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EFFECT OF Cu2+ ON COMPLEX FORMATION 
BETWEEN A DEOXYRIBOZYME AND ITS 

SUBSTRATES t 

Naoki Sugimoto* and Noboru Wakizaka 

Department of Chemistry, Faculty of Science, Konan University, 
8-9-1 Okamoto, Higashinada-ku, Kobe 658, Japan 

ABSTRACT: Effect of metal ions on secondary-structure formation of a 
deoxyribozyme-two substrates complex has been investigated by using surface plasmon 
resonance and secondary-structure predicting calculation. The result showed that Cu2+ 
not only acts on the ligation reaction but also plays the role of a promoter which makes an 
active conformation of the deoxyribozyme-substrate complex. 

INTRODUCTION 
Ribozymes derived from group I and I1 introns,lt2 ribonuclease P,3p4 satellite 

RNAs of tobacco ringspot virus? and human hepatitis delta virusY6 and so on are well 
known to cleave a phosphodiester backbone of RNAs with nucleophile attacking. 
Artificial ribozymes such as a leadzyme (lead-dependent r ibo~yme)~ has been also 
drawing an attention, because the leadzyme has small size and high sequence selectivity> 
and so it is hoped to have wide applications as well as hammerhead r ibozyme~.~ Some 
folded single-strand DNA are also promising to exhibit catalytic activities similar to those 
of ribozymes and protein enzyrnes.l@ll Very recently, Joyce et al. reported a DNA 
enzyme (deoxyribozyme) which has ability to recognize an RNA substrate through base 
pairing and cleave it.12 

On the other hand, little is known about ribozymes with ligase activity. A few 
years ago, one deoxyribozyme with ligase activity was identified by using in vitro 
selection strategy.13 Figure 1 shows the deoxyribozyme together with its substrates, S 1 
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566 SUGIMOTO AND WAKIZAKA 

Activated Ligation site 
5 '-Hy droxyl 
substrate S2 I I,m substrate S1 

\ H?J@ / 
3GCCTATCACAAGG CGAACRTACGAA 5' 
5CGGATAGTGTI'C TGAGATGCTT 3' 

TT ACG 
GC G 

d T A  

FIG. 1 .  The secondary structure of a deoxyribozyme, E47, with DNA ligase activity 
and its substrates, S1 and S2. 

and S2. This deoxyribozyme has the following charac te r i~ t ics :~3~~~ (1) First-substrate 
S1, of the deoxyribozyme bears a phosphorimidazolide in its 3' terminal as a ligation 
reagent. (2) The ligation activity of the deoxyribozyme depends on Mg2+ and Cu2+. In 
ribozyme reactions, divalent cations are required for chemistry and structural stabilization 
of folded RNA.15 It is showed that Mg2+ plays an important role in a ribozyme cleavage 
reaction as a catalytic activation.16>17 On the other hand, Cu2+ may have a high affinity 
for bases of nucleic acids and could form base-base complex more easily than other 
divalent cations.18 Therefore, Cu2+ may play a key role in the recognition step of the 
deoxyribozyme with its substrates as well as the ligation step. 

In this study, we have investigate the complex formation of the deoxyribozyme 
(E47) with its substrates (S1 and 52) by using surface plasmon resonance (SPR) and 
secondary-structure predicting calculation in order to determine quantitatively effect of 
Cu2+ on the recognition step of the deoxyribozyme reaction. 

EXPERIMENTAL 

Materials 
The deoxyribozyme (E47) and its second substrate (S2) were synthesized 

chemically on a solid support using phosphoramidite procedures and purified with HPLC 
after deblocking operations.19 The first substrate (Sl)  which bears a 5'-biotin group was 
also synthesized chemically on a solid support using DNA and biotin phosphoramidite 
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EFFECT OF Cu2+ ON DEOXYRIBOZYME SUBSTRATE COMPLEXES 567 

procedures. These oligonucleotides were further purified and desalted with a (2-18 Sep- 
Pak column. Final purity of the oligonucleotides was confirmed by HPLC to be greater 
than 98%. 

Single strand concentrations of the oligonucleotides were determined by measuring 
the absorbance at 260 nm at high temperature as described previously.20 Extinction 
coefficients of single strands were calculated from mononucleotide and dinucleotide data 
by using a nearest-neighbor approximation.21 

Streptavidin, N-hydroxyscinimide (NHS), and N-(3-dimethylaminopropyl)- 
carbodiimide hydrocloride (EDC) were purchased from Pharmacia Biosensor AB, 
Sweden (Amino Coupling Kit). 

SPR measurements 
Streptavidin was covalently coupled to the surface of carboxymethylated dextran 

coated sensor chip using Amine Coupling Kit. Carboxymethylated dextran was activated 
with 20 pL NHS and EDC, followed by 30 pL streptavidin in 10 mM acetate (pH 5.0) at 
200 pg/mL. Excess reaction groups on the sensor chip were deactivated with 
ethanolamine hydrochloride. 

After then, 5'-biotinylated substrate 1 (Sl) probe was immobilized on the surface 
of carboxymethylated dextran coated sensor chip by using a streptavidin-biotin reaction 
(host-guest reaction). In kinetic measurements, each sample (80 pL) of 2.0, 1.5, 1.0, 
0.5, and 0.25 pM E47 and S2 was injected over immobilized S1 and E47-S1 complex, 
respectively. Each reaction step is shown in Fig. 2. The running buffers contain 30 mM 
HEPES (pH 7.4) and 50 mM Mg2+ at which no ligation occurred,13 or 50 mM Mg2+, 10 
pM Cu2+ at which the ligation occurred.'3 The SPR experiments were carried out at 20, 
25,30, and 37 "C. 

SPR kinetics 

and S1 -E47 complex+S2 can be determined with the following equations.22 
The association and dissociation rate constants (ka and k d  in the steps of Sl+E47 

Mldt = ka [A] Rmax - (ka [A] + k d  R 
kobs = ka [A] +- kd 

(1) 
(2) 

where [A] is the molecular concentration of injected sample, Rmax is the maximum 
binding capacity of the immobilized probe, and R is the response for sample binding to 
immobilized probe. The rate constants, ka and kd  are obtained with the slope and 
intercept of the plots in eq.2, respectively. When the intercept is too small to give a 
correct value of kd kd can also be determined as an average value with dissociation 
phases at kinetic curves by the following equation: 

h(Rn'-Rn) = - kdfn + h{a (1 - exp[- kd(fn' - fn)]) (3) 
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FIG. 2.  The two recognition steps of E47, S1, and S2 in SPR measurement. 

where Rn’ and Rn are the relative values of response in RU (response unit) at time tn’ and 
tn, respectively. The obtained values of ka and kd at various temperatures give activation 
energies, Ea,a and E@, of the association and dissociation, respectively. 

Secondary structure prediction of DNA 
Stable secondary structures of Sl-E47-S2 complex were calculated by using 

nearest-neighbor parameters for DNAs as described previously.23-25 Our calculation 
method is based on the program of Zucker and Stiegler26 which was used to predict 
RNA secondary structures. We used our new thermodynamic parameters of DNA.19s2’ 
Energetically stable secondary structures of DNA were searched from the matrix of the 
energy values obtained by thermodynamic calculation for the possible base pairing. The 
program for calculation runs in MS-DOS environments. Structures of pseudoknots were 
not included in the program. 

RESULTS AND DISCUSSION 

SPR sensorgrams and rate constants 

presence and absence of Cu2+. 
Figure 3 shows SPR sensorgrams of binding step of E47 to immobilized S1 in the 

The sensorgram consists of two phases; (1) an 
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0 -20% 50 100 150 200 
t /  s t /  s 

FIG. 3 .  Kinetic curves (sensorgrams) of E47 binding to immobilized S1 in (A) 50 mM 
Mg2+, and (B) 50 mM Mg2+ and 10 pM Cu2+ at 20 "C. E47 concentrations are given at 
each curve. 

association phase in which injected sample was supplied with immobilized target on the 
sensor chip and (2) a dissociation phase in which the bounded sample was washed by 
running buffer. The figure shows that amount of E47 bound to immobilized S1 increased 
by addition of Cu2+, which was also found in the step of S2 binding to Sl-E47 complex 
(data not shown). 

Figures 4 and 5 show dRldt vs. R and kobs vs. [A] plots, respectively, for the 
association phase in the step of E47 binding to immobilized S1. However, since in Fig. 
5 dissociation rate constants kd were too small to calculate in eq. 2, the kd values were 
obtained in the dissociation phase by using eq. 3. 

Kinetic behaviors in the binding steps of E47 to S1 and S2 to S l -E47 
complex. 

Tables 1 and 2 list the association and dissociation rate constants in the binding 
steps of E47 to immobilized S1 and S2 to Sl-E47 complex, respectively, together with 
the activation energies. As shown in Tables 1 and 2, ka and kd for the binding step of 
E47 to S1 in the presence of Cu2+ are not so different from those in the absence of 
Cu2+. The difference of the ka values for the binding process of S2 to Sl-E47 
complex is small in the presence and absence of Cu2+. 

On the other hand, surprisingly, the kd values of S2 and Sl-E47 complex formation 
decreased with adding Cu2+; for example, at 30 "C only 10 pM Cu2+ addition led to 
decreased kd from 101 to 14.2 s-l. Addition of Cu2+ also changed dramatically 
temperature dependency of kd for the S2 and Sl-E47 complex formation. The activation 
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-10 I 
0 50 100 150 200 0 50 100 150 200 

RIRU Rl RU 

FIG. 4.  dRldt vs. R in (A) the absence and (B) presence of Cu2+ for the association 
phase of the curves in Fig. 3. E47 concentrations are given at each line. 
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FIG. 5 .  kobs vs. [A] in (A) the absence and (B) presence of Cu2+. 

energy in this step with Cu2+ was 17.3 kcal mol-1 smaller than that without Cu2+. As 
shown in Fig. 6 in which the energy diagram of the binding steps withlwithout Cu2+ is 
illustrated, these results suggest that Cu2+ affect the stability of Sl-E47-S2 complex 
larger than the stability of each transition state, that is, Cu2+ may play a role of 
destabilizer of the complex. In this point, this metal ion may increase a potential energy 
of enzyme-substrate complex and then promotes next ligation, although general enzymes 
only decrease activation energy of chemical transition state. 

Stable secondary structure of Sl-E47-S2 complex. 
Figure 7 shows the most stable secondary structure of Sl-E47-S2 complex 

calculated in the absence of Cu2+ together with that postulated in the presence of Cu2+. l3 
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TABLE 1. Kinetic parameters in the binding step of E47 to S 1 .a 

50 mM Mg2+ & 10pM Cu2+ 50 mM Mg2+ 

T ("C) 
20 4.5 1.04 8.0 1.01 
25 8.1 1.22 10.2 1.09 
30 13.5 1.17 17.2 1.35 
37 21.8 2.16 
Ea / kcal mol-l 16.9 8.0 13.5 5.1 
a AIl experiments were done in 30 mM HEPES (pH 7.4), 50 mM Mg2+ or 50 mM / 
10pM Cu2+. The estimated errors of ka, k d  and Ea are 2 4 %, -c 4 %, and 2 8 %, 
remectivelv. 

ka / (M-1s-l) 102 kd / ( s -~)  ka / (M-k-') 102 kd / (s-') 

TABLE 2. Kinetic Darameters in the bindinn steD of S2 to Sl-E47 comDlex.a 
~ ~ ~ 

50 mM Mg2+ & 10 pM Cu2+ 50 mM Mg2+ 

T ("C) ka / (M-~s-') 102 kd / ( s -~)  ka / (M-~S") 102 kd / ( s - ~ )  

20 25.8 2.48 49.0 5.68 
25 31.7 79.6 24.4 
30 91.8 14.2 104 101 
37 152 60.2 
Ea / kcal mol-l 19.2 33.6 13.4 50.9 
a AIl experiments were done in 30 mM HEPES (pH 7.4), 50 mM Mg2+ or 50 mM / 
10 pM Cu2+. The estimated errors of ka, k d  and Ea are 2 4 %, f 4 %, and 2 8 %, 
respectively. 

The postulated secondary structure consists of three helices, one hairpin loop, and a 
multibranched loop in the center of E47. The ligation site is between G and C in the 
multibranched loop. This deoxyribozyme depend on Mg2+ and Cu2+ for ligase activity. 
It is considered that the deoxyribozyme forms the most stable structure (left in Fig. 7) in 
the presence of only Mg2+ or Na+, and each cation contributes to the complex formation. 
However, in this structure the ligation site in which imidazole group in S1 react with 
hydroxyl group in S2, is in stem region. So, Cu2+ may play the role of a breaker of 
double-stranded structure, because Cu2+ has a high affinity for base complextion and 
then may break Watson-Crick base pairs more easily than other divalent cations. In the 
binding step of S2 to Sl-E47 complex, Sl-E47-S2 complex may be induced to a 
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of 52 to €4761 mplex 

FIG. 6 .  The energy diagram of the binding steps of S1 and E47, and S2 and Sl-E47 
complex. The upper and lower lines indicate enthalpy changes with and without Cu2+, 
respectively. 

The most stable structure 
in the absence of Cu 2+ 

The postulated structure 
in the presence of Cu 2+ 

Ligation 

G-CT'  
A- T 
A- T 
C- G 

A- T 
T-A 
C- G 
C- G 
G- C 
3' 5' 

Ligation site C- G 

s2 T-A 

A- 

A - T  

C - E  

.. 
T - A  
C - G  
C - G  
0 - C  
3' 5' 

FIG. 7 .  SI-E47-S2 secondary structures calculated in the absence of Cu2+ (left) and 
postulated in the presence of Cu2+ (right). 
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conformational change by Cu2+, and then the cation makes an internal loop near the 
ligation site in the complex. 

Previous study of this deoxyribozyme showed pH-rate profile of the reaction at a 
single-turnover condition and the bell-shaped profile was displayed with The 
result indicated that Cu2+ may play the role of catalysis as a proton-transfer medium and 
decrease activation energy in the ligation. The combinated effect of metal ions was 
studied for ribozymes such as Tefruhymena ribozyme, RNase P, and leadzyme. The 
result of the leadzyme indicated that Nd3+ and Pb2+ influence directly the stability of a 
leadzyme-subatrate complex and also act as general acid and base.8 In Tefruhymena 
ribozyme and RNase P, the two classes of the metal ion binding sites for making specific 
structure and an active site were identified.28p29 The result of the structure prediction in 
this study suggested that Cu2+ not only acts on the ligation reaction but also plays the 
role of a promoter which makes an active conformation of the deoxyribozyme-substrate 
complex. This suggestion was also supported by the kinetic and thermodynamic results 
in the recognition steps described above. 
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