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ABSTRACT. We previously reported the in vitro selection of a general-purpose RNA-cleaving DNA enzyme
that exhibits a catalytic efficienckd/Kn) exceeding that of any other known nucleic acid enzyme [Santoro,

S. W. and Joyce, G. F. (199Pyoc. Natl. Acad. Sci. U.S.A. 94262-4266]. This enzyme contains30
deoxynucleotides and can cleave almost any RNA substrate under simulated physiological conditions,
recognizing the substrate through two Wats@rick binding domains. The kinetics of cleavage under
conditions of varying pH, choice of divalent metal cofactor, and divalent metal concentration are consistent
with a chemical mechanism involving metal-assisted deprotonation'efiydPoxyl of the substrate, leading

to substrate cleavage. Kinetic measurements reveal that the enzyme strongly prefers cleavage of the
substrate over ligation of the two cleavage products and that the enzyme’s catalytic efficiency is limited
by the rate of substrate binding. The enzyme displays a high level of substrate specificity, discriminating
against RNAs that contain a single base mismatch within either of the two substrate-recognition domains.
With appropriate design of the substrate-recognition domains, the enzyme exhibits a potent combination
of high substrate sequence specificity and selectivity, high catalytic efficiency, and rapid catalytic turnover.

Nucleic acid enzymes have proven themselves particularly S “
adept at catalyzing the sequence-specific cleavage of RNA. . A .
Pt 1yzing 9 pe -avag 3-GCGUGGGU GAGAGAGG-5
A variety of ribozymes that perform this function have been POttt trrrrtt
discovered in nature and studied extensively in the laboratory, 5-CGCACC CGA CAT CTCTCC-%

including the hammerhead, hairpin, and group | catalytic E G G
motifs (for reviews, sed—3). Several years ago it was c C
shown that certain DNA molecules, selected from a large I\ A
random pool, also can catalyze the cleavage of an RNA CA

G
phosphoester4). More recently, the selection and initial CTA
characterization of a highly efficient, general-purpose RNA- FIGURE 1: RNA cleavage catalyzed by the 10-23 DNA enzyme.
cleaving DNA enzyme were reporte8)( This molecule ~ 'he DNA enzyme (E) binds an RNA substrate (S) through two

identified f lation of 104 diff DNA substrate-recognition domains, each involving Wats0rick base
was identifie rpm a popu a“?” ' 'ere'nt . pairing. The substrate corresponds in sequence to the region
molecules following 10 successive rounds of in vitro selective surrounding the start codon of HIV-gag-polmRNA. The arrow
amplification. The selection procedure was designed to indicates the site of substrate cleavage. Cleavage results in the
enrich the population with individuals that best promoted formation of a 5and 3 product (P1 and P2, respectively).
the Mg**-dependent cleavage of 1 of 12 target ribonucle-
otides located within a substrate domain that was attache i .
to the potential catalytic domain. Following the selection (E) Pinds the substrate (S) through Watsd@rick base

process, the catalytic and substrate domains were separate airng and cleaves a p.artlcular. phosphogilester !lnkqge
allowing the DNA to function as a true enzyme, capable of ocated between an unpaired purine and paired pyrimidine

o : idue. This results in the formation df&nd 3 products
sequence-specific, multiple-turnover cleavage of RNA. rest ; . :
The selected molecule is referred to as the “10-23 DNA (P1 and P2), which contain &,2-cyclic phosphate and'5

enzyme”, derived from the 23rd clone obtained after the 10th thﬁ’ droxyl tirmlnu?,ﬂr]estp\)i ctlvet!y.tr Bty erlppro?]rilt?tﬁl)é dﬁ]s'?nn'n?h
round of selective amplification5f. It is composed of a € sequences ot the two substrate-recognition domains, the

catalytic domain of 15 deoxynucleotides, flanked by 2 enzyme can t_)e ma_de_ t_o cI_eave_ virtually any RNA that
substrate-recognition domains-eB nucleotides each. The contains a pur_mepyr|m|d|ne Junction.

recognition domains provide both the sequence information Under multiple-turnover conditions, the 10-23 DNA
necessary to specify a particular RNA substrate and the €NZYMe exhibits MichaelsMenten kinetics, with & of

o e : - ~0.1 min! and Ky of ~1 nM when measured in the
binding energy to hold that substrate within the active site presence of 2 mM MgGland 150 mM NaCl at pH 7.5 and

37°C (5). Under conditions of higher pH and/or modified
T Supported by Research Grant SFP-1076 from Johnson & Johnson

Research and Research Grant AlI30882 from the National Institutes ofdlvalem Cf.m?n conditions, the en.zyme can cleave wkiya
Health. of ~10 mim?! and a catalytic efficiencyk../Kwv, of >1C°
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dof the enzyme. As diagrammed in Figure 1, the enzyme
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K, K, kg mismatches resulted in substantial reduction of the enzyme’s
= I =— ID{E S catalytic efficiency, demonstrating the high degree of se-
_( )_ k k ( )
! * guence specificity that is provided by the two substrate-

E+S EeS EeP1eP2 E+pi+P2 recognition domains.

FIGURE 2: Minimal kinetic scheme for catalysis by the 10-23 DNA _The DNA enzymeis a biologically famllla_r macro_mol_ecule
enzyme. For simplicityks represents the rate constant for release With polyanionic character. As a result, its application to
of the product that dissociates most slowly from the enzyme. biological systems faces special obstacles with regard to
compound delivery and stability. On the other hand, the
The characteristics of the 10-23 DNA enzyme make it an synthesis of a DNA enzyme is easily within reach of most
attractive tool for use as a sequence-specific endoribonu-laboratories. The target sequence generality and favorable
clease, both in vitro and in vivo. The goal of the present catalytic properties of the 10-23 DNA enzyme distinguish it
study was to characterize more fully the catalytic properties as a potentially useful reagent for the manipulation of RNA.
of this enzyme in order to facilitate its application to a broad
range of RNA targets. Kinetic analysis of the enzyme in MATERIALS AND METHODS

the presence of saturating concentrations of substrate dem- . ) ) )
onstrated that the catalytic rate increases log-linearly with _Preparation of OligonucleotidesUnless stated otherwise,

increasing pH, consistent with a chemical mechanism involv- &/l €xperiments employed a 31-nucleotide DNA enzyme (E)
ing rate-limiting deprotonation of the'-Bydroxyl adjacent with substrate-recognition domains of 8 nucleotides each
to the cleavage site. The catalytic rate also increases(818)anda l7-nuclectide RNA substrate (S) corresponding
approximately linearly with increasing concentration of t© the region surrounding the start codon of H\gdg-pol
various divalent metal cations, consistent with a chemical MRNA (Figure 1).  Synthetic RNA substrates, RNA anti-

mechanism involving metal-assisted deprotonation of the 2 S€nse oligonucleotides, and BNA product (P2) were
hydroxyl adjacent to the cleavage site. synthesized using a Pharmacia Gene Assembler Special

The minimal kinetic scheme for one turnover of the automated DNA/RNA synthesizer and deprotected as de-
enzyme (Figure 2) involves binding of E and S to form a scribed previously&). In vitro transcribed substrates were

productive enzymesubstrate complex (B), cleavage of S~ Prepared using T7 RNA polymerase and synthetic DNA
to form an enzymeproduct complex (P1:P2), and release  €mplates ). DNA enzymes, complementary DNA oligo-
of the products to regenerate the free enzyme. These stepgucleotides, and DNA templates for transcription were
proceed with rate constarks k,, andks, respectively, each ~ Prepared by Operon Technologies (Alameda, CA).
step being reversible. Kinetic analysis of the reverse reaction RNA and DNA oligonucleotides were purified by denatur-
(product ligation) revealed that the enzyme has a stronging polyacrylamide gel electrophoresis, followed by elec-
preference for substrate cleavage over product ligation. troelution and ethanol precipitation. In vitro transcribed
Examination of the rate of enzymsubstrate associatiok] RNA substrates were dephosphorylated in a 2b@eaction
provided an understanding of the basis for the enzyme’s highmixture containing 1 nmol of RNA, 50 mM tris(hydroxy-
catalytic efficiency in comparison to analogous RNA en- methyl)aminomethane (Tris; pH 8.0), 0.4 mM disodium
zymes such as the hammerhead and group | ribozymes. Theethylenediaminetetraacetate ¢N®TA), and 0.2 unipL
catalytic efficiency of the DNA enzyme is determined by @alkaline phosphatase, which was incubated at@7or 1 h,
the rate of enzymesubstrate association, which in turn is €xtracted with phenol and chloroform, and ethanol precipi-
limited by the rate of helical nucleation of the corresponding tated. RNA substrates were-8P-labeled in a 10
DNA—RNA heteroduplex. It appears that, unlike the ham- reaction mixture containing 10 pmol of RNA, 40 pmol of
merhead and group | ribozymes, the 10-23 DNA enzyme [y-*P]JATP (7 uCi/pmol), 5 mM MgCh, 25 mM 2-(\-
takes full advantage of the inherent rate of duplex formation, cyclohexylamino)ethanesulfonic acid (CHES; pH 9.0), 3 mM
presumably by avoiding alternative structures that would dithiothreitol (DTT), and 1.25 unitsL T4 polynucleotide
limit the rate of substrate binding. kinase, which was incubated at 3C for 1 h. The labeled
The ability of the DNA enzyme to cleave a particular target substrates were purified by denaturing polyacrylamide gel
RNA was examined with respect to the sequence at theélectrophoresis, followed by electroelution and ethanol
cleavage site, the length of the substrate-recognition domainsprecipitation. The 53?P-labeled 5RNA product (P1) was
and the substrate sequence specificity of the reaction. Kineticobtained by incubating 2.5 pmol of-&P-labeled substrate
parameters for the cleavage of RNA substrates that differedin a 50uL reaction mixture containing 100 nM E, 10 mM
only at the nucleotide position located immediately to the 5 CaCh, 150 mM NacCl, 50 mMN-(2-hydroxyethyl)piperazine-
side of the cleavage site demonstrated that substrated\'-3-propanesulfonic acid (EPPS; pH 7.5), and4fimL
containing an unpaired purine at that position are cleaved bovine serum albumin (BSA) at 3C for 15 min, and was
most rapidly. An investigation of the catalytic activity of purified by denaturing polyacrylamide gel electrophoresis,
the DNA enzyme as a function of the lengths of its substrate- followed by electroelution and ethanol precipitation. BSA,
recognition domains, and consideration of calculated valuesrather than sodium dodecy! sulfate (SDS), was employed in
for the binding energy of substrate and product with these the presence of Cato avoid formation of insoluble SDS
various enzymes, suggested a simple framework for the C&" complexes. Concentrations of unlabeled oligonucle-
design of recognition domains that provide optimal catalytic otides were determined spectrophotometrically, and those of
efficiency, catalytic turnover rate, substrate sequence speci-5 -*’P-labeled substrates were determined by scintillation
ficity, and substrate sequence selectivity. Substrate sequenc€ounting.
specificity was examined for a DNA enzyme with substrate-  Determination of Reaction Rates and Equilibrium Con-
recognition domains of optimal length. In general, single stants. Unless otherwise indicated, all reactions were carried
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out in the presence of 2 mM Mgg&£I150 mM NacCl, 50 mM a b
EPPS (pH 7.5), and 0.01% SDS at 32. The pH of the
stock solution of buffer was adjusted in reference to the final
reaction mixture at 37C. Reactions were initiated by
combining separate solutions of E and S, each containing
the final concentration of buffer and salts at°®7. Aliquots
were removed from the reaction mixture at various times
and quenched by their addition to an equal to or greater assay assay

volume of an ice-cold mixture contairgn8 M urea, 20% cleavage cleavage

sucrose, 90 mM Trisborate (pH 8.3), NEDTA in 2-fold Ficure 3: Scheme for pulsechase experiments used to determine
excess over divalent metal ion concentration, 0.05% Xylene ﬁf}gﬁ?ﬁoor; ;arﬁgsri]“ggbvggg aFfé\'sts%téféi?éﬁs;é?gss%Qegfrg g%esr'
cyanol, 0.05% bromophenol blue, and 0.1% SDS. Radlo.- to 5'-32P-Iabeledysubstrate. (b) Scheme for deterrﬁination of guplex
labeled substrates and products were separated by denaturingymation rates. C corresponds to a complementary DNA oligo-
polyacrylamide gel electrophoresis and quantitated using anucleotide.

Molecular Dynamics Phosphorimager.

For reactions carried out under multiple-turnover (excess Pane) was 6.49.7. Under the chosen reaction conditions,

substrate) conditions, laps value was obtained for each [S]  [S] was saturating so thabys = k.

from a best-fit line, typically based on five data points Determination of Reerse Reaction RateThe reverse
obtained over the first 10% of the reactiomes and Ky reaction was carried out by formation of the enzytpeoduct
values were determined from theintercept and negative ~ complex (EP1-P2) in an 18«L mixture containing 1.3aM
slope, respectively, of the best-fit line to a modified Eadie  E. 4 "M 8-*P-labeled P1, and 2.64M P2, which was
Hofstee plot ofkops Versuskond[S]. Each plot consisted of ~heated to 93C for 2 min and allowed to cool to 3T over
10 data points for values of [S] that typically ranged from 9 Min, followed by addition of GiL of a solution containing

>10-fold below to>10-fold aboveKy,, with [S] always in 8 MM MgCl,, 600 mM NaCl, 200 mM EPPS (pH 7.5), and
>10-fold excess over [E]. 0.04% SDS. Two-microliter samples were removed and

guenched at times ranging from 15 s to 60 min. The reaction
also was carried out using 4-fold higher concentrations of E
and P2 to ensure that E was saturated with respect to P2
and that P1 was saturated with respect#®Z The observed
rate constant for the approach to equilibrium was determined
as described above for single-turnover reactions. The values

Observed rate constants for single-turnover reactions were
obtained from a curve fitted to a plot of fraction reacted
versus time, based on the equatiosr x(1 — e ¥), wherey
is the fraction reacted at tintex is the fraction reacted at
= oo, andk is the observed rate constant. Kinetic values

typically exhibited<20% variation for identical experiments for Keg™ andk_, were determined from the final extent of

performe_d on d_|fferent days. ) the ligation reaction and the observed rate constant, as
Analysis of Dialent Metal Cation Dependencd.he rate described under Results.

of substrate cleavagk, f0+r the }0—23;+DNA2$nzyn+1e |n+the Estimation of EnzymeSubstrate Dissociation Ratelhe

presence of either Ph Zr?*, Cc*, Mn®", Mg?", C&*, SP*,  ypper limit for the rate of enzymesubstrate dissociation,

Ba*, or C¢* was measured under single-turnover condi- k , was determined by pulsehase experiment8¢ 10).

tions. Reactions were carried out in the presence of a 50seven microliter of a 200 nM solution of E in reaction buffer

mM concentration of either Tris or EPPS buffer, witlx¥ was combined with ZL of a 10 nM solution of [5-3%P]S,

E, 10 nM [8-*P]S, 10 mM M* (or 1 mM for P*), and  giso in reaction buffer. After an initial binding period,

150 mM NaCl, at pH 7.5 and 37C. The dependence & o 30 s, 14ul of a 24M solution of unlabeled S in reaction
on the concentration of divalent metal cation was determined pffer was added to initiate the chase. The petiadiowed

for reactions conducted in the presence of eithet*@a  nearly complete binding of [5%P]S by E because it was
Mn2* under multiple-turnover conditionskes for cleavage  >10-fold longer than the half-time for formation ofunder
was measured in the presence of 100 nM S;-AANME,  these reaction conditions. Three-microliter aliquots were

either 2-300 mM CaCj or 0.01-20 mM MnCk, and 50 removed and quenched during the chase petipdt times
mM EPPS (pH 7.5) at 37C. Under these conditions, Sis  yanging from 90 s to 90 min. A control reaction in which
saturating andk; is rate-limiting for the catalytic cycle. The g chase was added was carried out in parallel. The extent

concentration of either Ga or Mn*" required for half-  f cleavage for each reaction was determined as described

maximal activity was determined from a curve fitted to a zpgye for single-turnover reactions.

pI02t+of Kobs versus [M*], based on the equatiokps = Determination of EnzymeSubstrate Association Rate.

[M* Tknad ([M*'] + Ka), whereknaxis ko in the presence of  The rate constant for enzymsubstrate associatiok, was

saturating concentrations of divalent metal cation Kgds determined by pulsechase experiments, carried out in the

the apparent dissociation constant for the divalent metal presence of either 2 or 100 mM Rig(Figure 3a). Enzyme

cation. substrate association was measured by observing substrate
Analysis of pH DependenceThe dependence & on cleavage by the enzym@&<10). For experiments with 2

pH was analyzed under multiple-turnover conditions in the mM Mg?*, 10 different reactions were initiated by combining
presence of 100 nM S, 6-20 nM E, 10 mM CaCJ, and 17.5ul of E in reaction buffer with 17.%L of [5'-32P]S,
50 mM buffer (pH 6.19.7) at 37°C. The pH range for  also in reaction buffer, giving final concentrations of E of
reactions buffered by 1,4-piperazinediethanesulfonic acid 0.5-5 nM and [3-*2P]S of 0.1 nM. For experiments
(PIPES) was 6.427.5, by EPPS was 7-18.5, and by 1,3- conducted with 100 mM Mg, the final concentration of E
bis[tris(hydroxymethyl)methylamino]propane (bis-Tris pro- was 0.05-0.5 nM, and [5-*?P]S concentration was 0.01 nM.
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Chases were initiated at various timgsranging from 10 s
to 10 min, by combining 4eL samples of each reaction
mixture with 2uL of 10 uM unlabeled S. The reactions
were quenched after an intervad, of 60 min. For each
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limiting step of the catalytic cycle under these conditions.
Values forKy were 0.62 and 0.35 nM in the presence of 2
and 100 mM M@", respectively. The catalytic efficiency,
kealKu, Of the DNA enzyme is 3.2« 10° and 4.9x 1Q°

reaction, an observed rate constant was determined asM~' min~! in the presence of 2 and 100 mM FRig
described above for single-turnover reactions. The valuesrespectively.
for k; were determined from the observed rate constants, as Dependence of Actity on Divalent Metal lons and pH.

described under Results.

Determination of Duplex Formation RatdRate constants
for the association of complementary DNA or RNA oligo-
nucleotides with various RNA substrates were determine

by pulse-chase experiments, carried out in the presence of

either 2 or 100 mM Mg (Figure 3b). Duplex formation

was measured by observing protection of the substrate from

cleavage by the DNA enzyme. In addition to the standardAOf all metals tested in the presence of EPPS, but very little

substrate, measurements were obtained for three other RN
substrates having the sequencésCBGUGGCAAUGA-
GAGUG-3, 5-GAGGAUAGAUGGAACAA-3', and 5-
AGCCGAUGUGUGAGAAGAC-3. For experiments with

2 mM Mg, five different reactions were initiated by
combining 17.5uL of complementary oligonucleotide in
reaction buffer with 17.5L of [5'-3?P]S, also in reaction
buffer, giving a final concentration of complementary
oligonucleotide of 0.55 nM and [3-32P]S of 0.1 nM. For
experiments conducted with 100 mM Kfg the final
concentrations were 0.6%.5 nM and 0.01 nM, respectively.
Chases were initiated at various timgsranging from 10 s
to 10 min, by combining 4eL samples of each reaction
mixture with 2uL of 10 uM E in buffer containing 300 mM
MgCl,, 150 mM NacCl, and 50 mM EPPS (pH 7.5) at 3.
The reactions were quenched after an intertgabf 30 min
with 12 L of a solution containing 100 mM NEDTA. The

The rate of DNA-catalyzed RNA cleavade, was assayed
under single-turnover conditions in the presence of nine
different divalent metal cations: Ph Zn?", Cd*", Mn2t,

qMg*, Ca*, SP*, B&f, and Ca*. In each case, activity

was measured in the presence of two different buffers, Tris
and EPPS, at pH 7.5 and 3€. Two of the metals exhibited
substantially different behavior in the presence of the two
different buffers. MA" provided the highest level of activity

activity in the presence of Tris. €t provided a modest
level of activity in Tris, but very little activity in EPPS. The
causes of these differences are unknown. These exceptions
notwithstanding, the order of activity was as follows: #¥in
(EPPS)> PI?*, Mg?t, Ca&" > C#* (Tris) > SPt, Ba™ >
Zn?t, Co*.

The rate of cleavagdg, versus [Mg*], [Ca®'], or [Mn?"]
was examined under multiple-turnover conditions (Figure 4).
The data for M§" have been reported previousl§) (and
are included here for comparison. Multiple-turnover condi-
tions were employed to allow a more facile measurement of
ko whenk, > 1 min™%; single-turnover experiments would
require very short sample times that could not be achieved
by manual pipetting. A saturating concentration of S was
used in these experiments so thatvas rate-determining.
The DNA enzyme exhibited comparable levels of activity
in the presence of a given concentration of eithet'Ga

observed rate constants were obtained from a curve fitted toMgz+. The catalytic rate was half-maximal in the presence
a plot of fraction uncleaved versus time, based on the of aither ~180 mM Mg or ~60 mM C&*. For both of

equationy = x(1 — e ) + m, wherey is the fraction reacted
at timet, x is the fraction reacted at= =, k is the observed
rate constant, anehis the maximal extent of cleavage. The
values forkassoc Were determined from the observed rate
constants, as described under Results.

these metals, the apparent maximal rate of cleavagebas
min~’. In contrast, half-maximal activity was obtained in
the presence of only 2.6 mM Mh, with an apparent
maximal rate of MA"-dependent cleavage ¢f10 min .
Values obtained in the presence of Mnespecially at high

Analysis of the Effect of Varying Substrate-Recognition concentrations, may be underestimated due to oxidation of

Domain Length.DNA enzymes were prepared with substrate-
recognition domains of symmetrical length ranging frof4
to 13+13. For each enzymé&gpsvalues were obtained from

Mn?* at pH 7.5.
The pH dependence of the 10-23 DNA enzyme was
studied in the presence of 10 mM Tat 37°C (Figure 5).

a best-fit line applied to data acquired during the steady- As above, the reactions were carried out under steady-state
state portion of the reaction for cleavage of a 27mer synthetic conditions in the presence of saturating [S] so tha =

RNA substrate having the sequencelAGAAGGAGA-
GAGAUGGGUGCGAGAGC-3 ket andKy values were

determined as described above for multiple-turnover reac-

tions.

RESULTS

Steady-State Catalytic Parameter$he rate of catalytic
turnover, kea, and the Michaelis constanky, for RNA

cleavage by the 10-23 DNA enzyme were determined under

multiple-turnover conditions in the presence of either 2 or
100 mM Mg* at pH 7.5 and 37C. Values fork.: were
0.18 and 1.7 mint in the presence of 2 and 100 mM Rig

keat = ko. Three different buffers were employed in an
overlapping manner to span a pH range from 6.1 t0 9.7. The
log of keorincreased linearly with a slope of 0.94 as the pH
increased from 6.5 to 8.5. This log-linear relationship did
not hold either below pH 6.5 or above pH 8.5, indicating
that under these conditiorks may not be rate-determining
for the catalytic cycle or thak; is reduced due to titration

of groups within the active site of the enzyme, as has been
observed for the group | ribozymé1).

The rate of substrate cleavage by the 10-23 DNA enzyme,
ko, is influenced by both divalent metal cations and pH. These
observations support the hypothesis that the chemical mech-
anism of the enzyme involves a metal-assisted deprotonation

respectively. These values are identical to the rate of event as part of the rate-limiting step of substrate cleavage.

substrate cleavagks, measured under single-turnover condi-
tions, demonstrating that product reledsgjs not the rate-

According to this hypothesis, the enzyme utilizes the metal
to facilitate deprotonation of the'-hydroxyl group of the
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5 step of catalysis is rate-limiting for the conversion eSHo
a E-P1:-P2, andk; reflects the rate of the chemical step.
4 e Comparison of Forward and Rerse Reaction Rates
k. 34 ° ° Cleavage of an RNA substrate by the 10-23 DNA enzyme

proceeded to near completion under conditions in which the

(min) 2 substrate was present at high concentration and in excess
14 over enzyme (data not shown). Assuming that under these
conditions the concentration of products at equilibrium was
0 F—— . T . T sufficient to saturate the enzyme, this indicates that the rate
0 e 200 300 of the forward reaction, cleavage, substantially exceeds the
[Mg*] (mw rate of the reverse reaction, ligation. The rate of the reverse
reaction,k_,, was measured by examining the ligation of
5 the two products P1 and P2 to form the full-length substrate.
b ° Sufficient concentrations of E and P2 were used to ensure
4 that all E was bound by P2 and that all*8P-labeled P1
P °© was engaged in an-B1-P2 complex. Under these condi-

tions, the conversion of £1-P2 to ES was monitored by
(min) 5] the formation of a small but easily measurable amount of
[5'-%2P]S. The reaction reached equilibrium with 0.0022
fraction ligated, with an observed rate of approach to
| ‘ ' . ’ equilibrium of 0.19 min®. Increasing the concentration of
0 100 200 300 both E and P2 by 4-fold did not affect this result, indicating
[Ca?*] (mm) that saturation had been achieved. The observed rate of
approach to equilibrium beginning with the two cleavage
products reflects the sum of the rates of the forward and
reverse reactionskops = ko + k- = 0.19 mint. The rate
of the forward reactionk,, under the same reaction condi-
tions is 0.18 min'. Thus,k_, is very slow relative tdk,.

An accurate estimate of the value lof, can be derived
from the internal equilibrium constanke™ = [E-P1-P2]/
[E-S], which is equivalent to the inverse of the fraction
ligated at equilibrium: Ked™ = 1/0.0022= 450. Because
0 Ked™ = ko/k—», andk, = 0.18 min%, the rate of the reverse

6 10 2 30 reactionk », is ~0.0004 min*. This is consistent with the

[Mn2+] (mM) measured value foksps of 0.19 min?, indicating that the

rate of approach to equilibrium involves ortyandk_,. In
Ficure 4: Dependence of the rate of substrate cleavage on theSummary the 10-23 DNA enzyme exhibits a strong prefer-
concentration of divalent metal cation. Reactions were carried out ' . S
in the presence of either (a) Mg (b) C&", or (c) Mré*, together ence for the c_:atalyss of cllgavage over ligation under
with 150 mM NaCl and 50 mM EPPS (pH 7.5) at 3¢. Open  Simulated physiological conditions.
and closed symbols correspond to independent experiments. The Egpaluation of EnzymeSubstrate Dissociation and As-
Ee)st-fi:]cur\ﬁs "?‘rekb‘?‘sfﬁ on the equat%@rF tkmax{_M 2+c]i/'(['vll Zq + o SOciation Rates.Pulse-chase experiments were used to
, where IS INn the presence or saturatin Ivalent metal : fat
cgtion andKy |asX thezapparenpt dissociation constar?t for the divalent compare the rate of enzymeubstrate d'.SSOC'at'o'krl’ 'FO .
metal cation. the rate of substrate cleavage, to establish an upper limit
for k-;. A saturating concentration of E was first allowed
10 2a to bind a trace amount of [52P]S for a periodt;, of 30 s.
A Then a large amount of unlabeled S was added to the mixture
b to initiate the chase perioth, during which dissociation of
[5'-32P]S from E was essentially irreversible. An otherwise
(min) 1 identical reaction, but without the chase, was carried out in
parallel. Removal and quenching of samples from the two
0.017.8 reaction mixtures at various times allowed the final extent
of cleavage to be determined in each case. The extent of
7 g 9 10 cleavage was the same for the two reactions, indicating that
pH the rate constant for substrate cleavageis much greater
Ficure 5: Dependence of the rate of substrate cleavage on pH. than the rate C.OnStant for Sl.JbStrate dissociation, This
Reactions were carried out in the presence of 10 mM gdaD sets an upper limit fok—, that is at least 10-fold slower than
mM NaCl, and a 50 mM concentration of either PIPES (circles), Kz, SO thatk-; < 0.018 min,
E|PPSd (squ%rels), or biS-Tfi(Sj ?rqune (tr(ijangzles) a?G'Opten ?r?db . Becausek.a: = ko, > k-1, the second-order rate constant
closed sympols correspond 1o indepenaent experiments. e pbes i
fit line corresponds to data for pH 6-8.5 and has a slope of 0.94. 1|‘(c1)r Cl?ﬁ::gglgigﬂ;'\fé r:fdfi%?:r?cgﬁczh;ﬂ(;/,(ﬁsl ;—nggé?ezlr?glﬁe
substrate that is located adjacent to the cleavage site (se@pproximately equal to the rate constant for enzyme
Discussion). If this hypothesis is correct, then the chemical substrate association. A series of pulshase experiments

o
=)
=]
=
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3 was done in order to assess the possible contribution of the
15-nucleotide catalytic core of the enzyme, the single bulged
purine residue of the substrate, and the heteroduplex nature

K, 2 o of the enzyme-substrate complex to the rate of enzyme
(min-1) substrate association. The rate was determined for associa-
1 tion of the substrate with four different complementary

oligonucleotides: d17, a 17mer DNA that is perfectly
complementary to S; d16, a 16mer DNA that lacks a residue

o3 5 4 6 opposite the bulged A of the substrate and thus more closely
[E](nm) mimics the ES complex; r17, the RNA analogue of d17;
FIGURE 6: Rate of association of the 10-23 DNA enzyme and an @nd r16, the RNA analogue of d16. _
RNA substrate. Pulsechase experiments were used to meagure A series of pulse chase experiments were carried out to

andk-,, determined by the slope aneintercept, respectively, of  measurek,ssocfor each substrateoligonucleotide pair in the
lines fit to data obtained in the presence of either 2 (circles) or 100 presence of either 2 or 100 mM Nig(Figure 3b). Varying

(squares) mM M. kops cOrresponds to the rate of approach to . f | i leoti fi
equilibrium for enzyme substrate association. Open and closed COncentrations of complementary oligonucleotide were first

symbols correspond to independent experiments. allowed to bind to a trace amount of {$P]S for varying
times,t;. Then a large excess of E was added to the reaction

mixture, effectively preventing any further binding of
Table 1: Second-Order Rate Constants for Interaction with a 17mer [5'-*?P]S. Following the chase, the reactions were allowed

RNA Substrate to proceed for a timet, that was sufficient to ensure

rate constant (M min-1) 2 MM Mg2*+ 100 mM Mg+ complete cleavage of any'[%P]S that had not been bound

kel DNA enzyme (8-8) 32% 10° 29 10° by the complementary oligonucleotide dur!ng Mea;ure-

Kessos DNA enzyme (&-8) 47 18 6.0x 10° ment of the amount of cleavage as a function,girovided

Kassoe 17mer DNA (d17) 6.6< 108 6.4x 10° a value forkypsfor each concentration of oligonucleotide. In

Essos 1673mer gm §d1176)) g-gi ig 7le 10 this casekqps represents the rate of approach to equilibrium
SS06 mer r . n . . .

Kenes 16mer RNA (r16) 8.8 10° nd for formation of the substrateoligonucleotide complex,

: — reflecting the sum of the rate constants for association and
E;Pr"se?;ﬂc’;‘ g;’“g,';g”s 2 0r 100 mM Mg&lL50 mM NaCl, 50 mM - gissociation: Keps = Kassofoligonucleotide]+ Kassos A plot

s : of kops Versus [oligonucleotide] provided a best-fit line with

slope equal tkassocandy-intercept equal tdgissoo

were carried out to test this hypothesis, measuking the The kassocvalues for both d16 and d17 (Table 1) are only
presence of either 2 or 100 mM Kig(Figure 3a). Varying  slightly higher than thé, value for the DNA enzyme with
concentrations of E were first allowed to bind to a trace the same RNA. Thus, the rate of enzyasbstrate as-
amount of [5-*P]S for varying timests, ranging from 0 to  sociation is nearly identical to the rate of formation of the
10 min. Then a large excess of unlabeled substrate wascomparable DNA-RNA heteroduplex. Th&sssecvalues for
added to the reaction mixture, effectively preventing any the two complementary RNA oligonucleotides, r17 and r16,
further binding of [3*?P]S. Following the chase, the are slightly higher than those for d17 and d16, when
reactions were allowed to proceed for a peripdthat was ~ measured in the presence of 2 mM ¥qgTable 1). This
sufficient to ensure complete cleavage of any*fP]S that  suggests that DNARNA heteroduplexes do not form at a
had been bound by E duritg Measurement of the amount  faster rate than the corresponding RNRNA homoduplexes

of cleavage as a function of provided a value fokops for and, therefore, that the rate of association of the 10-23 DNA

each [E]. enzyme with an RNA substrate is not significantly affected
In these pulsechase experimentggysrepresents the rate by the heteroduplex nature of the enzynsaibstrate com-

of approach to equilibrium for formation of the &complex, plex.

which reflects the sum of the rate constants for association To exclude the possibility that the RNA substrate em-
and dissociationky,s = ki[E] + k1. A plot of kyps Vs [E] ployed in this study is unusual with respect to its duplex
(Figure 6) provides a best-fit line with slope equaki@and association rate, three additional substrates with very different
y-intercept equal tok-1. Values fork; obtained in the  sequences were examined (see Materials and Methods). Each
presence of either 2 or 100 mM WMig were in close substrate was allowed to hybridize with a complemetary
agreement with values for the second-order rate constant,DNA before the chase was initiated with the corresponding
keafKw, Obtained under the same reaction conditions (Table DNA enzyme. In all cases, the association rate in the
1). Thus,k.a/Ky is determined primarily by;, the rate of presence of 2 mM MY was~2 x 10° M~ min~! (data
enzyme-substrate association. The value obtained for the not shown).
rate of enzyme substrate dissociatiok,;, from pulse-chase Analysis of Substrate Sequence Specificithe ability
experiments carried out in the presence of 2 mM2Mip of the 10-23 DNA enzyme to discriminate between matched
<0.03 mirr?, consistent with the upper limit fde; of 0.018 and mismatched substrates was investigated, employing the
min~! that was obtained in experiments comparkag and 7+7 version of the enzyme under multiple-turnover condi-
ko, as described above. tions. Values fork.o: and Ky were determined for a series
Association Rates of Complementary Oligonucleotides. of mismatched substrates, each containing a single conserva-
The rate of association of the 10-23 DNA enzyme and an tive nucleotide substitution (Figure 7). All of the mismatched
RNA substrate was compared to the rate of formation of a RNAs were cleaved less efficiently than the fully matched
corresponding DNARNA or RNA—RNA duplex. This substrate. In some cases, the reduction in catalytic efficiency
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0.1
. . kca\/KM
5" GCACCCA CTCTCTC 3 (relative)
k o
TRV Tl cat 9014 5
3"GCGUGGGUAGAGAGAGG 5’ 1 (min"") . g
GCGUGGGUAGAGAGCGG 0.014 §
GCGUGGGUAGAGCGAGG not measurable not measurable - £
GCGUGGGUAGAGGGAGG 0.29 0.0014 ]
GCGUGGGUAGAGUGAGG 0.0038 :
GCGUGGGUAGCGAGAGG 0.011 1000 =
GCGUGGGUAGGCAGAGG 0.31
GCGUGGUUAGAGAGAGG 0.00094 100
GCGUCGGUAGAGAGAGG 0.000087 K 104 o
GCGUUGGUAGAGAGAGG 0.0014 M )
GCUUGGGUAGAGAGAGG 0.0023 (M) 4] S
T 3
S 8 2 - 2~3 EOS é 0.14 €
e - S k]
2
Kegt (min™) Ky (nM) 0.014 4

5 6 7 8 9 10 11 12 13

FiGurRe 7: Substrate sequence specificity of the 10-23 DNA length (n+n)

enzyme. Values fok.,;; and Ky were determined for cleavage of ) . .
substrates with a single base mismatch, as indicated in boldfaceF!GURE 8: Effects of varying the length of the substrate-recognition
type below the fully matched sequence. Relative valuekfgKy domains. Values foke, andKy were obtained for DNA enzymes

were determined by comparison to cleavage of the fully matched With recognition domains of equal length, ranging from44to
substrate; a low relative value corresponds to high specificity in 13+13. Reaction conditions: 2 mM Mg&:1150 mM NaCl, 50 mM

discriminating against the mismatched substiatgky for cleavage EPPS (pH 7.5), 37C.
of the fully matched substrate by the-7 DNA enzyme was 1.2
x 10® M~1 min~1. Reaction conditions: 2 mM Mggl 150 mM fold lower value fork.;; under multiple-turnover conditions.

NaCl, 50 mM EPPS (pH 7.5), 37C. Furthermore, experimentally determined valuesdgunder
multiple-turnover conditions were consistent with calculated

was due largely to a reduction ka,, reflecting a decrease .
gely oy g rates of product release, assuming that the enzypneduct

in ko, while in other cases it was due largely to an increase -
in Ky, indicating reduced substrate binding affinity. Mis- COMPlex behaves as two independent DNANA hetero-
matches that involved the formation of a single wobble pair dUPlexes (see Discussion).
resulted in a relatively modest reduction in catalytic ef- Compositional Requirements of the Enzyme and Substrate.
ficiency (~3-fold). All other mismatches, which involved —The sequence requirements of the catalytic core of the 10-
a pyrimidine-pyrimidine opposition, resulted in a more 23 DNA enzyme were investigated previously by generating
dramatic reduction (71-fold te- 12 000-fold). a large population of enzyme variants in which random
Variation of Substrate-Recognition Domain LengfPre- mutations were introduced throughout the core and then
vious experiments indicated that small changes in the lengthsubjecting the population to repeated rounds of selective
of the substrate-recognition domains could result in substan-amplification based on RNA-cleavage activity)( The
tial alteration of the catalytic efficiency of the 10-23 DNA  activity of the enzyme was found to be almost completely
enzyme §). In addition, because the two cleavage products intolerant of sequence changes within the catalytic core. The
are bound by these same recognition domains, it is expectedsole exception was a—FC or T—~A change at the eighth
that very long domains would result in slow product release nucleotide position that reduced, but did not eliminate,
and, therefore, slow catalytic turnover. A systematic study catalytic activity. Based on these observations, a “disabled”
of the effect of substrate-recognition domain length on DNA enzyme was constructed by introducing a singteG
catalysis was carried out by measurikg; and Ky under change at the sixth position of the catalytic core (changing
steady-state, multiple-turnover conditions for a series of DNA the core sequence t6-6GCTACCTACAACGA-3, muta-
enzymes with recognition domains of Symmetrica| |ength tion underlined). This Single substitution was found to
ranging from 4-4 to 13+13 (Figure 8). Each enzyme was abolish enzyme activity, providing a control molecule that
directed to cleave the same 27mer RNA substrate, corre-is inactive but retains WatserCrick complementarity to the
sponding in sequence to the region surrounding the startRNA substrate.
codon of HIV-1gag-polmRNA. Catalytic efficiency rose As reported previously, the rate of cleavage by the 10-23
sharply as the length of the substrate-recognition domainsDNA enzyme is largely independent of the sequence of the
increased from #4 to 7+7. Enzymes with recognition = RNA substrate except for the two substrate nucleotides

domains ranging in length from+77 to 13+13 exhibited immediately surrounding the cleavage sk (The enzyme
similar catalytic efficiencies, reflecting the fact that/Kwm prefers to cleave an RNA phosphoester located between an
for these enzymes is limited by, which is approximately  unpaired purine and paired pyrimidine residue. Sequences
the same in all cases. of the form 3-RU-3 (R = A or G) are cleaved most rapidly.

As the substrate-recognition domains were lengthenedTo more completely define the sequence preference of the
beyond 99, there was a progressive decreasdcipnthat DNA enzyme with respect to the unpaired substrate nucle-
was thought to reflect a change in the rate-determining stepotide, five different substrates were constructed, each con-
of the catalytic cycle from chemistry to product release. To taining one of the four standard nucleotides or no nucleotide
verify this possibility, single-turnover experiments were at the single unpaired position, with the remainder of the
carried out under the same reaction conditions to measuresequence being constant. MeasuremekteandKy under
the rate of substrate cleavage,for both the 88 and 13+13 multiple-turnover conditions (Table 2) revealed that the
enzymes. These enzymes exhibited the same valuk,for enzyme prefers to cleave after G and, to a slightly lesser
of 0.11 mi?, even though the 1813 enzyme had an 18- extent, after A. Cleavage after U or no unpaired residue
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Table 2: Effects of Varying the Unpaired Residue of the RNA a
Substrate

- !

Kw (NM) o R
0.89 R 0

nm 0

1.4 - o O
5-GGAGAGAGUUGGGUGCG-3 0.027 0.41 0—H~ “OH
5-GGAGAGAG-UGGGUGCG-3 0.050 0.77 it

aThe unpaired substrate nucleotide position is shown in boldface
type. Results were obtained with the-7 DNA enzyme. Reaction o U
conditions: 2 mM MgC4, 150 mM NacCl, 50 mM EPPS (pH 7.5), 37
°C. P Not measurable.

Keat (Min1)

0.11
nmP
0.39

substrate

5-GGAGAGAGAUGGGUGCG-3
5'-GGAGAGAGCUGGGUGCG-3
5'-GGAGAGAGGUGGGUGCG-3

—O

- OH
was much less efficient, and cleavage after C was undetect-

able.

OH

DISCUSSION

These investigations into the catalytic behavior of the 10- p
23 DNA enzyme have provided an enhanced understanding
of its mechanism and, ultimately, the scope of its utility. The
enzyme exhibits properties that make it a promising candidate R o
for use as a synthetic endoribonuclease, both in the laboratory o
and in biological systems. Its small size, all-DNA composi-
tion, target sequence versatility, and high catalytic efficiency o o
are among the most important of these properties. The
following discussion highlights mechanistic features of the No- +
DNA enzyme that are relevant to its potential applicability. (o U
Chemical Mechanism of the DNA Enzymé&he 10-23 o U
DNA enzyme was selected on the basis of its ability to cleave o)
RNA in the presence of Mg. Not surprisingly, enzyme OH
activity is observed only in the presence of Md5) or one OH
of several other divalent metal cations, including Can", FiGURe 9: Two hypothetical chemical mechanisms for catalysis
PE**, and, to a lesser extent, €d S, and B&*. In this of RNA cleavage by the 10-23 DNA enzyme. (a) Mechanism
regard, the enzyme behaves similarly to the hammerheadinvolving a divalent metal hydroxide that functions as a general
ribozyme, which also is active in the presence of various base. (b) Mechanism involving a divalent metal cation that functions
divalent metal cations1@). These metals might help to as a Lewis acid.
stabilize the transition state of the reaction and/or assist in  As reported previously5), RNA cleavage catalyzed by
folding of the enzyme into its active conformation. the 10-23 DNA enzyme results in an upstream fragment
The order of activity for the various metals corresponds terminating in a 23-cyclic phosphate and a downstream
roughly to the inverse order of theKp values of the fragment terminating in a'Sydroxyl. This, together with
respective metal hydrates. This might be taken as evidencethe divalent metal cation dependence of the enzyme, can be
to support a particular metal-assisted reaction mechanism taken as evidence to support a chemical mechanism involving
although interpretation of this observation is problematic for metal-assisted deprotonation of thé-hfdroxyl located
two reasons. First, the correlation does not hold for all adjacent to the cleavage site. This would produce a
metals. For example, the catalytic rate of the enzyme is nucleophilic 2-oxyanion that attacks the adjacent phospho-
approximately the same in the presence of saturatingrus, giving rise to the observed cleavage products. The metal

concentrations of either Mg or C&" (Figure 4), despite
the difference of 1.5 units in thekp of the corresponding
metal hydrate13). On the other hand, the catalytic rate in
the presence of saturating &mis ~3-fold higher than in
the presence of saturating &gwhich more closely parallels
the difference in the I8, values of the respective metal

may participate in the chemical mechanism of the DNA
enzyme either as a metal hydroxide that functions as a
general base to assist in deprotonation of théy2iroxyl
(Figure 9a) or as a Lewis acid that coordinates directly to
the 2-hydroxyl and enhances its acidity (Figure 9b). The
metal might also play a purely structural role, helping to

hydrates. Second, the apparent binding affinities of the organize the enzyme into its active conformation.

various metals are quite different, suggesting that they might

Regardless of the precise role of the metal, if deprotonation

bind to the enzyme in a different manner. For example, the of the 2-hydroxyl is part of the rate-limiting step of cleavage,

enzyme appears to bind €aand especially M#i more
tightly than it binds M@". Catalytic activity is half-maximal
in the presence of either 180 mM Kfg 60 mM C&F, or
2.6 mM Mr?t (Figure 4). Even slight differences in the

then the catalytic rate would be expected to increase log-
linearly with increasing pH. This is the case over a pH range
of 6.5-8.5 in the presence of 10 mM &a(Figure 5).

Similar results were obtained with various concentrations of

occupancy or positioning of the various metals within the other divalent metal cations (data not shown). The log-linear
enzyme may lead to large differences in the catalytic rate, increase with a slope of1 indicates that a single deproto-
making comparisons extremely difficult. nation event occurs during the rate-limiting step of the
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reaction (4). It is possible that this deprotonation event Even though the RNA substrate employed in this study
involves a conformational change of the enzyrseabstrate had a high GC content, product release did not become rate-
complex prior to the chemical step, but it more likely limiting unless the recognition domains were quite long. For
corresponds to deprotonation of theh®¥droxyl that results  substrates with lower GC content, the recognition domains
in cleavage of the adjacent phosphoester. Analogous deprodikely could be made even longer without impairing catalytic
tonation events are thought to be involved in the mechanismturnover. In contrast, the substrate-recognition domains of
of several small RNA-cleaving RNA enzymes, including the the hammerhead ribozyme must be kept significantly shorter
hammerhead and hairpin ribozymes (for reviews, Z€ekb, to prevent product release from becoming rate limitiag) (
16). This may be due in part to the slower rate of dissociation of
Preference for Cleeage Quer Ligation. The 10-23 DNA RNA—RNA homoduplexes compared to DN/ARNA het-
enzyme, in the presence of a divalent metal cation, stabilizeseroduplexes of the same sequen28).(
the transition state leading to the forward cleavage reaction. The DNA enzyme possessing substrate-recognition do-
Thus, the enzyme must also accelerate the reverse reactiomains of eight nucleotides each exhibit¥kg: that varies
that results in ligation of the two cleavage produdié)(To substantially depending upon the reaction conditions. Changes
compare the rates of cleavage and ligation, the internalin the pH, choice of divalent metal cation, and divalent metal
equilibrium constantKed™, was determined. This value is cation concentration all affect the rate of substrate cleavage,
equal to the relative rates of the forward and reverse and therefore,. In the presence of 2 mM Mg and 150
reactionsk./k—,. Under simulated physiological conditions, mM monovalent cation at pH 7.5 and 3, conditions that
Ked™ is 450, indicating a strong preference for cleavage over approximate those of a living celgatis ~0.1 mimr®. Under
ligation. This preference would not be expected on the basisless physiological conditions, such as higher divalent cation
of enthalpy changes because tHe82cyclic phosphate is  concentration and/or higher plé;.: can exceed 10 mir.
strained and therefore enthalpically unfavorable relative to  Catalytic Efficiency of the DNA Enzymé&NA-cleaving
the 3,5-phosphodiested(). It thus appears that the enzyme RNA enzymes that bind their substrate through long stretches
compensates for the enthalpy loss by an even larger entropicof Watson-Crick pairing generally perform substrate cleav-
gain, presumably due to loss of structural integrity of the age and product release at rates that are much faster than
enzyme-product complex following substrate cleavage. the rate of enzymesubstrate dissociatio®{10, 19. This
After cleavage, the reactive termini of the two products may is due to the high thermodynamic stability of the enzyme
not be held in sufficiently close proximity to facilitate their ~substrate complex. As a result, nearly every substrate
rapid ligation. binding event results in substrate cleavage. For these
The preference for cleavage over ligation by the DNA enzymes, catalytic efficienckd./Kw) is limited by the rate
enzyme is nearly identical to that observed for the ham- of enzyme-substrate association. Mathematically, this
merhead ribozyme under similar reaction conditioh8)( results from the fact that Kc.: = ko > k-4, then the second-
The hairpin ribozyme, in contrast, has a rate of product order rate constank:./Kn = kiko/(k-1 + k), reduces td;.
ligation that is~10-fold faster than the rate of substrate =~ Because RNA-cleaving RNA enzymes bind their substrates
cleavage 19). These preferences may be rationalized by through Watson Crick pairing,k; may be at least partially
considering the selection pressure that applied to each catalystietermined by the rate of RNARNA hybridization. A
during its evolutionary development. The 10-23 DNA reasonable expectation, based on the similar mode of
enzyme was selected in vitro based on its ability to cleave a substrate binding by the 10-23 DNA enzyme, is that it too
tethered oligoribonucleotide and thus become detached fromis limited by the rate of enzymesubstrate association, and
a solid supportg). The hammerhead ribozyme was evolved therefore by the rate of DNARNA hybridization. To test
in nature to operate in a similar self-cleavage format, this hypothesis, it was first necessary to confirm that>
converting the multimeric product of rolling-circle RNA k-, for the DNA enzyme. Using pulsechase experiments,
replication to monomeric genomic RNAQ, 2J). In k. was found to be at least 10-fold greater thamn. Next,
contrast, the hairpin ribozyme was evolved both to cleave pulse-chase experiments were used to measuyri®r the
multimeric genomic RNA to monomeric units and to ligate DNA enzyme (Figure 6). In the presence of 2 mM ¥ig
those monomers to form covalently closed circl23, (23. k; was 4.6x 10® M~ min~!, which agrees closely with the
As a result, the hairpin ribozyme was selected on the basisvalue fork.,/Ky of 3.2 x 10° M~ min~%, measured under
of both cleavage and ligation activity, and thus is expected the same reaction conditions. In the presence of 100 mM

to have a value foKeJ™ close to unity. Mg?t, ky was 6.1x 10° Mt min~1, andkea/Ky was 4.9x
Rate of Catalytic Turnger. The rate of catalytic turnover  10° M~ min~1, again in close agreement (Table 1).
of an enzyme in the presence of saturating substkateis The values fok; andk:./Ku for the 10-23 DNA enzyme

an important measure of its catalytic activity. Maximizing are more than an order of magnitude higher than those for
the turnover rate of the 10-23 DNA enzyme requires that all the hammerhead and group | ribozymes, measured under
other steps of the catalytic cycle be faster than the rate of similar reaction conditionsd( 10, 2§. Conceivably, these
cleavagek,, in the presence of a saturating concentration differences could be explained by differences in the relative
of substrate. In terms of the minimal kinetic scheme rates of formation of DNA-RNA versus RNA-RNA
presented in Figure 2, this requires that the rate of productduplexes. There is one report in the literature indicating little
release ks, be faster thark,. This is true for the DNA difference in the rate of formation of DNARNA and
enzymes that contained substrate-recognition domains of lessiRNA—RNA duplexes of the same sequen2B)( However,

than 10 nucleotides each (Figure 8). However, for DNA that study was conducted with only one, relatively short
enzymes with longer recognition domaiks,was less than  (7mer) oligonucleotide sequence. To confirm those results,
ko, so thatk.o;was determined by the rate of product release. the present study included measurements of the association
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rate of the RNA substrate with either a complementary DNA
or a complementary RNA oligonucleotide. This was ac-
complished using a novel pulsehase technique in which

the DNA enzyme served as the “chase”, cleaving any
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When the substrate-recognition domains were less than seven
nucleotides each, the enzyme exhibited lower valueg;for
and/or higher values fok-;, so thatk../Ky was less than

the rate of duplex formation. When the domains were

substrate that had not become associated with the complelengthened beyond 10 nucleotides eakh, was reduced,

mentary oligonucleotide during the initial “pulse” period. The
rate of formation of the DNA-RNA heteroduplex was nearly
identical to that of the enzymesubstrate complex. Forma-
tion of a comparable RNARNA homoduplex was only

but k.o also was lower due to rate-limiting product release,

so thatk../Ku remained nearly unchanged (Figure 8).
Substrate Sequence Discrimination by the DNA Enzyme.

The specificity of an enzyme, that is, the degree to which it

slightly faster. These data were unaffected by the presencecan discriminate between two substrates, can be described

of a single unpaired purine nucleotide within the substrate
strand.

It is possible that the particular substrate employed in this
study is unusual with respect to its rate of duplex formation,
resulting in unusually high values fd%. To exclude this
possibility, the same pulsechase technique was used to
measure the rates of duplex formation for three other RNA

guantitatively by the ratio of the catalytic efficiencies of the
respective enzyme-catalyzed reactiorisl)( Specificity
values for the DNA enzyme with recognition domains of
seven nucleotides each ranged from 33td.2 x 10
comparing a matched substrate to substrates with a single
base mismatch (Figure 7). Not surprisingly, specificity
values were lowest for substrates that contained a single G

substrates having very different sequences. The associatiom or U-G wobble mismatch, indicating little discrimination

of each of these substrates with a complementary oligo-

against these substrates. In general, mismatches located

deoxynucleotide occurred at a rate similar to that observed proximal to the cleavage site resulted in a greater decrease

for the standard RNA substrate.
These experiments demonstrate that DNANA hybrid-

in keat compared to those located more distally. This is
presumably due to greater distortion of the active site for

ization is not inherently faster than RNARNA hybridization mismatches that occur closer to the scissile bond. In this
and that the RNA substrate employed in this study is typical regard, the 10-23 DNA enzyme behaves similarly to other
with respect to its rate of duplex formation. Furthermore, nucleic acid enzyme86—39) and contrasts with traditional
the DNA enzyme is operating close to the limit imposed by antisense agents that derive their specificity largely as a result
the rate of duplex formation. The faster rate of enzyme of differential binding affinity.

substrate association for the 10-23 DNA enzyme as compared Substrate sequence specificity for cleavage of an RNA
to various RNA-cleaving RNA enzymes may be due to a substrate by a nucleic acid enzyme is affected by the length

lower propensity of the DNA enzyme to adopt alternative
structures that reduce the rate of substrate binding.

The DNA enzyme exhibits & 10-fold enhanced rate of
substrate binding in the presence of 100 mM “Mas
compared to 2 mM Mg. This dependence of association

of the substrate-recognition domains. To achieve high
sequence specificity, the domains must be short enough to
render them sensitive to base mismatches. This occurs when
the rate of enzymesubstrate dissociation for a mismatched
substrate is greater than the rate of substrate cleavage, that

rate on the concentration of divalent cation also has beenis, whenk_; > k; (40, 41). For example, the DNA enzyme

observed for the association of complementary oligonucle-
otides @7, 28 and ribozyme-substrate complexe2). This
behavior can be explained by the counteri@ondensation
model for nucleic acid helix formatior2@—31), in which

with recognition domains of seven nucleotides each exhibits
20—50-fold enhanced sensitivity to single base mismatches
compared to the enzyme with recognition domains of eight
nucleotides each (data not shown). This indicates khat

negative charges on the oligonucleotides are shielded by thes much closer td, for the shorter enzyme. These data are

divalent cation to allow more rapid strand interaction. Low
molecular weight compounds, such as cetyltrimethylammo-

consistent with the calculated values for; for the two
enzymes, based upon the predicted thermodynamic stability

nium bromide, and various cellular proteins also can enhanceof the corresponding enzymesubstrate complexes42).

the rate of association of complementary nucleic acids
(32—34).

Catalytic efficiency is optimal when the substrate-recogni-
tion domains are sufficiently long thig./Ky is determined
by the rate of enzymesubstrate associatioks,. This occurs
when the rate of substrate cleavakie substantially exceeds
the rate of enzymesubstrate dissociatiork ;. For a
catalytically “perfect” enzyme3db), k; is equivalent to the
rate of diffusional encounter of the enzyme and substrate.
In contrastk; for the DNA enzyme is expected to be limited
by the rate of duplex formation. This limits the maximal
catalytic efficiency for such an enzyme to%td0° M1

Assuming a helix-initiation penalty for each component
duplex of the enzymesubstrate complex and applying the
experimentally determined value f&g of 4.6 x 108 M !
min~1, the predicted values fd¢; are 3x 1072 min~* and

2 x 1078 min~! for the 77 and 8+8 enzymes, respectively.
For applications where sequence specificity is important, the
enhanced specificity of the shorter enzyme may outweigh
its slightly reduced catalytic efficiency. It would be difficult
to justify the use of an enzyme with recognition domains
shorter than #7, however, despite the further enhancement
of sequence specificity, because such an enzyme would
exhibit severely reduced catalytic efficiency.

min~1, depending on the cation concentration, thus lowering ~ Substrate sequence selectivity, the degree to which the
the criterion for enzymatic “perfection”. The 10-23 DNA enzyme can recognize an RNA target sequence that is unique
enzyme, with substrate-recognition domains of at least sevenamong accessible RNAs, also is affected by the length of
nucleotides each, meets this lowered criterién; for these the recognition domains. It is estimated thdt4 nucleotides
enzymes is slow relative to bo#a and the rate of product are necessary to define a unique RNA sequence within
releaseks. Therefore ke.ofKw is equal tok;, which in turn human cells. High sequence selectivity in this context
is equal to the rate of DNARNA heteroduplex formation.  therefore requires that the recognition domains of the enzyme
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together comprise at least 14 nucleotides. Of course anwith stable self-structure are easy to predict and therefore
increase in sequence selectivity is meaningless if it leads toeasy to avoid.
a decrease in sequence specificid0)( Fortunately, the The optimal lengths of the two substrate-recognition
recognition domain lengths that are required for the 10-23 domains with regard to the enzyme’s catalytic efficiency,
DNA enzyme to achieve high sequence specificity also allow turnover rate, and substrate sequence specificity and selectiv-
high sequence selectivity. Among the dozens of substrateity are determined by the strength of the binding interaction
sequences that have been targeted by the 10-23 DNA enzyméetween these domains and the RNA substrate. This in turn
(data not shown), the combined length of the optimized is determined by the base composition of the substrate. The
recognition domains ranges from 14 to 20 nucleotides. RNA target sequence employed in this study had a high GC
Substrate sequence specificity and selectivity can togethercontent and therefore required shorter substrate-recognition
be described by a “discrimination index”, which is defined domains than would have been required for a more AU-rich
as the relative rates of targeted versus nontargeted RNAsubstrate. This study employed enzymes with recognition
cleavage within a mixture of sequencd§)( The inherently domains of symmetrical length. This may not always be
faster rate of dissociation of DNARNA heteroduplexes as  optimal, especially when there are substantial differences in
compared to RNARNA homoduplexes25), in addition the GC content of the two domains.
to permitting faster product release, may allow the DNA  Conveniently, the substrate-recognition domains of the
enzyme to recognize longer RNA target sequences with highDNA enzyme bind the RNA substrate through simple
specificity compared to analogous RNA-cleaving RNA Watson-Crick pairing so that the stability of these interac-
enzymes. Therefore, DNA enzymes may have an inherenttions is easy to predict. For a given target sequence, it is
advantage over RNA enzymes with respect to target dis- possible to estimate with good accuracy the optimal length
crimination. of each substrate-recognition domain based on calculated
Application of the DNA Enzyméelhe 10-23 DNA enzyme  duplex stabilities 42). If the results obtained in this study
is a potentially powerful tool for applications involving the with the HIV-1 gag-pol substrate can be generalized, the
sequence-specific cleavage of RNA. These include its usepredicted stability for each recognition-domain interaction
in vitro as an RNA restriction endonuclease and its use in (including a helix initiation penalty) should be8 to —10
biological systems as an agent for gene inactivation at the kcal mol?, depending on whether optimal substrate sequence
level of MRNA. Effective use of the DNA enzyme requires specificity or optimal catalytic efficiency is deemed more
an understanding of several important biochemical issues,important for the particular application (see above). Duplex
some that are unique to the enzyme and others that applystabilities in this range are well below what would result in
more generally to RNA-cleaving nucleic acid enzymes and rate-limiting product release. If reaction conditions are
antisense agents. employed that differ substantially from those reported in this
A critical factor in applying the DNA enzyme is the choice study, it may be necessary to adjust the length of the
of a suitable cleavage site within the target RNA. The DNA substrate-recognition domains accordingly. In the presence
enzyme can be made to cleave any RNA that contairis a5 of higher concentrations of divalent metal cation, for
RY-3 sequence surrounding the cleavage site, with the example, where the rate of substrate cleavage is increased
sequences'85U-3 and 3-AU-3' being cleaved most rapidly  and the rate of product release is decreased, the optimal
(5). A more complex issue is the requirement that the target lengths of the substrate-recognition domains are likely to be
site be accessible to the DNA enzyme within the folded shorter.
structure of the RNA. Poor accessibility can result in a  The 10-23 DNA enzyme can be used in vitro under a broad
decreased rate of enzymsubstrate association and thus range of reaction conditions, varying the pH, divalent metal
decreased catalytic efficiency (data not shown). For ap- cation, and divalent metal cation concentration. These
plications involving short RNASs, target site accessibility can parameters affect both the rate of enzyme catalysis and the
be predicted using folding algorithm43, 44. Full-length uncatalyzed rate of RNA cleavage. The preferred reaction
mMRNAs and other structurally complex RNAs present a more condition will depend on the particular application. A
difficult challenge in identifying accessible sites within a convenient reaction condition that does not result in ap-
folded structure that typically is unknown. The problem of preciable uncatalyzed RNA cleavage employs 10 mMCa
site accessibility within a long RNA has been extensively 50 mM EPPS (pH 7.5), and 4y/mL BSA at 37°C. The
discussed in the antisense literature. Although severalenzyme described in the present study operates wih a
promising experimental approaches have been offered forof 0.8 min* andKy of 1 nM under these conditions.

identifying accessible sites (see, for examp@lg;-51), the Effective application of the DNA enzyme to biological
currently preferred method remains one of trial and error systems requires that it significantly reduce the cellular
(52). concentration of a target RNA for a biologically relevant

Optimal catalytic efficiency also requires that the DNA period of time, without causing cellular toxicity or other
enzyme not adopt a stable self-structure that would preventundesirable side effects. In this context, the DNA enzyme
its substrate-recognition domains from being available to bind faces many of the same challenges that confront other
the substrate. Some sequences are unsuitable for use in theucleic-acid based gene-inactivation agents (for reviews, see
recognition domains of the enzyme because they would causes3—55). Efficient cellular uptake, proper subcellular local-
the domains to pair with themselves or with the catalytic ization, resistance to nuclease degradation, and favorable
core. Competing self-structure within the DNA enzyme has pharmacokinetic properties are some of the key issues that
been found to result in an increadég and a corresponding  will determine the efficacy of the DNA enzyme in vivo.
decrease in catalytic efficiency (data not shown). Fortu- Because the enzyme is composed of DNA, it will be
nately, the DNA enzyme is sufficiently small that problems susceptible to degradation by deoxyribonucleases unless steps
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are taken to ensure its resistance. A wide variety of chemical 16.

modifications have been developed to stabilize traditional

olytic degradation (for reviews, sé&3, 56, 5. Many of
these modifications can be incorporated into the 10-23 DNA

enzyme to confer nuclease protection. Preferred modifica-

tions include attachment of an inverted,83linked) thymidy-
late at the 3 end of the enzyme, substitution of either
phosphorothioate or-2-methyl nucleotide analogues within

the substrate-recognition domains, and substitution of phos-

phorothioate analogues at pyrimidine positions within the
catalytic core. DNA enzymes that were modified in each
of these ways retained catalytic activity and exhibited

nuclease resistance in the presence of 10% fetal bovine

serum. Enzymes with an inverted thymidylate at théir 3
terminus exhibited the best combination of catalytic activity
and stability against nucleases (M. W. Anderson and G. F.
Joyce, unpublished results).

The full scope of potential applications for the 10-23 DNA

enzyme is presently unknown.

These undoubtedly will

include in vitro restriction digestion of RNA for the prepara-
tion of RNAs with a defined 3end or for probing RNA

secondary and tertiary structure. If the challenges outlined

above pertaining to the cellular application of the DNA

enzyme can be overcome, this molecule may also prove to

be a valuable instrument for the study of gene function and
for gene inactivation at the level of RNA.
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