buffer at
37°C and then eluted at 3T over 1 h with three 20@L aliquots of
reaction buffer [1uM Zn?*, 2 mM MgCh, 150 mM NaCl, 50 mM
EPPS (pH 7.5)]. Eluted molecules were ethanol-precipitated in the
presence of 100 pmols each of the primefyibtin-GGAAGAGATG-
GCGAC-3 and B-GTGCCAAGCTTACCG-3 and PCR-amplified in
a 400xL volume?®

The PCR products were brought to a final NaCl concentration of
150 mM, immobilized as above on a column containing/b0of the
streptavidin gel, rinsed with five 100k volumes of wash buffer, and
eluted with two 40«L volumes of 0.1 N NaOH/150 mM NacCl to
recover the non-biotinylated strand. The isolated DNAs were ethanol-
precipitated and used as templates in a primer extension reaction to
begin the next round of in vitro selection. Rounds1® were carried

(29) Breaker, R. R.; Joyce, G. Ehem. Biol.1995 2, 655-660.
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out as above except that the reaction scale was reduced 20-fold duringmidazole-containing DNA enzymes were synthesized by using a
the extension step and 4-fold during PCR and the reaction times were Pharmacia Gene Assembler Special automated DNA/RNA synthesizer,
reduced to 30 min for round 8 and 1 min for rounds 9 and 10. employing phosphoramiditd with a coupling time of 5 min. The
Beginning with the population of molecules obtained following the imidazole-functionalized DNA enzymes were deprotected according
10th round of selection, random mutations were introduced by to standard protocols, desalted by using a NAP-5 column (Pharmacia
hypermutagenic PCF. Libraries were constructed from both mu-  Biotech, Piscataway, NJ), purified by HPLC by means of a 301VHP575P
tagenized and non-mutagenized DNA templates by extension of an all- anion-exchange column (Vydac, Hesperia, CA) and a gradient ef 0.1
RNA primer, 3-GGAAAAAGUAACUAGAGAUGGAAGAGAUG- 0.25 M NaCl and 10 mM Tris (pH 8.0) over 30 min, and ethanol-
GCGAC-3, using reverse transcriptase as a DNA-dependent DNA precipitated. Purification of these molecules by PAGE was found to
polymerase. Single-stranded molecules were isolated by immobilizing reduce their catalytic activity.
the extension products on streptavidin columns as described above, Identification of Cleavage Products.A multiple-turnover reaction
rinsing with five 100xL volumes of wash buffer, incubating in a 40-  was carried out in a mixture containing 20 pmol enzyme, 200 pmol
uL solution containig 8 M urea, 0.1 mM N£EDTA, and 50 mM EPPS  substrate, 1M ZnSQ;, 1 mM MgCh, 150 mM NaCl, and 50 mM
(pH 7.0) at 90°C for 2 min, and eluting from the column, followed by ~ EPPS (pH 7.5), which was incubated at 37 for 15 min. Reaction
ethanol precipitation. The recovered molecules were resuspended inproducts were desalted using a NAP-5 column, lyophilized, and
15 uL of H,0, preincubated at 37C for 5 min, and allowed to react redissolved in 1quL of H,O and analyzed by matrix-assisted laser
at 37°C following addition of 5uL of a 4x reaction buffer containing desorption/ionization (MALDI) mass spectrometry.
either 4 or 40uM Zn?*, 4 mM Mg?", 600 mM N&, and 200 mM Kinetic Analysis. Unless otherwise stated, all reactions were carried
EPPS (pH 7.0). Reaction times were decreased from 1 min for round out in the presence of 10M ZnSQ,;, 1 mM MgCh, 150 mM NaCl,
11 to 10 s for round 16. Reacted molecules were isolated by PAGE in and 50 mM EPPS (pH 7.5). The pH of the buffer solution was adjusted
a 10% denaturing gel, eluted from the gel, and amplified by asymmetric in reference to the final reaction mixture at 3C. Products were
PCR to begin the next round of selection. analyzed as described previoudlyk..: and Ky values for reactions
Intramolecular Cleavage AssaysFull-length precursor molecules  carried out under multiple-turnover (excess substrate) conditions and
corresponding to cloned individuals obtained following the 16th round Kobs values for reactions carried out under single-turnover (excess
of selection were prepared as described above for the populations afte€nzyme) conditions were obtained as described previddsly.
rounds 1+16. Cleavage was carried out at 32 following addition Metal and pH Dependence.The dependence of the catalytic rate
of 4x reaction buffer and was quenched by addition of an equal volume ©On Zr¥* concentration was measured under single-turnover conditions
of a mixture containig 8 M urea, 20% sucrose, 90 mM Tris-borate ~ employing 100 nM enzyme, 1 nM [8%P]-labeled substrate,~1100
(pH 8.3), 10 mM NaEDTA, and 0.1% SDS. Reaction products were 4M ZnClz, 1 mM MgCk, 150 mM NaCl, and 50 mM EPPS (pH 7.5)
separated by PAGE in a 20% denaturing gel and analyzed using aat 37°C. The dependence on pH was measured under single-turnover
Molecular Dynamics Phosphorimager. conditions employing either 100 or 400 nM enzyme, 1 nN3fP]-
Synthesis of Imidazole-Functionalized Deoxyuridine Phosphor-  labeled substrate, 1M ZnCl;, 1 mM MgCl, 150 mM NaCl, and 50
amidite (Figure 1C). 5-O-DMT-5-(3-trifluoroacetylaminopropenyl)- MM buffer (pH 5.9-8.2) at 37°C. The pH range for reactions buffered
2-deoxyuridine {; 680 mg, 1 mmoPF3! was treated with 5 mL of by 2-[N-morpholino]-ethanesulfonic acid (MES) was 58.7, by 1,4-
agueous ammonia in methanol at room temperature for 24 h. The Piperazinediethanesulfonic acid (PIPES) was-@.6, and by EPPS
reaction mixture was lyophilized, and the remaining residue (ninhydrin Was 7.5-8.2. The dependence of the catalytic rate on the identity of
positive) was purified by silica gel column chromatography (0.1% the divalent metal ion was determined by employing 100 nM enzyme,
triethylamine in 80:20 dichloromethane/methanol) to gM&10 mg, 1 nM [5'-%2P]-labeled substrate, 0-1.0 mM divalent metal cation, 150
87% vield). Compoun@ (500 mg, 0.85 mmol) was reacted with the ™M NaCl, and 50 mM EPPS (pH 7.5) at 3C.
N-hydroxysuccinimide ester of 4-imidazoleacrylic acid (235 mg, 1
mmol) in DMF at room temperature for 6 h. The reaction mixture was Results

evaporated to dryness, and the residue was purified by silica gel column In Vitro Selection. A library of approximately 18 different
; 7 .
chromatography o give compoud(535 mg, 89% yield)’H NMR imidazole-containing DNA molecules was constructed, replacing

EA'mooll\lﬂ:)z‘g ?7(_32 J; 403305&;3 76'731255’1%%17'2:)(5% 15H1)(g J&lei thymidylate with the C5-imidazole derivative of deoxyuridylate

Hz, 1H), 4.35 (m, 1H), 3.91 (s, 1H), 3.65 (s, 6H), 3.554@: 12 Hz, shown in Figure 1A. The imidazole-containing analogue was
2H), 3.26 (m, 2H), 2.45 (m,2H)*C NMR (CDCk + DMSO-dg) o incorporated as a deoxynucleosideriphosphate by a primer
165.99, 161.64, 157.59, 148.79, 143.4, 136.13, 135.89, 134.36, 134.2 extension reaction employing reverse transcriptase as a DNA-
129.67, 128.75, 126.78, 126.5, 125.59, 121.94, 116.75, 111.76, 110.09dependent DNA polymerase. The primer contained-laid&in
109.09, 85.42, 85.28, 84.04, 70.01, 62.25, 53.29, 40.69, 39.08. HRMS moiety, followed (in a 53" direction) by a short oligodeoxy-
calculated for GoHsNsOs + Cs™: 838.1853; found: 838.1832.  pycleotide spacer and 12 potentially cleavable ribonucleotides.
2-Cyanoethyl,N-diisopropyichloro-phosphoramidite (0.23 mL, 1.28 ¢ was hybridized to the'&nd of a DNA template that contained
mmol) was added to a solution & (500 mg, 0.70 mmol) in - 50 random deoxynucleotides and 15 deoxynucleotides of defined
dichloromethane containinty,N-diisopropylethylamine (0.18 mL, 1 sequence at both the &nd 5 ends. Following primer extension,

mmol). The reaction mixture was stirred at room temperature for 30 th It double-stranded | | ttached t
min and then diluted with chloroform, washed with an aqueous solution e resuling double-stranded molecules were attached 10 a

of saturated sodium bicarbonate, dried with anhydrous sodium sulfate, Stréptavidin solid support and the non-biotinylated strand was
and evaporated to dryness. The residue was purified by silica gel columnfémoved by brief washing with 0.1 N NaOH. The remaining
chromatography to give phosphoramidite180 mg, 76% yield). HRMS imidazole-containing single-stranded DNA molecules (Figure
calculated for GeHsgN/OgP + Cs*: 1038.2931; found: 1038.296#P 1B) were challenged to cleave one of the phosphodiester
NMR (CDCls) 6 149.16, 149.47. linkages within the attached RNA substrate, thereby becoming

Chemical Synthesis of Substrates and EnzymeRNA substrates detached from the support. The reaction conditions were chosen
were prepared by chemical synthesis and deprotected as describedp resemble those of a living cell, employing A0 ZnZ+, 2
previously?2 Deprotected substrates were purified by denaturing PAGE. mm Mg?*, and 150 mM N4 at pH 7.5 and 37C. The released

(30) Vartanian, J.; Henry, M.; Wain-Hobson. Mucleic Acids Red.996 mollecules were rgcovered and ampllfled by PQR, us!ng_the f!xed
24, 2627-2631. regions surrounding the random region as primer binding sites.
16(%)7?2&?. F.; Vuocolo, E.; Brakel, C. INucleic Acids Resl988 The PCR products were used to construct a new population that

’(32) Wincott, F.; DiRenzo, A.; Shaffer, C.; Grimm, S.; Tracz, D, was enriched with catalytlcally active .mme_cu'es'
Workman, C.: Sweedler, D.; Gonzalez, C.; Scaringe, S.; Usmaubleic A total of 16 rounds of selective amplification were performed
Acids Res1995 23, 2677-2684. to obtain the best catalysts. During the first seven rounds, the




2436 J. Am. Chem. Soc., Vol. 122, No. 11, 2000 Santoro et al.

Clone Sequence Activity
16.2-3* 5'- CCCGAGGCACCAATC|CTTCGTTGAGCTCT-TACTCGG [TGAAACGGCCGCTA -3 ++
16.2-11 5’- CCCAGAAGGCCGAAACCG|CTTCGTTGACCCCT-TGCTCTA |GGGTTACTAGG -3 it
16.2-12* 5'- GACAGCAATAT|CTTCGTTGACCCCT-TGCTCTA [TATAGCCTTCAGGCCCCC -3 ++
16.3-4" 5- CACACGGGACGCATCGGA|CTTCGTTGAGCACT-TACTCTA [GCCGCGCCCAT -3 4+
16.4-3" 5'- CCACACCGTACACCAGCT|CGAGGTTGGGCACC-TACTCTA[ACACCAGCGGT -3 +

16.4-4 5'- GGGACAAATTGGCCATTAGCCC|CTTCGTTGAGCACGCTACACTA |GGCCCA -3° ++

Figure 2. Sequence of the variable region of a typical clone from each of the six families obtained following the 16th round of in vitro selection.
Asterisks indicate families that also were identified within the populations obtained following rounds 8 and 10. T corresponds to a positidn occupie
by imidazole-dU. The box indicates the region of high sequence similarity present in all six families. Activity corresponds to the relative rate of
self-cleavage in the presence of ABl Zn?+.
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Figure 3. Structure of the 16.2-11 imidazole-functionalized DNA enzyme. (A) Intramolecular cleavage of an all-RNA substrate. Arrow indicates
the cleavage site within the 34-nucleotide RNA domain (gray letters). Shaded area indicates nucleotides within the region of high sequewpce similari
Imidazole-containing residues are highlighted by a black circle. Fixed primer binding site is indicated by an open rectanglé endhéB3
Intermolecular cleavage with extended base-pairing. Essential imidazole-containing residues are indicated by a black circle; those that could be
replaced by thymidylate are indicated by a white circle. (C) Minimal composition of the 16.2-11 enzyme. Thick gray and black lines correspond
to ribo- and deoxyribonucleotides, respectively, of any complementary sequence.

reaction time was 1 h. To increase the stringency of selection, for cleavage at a particular RNA phosphodiester (Figure 1B).
the reaction time was decreased to 30 min for round 8 and to Cloning and sequencing revealed six distinct families, four that
1 min for rounds 9 and 10. Assays of the catalytic activity of had been identified in the population following the 8th and 10th
populations obtained following rounds 8 and 10 revealed three rounds. A typical representative of each of the six families is
preferred cleavage sites within the 12-nucleotide RNA substrate shown in Figure 2. These individuals have a region of high
domain (Figure 1B). Individual molecules were cloned from sequence similarity of~20 residues that is located at various
the population following the 8th and 10th rounds and were positions within the formerly random domain.
sequenced. Several distinct families were identified, each Identification of the Catalytic Motif. The cloned individual
appearing to have been derived from a single founder molecule.that exhibited the highest level of catalytic activity was derived
Some, but not all, of the cloned individuals were able to cleave from the mutagenized lineage that was made to react in the
an attached RNA substrate that was surrounded by RNA ratherpresence of 1&M Zn?*. It was designated as “16.2-11", the
than DNA nucleotides. 11th clone obtained from the second lineage following the 16th
The population of molecules obtained following the 10th round of selection. Examination of its sequence suggested the
round of in vitro selection was divided into four lineages, two presence of WatserCrick pairing interactions between the
that were randomly mutagenized prior to the 11th and 14th DNA and RNA domains, involving nucleotides on both sides
rounds and two that were not. Of the two mutagenized and non-of the cleavage site (Figure 3A). In addition, there appeared to
mutagenized lineages, one was allowed to react in the presencée a short hairpin structure within the DNA, located close to
of 1 uM Zn?" and the other in the presence of AM Zn2*, the cleavage site and containing four imidazole-substituted
During the last 6 rounds of selection, the molecules were deoxyuridine residues. The sequence covariation observed
required to react in solution, cleaving an attached all-RNA among the cloned individuals supports the existence of this
substrate. Reacted molecules were selected on the basis of theputative hairpin.
increased electrophoretic mobility in a denaturing polyacryla- The sequence conservation of the region containing the
mide gel compared to that of unreacted molecules. hairpin structure suggested that it was necessary for the function
Following the 16th round of in vitro selection, the population of the 16.2-11 catalyst. Whether this region was sufficient for
from each of the four lineages exhibited a strong preference catalysis was not known. Deletion analyses were performed to
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define the minimal catalytic motif and to test possible base- A
pairing interactions involving the DNA and RNA domains. A
set of 3-terminal deletion mutants was constructed by template-
directed primer extension in the presence of dideoxy-CTP. This
ensemble of molecules was allowed to react in the presence of
10 uM Zn?*, and the products were analyzed by PAGE. The
catalytically non-essential nucleotides at the ehd were
determined by identifying the smallest-tBuncated molecule
that still was capable of catalyzing the rapid cleavage of the
attached RNA substrate (Figure 3A). Similarly, the non-essential 0 | | | | |
nucleotides at the'®nd were determined by constructing and 0 0.2 0.4 0.6 0.8 1.0
analyzing a series of 'Berminal deletion mutants. Taken

together, these studies revealed that-2®mer region of high B
sequence similarity was sufficient for robust catalytic activity

in the intramolecular cleavage reaction. However, when the
20mer region was prepared as an isolated molecule and directed
to cleave a separate RNA substrate, no cleavage was observed.
The putative substrate-recognition domains of the catalyst then
were extended by five nucleotides in theddrection and six '
nucleotides in the'3irection, resulting in a molecule that was 3-caacacA®UAAGCCAUGA-§
able to cleave a separate RNA substrate with a rate comparable

to that of the intramolecular cleavage reaction (Figure 3B). 0 T T T T

|
. ” 0 0.2 0.4 0.6 0.8 1.0
The 16.2-11 molecule with extended substrate-recognition
domains contained 13 imidazole-deoxyuridine residues. It [substrate] (uM)
seemed likely that many of these modified residues could be Figure 4. Catalytic activity of the 16.2-11 enzyme under multiple-
replaced by thymidine without reducing catalytic activity. To turnover conditions, employing two different RNA substrates. (A)
identify the imidazole-deoxyuridine residues that were required 19mer RNA substrate with a sequence corresponding to that employed
for activity, it was necessary to prepare the corresponding during in vitro selection. (B) Alternative 18mer substrate in which all
imidazole-functionalized deoxyuridine phosphoramidite (Figure ©Of the nucleotides were changed except the AUG sequence located
1C). Several different forms of the 16.2-11 enzyme were immediately downstream from the cleavage site. Data from two

. . . L . . independent experiments were fit a curve based on the Michkaelis
synthesized, testing various combinations of either imidazole- .- equation:y = ke [substrate]Ky + [substrate]). Reaction

dEOxyurldlne Or thymld'ne at the 13 pOSItIOﬂS ThIS ana|ySIS Cond|t|0ns 1Q’tM Zn2+ 1 mM M92+ 150 mM NaL pH 75 370C
revealed that only three imidazole-containing residues were
necessary for catalysis, all located close to the cleavage site,;.qT without a complete loss of catalytic activity. Similarly,

(Figure 3B). Placing imidazole-deoxyuridine residues at any he ynpaired rG residue could not be deleted or changed to rA
combination of two of these three positions resulted in No \ithout a complete loss of activity.

activity, while a molecule with the three imidazole substitutions 1,4 generality of the 16.2-11 enzyme with respect to the

was as active as the molecule that contained all 13. remainder of the RNA substrate sequence was tested by
The 16.2-11 enzyme appears to form a three-helix junction employing a substrate of entirely different sequence, with the
involving the internal hairpin and the two substrate-recognition exception of the AUG located immediately downstream from
domains. The cleavage site is located at the junction, directly the cleavage site. The substrate-recognition domains of the
opposite from the hairpin. The hairpin contains two wobble pairs enzyme were made Comp|ementary to the new substrate,
and one WatsonCrick pair and is closed by a loop of four  resulting in cleavage activity comparable to that of the original
deoxycytidine residues (Figure 3B). Changing thedtTwobble  enzyme-substrate combination (see below). This suggests that
pair at the base of the hairpin to etfi> reduced activity, while  the imidazole-functionalized DNA enzyme can be made to
changing it to dTdA did not. Changing the d@nidazole-dU cleave a wide variety of RNA substrates that contain an AUG
pair in the middle of the hairpin to dAmidazole-dU reduced  sequence immediately downstream from the cleavage site
activity only slightly. Inserting an additional base pair at the (Figure 3C).
end of the hairpin reduced activity substantially. Changing the  properties of the Imidazole-Functionalized DNA Enzyme.
loop sequence from CCCC to GCAC did not significantly reduce The catalytic properties of the original and sequence-modified
activity. The latter sequence was found to occur among many forms of the 16.2-11 enzyme were investigated, each directed
of the selected clones (Figure 2). However, changing the loop to cleave its corresponding RNA substrate (Figure 4). The
to the stable “triloop” sequence AAG abolished activity. In  substrate-recognition domains were made sufficiently short that
summary, the detailed composition of the internal hairpin release of the cleaved products would not limit the rate of
strongly influences the activity of the 16.2-11 enzyme. catalytic turnover. The two enzymes were found to exhibit
With the exception of the rU and rG residues located Michaelis—Menten saturation kinetics and operate with ap-
downstream from the cleavage site, the 16.2-11 enzyme appearproximately the same catalytic rate under multiple-turnover
to recognize its substrate entirely through Wats@nick base conditions. Values fok.,were 1.4 and 1.5 mirt for cleavage
pairing (Figure 3B). To investigate nonstandard pairing interac- of the original and altered substrates, respectively (measured
tions involving the rU and rG residues, a number of variant in the presence of 1M Zn?*, 1 mM Mg?*, and 150 mM N&
enzymes and substrates were prepared by chemical synthesiat pH 7.5 and 37C).
and tested in the intermolecular cleavage reaction. The putative The catalytic rate of the 16.2-11 enzyme was independent of
rU-dG “wobble” pair located two positions downstream from the concentration of Nig but was highly dependent on the
the cleavage site could not be replaced byd®, rU-dA, or concentration of Z# and on pH (Figure 5). The catalytic rate

kobs (min-1)

3’-GAGGAAGGUA¢GAGAUCAAU-5’

Kobs (min-1)




2438 J. Am. Chem. Soc., Vol. 122, No. 11, 2000 Santoro et al.

A analyzed by PAGE and MALDI mass spectrometry. The
4 electrophoretic mobility of the'5cleavage product confirmed
=T the presence of a terminal,2-cyclic phosphate, based on
- 31 o0 comparison with authentic material produced by partial alkaline
t o L. i hydrolysis of the substrate RNA (data not shown). Tharkl
E ] FPas 3 cleavage products had observed masses of 3925 and 4265
2 ,." D, respectively, identical to those calculated for products
< 14 e terminating in a 23-cyclic phosphate and fydroxyl.
2
o ** . . : . Discussion
Y 10 20 30 40 The 16.2-11 imidazole-functionalized DNA enzyme exhibits
[Zn2+] (uM) a unique set of functional properties. Like most RNA-cleaving
B nucleic acid enzymes, it recognizes its RNA substrate primarily
5 7 through Watso# Crick base pairing. This makes it possible for
° the enzyme to cleave a variety of target RNAs by simple
4 Y . alteration of the substrate-recognition domains. Like many
t 3 Y protein enzymes, the 16.2-11 DNA enzyme contains essential
£ "‘ imidazole groups that are likely to be involved in catalysis.
2 24 Pt These imidazole substituents allow the smal8-nucleotide
~< " enzyme to achieve a catalytic ratese1 min—tin the presence
17 ‘/' of only micromolar concentrations of a divalent metal cation.
N IS —j]’ : : The chemical transformation catalyzed by the imidazole-
6 65 7 75 8 functionalized DNA enzyme is identical to that catalyzed by
pH many small nucleic acid enzymes and ribonuclease proteins.

. . However, the detailed mechanism of catalysis may be unique
Flgur'e_ 5. Dependence of the rate of substra?e cleavage on reaction among known endoribonucleases. As with other nucleic acid
conditions. (A) Dependence on Znconcentration, measured at pH . .
7.5. Dashed curve represents the best fit to the dataf82LM ZnCl,, enzymes: the rgactlon rate dgpends on pH and. the Concerltrgtlon
based on the equatides = knadZn?/([Zn2*] + Kq), wherekmax is of a required divalent metal ion. The enzyme is most active in
kebsin the presence of saturatingZrandKq is the apparent dissociation  the presence of Zn but also is active with several other divalent
constant for Z&*. (B) Dependence on pH, measured in the presence metal cations. The order of activity for the various metals
of 10 uM ZnCl,. The buffer was either MES (triangles), PIPES corresponds roughly to the inverse order of tlig palues of
(squares), or EPPS (circles). The dashed curve represents the best fithe respective metal hydrates. Taken together, these data suggest
to the data for pH 5.97.9, based on the equatitghs = Kmax Ko/(Ka + that the enzyme may utilize a tightly boundZrion to activate
[H*]), wherekmax is the limit of the catalytic rate as [H approaches the 2-hydroxyl group at the cleavage site for attack on the
zero andK, is the apparent equilibrium ionization constant for a adjacent phosphorus, resulting in RNA cleavage.
catalytically essential group. The catalvti ' g . i

ytic rate of the 16.2-11 enzyme increases exponen

increased with increasing Zh concentration, reaching a tially with Increasing pH over the.range of &g:g_ This may
maximum of 3.1 mint in the presence of 30M Zn2* at pH reflect deprotonation of a catalytlcglly essenﬂgl group within
7.5. Further increases in the concentration of'Zresulted in the enzyme-substrate complex, which would imply that the
decreased catalytic activity, suggesting thatZmay be catalytic rate reflects the rate of the chemical step of the reaction.
inhibitory when bound at one or more low-affinity sites within Alternauvgly, the observed pH dependence may. reflect a
the enzyme-substrate complex. Repeating this analysis at pH conformational _change that perturbs the active site of the
6.5 did not alleviate the decrease in catalytic activity observed enzyme. Assuming _that the obse_rved pH d_ependgnce does “?f'eCt
in the presence of high concentrations ofZnThe catalytic titration ofa (_:at_alytlcally egsentlal group, itis unlikely that this
rate increased exponentially with increasing pH over the rangegrOUp IS an |m|dazolg reS|dug functlonlng asa ge_neral base.
of 5.9-7.9, reaching a maximum of 4.3 mihat pH 7.9 in the T_he apparent g, of th's_ group '527'6'. Wh"?h is considerably
presence of 1@M Zn?* (Figure 5B). Further increases in pH h!ghe_r than that of i—|m|daz(_)|eacryl|c acidk(p= 6'1)33. or
resulted in a steep drop in catalytic activity, perhaps due to ht'f.gd'n?tép(a ~ t6'.4£2.‘.‘ Tge[e 'St prffg‘,’\le/ggg%r sgbstantla{e%
reduced solubility of the metal ion at high pH. These results Sh!ﬂs. V\'?h n profeln' 6.‘3 slruc ure ithi th alnfi ;rlijpwar
indicate that the apparenKpof a catalytically essential group shiftin the (K, of an imi azole group within the 16.2-11 enzyme
within the active site of the enzyme is7.6. Because the pH- as a re_sul_t of electrostatic effects might be gxpecteo_l given the
rate profile does not reach a plateau before dropping off, the pplyamomc nature of DNA. Howgver{ there IS no ewaence to
pKa cannot be determined accurately. The best-fit titration curve either support or refute such a shift within the agtlve site of'th.e
for the data up to pH 7.9 suggests that th& pf the essential 16.2-11 enzyme. Furthermore, the value of 7.6 is a lower limit
group is considerably greater than 7.6. for the app?“e“t i, of the cqta!ytically esseqtigl group.
The ability of other divalent metal cations to support catalysis The requirement for three |m|dazole-conta|n|_ng_deoxyurldlne
by the 16.2-11 enzyme was investigated under single-turnoverar]alogue_S suggests that one or more of the |m!d_azole groups
conditions, employing each of the following divalent metal may b? mvolvegl in binding a Zn lon that participates in
cations (listed in order of activity): CGd, Mn2*, Mg+, SP*, catalysis. In this way, the mechanism of the imidazole-
Co*t, C&*, Ba¢*, C#*, and NF'. Catalytic activity in the (33) Zimmerman, S. C.; Cramer, K. D. Am. Chem. Sod.988 110,
presence of Cid, Mn?*, or Mg?" was about 100-, 500-, and  5906-5908. '
1000-fold reduced, respectively, compared to activity in the Frég"rga';‘?'S,\Té'W%Errl‘(zylrgg;”“clt“g?g”d Mechanis@nd ed.; W. H.
presence of Z# (data not shown). ; ‘ PP '

(35) Connell, G. J.; Yarus, MSciencel994 264, 1137-1141.
The products of RNA cleavage by thel6.2-11 enzyme were  (36) Legault, P.; Pardi, AJ. Am. Chem. S0d.997, 119 6621-6628.
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A B The difference in rate enhancement between RNase A and
the 16.2-11 enzyme may also be explained in part by the
o NHTQS NH?A advantage that protein enzymes have in forming a rigid active
o N S ! HN HO, R <\N\ ?k}) site! Rigidity is important because it allows the catalytic groups
zie NS ) o, NH I ¢ involved in stabilizing the transition state to be positioned with
O oyt TN ojvoi g™ high effective concentration. Because RNase A has a greater
o=p~"H N H . . ) . .
A N L: 3 density, diversity, and total number of functional groups, it may
A “Zzo be able to achieve a higher degree of structural rigidity compared
E?‘ to the 16.2-11 enzyme.
OH Although the catalytic rate of the imidazole-functionalized

Figure 6. One possible mechanism for catalysis by the 16.2-11 DNA DNA enzyme is inferior to that of RNase A, it was sufficient
enzyme (A), compared to that of carboxypeptidase A (B). Both to meet the challenge imposed by the in vitro selection
mechanisms involve an imidazole-coordinated*Zacting as a Lewis constraints. During the first seven rounds of selection, the
acid cofactor. enzyme was allong 1 h tocarry out RNA cleavage in the
presence of 1@M Zn2*. Under those conditions, there was no
functionalized DNA enzyme may resemble that of certaitZn  pressure favoring the selection of a larger, faster enzyme.
dependent protein enzymes, such as carboxypeptidase A (Figurg-yrthermore, because small catalysts such as the 16.2-11 enzyme
6)%° Several alternative mechanisms for RNA cleavage by the \yere present in higher copy number in the initial pool compared
16.2-11 enzyme also are possible. For example, &-Zn {q |arger motifs, these small catalysts had an initial advantage.
coordinated water may act as a general base to activaté-the 2 | js possible that an imidazole-functionalized DNA enzyme of
hydroxyl, or the three essential imidazole groups may play a |5rger size and with catalytic properties more closely resembling

purely structural role. those of RNase A might have been obtained if more stringent
_ The catalytic efficiencykca/Ki) of the 16.2-11 DNA enzyme  .qitions had been applied during the early rounds of in vitro
is ~10° M~1 min~1 under simulated physiological conditions. selection.

Like other RNA-cleaving DNA enzymes that do not contain
extended chemical functionality, this value appears to be limited The developmgn? of the 16.'2'11 DNA enzyme dgmonstrates
how the mechanistic properties of DNA and protein enzymes

by the rate of RNA-DNA hybridization!® The catalytic rate
y yoricizan v can be combined in a single molecule. This was accomplished

of the 16.2-11 DNA enzyme is about an order of magnitude ~ - . .
faster than that of other nucleic acid enzymes of similar size, YS'N9 & nucleotide analogue containing a functional group that

but about 4 orders of magnitude slower than that of RNase A. ©ten plays an important role in protein-based catalysis. Future
This difference may be explained in part by the advantage that Studies may lead to the development of modified nucleic acid
protein enzymes have in positioning a greater number of €NZymes that contain chemical substituents not found in protein
functional groups near the active sit&his advantage is due ~ €NZymes.

to the relatively more flexible backbone and roughly 4-fold
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