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ABSTRACT. Recently, we found a small €adependent deoxyribozyme (unmodified), d(GCCTGGQBLEs-
T4AsCsA7ACyG10A1:GTCCCT), with cleavage activity for its RNA substrate, (AGGGACK CCAGGC)

(v denotes the RNA cleavage site), in the presence éf @ad developed a functional SPR sensor chip
with this deoxyribozyme [Okumoto, Y., Ohmichi, T., and Sugimoto, N. (2@@chemistry 412769-

2773]. In the study presented here, to clarify the factors contributing to the efficient catalytic activity of
the unmodified deoxyribozyme, RNA cleavage reactions were carried out using 24 mutant deoxyribozymes
containing one unnatural DNA nucleotide, such as did@oxyinosine), 7-deaza-dG, 2-aminopurine,
7-deaza-dA, 2-amino-dA, di@ (5-methyl-2-deoxycytosine), or%C (5-propynyl-2-deoxycytosine). The

Km values (Michaelis constants) with the mutants that lacked N7 and O ah@& O6 of G were 4.5

and 6.6 times that of the unmodified one, respectively. Khevalue (cleavage rate constant) with the
mutants that lacked O6 of igwas 0.025 times that of the unmodified one. The results of UV melting
curves, SPR kinetics, and CD spectra supported the quantitative idea that the catalytic activity of the
unmodified form was achieved using £€aOn the basis of these results, a preliminary model for two
Gi-Ag and G-A; mismatched base pairs such as@{)-A(anti) formed in the catalytic loop is proposed.

The factor of 10 increase in the./Kn, value of the mutant deoxyribozyme, which hass@bstituted with

d”C, suggests that the base stacking interaction between the substituted propynyl group in dC and the
nearest-neighbor base grew stronger. Thus, substituti@dat dC in the catalytic loop would be one of

the best ways to increase the catalytic activity of the deoxyribozyme.

Much like a protein, ribozymes need to fold into an active in ribozyme reactions. Self-splicing group | and 1l introns,
structure, the native state, to acquire biological function. an RNA subunit of RNase Pand hammerhead, hairpin,
Unlike the protein folding problem, however, the question HDV, NeurosporaVs, and lead-dependent ribozymes
of how an RNA sequence specifies a unique fold has only (leadzymes) are well-known as typical ribozymés-14).
recently attracted an increasing amount of attentibn (  These ribozymes catalyze the formation, transfer, and hy-
Recent structural studies have revealed that large RNAs oftendrolysis of phosphodiester bonds in the presence of"Mg
fold in a quasi-hierarchical mannet)( In contrast to most  or other divalent metal ions. The hammerhead ribozyme,
proteins, a change in a single RNA residue can either relievewhich is a small catalytic RNA found in satellite RNAs of
such a kinetic folding trap2) or prevent tertiary folding certain plant viruses, uses ki Ca&*, Cd**, or Ca" for its
altogether 8). Convenient model systems for studying RNA  activity as well as Mg" (10, 14). The Tetrahymenaibozyme
folding are the ribozymes, because their catalytic function uses Mg" or Mn?* for its activity within many species of
readily reports the presence of a folded native structure. Themetal ions 6). In contrast, C& inhibits thechemical step
hairpin ribozyme is a small endonucleolytic RNA motif that of the group | intron reaction by competing with Kigat
has proven to be both a model for RNA folding problems the metal binding sitelf). Thus, it is necessary to investigate
(1, 3) and a gene therapeutic agent for targeted RNA the ribozyme-metal ion interactions to gain an understanding
inactivation @, 4). Ribozymes and deoxyribozymes are of the function-structure relationship of the catalytic RNAs
catalysts in biological reactions. Most ribozymes require or DNAs. In addition, a recent study showed that divalent
divalent metal ions to gain high catalytic activity) through
the effect of these ions as catalytic and structural cofactors 1 appreviations: RNase, ribonuclease; HDV, hepatitis delta virus;
dl, 2-deoxyinosine; d&C, 5-methyl-2-deoxycytosine; tC, 5-propynyl-
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cleavage site In this study, to clarify the factors contributing to the
RNA substrate .. . . .
3 5 efficient catalytic activity of the deoxyribozyme, RNA
rCGGACCGURACAGGGA cleavage reactions were carried out using 24 mutants of the
5,dGCCTGG%1; ‘jfﬁCCTa. deoxyribozyme. Recently, it was shown that seven nucleotide
G2 G10 positions in the catalytic loop of the unmodified form(G
@J Co Gz, A7, Ag, Co, Gig, and Ayq) are important for the RNA
Tg Ag cleavage activity in the presence of4C424, 25). Therefore,
A5 cphy we used mutant deoxyribozymes containing one unnatural
Lsma” CaZ*—dependent DNA nucleotide (dI, 7-deaza-dG, 2-aminopurine, 7-deaza-
deoxyribozyme (unmodified) dA, 2-amino-dA, driC, or d’C) in these seven positions in

FIGURE 1: Secondary structure of the complex of the smaf*€a the catalytic loop (see parts-gof Figure 2).

dependent deoxyribozyme (unmodified) and its RNA substrate. This

deoxyribozyme ‘binds its RNA substrate through two substrate EXPERIMENTAL PROCEDURES

recognition domains, each involving Watse@rick base pairs. The _ ) _

arrow denotes its RNA cleavage site. Bold letters represent the Preparation of Oligonucleotide®ll the DNA and RNA

active nucleotides in the catalytic loop. Open italic letters represent oligonucleotides were chemically synthesized on a solid
the inactive nucleotides. support as previously describe®4( 25, 29). The blocked
. . unnatural nucleotide and biotin phosphoramidites were
ions were not necessary for RNA cleavage activity under ,,rchased from Glen Research Co., Ltd. (Sterling, VA). The
very high concentrations of lithium or even ammonium ion  pna oligonucleotide containing 7-deaza-dG was oxidized
with the hammerhead, hairpin, arideurosporaVs ri- using TBHP in a DCM solution (37:67, v/v) for 6 min. The
bozymes {6-18). On the other hand, there are various pNA oligonucleotides containing 2-amino-dA of@ were
metal-dependent deoxyribozymes (DNA enzymes) with geprotected by treatment with 25% ammonia at&5for
phosphodiesterase activity in the presence of Ca&L*", 24 or 12 h, respectively. The DNA and RNA oligonucleotides
Mg?", PEF*, or Zré" (19-23). Although these reaction  \ere purified by reverse-phase HPLC and electrophoresis
conditions are not normal physmloglcal conditions in vivo, gn a 20% polyacrylamide (19% acrylamide and 1% bisacry-
these results are still surprising. Therefore, we now need tojamide)/7 M urea denaturing gel. The final purity of the DNA
reconsider the relationship between metal ions and thezng RNA oligonucleotides was confirmed to b89%. All
ribozymes and/or deoxyribozymes. the DNA and RNA oligonucleotides were desalted through
Recently, we uncovered the small Talependent a Sep-Pak C18 cartridge column (Waters) before use. Single-
deoxyribozyme (unmodified), d(GCCTGGCAG,CsT- strand concentrations of the purified DNA and RNA oligo-
AsCeA-AsCoG10A1:GTCCCT), with cleavage activity forits  nucleotides were determined by measuring the absorbance
RNA substrate, (AGGGACAIGCCAGGC) { denotes its  at 260 or 280 nm at high temperatures. The single-strand
RNA cleavage site; see Figure 134( 25). The design of  extinction coefficients were calculated via the mononucle-
this deoxyribozyme was based on the-IZB DNA enzyme otide and dinucleotide using a nearest-neighbor approxima-
derived from the 23 round clone obtained after the 10th round tion (30). The average values of the DN/RNA extinction
of the in vitro selection procedurd g, 26). This deoxyri- coefficients were used as extinction coefficients for the
bozyme lacked four nucleotides from the catalytic loop in Sequences containing the DNARNA chimera junctions.
the 10-23 DNA enzyme that exhibited the best activity in RNA Cleaage ReactionsThe RNA cleavage reactions
the presence of Mt and low activity for Mg+ and C&" by the deoxyribozymes were carried out under multiple-
(26). The catalytic efficiency of this deoxyribozyme in the turnover conditions at 37C as previously describe®4,
presence of Ca was 24 times that in the presence of Vg 25). The buffer solution contained 50 mM MES (pH 6.0
indicating that this deoxyribozyme has a different and higher 7.0), HEPES (pH 7.67.5), Tris (pH 7.5-9.0), or CHES
metal ion selectivity than the 223 DNA enzyme. Com-  (pH 9.0-10). The RNA substrate with thé-®H group was
pared with RNA molecules, DNA molecules have several labeled at the send with32P (24, 25). After the cleavage
advantageous features. DNA is also amenable to molecularreactions were stopped, thedénd-labeled product and RNA
design by rational and combinational methods; DNA can be substrate were separated by electrophoresis on 20% poly-
easily synthesized, and DNA ammhnatural DNA are more acrylamide/7 M urea denaturing gel24( 25). The RNA
stable than their RNA counterparts. These intrinsic properties cleavage yields were determined by quantifying the radio-
of DNA give the deoxyribozyme a higher potential value as activity in the bands of the '&end 3?P-labeled products
a tool for therapeutic and industrial applications that are and the RNA substrate with a Bio-Image Analyzer model
attracting considerable attention because of its small size,BAS 2000 (Fuji Photo Film, Tokyo, Japan). Thea
its strong catalytic activity in an RNA cleavage reaction, and (cleavage rate constant) akg (Michaelis constant) values

its flexibility in the selection of a target sitel9, 27). An were calculated from EadieHofstee plots based on the
immobilized deoxyribozyme on a SPR sensor chip has Michaelis-Menten mechanism2g, 25, 31). To determine
become a useful tool for distinguishing RNA folding28. these values, we carried out at least three independent

A clear understanding of the structure of active sites and experiments. The estimated average errors inktheKn,
important factors affecting the catalytic activity is necessary andkea/Km values aret-8.3,+6.8, and+-9.8%, respectively.

for designing better deoxyribozymes. The deoxyribozyme UV Melting Measurementdelting curves (absorbance

in this study is an interesting and promising catalytic vs temperature curves) were measured at 260 nm with a
oligonucleotide for understanding specific metal+ddNA Hitachi U-3210 spectrophotometer connected to a Hitachi
interactions. SPR-10 thermoprogrammer as previously descriB2d The
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Ficure 2: Chemical structures of the various nucleotides: (a) dC, (BCdrft) o°C, (d) dA, (e) 7-deaza-dA, (f) 2-amino-dA, (g) dG, (h)
dl, (i) 2-aminopurine, and (j) 7-deaza-dG. Four base pairing arrangementsAobdse pairs. Dotted lines represent possible hydrogen
bonding interactions. (k) The @fti)-A(syn base pair has two hydrogen bonds [N1{®)7(A) and O6(G}-N2(A)]. (I) The sheared &\
base pair has two hydrogen bonds [N2{®)7(A) and N3(G)-N2(A)]. (m) The Géyn-A*(anti) base pair has two hydrogen bonds [N7-
(G)—N1(A) and O6(G)-N2(A)]. (n) The Ganti)-A(anti) base pair has two hydrogen bonds [NI{®)1(A) and O6(G}-N2(A)]. R represents

a sugar.

heating rate was 0.5C/min in cuvettes with a path length at a flow rate of 5uL/min in a buffer containing 50 mM
of 0.1 cm. The buffer solution contained 50 mM Tris-HCI Tris-HCI (pH 8.0) and 25 mM Ca at 20°C as previously
(pH 8.0) and 25 mM CH. The deoxyribozyme and its described 25). The immobilized ligand was the-biotiny-
pseudo-RNA substrate [fAGGGAC(dA)UGCCAGGC] were lated pseudo-RNA substrate. The level of the immobilized
mixed 1:1 to obtain each deoxyribozympseudo-RNA ligand was within the low level that must be used to ensure
substrate complex. The pseudo-RNA substrate was confirmedhat the observed binding rate will be limited by the reaction
not to be cleaved by the deoxyribozyme in the presence of kinetics rather than by the transport effect of the injected
C&*. The concentration of the oligonucleotides wagM. deoxyribozyme 33). In addition, to remove the background
CD MeasurementsThe CD spectra were obtained using binding between the injected deoxyribozyme and the im-
a JASCO J-600 spectrophotometer with a JASCO PTC-348 mobilized streptavidin to the dextran matrix or the refractive
temperature controller and interfaced with a Dell OptiPlex index change in the injection, the SPR trace after the buffer
GXi computer. All the CD spectra were measured from 340 containing the deoxyribozyme had been allowed to flow over
to 200 nm in cuvettes with a path length of 0.1 cm at least the sensor chip coated without thelBotinylated pseudo-
in triplicate at 5°C. The conditions were the same as those RNA substrate was deducted from those with it. The
in the UV measurements. concentration range of the injected deoxyribozyme was from
SPR Measurementé. BlAcore (BIAcore 1000, Biacore 0.1 to 400uM. The k, (association rate constant) akg
AB, Uppsala, Sweden) was used in the SPR measurementgdissociation rate constant) in the complex formation of the
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Table 1: Kinetic Parameters for the RNA Substrate Cleavage Reaction by the Unmodified and Mutant Deoxyribozymes and Stability of the
Complex of the Deoxyribozyme and Its RNA Substrate in the Presence?ofCa

deoxyribozyme substitution Km (nM) Keat (Min~1) Keal Km (x1077 M~ min—?) KealKm(relative) Ty (°C)
unmodified none 124+ 3.0 2.04+0.19 1.7 1.0 55.9
mutantl Cs—d°C 131+ 8.2 1.99+ 0.14 15 0.93 55.2
mutant2 Co— dmPC 79.2+ 7.0 1.79+ 0.13 2.3 1.4 58.8
mutant3 Cy—d°C 22.8+1.6 3.86+ 0.24 17 10 65.1
mutant4 A7;— 7-deaza-dA 13% 11 1.93+0.11 1.4 0.84 54.6
mutant5 Ag— 7-deaza-dA 144 12 2.21+0.19 15 0.93 54.1
mutant6 A1 — 7-deaza-dA 144t 11 1.94+ 0.17 1.3 0.82 54.2
mutant7 A;— 2-amino-dA 249+ 18 149+ 0.11 0.60 0.36 51.3
mutant8 Ag— 2-amino-dA 301+ 24 1.67+0.14 0.55 0.34 50.2
mutant9 A1 — 2-amino-dA 139+ 9.2 1.79+£ 0.15 13 0.78 54.6
mutant10 G, —dl 130+ 7.6 1.91+0.17 15 0.89 55.3
mutantll G;—dl 136+ 8.5 2.01+0.20 15 0.90 54.9
mutant12 Gyo—dI 131+ 6.6 1.79+ 0.16 1.4 0.83 55.2
mutantl13 G, — 7-deaza-dG 553 31 1.63+ 0.093 0.30 0.12 47.8
mutantl4 G, — 7-deaza-dG 12+ 6.8 1.89+0.12 1.6 0.95 56.0
mutantl15 Gyo— 7-deaza-dG 12# 10 2.11+0.20 1.7 1.0 55.6
mutantl16 G; — 2-aminopurine 832 57 1.55+0.11 0.19 0.11 45.1
mutantl7 G, — 2-aminopurine 77% 37 1.79+0.17 0.23 0.14 46.5
mutant18 G10— 2-aminopurine 144- 11 0.0512+ 0.0047 0.035 0.021 54.2

a All experiments of RNA cleavage were carried out in a buffer containing 50 mM Tris-HCI (pH 8.0) and 25 rfiMu@der multiple-turnover
conditions with 16-1000 nM 3-end3?P-labeled RNA substrate and 1 nM deoxyribozyme at@G7 TheT,, value was calculated at a total oligomer
concentration of 1&M. ¢ Data from ref24.

deoxyribozyme and RNA substrate were determined using dC SubstitutionFreier and Altmann showed that substitu-
egs 1 and 235, 34): tion at the carbon 5 position of cytosine leads to stabilization
of the duplex because the carbon 5 position is in the stack
dRU/d = k[Dz]RU,,, — (k[Dz] + k)RU (1) of the duplex 87). Our results also indicated that 8@and
d”C were useful for probing the stacking interactions with
Kobs = Ki[DZz] + kg (@) dC in the duplex region38). To obtain information about
) ) ) ) the specific role of dC in the catalytic loop, RNA cleavage
where RU is a resonance unit, [Dz] is the concentration of oo tions were carried out using mutafts3 that have G
the deoxyribozyme, Rk is the maximum ligand binding  ; G, substituted with dC or °C (see Figures 1 and 2a&
capacity of the immobiliz_ed probe, akebs is Fhe observed 54 Taple 1). The RNA cleavage site of these mutants was
rate constant for formation of the deoxyribozyfieNA the same as that of the unmodified form and of mutdnt$2

Zubstrqge compls;Anga"tzo ;/alues f:)r the bindti?g fo(; ';he as will be described later. Table 1 lists the kinetic parameters
eoxyrbozyme- substrate compiex were obtained from - ¢ 4o deoxyribozyme reactions. Th&, and k4 values of

eq 3: mutant 1 with Cs substituted with BC, a position in the
AG®. = —293.1RIn 3 catalytic loop, were very similar to those of the unmodified
20 (ks 3) one (see Table 1), indicating thag D the catalytic loop of
whereR is the gas constant. the deoxyribozyme_ i_s at_ a position of little importance for
RNA cleavage activity in the presence of Za24). In
RESULTS contrast, G in the loop is an important position for RNA

. L . cleavage activity Z4). The keafKn value of mutant2 was
Dependence of Catalytic Efficiencies on the Concentration also similar to that of the unmodified one, but te/Ko, of

N . ; ; )
of C&* and pH.To investigate the role of the metal ions in mutant3 was 10 times that of the unmodified one. This

the de_oxyrlbo_zyme reactions, the RNA cl_eavage react'onsincrease irkca/ K Of mutant3 depended on both the decrease
were first carried out in various concentrations ofCésee

: . . o in Ky, and the increase ik.s;, indicating that the substitution
Figure S1 of the Suppqrtlng Information). Additions of up of Co with dPC affected both the folding and its RNA
to 15 mM C&" resulted in a large decreaseln, and large | tivit
increases ks andkeafKm (Second-order rate constant). The cleavage activity.
addition of C&" in excess of 15 mM resulted in no further ~ dA Substitution A study of the hammerhead ribozyme
change in thé&m, keay andkea/Km values. Here the total metal showed that N7 of A in the catalytic loop was critical for
ion concentration was kept at 25 mM in this study. To €fficient cleavage activity39), suggesting a preliminary
determine thak..:is mainly due to RNA cleavage, the RNA  model for the binding of a metal ion cofactor to its adenine.
cleavage reactions were carried out at various pHs. The slopel0 determine the specific role of dA in our catalytic loop,
of the logkea) versus pH plot was almost equal to 1 from RNA cleavage reactions by mutarts-9, which have A,
pH 6.5 to 9.0, indicating that the, value reflected the RNA  As, or Aq; substituted with 7-deaza-dA or 2-amino-dA, were
cleavage (see Figure S2 of the Supporting Information). investigated (see Figure 2d and Figure S3 of the Sup-
Above pH 9.0, the RNA cleavage rate was lower than that porting Information). Thek../Kn values for mutantgl—9
predicted from the extrapolation of rates at lower pH values, were similar to that of the unmodified one (see Table 1),
probably because of deprotonation of the nucleobase as seehut thek:./Kn, values of mutantg and8 were slightly lower
in the hammerhead ribozymes$1( 35, 36). than that of the unmodified one because Kyevalues of
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Table 2: Kinetic Parameters for the RNA Substrate Cleavage Reactions by the Unmodified and Mutant Deoxyribozymes in the Presence of
MgZ+a

Keat KealKm
deoxyribozyme substitution Km (NM) (x10 min?Y) (x10°M~1min™?)

unmodified none 291+ 2.3 2.09£0.78 7.2
mutant19 G, — 7-deaza-dG 568 49 1.87+0.16 3.3
mutant20 G; — 2-aminopurine 827 51 1.92+0.18 2.3
mutant21 G, — 7-deaza-dG 283 19 2.16+0.19 7.6
mutant22 G, — 2-aminopurine 778 41 2.28+ 0.20 2.9
mutant23 Gio— 7-deaza-dG 298 22 2.10+0.17 7.1
mutant24 G10— 2-aminopurine 304 27 0.614+ 0.060 2.0

a All experiments were carried out in a buffer containing 50 mM Tris-HCI (pH 8.0) and 25 mMI-Mgder multiple-turnover conditions with
10—1000 nM B-end3?P-labeled RNA substrate and 1 nM deoxyribozyme at@7° Data from ref24.

mutants 7 and 8 were 2.0 and 2.4 times that of the

unmodified one, respectively. These results indicated that 3.0
N2 with A; and A might exert a weak inhibition during the
folding step. 20

dG SubstitutionIn the Tetrahymenagroup | intron and
the hammerhead ribozyme, N7 and O6 of G are known to
play specific roles in active domain folding and metal ion
binding @0, 41). To determine the specific role of dG in
our catalytic loop, RNA cleavage reactions were carried out
with mutants10—12, which have G, G,, or G, substituted
with dI (Figure 2g,h). The results of the RNA cleavage
reactions by mutants0—12in the presence of 25 mM €a
(pH 8.0) at 37°C showed that the RNA cleavage yields by —20
these mutants were the same as that for the unmodified one
(see Figure S4 of the Supporting Information). Tag'Kn,
values of mutantd0—12 were also similar to that of the  (b) 400
unmodified one (see Table 1). These results suggested that
N2 of G;, G, and Gp has little influence on the RNA .
cleavage activity.

The RNA cleavage reactions were also carried out with //
mutantsl3—18, which have G, G,, and G substituted with 200
7-deaza-dG or 2-aminopurine (Figure 2g,i,j). Whereas the
kealKm Values of mutantd4 and 15 were very similar to 100
that for the unmodified one, those for mutat®and 16—

18 were much lower. This decrease in the/Knm, values for ,
mutantsl3, 16, and17 depended on thK, value, and that 0 [aaeaa
of mutant18 depended on thk., value. TheK,, values of
mutants13, 16, and17 were ~4.5, ~6.7, and~6.3 times
that of the unmodified one, respectively. Tkg; value of )
mutant 10 was 0.025 times that of the unmodified one. FIGURE 3: () Typical CD spectra of the complexes of the
Therefore, the results indicate that N7 and O6 g&6d 06 unmodified (thick line), mutant7 (a), mutant18 (thin line), and

! A . pseudo-RNA substrate fAGGGAG(dA)UGCCAGGC] at®. The
of G, contributed to the folding of the deoxyribozymBNA total concentration of the sample was AM. (b) Typical SPR

substrate complex and that O6 ofGnfluenced its RNA sensorgrams of the binding of the unmodified (thick line), mutant
cleavage activity. 17 (»), and mutant.8 (thin line) to the immobilized pseudo-RNA

4 + : : substrate [TAGGGAC(dA)UGCCAGGC] at 2TC. The deoxyri-
Effect of .Cé .a!"d Mg on Deoxyr!t_lozyme Reactions. bozyme concentration was 2. All experiments were carried
The catalytic efficiency of the unmodified form was much  qytin 5 buffer containing 50 mM Tris-HCI (pH 8.0) and 25 mM

higher in the presence of €athan in the presence of Mg cat.

(24, 25). To determine the difference in the functional group

in the presence of Ca or Mg?t, RNA cleavage reactions and Mg' (see Figure 4). The minimunK, value was

with mutants19—24 were carried out in the presence of 25 obtained at 25 mM CGa and 0 mM Md", suggesting that

mM Mg?" (pH 8.0) at 37°C. Table 2 lists the kinetic =~ C&* was a better metal ion fdf,, than Mg*. The maximum

parameters of these deoxyribozyme reactions. Whereas thé., value was found at 12.5 mM €aand 12.5 mM M§",

kealKm Values of mutant1 and 23 were very similar to although it was only~1.3 times that at 25 mM Ca. The

that of the unmodified one, thie../Kn values of mutants k. value at 25 mM C& was 10 times that at 25 mM Mg.

19, 20, 22, and 24 were much lower. This decrease in the These results indicate that €ahas a greater influence on

kealKm values of mutantd9, 20, and22 depended on the k. than Mg* as well as orKp,.

Km value, and that of mutar4 depended on thk.,; value. Formation of a Complex between the Deoxyribozyme and
To investigate the different roles of &aand Mg ", RNA Its RNA SubstrateThe pH dependency of.. with the

cleavage reactions were carried out at various ratios 6f Ca unmodified one showed tha,; reflected its RNA cleavage
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@ 300 SPR data were measured in the presence of 25 mk Ca
4_.,\\ (pH 8.0). Table 1 lists th&, values of the formation of the
250 complex of the deoxyribozyme and its pseudo-RNA sub-
z \ strate. Interestingly, a comparison between kheand Tn,
} 200 values is consistent with thi,, values and reflected the
150 \ stability of the deoxyribozymeRNA substrate complexes.
\_4> Figure 3a shows the typical CD spectra of the complexes
100 o 02 04 06 0B of the unmodified form, mutant7 or 18, and the pseudo-
[Ca2+]/ [Ca2+}+[Mg2*] RNA substrate. These CD spectra show a positive peak
(b) 3.0 around 270 nm and a relatively weak negative peak around
25 240 nm, indicating a normal A-like structuré2). As shown
- / in Figure 3a, although the peak intensity around 270 nm for
£ 20 - mutant17 was very similar to that of the unmodified form,
E 15 / f the peak of mutant8 was much smaller. The order in the
;5 1.0 peak intensity at 270 nm was in agreement with that of the
osl / relativeKn, values. These results indicate that the structural
4 formation difference between the active and inactive forms
0 0 02 04 06 08 1 was due to the overall geometry of the complexes in the
[Ca2+]/[Ca2+}+[Mg2+] presence of Cd.
© w20 To further clarify the kinetic properties of this binding
E s bgtvyeen .the. deoxyribozyme and_its RNA substrate, the
- 15 ( binding kinetics were measured with the SPR apparatus at
< / 20 °C. Figure 3b shows the typical SPR sensorgrams for
i 10 /. the unmodified form and mutants/ and 18 flowing over
3 the immobilized pseudo-RNA substrate. When the deoxyri-
x 05 . . . . .
x / bozyme binds to the ligand immobilized on the sensor chip,
'T° 0 . the RU value increased due to changes in the refractive index
s 0 02 04 06 08 1 as shown by the RU in real time. Binding of the deoxyri-

[Ca24)/ [Ca2*]+[Mg*] bozyme to the immobilized ligand was characterized by a
Ficure 4: Plots of (a)Km, (b) keas and () keafKm Vs the single-step process with rapid association and dissociation,
Cﬁgg‘zngiﬂ?gagté%;f%i \/tvcittgl '\ggi:cgr?trgieorlnmoﬁfl%j::]edd l\jggx' since kinetic traces did not exhibit two phases as is the case
\)//vas 2)5/ mM. All expériments were carried out in a buffer with 50 with the- binding of a substrate to th.a}t of thetrahymena
mM Tris-HCI (pH 8.0) at 37°C. group | intron @3). When the unmodified form and mutant

18 were passed over the sensor chip coated with the

activity, as described above. In the cas&gf it was unclear immobilized probe, a high resonance (350 RU) was regis-
whether K, for the deoxyribozyme corresponded to a tered, but with mutantl7, a value of only 40 RU was
constant for binding of the deoxyribozyme to its RNA obtained. To further clarify the effect of the association and
substrate. To investigate the binding between the deoxyri- dissociation processes between the deoxyribozyme and its
bozyme and its RNA substrate, the UV melting, CD, and RNA substrate, kinetic parametées kg, andAG°®y are listed

Table 3: Kinetic Parameters for the Binding of the Unmodified or Mutant Deoxyribozymes to the Immobilized Pseudo-RNA Substrate
[FAGGGAC(dA)UGCCAGGC?}

Ka Kd AGP
deoxyribozyme substitution (x104M1s)) (x1%s™?) (kcal/mol)
unmodified none 5.62+ 0.48 5.38+ 0.73 -8.1
mutantl Ce— d°C 4,96+ 0.44 5.49+ 0.69 —-8.0
mutant2 Cy—dmPC 5.3440.44 7.25+ 0.66 -7.9
mutant3 Cy—d°C 9.874+0.87 1.87+0.10 -9.0
mutant4 A;— 7-deaza-dA 5.0 0.48 7.60+ 0.55 —-7.8
mutants Ag— 7-deaza-dA 5.0a&-0.49 7.32+0.68 —-7.8
mutant6 A1 — 7-deaza-dA 5.4% 0.47 7.01+0.58 -7.9
mutant7 A7— 2-amino-dA 3.23+0.24 13.3+1.2 -7.2
mutant8 Ag— 2-amino-dA 3.00+ 0.26 14.7+ 1.3 -7.1
mutant9 A1;— 2-amino-dA 5.64+ 0.50 7.21+ 0.52 -7.9
mutant10 G, —dI 5.13+0.39 7.77+ 0.64 -7.8
mutantll G, —dl 4.99+ 0.41 7.10+ 0.58 —-7.8
mutantl12 Gio—dl 551+ 041 6.99+ 0.57 —-7.9
mutantl3 G; — 7-deaza-dG 0.95F 0.092 394+ 1.1 -5.9
mutantl4 G; — 7-deaza-dG 5.14 0.42 7.49+ 0.70 —-7.8
mutant15 Gyo— 7-deaza-dG 5.4# 0.48 7.10+ 0.59 -7.9
mutant16 Gy — 2-aminopurine 2.3%0.28 28.8£15 —6.6
mutantl7 G, — 2-aminopurine 1.13%0.11 37.9£25 —6.0
mutantl8 Gio— 2-aminopurine 4.8% 0.35 8.2440.77 7.7

a All experiments were carried out in a buffer containing 50 mM Tris-HCI (pH 8.0) and 25 mi &220°C. ® The AG° value was calculated
from eq 3.¢ Data from ref25.




2164 Biochemistry, Vol. 42, No. 7, 2003 Okumoto et al.

in Table 3. TheAG®,, value of the unmodified form was  reporter devices for oligodeoxyribonucleotides, the carbon
similar to those of mutants, 2, 4—6, 9—12, 14, 15, and18, 5 position of the pyrimidine nucleotide is nearly ideal,
whereas theAG°,, values of mutantg, 8, 13, 16, and17 because groups of different sizes may be attached without
were greater than that of the unmodified form by more than adversely affecting duplex formatioB7%). In addition, each

1 kcal/mol. TheAG®,o value for mutan8 was smaller than ~ methyl group attached to uracil in either RNA or DNA adds
that of the unmodified one. These results will be discussed 0.1-0.5 kcal/mol of stability to the double- and triple-helical
in comparison with the kinetics for the RNA cleavage structures %2). It is thought that this effect is due to the

reactions. increased polarizability of the methylated bases, which
enhances the van der Waals interactions with the neighboring
DISCUSSION bases %3).

Freier and Altmann investigated thd,, values of RNA-
DNA hybrids containing substitutions at the carbon 5 position
of dC (37). Because functional groups of differing size may
be attached without an adverse effect on the formation of
the RNA-DNA hybrid, the carbon 5 position of the

G-A Mismatched Base Pair§he metal ion binding sites
within ribozymes and deoxyribozymes can be identified using
unnatural nucleotides. dl, which does not have the 2-NH
group of dG, is a good probe for structure-specific minor

groove interactions with amino groups of d@4{-46). L L . .
2-Aminopurine and 7-deaza-dG are useful for probing for E%rg}i}fggiiggggd%ﬂéﬂg?%;%g&rgjlgbﬁ)d Wheicﬁ
the presence of the Hoogsteen interaction, chelation sites forhasx substituted with BC. was more stable :[han the
metal ions, and nucleic acitprotein interactions45—48). rGCCGUGAG—dCTCACGCi: hybrid (data not shown)

Taira et al. investigated various DNA enzymes with nucle- o : :

i I . ) This indicated that the RNADNA hybrid allows stacking
otide Slf[bsumt'??hs (&t'o; ?.rA . (.i) ': the Zatalytm Ioct))p, . of the propynyl group of the base on thésikde of the
e e e o 22 Minction onto the Sadjacent base. This stabilzing effect o

. = P, H I H
indicated that metal ions are directly bound near the non- d"C leads to the high cleavage activity of the deoxyribozyme.

. . . In fact, our results indicated that the catalytic activity of
]\cNatsorj—Crlck base pairs. & base pairs are CO”.‘”"'OF"Y mutant3, which has G substituted with 8C, was the best
ound in th_e seqondary structural mot|_fs of biological of all the mutants and was much higher than that of the
molecules, mcludmg the hammerhead ribozyme and the unmodified one. Thus, substitutin§@ for dC in the catalytic
Tetrahymenagroup | intron @0, 4.1)' The appgndant atoms loop of the ribozymes and deoxyribozymes would be one
of the _r_nlsma_ltches afford f[ertlary |nteract|ons_,_ SEIVE 3S if the best strategies for increasing the catalytic activity.
recognition sites for protein, and also stabilize three-

dimensional structures. These functions may be achieved by decgggl(;?tl%g&hfib%ztarﬂ%eacé:gg Oc;]f trt]r;efusn?t?cl)l na(z]ar ouDS
different conformations of the @ base pairs. The @& P y y b group

%f the nucleobases in the catalytic loop of the deoxyri-

mismatches were specific structures, because these structureDOZ me-RNA substrate complex. In this study, to clarify
have roles as metal ion binding sites or undergo interactions y ; pex. nt Y, ! -
the factors that contribute to the efficient catalytic activity

between receptors and accept&i@(These results suggested of the deoxyribozyme, RNA cleavage reactions were carried

that the folding of the mismatch regions would be at the . . > .
Ce* binding sites out using 24 mutant variant deoxyribozymes containing one
' i , unnatural DNA nucleotide, i.e., 7-deaza-dGCdetc. We

The X-ray crystallographic and NMR studies of t.he proposed that two GAg and G+A, mismatched base pairs
strucl';ures of _duplefx DNA and RNA showed fhour pgssmle may be formed in the catalytic loop of this deoxyribozyme.
G-A base pair conformations: @ift)-A(syn), sheared & oy results suggest that the deoxyribozyaRNA substrate

+ d k-

A, G(syn-A*(ant), and Ganti)-A(ant) (Figure 2k-n, complex has C4 binding sites that produce an efficient
respectively) §1). The precise form of the mismatched base RNA cleavage reaction and formation of an active confor-
pairs depended on the pH, salt concentration, and, inmnation and that substituting'@ for dC in the catalytic loop

particular, the sequence environment. In this study, first, the \yoy1d be one of the best strategies for increasing the catalytic
results of RNA cleavage reactions by muta#tsé had no activity of the deoxyribozyme.

influence on the catalytic activity. Thus, thedati)-A(syn

base pair with two hydrogen bonds, O6¢(&y2(A) and N1- ACKNOWLEDGMENT

(G)—N7(A), might not form in the catalytic loop. Second, ) ) ) ) )
the results of the RNA cleavage reactions by mutdits We acknowledge Mr. Daisuke Miyoshi (Konan University)
12 had no influence on the catalytic activity. Thus, the for critically reading the manuscript and helpful comments.
sheared @A base pair with two hydrogen bonds, N2(G)

N7(A) and N3(G)}N2(A), might not form in the catalytic SUPPORTING INFORMATION AVAILABLE

loop. Third, the formation of the Gyn)-A*(anti) base pair Text describing the detailed results of the catalytic activity
with two hydrogen bonds, O6(GN2(A) and N7(G)-N1*- for the unmodified versus [@4] plots, a logk.a) versus pH

(A), requires the protonation of N1 of dA. Th&pvalue of  plot on the unmodified reactions, RNA cleavages by the
N1 of dAis 3.5 61), and the RNA cleavage condition was mutant deoxyribozymes that have dAs substituted with
pH 8.0, suggesting that this mismatched base pair might not7.deaza-dA or 2-amino-dA, RNA cleavages by the mutant

form. These results suggest that thea@))-A(anti) confor-  deoxyribozymes that have dGs substituted with dl, 7-deaza-
mations of the @Ag and GrA; mismatched base pairs G, or 2-aminopurine, and plot of the catalytic activity for
would form in the catalytic loop. the unmodified form versus the concentration ratio of'Ca

Modification in the Catalytic Loop of the Deoxyribozyme and Mg™. This material is available free of charge via the
To Obtain High Catalytic Actiity. As a site for molecular  Internet at http://pubs.acs.org.
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