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Chapter 1 

General introd'uction 



The trans-acting hammerhead ribozyme consists of an antisense section 

(stem I and stem II1) and a catal ytic domain with a flanking stem II -loop 

section (Fig. 1). Over the past a few years， there have been several 

a仕emptsto determine both the overall global structure and the detailed 

atomic structure of the hammerhead ribozyme. The X-ray crystal 

structures determined by McKay's group and Scott's and Klug's group are 

near1y identical in terms of tertiary folding and conformation although 

the components of the two types of crystals examined were quite 

different: one type was an RNA-DNA complex in a high concentration of 

Li2S04 (Pley et al.， 1994) and the other type was an all-RNA complex 

with a 2'-methoxy-2'-deoxyribose at the cleavage site in a solution of 

lower ionic strength (Scott et al.， 1995) or， altemativelyヲ afreeze-trapped 

intermediate of an unmodified a11-RNA cornplex (Scott et al.， 1996). The 

freeze-trapped conformationa1 intermediate was stabilized primarily by a 

hydrogen bond between the furanose oxygen of C17 and the 2'-OH of 

U 16.1. All ribozymes were y-shaped in the crystals (Fig. 1)， with stems I 

and II forming the arm of the y and stem II1 forming the base， with stem 

1 and stem II being adjacent to each other and stems II and 1II being 

stacked colinear1y to form a pseudo-A-form helix. 

In the X-ray structures the catalytic core is divided into two 

regions: domain I consisting of C3U4G5A6 and domain 11 consisting of 

nucleotides G12A13A14 and U7G8A9. Tbe nucleotides of domain I1 

form two reversed-Hoogsteen G-A base-pairs between G8-A13 and A9-

G12， and a non-Watson-Crick A14-U7 base-pair that consists of one 

hydrogen bond. This extended stem II stacks onto the non-W atson-Crick 

base-pair， A15.1-U16.1， resulting in formation of a pseudo-A-form helix 

by stems II and I11 (Pley et al.， 1994; Scott et al.， 1995， 1996; Scott and 

Klug， 1996). The adjacent non-Watson-Crick A-U base-pairs (A14-U7 

and A 15.1 -U 16.1) form the basis of a three-way junction. The four 
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nucleotides (C3 U 4G 5A6) of domain 1 form a "uridine-turn" motif， 

allowing the phosphate backbone to tum and connect with stem 1. Since 

the uridine-turn motif conforms to the general sequence requirement 

UNR (where N is any nucleotide and R represents a purine)， an attempt at 

selection in vitro was made to determine whether other sequences might 

be possible in the hammerhead's catalytic core. Active sequences 

conformed broadly to the consensus core sequence except at A9， and no 

sequences were associated with higher activity than that of the 

hammerhead with the consensus core， an indication that the consensus 

sequence derived from viruses and virusoids is probably the optimal 

sequence. However， chemical modification at U7 produced a non-natural 

ribozyme that had higher activity than the wild-type hammerhead 

ribozyme. We also found that， in some cases and depending upon the 

target-recognition sequences， the insertion of G between A9 and G10.1 

resu1ts in production of a ribozyme that is slight1y more active than the 

wild-type hammerhead ribozyme. This finding seems to suggest that it 

was unnecessary， during evolution， to increase to any further extent the 

catalytic activity of hammerhead ribozyTInes for use in rolling-circle 

mechanisms since， most probably， the present trimming power was 

adequate with respect to rates of replication. Such speculation indicates 

that it might be possible to select in vitro or in vivo， or to engineer， 

hammerhead ribozymes that are better catalysts than wild-type forms. 

1t has been well established that ribozymes are metalloenzymes 

(Kazakov and Altman， 1991; Dahm et al.， 1993; Piccirilli et al.， 1993; 

Pyle， 1993; SteItz and Steitz， 1993; Uchimaru et al.， 1993; Yarus， 1993; 

Uebayashi et al.， 1994; Sawata et al.， 1995; Pontius et al.， 1997; 

WaraShina et al.， 1997; Weinstein et al.， 1997; Zhou et al.， 1996， 1997， 

1998). Scott et al. proposed various Mg2+-binding sites， two of which 

are thought to be important for catalysis (Scott et al.， 1995， 1996). The 
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first site is thought to involve Mg(H20)52+ bound to the pro-S oxygen of 

the 5'-phosphate of A9， with further hydrogen bonding associated with 

G8， G10.1， and G12 (alternatively， Mg(H20)52+ might be bound to the 

pro-R oxygen)， and this binding is thought to have a structural role 

(Scott et al.， 1995). The second， and perhaps a more interesting site， 

seems to be in the vicinity of the cleavage site. At this site a Mg2+ ion is 

thought to be bound directly to the pro-R oxygen of the scissile phosphate 

in the freeze-trapped conformational inte:rmediate (Scott et al.， 1996). 

The hydrated Mg2+ ion might participate directly in catalysis by acting as 

a base to facilitate the deprotonation of the 2'-OH of C17， prior to 

nucleophilic attack at the scissile phosphate. However， crystal structures 

generally represent energy minima and do not provide direct. and detailed 

structural information about transition states unless the structural data 

represent a deliberately designed analog of a transition state. Because the 

conformation revealed by a11 the available crystallographic structures 

would not allow in-line attack by the 2'-011 on the scissile phosphorus-

oxygen bond that is absolutely required for activity， noIle of them 

represents the exact catalytic conformation. 1t is apparent that substantial 

twisting at the cleavage site would be required for in-line attack and a 

specific proposal for rearrangement at the cleavage site has been 

presented， based on the X-ray structures of hammerhead ribozymes. 

(Scott et al.， 1995， 1996) 

Further analysis by Scott indicates the probable invalidity of the 

earlier postulate (Scott et al.， 1996) that the Mg2+ ion bound to the pro-R 

oxygen of the scissile phosphate in the ground state might move， together 

with the phosphate， into a conformation more suitable for in-line attack: 

Scott recently trapped an intennediate with an advanced conformational 

change， where the phosphate had moved considerably. However， the 

metal ion (this time a Co2+ ion) associated with N7 of A1.1 and did not 
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move with the pro-R oxygen. The exact number and location of cata1ytic 

metal ion( s) in the transition state remain to be detennined. 

In striking contrast to proteinaceous enzymes， which do not always 

require metal ions for their activity， all ribozymes have an absolute 

requirement for metal ions for their activity. Metal ions in ribozymes 

have two distinct functions: in one case they aid in the structural 

stabilization of the folded RN A and in the second case they act as the 

catalytic cofactor that allows the RNA to act as a metalloenzyme. In 

hammerhead ribozymes， metal ions such as Mg2+， Mn2+， Ca2+ and C02+ 

can participate bbth in RNA folding and in catalysis. Similarly， Sr2+ and 

B a 2 + ions can perform both roles but to a much lesser extent. Other 

metal ions， such as Cd2+ and Zn2+， can participate in catalysis only in the 

presence of RNA-folding agents such as polyamines and spermineヲ an

observation that suggests that Cd2+ and Zn2+ ions can only play a 

catalytic role and the structure of the ribozyme is dependent on 

polyamines or spermine. 

In attempts to define the sequence requirements for an acti ve 

structure of a hammerhead ribozyme that help the ribozyme to select 

appropriate target sequences， extensive mutagenesis studies of the 

conserved region have been performed (Koizumi et al.， 1988; Ruffer et 

al.， 1990; Perriman et al.， 1992; Shimayama et al.， 1995; Zoumadakis and 

Tabler， 1995). Several such studies were carried out to examine the 

importance of the conserved trinucleotide GUC at the cleavage site. 

Early results revealed that G at the third position in the triplet， which 

might extend stem 1 by forming a G17:C3 pair， inhibited the cleavage 

reaction in all but one case and， moreover， that U at the central position 

was required for efficient cleavage (Koizurni et al.， 1988; Ruffer et al.， 

1990; Perriman et al.， 1992). The accumulated data from mutagenesis 

studies led to the generally accepted NUX nlle (where N can be A， U， G 

6 



or C; X can be A， U or C)， which states that any oligonucleotide with a 

NUX triplex can be cleaved by hammerhead ribozymes. Our detailed 

kinetic analysis (Shimayama et al.， 1995)， in which we measured both kcat 

and Km， indicated that GUC was cleaved most efficiently in a manner that 

depended both on kcat and kcat/Km， with CUC and UUC coming next. 

Therefore， when a target site in a trans-acting system (an intermolecular 

reaction) is chosen， GUC or CUC may be preferred. However， in cis-

acting systems (intramolecular reactions)， in which Km values are 

irrelevant， other triplets， such as AUC， GU"A， and AUAラ maybe chosen 

since these triplets are associated with high values of kcat. 1n fact， the 

minus strand of the virusoid of Luceme transient streak virus， (一)vLTSV，

and the plus strand of the satellite RNA of barley yellow dwarf virus， 

(+ )sBYDV， use the GUA triplet and the )¥.UA triplet， respectively， for 

hammerhead-catalyzed cleavage during their replication (Shimayama et 

al.， 1995). 

The mlnlmum reaction scheme， consisting at least three steps. 

First， the substrate binds to the ribozyme tωo form a MiおchaelisおS

complex via formation of base pairs at sterns 1 and 111 (kassoc). Then， a 

specific phosphodiester bond (on the 3 '-side of the NUX triplet) in the 

bound substrate is cleaved by the action of metal ions (kcleav) to produce 

a 2¥3にcyclicphosphate and a 5'-hydroxyl group. Finally， the cleavage 

fragments dissociate from the ribozyme and the liberated ribozyme is 

now available for a new series of catalytic events (kdiss). 

The dependence on temperature of the rate-limiting step was 

detected by analysis of an Arrhenius plot (Takagi and Taira， 1995; 

Warashina et al.， 1997). Distinct changes in the slope of the plot 

provided evidence for three different rate-limiting steps in the hydrolysis 

of an 11-mer substrate (S11， Fig. 1) by the 32-mer ribozyme (R32， Fig. 

1). At mid-range temperatures of 25-50oC， the chemical cleavage step 
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(kcleav) is the rate-limiting step， indicating that the cleaved fragments 

dissociate from the ribozyme at a higher rate than the rate of the chemical 

reaction (kcleavく kdiss).At temperatures below 250C， the cleaved 

fragments adhere to the ribozyme more tightly and the product司

dissociation step becomes the rate-limiting step (kdissくたleav).Above 

500C， the rate of the reaction decreases because， at such high 

temperatures， the formation of the Michaelis-Menten complex (formation 

of a duplex) is hampered by therrnal melting (the melting temperature of 

stem 11 of R32 is above 800C and， therefore， the stem 11 and loop region 

is unaffected between about 50 and 600C). 

The efficient binding of a hammerhead ribozyme to its cleavage site 

in an intracellular target RNA is an obvious requirement for the eventual 

use of the ribozyme as a therapeutic agent. The binding is influenced by 

the length of the ribozyme antisense arms (stems 1 and 111). Kinetic 

models of the action of hammerhead ribozymes and analyses of 

thermodynamic parameters predict that ribozymes with short antisense 

anns have a high turnover rate when compared to their counterparts with 

long arms. However， in some cases， ham1nerhead' ribozyme with long 

antisense arms have been found to be more active in the cell than short-

arrn derivatives. 1n the cellular environment， the rate-limiting step is not 

always the chemical cleavage step and， therefore， a ribozyme's activity in 

vitro does not necessarily reflect its activity in vivo. The stability of 

ribozymes in vivo appears to be more important in the intracellular 

efficacy of ribozymes. 1t is， however， also important to use ribozymes 

with short arms in functional analysis of kinetics in vitro， to ensure 

measurement of the chemica1 step. 

Helix 11 is the only helix in the hamnlerhead ribozyme that is not 

directly involved in binding of the substrate. 1n a systematic study， in 

which the length and the base composition of helix 11 were varied， the 
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minimal length of the helix 11 was found to be two base pairs， with a 

requirement for a G1 O.l-C 11.1 base pair for maximal activity (Tuschl 

and Eckstein， 1993). 50 called mlnlzymles are smaller versions of a 

hammerhead ribozyme in which helix 11 and loop 11 are replaced by a 

short linker that joins A9 and G12 (Fig. 2). The linker can consist of a 

few nucleotides that cannot form Watson-Crick base pairs among 

themselves (McCall et al.， 1992). 5everal groups have replaced the 

nucleotide-loop of helix 11 with polyethylene glycol (Fu and恥1cLaughlin，

1992; Thomson et al.， 1993; Hendry et al.ヲ 1994)or abasic nucleotide 

(Sugiyama et aI:， 1996)， without complete loss of activity when at least 

two base pairs remains in helix 11. Ho~(ever， the activities of most 

minizymes are very low (Fu and McLaughlin， 1992; McCall et al.， 1992; 

Thomson et al.， 1993; Tuschl and Eckstein.， 1993; Long and Uhlenbeck， 

1994; Hendry et al.， 1994， 1995; SugiyamLa et al.， 1996). 1 found that 

minizymes with short oligonucleotide linkers instead of the stem-loop 11 

region can form homo-or heterodimers that are very active (Amontov 

and Taira， 1996; Amontov et al.， 1996; Kuwabara et al:， 1996). These 

minizymes form dimeric structures with two catalytic centers， two 

binding sites and a single， common steln 11. The activity of one 

homodimeric minizyme was found to be siInilar to that of the full-sized 

ribozyme (Amontov and Taira， 1996). 5uch dimeric hammerhead 

structures have a number of additional advantages. 1n particularヲ they訂 e

very compact divalent structures that (in the case of heterodimers) can be 

targeted individual1y to two different cleavage sites andヲ moreover，they 

can be designed in such a way that it is only in the presence of a specific 

sequence that the heterodimeric minizyme can form an active catalytic 

core (Kuwabara et al.， 1996， 1998b). Since minizymes are able to cleave 

their RNA targets in vitro and in vivo (Kuwabara et al.， 1998a， 1998b， 

1998c)， it is clear that the stemJloop II is not essential for cleavage as long 
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as the G 10.1 -c 11.1 base pair is maintained in the dimeric structure， most 

probably to allow capture of the structurally important Mg2+ ion. 



Chapter 11 

Characterization of several kinds of dimeric 

minizyme:' simultaneous cleavage at two sites in 

HIV・1tat mRNA by dimeric minizymes in vitro 



Introduction 

百lehammerhead ribozyme is one of the snlallest RNA enzymes (Forster 

and Symons， 1987; Haseloff and Gerlach， 1988; Symons， 1989). Because 

of its smal1 size and potential utility as an antiviral agent， it has been 

extensively investigated in terms of the lnechanism of its action and 

possible applications in vivo (Kazakov and Altman， 1991; Dahm et al.， 

1993; Piccirilli et al.， 1993; Pyle， 1993; Steitz and Steitz， 1993; Uchimaru 

et al.， 1993; Yarus， 1993; Uebayashi et al.， 1994; Sawata et al.， 1995; 

Pontius et al.， 1997; Warashina et al.， 1997; Weinstein et al.， 1997; Zhou 

et al.， 1996， 1997， Zhou and Taira， 1998). 1t was first recognized as the 

sequence motif responsible for self-cleavage (cis action) in the satellite 

RNAs of certain viruses (Symonsヲ 1989). The putative consensus 

sequence required for activity has three duplex stems and a conserved 

三ore"of two non-helical segments， plus an unpaired nucleotide at the 

cleavage site. The trans-acting hammerhead ribozyme， which was 

developed by Haseloff and Gerlach (Haseloff and Gerlach， 1988)， consists 

of an antisense section (stem 1 and stem 111) and a catalytic domain with a 

flanking stemJloop 11 section (Fig. 1). In attempts to identify functional 

groups and to elucidate the role of the stem 11 regionヲ varlous

modifications and deletions have been made in this region (Fu and 

McLaughlin， 1992; McCall et al.， 1992; Thomson et al.， 1993; Tuschl and 

Eckstein， 1993; Long and Uhlenbeck， 1994:; Hendry et al.， 1994， 1995). 

For the application of such enzymes as therapeutic agents for the 

treatment of infectious diseases， minimized hammerhead ribozymes 

(minizymes; Fig. 2) seem to be particular1y attractive (Hendry et al.， 

1995). However， the activities of rninizymes are two to three orders of 

magnitude lower than those of the parental hammerhead ribozymes， a 

result that led to the suggestion that rninizYlnes rnight not be suitable as 

13 
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gene-inactivating reagents (Long and Uhlenbeck， 1994). Thus， 

conventional hammerhead ribozymes with a deleted stem 11 (minizymes; 

Fig. 2) have been considered to be crippled structures and have attracted 

minimal interest because of their extremely low activity， as compared to 

that of the full-sized ribozyme. 

We reported recently the results of kinetic analyses that indicated 

that some minizymes have cleavage activity nearly equal to that of the 

wild-type hammerhead ribozyme， and ¥ve presented evidence that 

minizymes with high-level activity form dimeric structures (Amontov and 

Taira， 1996). Such dimeric minizymes have two different binding sites 

and two catalytic cores (Fig. 3). Therefore， it occurred to us that it might 

be possible to construct dimeric minizymes that would cleave a target 

substrate at two sites simultaneously， with a resultant overall increase in 

the efficiency of degradation of the target RNA (Fig. 4). These dimeric 

minizymes could be designed in such a way that they would only be able 

to form binding sites complementary to the substrate sequence as a result 

of the formation of heterodimers. The stability of the dimeric structure 

depends on Mg2+ ions and the number of G-C pairs in stem 11 of the 

dimeric minizyme (Amontov and Taira， 1996). 1n order to define the 

number of G-C pair required for activity in such a system， 1 designed 

dimeric minizymes with two to five G-C pairs in the stem 11 region (Fig. 

5). 

1 selected H1V -1 tat mRN A as the target substrate of the dimeric 

mlnizymes. Hammerhead ribozymes can cleave any RNA with a high 

degree of sequence specificity via recognition of the Watson-Crick type at 

stem 1 and stem Ill. The target site must contain the NUX triplet (N = G， 

A， C， or U; X = A， C， or U)， but the efficiency of cleavage depends on 

the combination of N and X (Koizumi et al.， 1988; Ruffer et al.， 1990; 

Perriman et al.， 1992; Shimayama et al.， 1995). 1n this study， 
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Figure 4 Schematic representation of the heterodimeric minizyme 
which can cleave an mRNA at two sites simultaneously. 
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dimeric minizymes were designed to cleave :HIV-1 tat mRNA at two GUC 

triplets (GUC triplet-1 and GUC triplet-2， located 51 nt and 189 nt， 

respectively， from the 5' end of the substrate; Fig. 6) with an 

intemucleotide distance of 138 nts between them. A computer-generated 

(MulFold) prediction of the secondary structure of HIV -1 tat mRN A is 

shown in Figure 6. 

In this chapter 1 describe the physical properties of each 

heterodimeric mlnlzyme and 1 demonstrate that all heterodimeric 

minizymes tested were capable of cleaving the HIV -1 tat mRN A at both 

GUC triplets simultaneously. Moreover， 1 show that the activity of the 

minizymes increased with increases in the length of the linker sequence of 

the dimer. 
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Figure 5 The secondary structures of the various dimeric minizymes 
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targe~ed to GUC iriplet-l，組dRz40'， targeted to a 19-meric substrate (S19) that 
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Materials and methods 

Synthesis of ribozymes 

Ribozymes and their corresponding short substrates were chemically 

synthesized on a DNAlRNA synthesizer (model 394; Applied Biosystems， 

Foster City， CA) and purified by polyacrylamide gel electrophoresis as 

described previously (Kuwabara et al.， 1996). Reagents for RNA 

synthesis were purchased from Perkin I~lmer ， Applied Biosystems 

Division (ABI; Foster Cityヲ CA). The oligonucleotides were purified as 

described in the user bulletin from ABI (no. 53; 1989) with minor 

modifications. 

Preparation of HIV・1 tat mRNA， the target substrate， by 

transcription 

The template for the HIV -1 tat mRNA sub:strate was prepared by PCR 

from a template plasmid， pcD-SRα/tat (Takebe et al.， 1988). The primer 

for the sense strand contained a T7 promoter. Transcription and gel-

electrophoretic purification of the HIV -1 tat mRN A substrate were 

performed as described elsewhere (Kuwabara et al.， 1996). 

Kinetic measurements 

Reaction rates were measuredヲ in25 mM  MgC12 and 50 rnM Tris-HCl (pH 

8.0; adjusted at each temperature)， under ribozyme-saturating (single-

turnover) conditions either at 370C (measurements of kcat， kobs， and 

Kd(app)) or at various temperatures from 200C to 600C [for 

measurements of the dependence on temperalure (Arrhenius plots)]. The 

react10ns were usually initiated by the addition ofお19C12to a buffered 

solution that contained the minizymes and the substrate， and mixtures 

were then incubated at the chosen tempera札lre. The 5'-terrninus of the 
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short substrate (S 19)， which included GUC triplet-2 and has sequence 5'-

CAGAACA-(GUC)-AGACUCAUC-3' (the binding sites for the dimeric 

minizymes， 18 nucleotides in all， are underlined and the GUC triplet is 

shown in parenthesis)， was labeled with [y_32P]-ATP by T4 polynucleotide 

kinase (Takara Shuzo， Kyoto). The H1¥T-1 tat mRNA was labeled 

internally with [α_32P]-CTP during transcription in vitro by T7 RNA 

polymerase (Takara Shuzo). In all cases， kinetic measurements were 

made under conditions where all the available substrate was expected to 

form a Michaelis-Menten complexヲ athigh concentrations of minizymes 

(仕om50 nM to 10μM). 

Reactions were stopped by removal of aliquots from the reaction 

mixture at appropriate intervals and mlxlng them with an equivalent 

volume of a solution that contained 100 m M  EDTA， 9 M urea， 0.1 % 

xylene cyanol， and 0.1 % bromophenol blue. The substrate and the 

products of the reaction were separated by electrophoresis on a 5 % to 

20% polyacrylamide/7 M urea denaturing gel and were detected by 

autoradiography. The extent of cleavage was determined by quantitation 

of radioactivity in the bands of substrate and products with a Bio-Image 

Analyzer (BAS2000; Fuji Film， Tokyo). 

Measurements of melting temperatur<<~s (Tm) of the dimeric 

mllllzymes 

1n order to determine the Tm of the duplex regions (G-C pairs) with two， 

three， four， and five base pairs， respectively， in stem 11 of the dimeric 

mlnizymes， 1 monitored the thermal denaturation of the ribozymes with a 

UV spectrophotometer (model 2100S; Shimadzu， Kyoto). Solutions of 

the dimeric minizymes (2μM) were prepared in 50 mM  Tris-HCl buffer 

(pH 8.0) that contained 25 mM  MgC12・ Afterdegassing， these samples， 

without Mg2+ ions， were preheated at 800C for 3 minutes and then slowly 
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cooled to 50C over the course of 20 minutes， and then a concentrated 

solution of Mg2+ ions was added to each sample to give a final 

concentration of MgCb of 25 mM. The absorption of the samples at 260 

nm was monitored continuously at 50C for 10 min and then the 

temperature was raised from 50C to 800C at a rate of lOC/min. The Tm 

was determined by plotting the derivative of the thermal denaturation 

curve. 
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Results 

Simultaneous cleavage of HIV・1tat mRNA at two independent 

sites by dimeric minizymes 

We demonstrated previously that minizymes with high-level activity form 

dimeric structures (Amontov and Taira， 1996). The stability of dimeric 

minizymes depends on the concentration of ~v1g2+ ions， whether or not the 

minizymes are bound to their substrate， and the number of G-C pairs in 

the common stem 11 region.， Since the dimeric minizymes were expected 

to cleave substra'tes at two independent sites， 1 examined several kinds of 

dimeric minizyme， which differed from one another in the length of stem 

II， for their ability to serve as gene-inactivating agents. The dimeric 

minizymes used in this study are shown in Figure 5. I use the term 2 bp 

dimeric minizyme， to describe the dimeric minizyme with two G-C pairs. 

Thus， the 3 bp， 4 bp， and 5 bp dimeric min:izymes have three， four and 

five G-C pairs， respectively， in the stem 11 region. The substrate selected 

in this study was HIV -1 tat mRN A， which is 272 bp in length and whose 

predicted secondary structure is shown in Figure 6. Two target sites 

were selected in this substrate (Fig. 6). As a control， I also examined a 

parental wild-type ribozyme (Rz40， Fig. 5) targeted to GUC triplet-1. 

All the dimeric minizymes tested cleaved the long HIV tat mRN A 

ubstrate at two independentsites simultaneously. The strength of the 

activity depended on the number of G-C pairs in the stem 11 region: the 

activity increased with increasing numbers of G-C pairs. For 

simultaneous cleavage at two sites in the substrate by the dimeric 

rrunizymes， it seems that it was important that the two catalytic cores were 

stabilized by a strong dimeric structure. Such a hypothesis explains why 

the 5 bp dimeric minizyme had the highest activity. 

23 



Our previous kinetic analysis demonstrated that， when a short 

substrate (11-mer) was used， a dimeric minizyme with同'0G-C base pairs 

retained 659るofthe activity of the parental hammerhead ribozyme 

(Amontov and Taira， 1996). When the target site is embedded in a long 

RNA substrate， a very stable common stem 11 is required (depending on 

the sequence of the target site). The cleavage activity of the 5 bp dimeric 

minizyme was even higher than that of the full-sized hammerhead 

ribozyme because the latter full-sized ribozyme was able to cleave at the 

GUC triplet-1 only. 

Kinetic parameters for the cleavag，e of a short 19-meric 

substrate by dimeric minizymes 

In order to characterize in further detail the properties of dimeric 

minizymes， 1 determined the kinetic parameters of cleavage using a short 

19-meric substrate (S19) that contained GUC: triplet-2. The sequence of 

this substrate is shown in Figure 5. 1 chose a substrate that contained 

GUC triplet-2 and not GUC triplet-1 because from the computer 

prediction， 1 expected the former sequence to be less likely to form 

inactive dimeric minizymes. In order to ensure that 1 measured only the 

rate of the pure chemical cleavage step (kcleav)， all reactions in this study 

were carried out under single-tumover conditions. 

The rate constants of the dimeric minizymes.， which were determined 

with the short S 19 substrate， are shown in Table 1. As can be seen 

from Table 1， the 5 bp dimeric minizyme had the highest cleavage 

activity， with a kcat of 0.24 min-1， wmch was forty times greater than 

that of the 2 bp dimeric minizyme. The cleavage activity of dimeric 

IDlnizymes increased with increases in the nu:mber of G-C pairs in the 

tem II region of the dimeric mlnlzyme， in agreement with the 

observations made with the much longer H1V--1 tat mRNA. Thus， it is 
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Table 1 Kinetic parameters of the dimeric minizymes 

Minizymes kcat (min-1) Kd(app) (μM) 

2 bp dimeric minizyme 0.006 1.0 

3 bp dimeric minizyme 0.014 0.55 

4 bp dimeric minizyme 0.042 0.067 

5 bp dimeric minizyme 0.24 0.22 

* All reaction rates were measured， in 25 mM MgC12 and 50 mM Tris-

HCl (pH 8.0)， under ribozyme-saturating (single-tumover) conditions 

at 370C. In all cases， kinetic measurernents were made under 

conditions where all the available substrate was expected to form a 

Michaelis-Menten complex， with high concentrations of ribozyme 

(from 50 nM to 10μM). 

25 



clear that， even for a short substrate， a stable common stem 11 is 

preferable. 

1n order to investigate the stability of the dimeric minizymes used 

in this study， 1 determined Kd( app) for each under single-tur~over 

conditions from Lineweaver-Burk plots. つfheKd(app) of the dimeric 

minizymes decreased with increasing numbers of G-C pairs in the stem 11 

region of the dimeric minizyme. The previously determined Kd(app) of 

the homodimeric minizyme with two G-C pairs was 5.1μM and that of a 

homodimeric minizyme with four G-C pairs was 0.1 7μM (Amontov and 

Taira， 1996). A's compared with these values， in general， the values of 

Kd( app) of the present dimeric minizymes (heterodimeric minizymes) 

tended to be lower. 1n accord with the previous observation， in general， 

the longer was the common stem 11， the lovver was the Kd( app) value. 

Howeverヲ forsome unknown reason， the K~d(app) of the 4 bp dimeric 

minizyme was unexpectedly low. The value of Kd( app) for the 4 bp 

dimeric mlnlzyme does not reflect the melting temperature for the 

dissociation of the dimeric structure， as described in the next section. 

Melting curves for dimeric minizynles determined in the 

absence of substrates 

In order to examine the effects of the G-C pairs in the stem 11 region on 

the stability of the dimeric mlnlzymes， 1 investigated the melting 

properties of each dimeric minizyme in the absence of substrates. The 

reaction conditions for the generation of melting curves were the same as 

those in the kinetic experiments. 1n particular， the reaction mixtures 

included 25 mM MgC12. The concentrations of minizymes were 2μM 

(higher than the respective values of Kd(app)). Moreover， in order to 

distinguish intermolecular melting from intramolecular melting， the 

dependence of Tm on the concentration of each minizyme was examined. 
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Table 2 Thermodynamic parameters 

Ea 
(kcaI/mol) I 

i1G* 
(kcaI/mol) I 
at 350C 

i1H* 
(kcal/mol) I 
at 350C 

i1S* 
(kcal/mol) I 
at 350C 

Tm (OC) 
at 0.4μM 

Tm (OC) 
at 2μM 

2 bp 

dimeric 

mlDlzyme 

29.0 

21.2 

28.4 

23.4 

51.0 

55.0 

3 bp 4 bp 

dimeric dimeric 

mlDlzyme mlDlzyme 

27.2 24.0 

21.0 20.7 

26.6 23.4 

18.2 8.8 

55.0 59.8 

57.5 62.0 

27 

5 bp 

dimeric Rz40' 

mlDlzyme 

20.0 21.1 

20.1 20.5 

19.4 20.5 

-2.3 -0.2 

61.3 

64.8 



Thus， thermal denaturation profiles were also recorded at the five-fold 

lower concentration of minizymes of 0.4μM，. 

F or the 2 bp dimeric minizymeヲ theTm of stem 11 region was 

identified as 550C at 2μM minizymes， and it shifted to 51.0oC when a 

five-fold lower concentration (0.4μM) of minizymes was used (Table 2). 

1 identified the Tm of the G-C pairs in the 3 bp dimeric minizyme as 

57.50C， and it shifted to 550C upon dilution.， 1n this case， other rnelting 

temperatures were concentration-independent. For the 4 bp dimeric 

minizyme， the Tm of G-C pairs was 62.0oC at 2μM， and the Tm shifted 

to 59.80C at a five-fold lower concentration. The Tm for the 5 bp 

dimeric mlnlzyme was determined to be 64.80C. At a lower 

concentration， it shifted to 61.30C. These data dernonstrate that the Tm of 

dimeric mlnlzymes that reflects the stability of the dimeric structure 

increased with increases in the length of the stem 11 regions: when the 

concentration of the minizymes was 2μM， the Tm of the stem 11 regions 

of 2 bp， 3 bpヲ 4bpヲ and5 bp dimers were， respectively， 55.0oC， 57.50C， 

62.50Cヲ and64.80C (Table 2). 

Arrhenius plots 

Since the melting ternperatures reported in the previous section 

represented the dissociation of dimers in the absence of any substrate， 1 

next examined the thermal stability of each dirneric rninizyme in the 

active complex with its substrate by exarnining the dependence of the 

cleavage activity on temperature. The substrate used in this analysis was 

same as that used for kinetic measurements (S 19). 

The activation energy for a reaction can be determined by 

measuring the rate constant of the reaction (k) at different ternperatures 

and plotting lnk versus 1fT (to yield a so-called Arrhenius plot， e.g.， Fig. 

7). The Arrhenius plot itself may be non-linear if different steps becorne 
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Figure 7 Arrhenius plots of data obtained合omreactions with dimeric 

ffiilllZymes組 dRz40' under single-turnover conditions. Reactions were 
~arried out in 50 mM Tris-HCl (pH 8.0)組 d25 mM ~fgC12 ・ Concen町ations: 5，_32p-
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μM; 4bp組 d5 bp dimeric miniz戸ne，2μM;Rz40'， 300 nM. 

29 



the rate-determining step at different temperatures (Takagi and Taira， 

1995; Warashina et al.， 1997). In some cases， the plot may show a sharp 

change in slope at the temperature (transition temperature) at which the 

rate-determining step changes from one to another. Arrhenius plots have 

been used to detect such changes in standard enzyme-catalyzed reactions 

and also in ribozyme-catalyzed reactions (Takagi and Taira， 1995; 

Warashina et al.， 1997). 

The results of the analysis， namely， the Arrhenius plots， are shown 

in Figure 7. Arrhenius activation energies were calculated， from the 

linear regions of the graphs， to be 29.0 kcal/nl01 (from 200C to 450C) for 

the 2 bp dimeric minizyme， 27.2 kcal/mol (from 200C to 450C) for the 3 

bp dimeric minizyme， 24.0 kcal/mol (from 200C to 500C) for the 4 bp 

dimeric minizyme， and 20.0 kcal/mol (from 200C to 500C) for the 5 bp 

dimeric minizyme. While the Arrhenius aCltivation energy of the full-

sized hammerhead ribozyme， Rz40' (Fig. 5)， was 21.1 kcal/mol， the 

corresponding Arrhenius energy of the 2 bp d:imeric minizyme tumed out 

to be the highest among those of all the minizymes examined in this study 

(Table 2). 

Arrhenius parameters were converted to thermodynamic 

activation parameters by application the transition state theory. The free 

energy of activation， f1G*， is directly related to the rate of the reaction. 

d. G * is given by -R Tln(khlkB T)， where k is the rate constant at 

temperature T， h is Planck's constant， and kB is Boltzmann's constant. 

The enthalpy of activation， f1Hヲt，is a measure of the energy barrier that 

must be overcome by the reacting molecules. f1H* is given by Ea-RT， 

where R is the gas constant and Ea is the energy of activation. The 

entropy of activation， I1S*， is a measure of the fraction of reactants that 

have sufficient activation enthalpy and can actually react; I1S* includes， 
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for example， concentration and solvent effects， steric requirements and 

orientational requirements. dS-:f:. is equivalent: to (tJI-:f:. -dG-:f:. )/T. 

The calculated energy parameters for the minizyme-catalyzed 

single-turnover reactions at 350C are listed in Table 2. Nat:urallyヲ dG-:f:.

(kcat) is a function of tJI-:f:. and T d.S-:f:.. 1t is of interest that， while dS-:f:. is 

negative for the previously examined ribozynle (Takagi and Tairaヲ 1995)

and also for the relatively active ribozymes， such as Rz40' and 5 bp 

dimeric minizyme， examined in this study (Table 2)ヲ indicatinga more 

precise conformation in the transition state than in the乱1ichaelis-恥1enten

complex， dS-:f:. is positive for the less active dimeric minizymes， such as 

the 2 bpヲ 3bpヲ and4 bp minizymes (Table 2). This result indicates that 

the activated Michaelis-Menten complexes of the less active dimeric 

minizymes require more precise orientation than that of their respective 

transition-state structures. 1t is also to be noted that， while the value of 

dS-:f:. differs dramatically among the mlnlzymes， the discrepancy is 

compensated for by dH-:f:.， such that ~G-:f:. remains almost the same for a11 

the ribozymes examined in this study. 

1n case of the dimeric minizymes with a short common stem 11， as 

can be seen in Figure 7， the rate of the reaction decreased at high 

temperatures (above 45 to 500C). This decrease occurred because the 

formation of active dimeric structures at such high temperatures was 

hampered by thermal melting. (Therefore， the rates of reactions above 

45 to 500C do not ref1ect kcat・)This conclusion is in agreement with the 

deduction from the deri vative curves of Tm that the disruption of dimeric 

structures， which depended on the stability of G-C pairs in the stem 11 

region， began when the temperature was raised above 40oC. Therefore， 

ln general， the shorter was the common stem 11， the lower was the 

transition temperature for the loss of activity (Fig. 7). 
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Discussion 

ln this chapterヲ 1examined a new form of shortened hammerhead 

ribozymes， namely， dimeric minizymes， in terms of their activities as 

gene-inactivating agents. Although the previously studied homodimeric 

minizyme， with two G-C pairs in the common stem 11 (Fig. 3)， retained 

659らofthe activity of the parental hamrnerhead ribozyme (Fig. 2)， the 

present analysis demonstrated that the longer is the comrnon stem 11， the 

higher is the cleavage activity of the dimeric lninizyme， at least when the 

target site is part of H1V -1 tat mRNA. The activity was correlated with 

the stability of the dimeric mlnlzymes， as determined from thermal 

melting curves， as well as frorn Arrhenius plots. Since these dimeric 

ribozymes successfully cleaved the long target RNA at two independent 

sites， it appears that the dimeric mlnlzyme is a new variant of the 

conventional hammerhead ribozyme that has considerable potential utility 

as a gene-lnaCt1vat1ng agent. 



Chapter 111 

Formation in vitro and in cells of a catalytically 

active dimer by tRNAVal圃 drivenshort ribozymes 



Introduction 

Hammerhead ribozymes catalyze the sequence-specific cleavage of RNA 

(Symons， 1989). Ribozymesヲ includinghammerheads， are recognized as 

metalloenzymes (Kazakov and Altman， 1992; .Dahm et al.， 1993; Piccirilli 

et α1.， 1993; Steitz and Steitz， 1993; Eckstein and Lilleyヲ 1996)and their 

mechanism of action is being clarified (Sawata et al.， 1995; Pontius et al.ヲ

1997; Weinstein et al.ヲ 1997;Zhou et al.， 1997; Lott et al.， 1998; Zhou 

and Taira， 1998). Recently， crystallographic studies by two groups have 

provided three-dimensional structures of hamrnerhead ribozymes in 

different configurations (Pley， 1994; Scott et al.ヲ 1995，1996)， and the 

overall folding of the two reported structures is nearly identical. 1n the 

X-ray structures， the catalytic core is divided into two regions: domain 1， 

consisting of nucleotides (nt) C3U4G5A6; and domain 11， consisting of nt 

G12A13A14 and U7G8A9. A pseudo-A-form helix is formed by sterns 11 

and 111 (Fig. 1). Since the stemJloop 11 region appeared initially not to be 

directly involved in catalysis， attempts were made to delete extra 

sequences from this region (McCall et al.， 1992). For development of 

chemically synthesized ribozyrnes as potential therapeutic agents， it would 

certainly be advantageous to remove any surplus nucleotides that are not 

essential for catalytic activity. Such removal would obviously reduce the 

cost of synthesis， increase the overall yield of the desired polymer， and 

simplify purification. These considerations led to the production of 

ffilnizymes， namely， conventional hamrnerhead ribozymes with a deleted 

stemJloop 11 region (乱1cCallet al.， 1992; Tuschl and Eckstein， 1993; Fu et 

al.， 1994; Long and Uhlenbeck， 1994). However， the activities of the 

ffilll1zymes were two to three orders of magnitude lower than those of the 

parental hammerhead ribozymes， a result that led to the suggestion that 
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minizymes might not be suitab1e as gene-inactivating agents (Long and 

Uh1enbeck， 1994). 

We found previous1y that some mlnlzymes had high cleavage 

activities that were nearly identical to that of the wild-type parental 

hammerhead ribozyme (R32， Amontov and Taira， 1996). Moreover， the 

active species appeared to form dimeric structures with a common stem 11 

(Fig. 3). 1 demonstrated that heterodimeric mlnlzymes might be 

potentially useful as gene-inactivating agents since a heterodimer， because 

of its two independent catalytic cores， can cleave a single substrate at two 

independent sites simultaneously (Kuwabara et al.， 1996). For the 

app1ication of such mlnlzymes to gene therapy for the treatment of 

infectious diseases， it is a1so important to express them constitutive1y in 

vivo under the contr01 of a strong promoter. As a first step toward this 

goal， 1 explored the possibility of using the pro:moter of a human gene for 

tRNA Val， which is recognized by RNA p01yrnerase 111 (Geiduschek and 

Tocchini-Va1entiniヲ 1988;Perriman and de Feyterヲ 1997). 1 examined 

whether tRN A V al-embedded mlnlzymes might be ab1e to form 

catalytically competent dimeric structures. Since elucidation of the 

higher-order structure of dimeric minizymes is also of great interest to 

us， 1 performed NMR studies to examine the putative dimerization. 

Initially， 1 anticipated that the tRN A V a1 portion of the tRN A V a1_ 

embedded minizymes might potentially cause steric hindrance that might 

i凶ibitdimerization. However， 1 confirmed， by ge1-shift ana1ysis and by 

kinetics， that the tRNA Val-embedded minizYlme cou1d form an active 

dimer. Moreover， mo1ecu1ar mode1ing studies suggested a novel dimeric 

structure for the tRN A -embedded minizyme. 

Most importantly， the tRNA VaLembedded minizyme was found to 

be more active than the parental hammerhead ribozyme not only in vitro 
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but also in cultured cells. Therefore， tRNA VaLembedded illlnlzymes 

should be considered as potential candidates for gene-inactivating agents. 



'圃-

Materials and methods 

Synthesis of ribozymes 

Minizymes and their substrates were synthesized chemically on a 

DNA/RNA synthesizer [model 394; Perkin Elmer， Applied Biosystems 

(ABI)， Foster City， CA]. Reagents for RNA synthesis were purchased 

from Glen Research (Virginia). Oligonucleotides were purified as 

described in the user bulletin from ABI (no. 53; 1989) with minor 

modifications. Further purification was performed by polyacrylamide 

gel electrophoresis， as described previously (KU¥¥labara et al.ヲ 1996).

Construction of a plasmid for expression of tRNA-embedded 

ribozymes (tRNA Val.Mz/pUC-dt and tRNA VaLR32/pUC-dt) 

Chemically synthesized oligonucleotides encoding a homodimeric 

minizyme (Fig. 8， bottom left) or a hammerhead ribozyme (R32) and pol 

III terrnination sequence (Geiduschek and Tocchini-Valentiniラ 1988)were 

converted to double-stranded sequences by PCFC After digestion with 

Csp 45 1 and Sal 1， the appropriate fragment wa:s cloned downstream of 

the tRNA Val promoter of tRNA Val/pUC-dt (which contained the 

chemically synthesized promoter for a human gene for tRN A Val between 

the EcoRI and Sal 1 sites of pUC19). The sequences of the constructs 

were confirmed by direct sequencing. Corresponding inactive ribozyme-

coding plasmids were similarly constructed. 

Preparation of tRNAVal ・embedded Ininizymes and the 

tRNA VaLembedded hammerhead ribozyme by transcription 

tRNA VaLMz/pUC-dt and tRNA Val-R32/pUC-.dt were used as DNA 

templates for PCR to construct the DNA templates for transcription. 

Primers were synthesized for each template， and the sense strand 
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contained the T7 promoter. Downstream of the promoter sequence， 1 

inserted three G residues for more efficient transcription. Products of 

PCR were gel-purified. T7 transcription in vitro and purification were 

performed as described elsewhere (Kuwabara et al.， 1996). 

Assay of the effect of the concentration of the pseudosubstrate 

on the cleavage activity of the heterodimeric minizyme 

1 examined the dependency on the concentration of the pseudosubstrate 

(PsS， Amontov and Tairaヲ 1996)of the cleavage activity of the 

heterodimeric minizyme in 25 mM MgC12 and 50 mM Tris-HCl (pH 8.0)， 

under substrate-saturating (multiple-turnover) conditions at 370C. S 11 

was labeled with [)'_32PJ-ATP by T4 polynucleotide kinase (Takara Shuzo， 

Kyoto， Japan). The heterodimeric mlnlzyme (MzL and MzR) was 

incubated at 1μM with 3μM Sll， which contained a trace of 5'_32p-

labeled S 11， at various concentrations of PsS (0 ~1， 200 nM， 500 nM， 750 

nM and 1μM). Reactions were usually initiated by the addition of MgC12 

to a buffered solution that contained heterodimeric minizyme together 

with the substrate， and each resultant mixture was then incubated at 370C. 

The cleavage activity increased linearly ¥:vith increases in the 

concentration of the pseudosubstrate (data not shown)， a clear 

demonstration that formation of the dimer was essential for efficient 

cleavage of the substrate and， moreover， that the dimeric structure could 

be stabilized in the presence of the (pseudo )substrate. 

Kinetic measurements 

Kinetic measurements of reactions catalyzed by tRNA Val-Mz and 

tRNA VaLR32 were performed with 2 n孔15'-32P--labeled S 11. Reaction 

rates were measured， in 25 mM  MgC12 and 50 rnM Tris-HCl (pH 8.0)， 

under single-turnover conditions with high concentrations of tRN A VaL 
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Mz and tRNA Val-R32 (from 50 nM to 3μM) at 370C. The extent of 

cleavage was determined by quantitation of radioactivity in the bands of 

substrate and product with a Bio-1mage Analyzer (BAS2000; Fuji Film， 

Tokyo). 

NMR spectroscopy 

NMR experiments were performed with an AlJPHA-500 spectrometer 

(JEOL， 500 MHz for 1H) and an AMX-600 (Bnlker， 600 MHz for 1H). 

The 1 H chemical shifts were determined relative to the internal standardヲ

2-methyl-2-propanol (1.23 ppm). All one-dimensional NMR spectra 

were collected in H20-D20 (4:1， v/v) that contained 0.1 M NaCl and 10 

mM phosphate buffer (pH 7.0) using a 1-1 solvent suppression sequence 

(Leontis et al.， 1995). The sample concentrations of R32 and the 

minizyme were 64 OD/mL and 30 OD/mL， respectively. Before NMR 

measurements， the samples were preheated to 900C and slowly cooled to 

50C over 30 min. 

Molecular modeling of tRNA embedded dIlneric minizyme 

Molecular model of the tRNA embedded dimeric mlnlzyme was 

constructed from the coordinates of the crystal structure of the 

hammerhead ribozyme [NDB entries UHX026 (Pley et al.， 1994)J and 

yeast tRNAPhe [6TNA (Sussman et al.， 1978)J. Model of the dimeric 

illlnIzyme was built as follows: the coordinate ¥vas transferred to PC-

based software HyperChem (Hypercube， 1nc.)， and truncated at the 

G 10.1: C 11.1 pair in stem 11. Then two copies of the truncated ribozyme 

were connected at the G1 O.l:C 11.1 pair to give the geometry of an A-

type helix. Next， 1 prepared the tRNA moiety by joining a canonical A-

form RNA duplex at the G-U wobble pair of the acceptor stem， which 

resulted in a structure with 17 base pairs in an extended acceptor stem. 
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ηle overall model was made by connecting two extended acceptor stems 

of tRN A moieties with each stem 1 in the dimericminizyme. 

Gel-shift assay of the tRNA Val-embedded 4enzymes 

Two nM each of 5'-32P-labeled tRNA Val RNA， tRNA VaLR32 and 

tRNA VaLMz were incubated with 0，200 n孔1，1μM，10μM and 30μ恥f

of non-labeled respective RNA in 25 m M  MgC12 and 50 mM  Tris-HCl 

(pH 8.0) at 370C for 20 minutes. The trace amount of tRNA VaLMz (2 

nM) was also incubated with non-labeled tRNA Val RNA and loaded on 

the same non-denaturing gel. The reaction products were separated on a 

non-denaturing gel and the amounts of complexes were analyzed with a 

Bio-Image Analyzer (BAS2000). 

Culture and transfection of cells 

HeLa cells were cultured in Dulbecco's modified Eagle's rnediurn 

(DMEM; Gibco BRL， Gaithersburg， MD) supplemented with 10% (v/v) 

fetal bovine serum (FBS; Gibco BRL). Transfection was carried out by 

using Lipofectin reagent (Gibco BRL) according to the manufacture's 

protocol. 

Northern blotting analysis 

Plasmid vectors tRNA Val-Mz/pUC-dt， tRNA Val-R32/pUC-dt and 

tRNA Val/pUC-dt were used to transfect HeLa cells in combination with 

Lipofectin Reagents (Gibco-BRL， MD， USA). After culturing for 36 

hours at 370C， total RNA was isolated with ISOGENTM (Nippon Gene 

Co.， Toyama). Fifteen μg of total RNA per samlple were denatured in 

glyoxal and dimethyl sulfoxide， subjected to electrophoresis in 2.4% 

NuSieve™ (3: 1) agarose gel (FMC Inc.， ME， Rockland)， and transferred 

to a Hybond-NTM nylon mernbrane (Amersham (:0.， Buckinghamshire， 
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UK). The membrane was probed with synthetic 01igonuc1eotides (5'-TTG 

CCT TTT CGC TCA GCC CCG TTT GTT GG-3'， comp1ementary to the 

sequence of minizyme; and 5'-GCC GTT TCG GCC TTT CGG CCT 

CAT CAG CCC CG-3'， complementary to the sequence of R32) that had 

been labeled with 32p by T4 po1ynucleotide kinase (Takara Shuzo Co.， 

Kyoto). Prehybridization and hybridization were performed with the 

same solution (5x SSPE， 500/0 formamide， 5x Denhart's solution， 0.5% 

SDS， 150 mg/mL calf thymus DNA). Fina1 washing was performed in 2x 

SSPE， 1 % SDS at 500C for 30 min. 

Cleavage activities of RNAs extracted from HeLa cells 

Thirty μg of tota1 RN As extracted from HeLa cells that had been 

transfected with tRNA VaLMz/pUC-dt or tRNA"VaLR32/pUC-dt were 

incubated with 2 nM 32P-labe1ed S 11 in a solution that contained 50 mM 

Tris-HCl (pH 8.0) and 25 mM  MgC12 at 370C. (]eavage products were 

analyzed as described above. 

Luciferase assay 

The target gene-expressing plasmidヲ which encoded the chimeric S 11 

sequence-luciferase gene (pGV -C2/S 11)， was constructed by inserting the 

following S 11-containing sequence， caa aaa gct tgc cgt ccc ccg cag ctg gaa 

ttc aga tat cct gca gcc gtc ccc cga aag ctt ggc a， to pGV -C2 plasmid 

(PicaGene， Toyo-inki， Tokyo， Japan). Luciferase activity was measured 

with a PicaGene kit (Toyo-inki， Tokyo， Japan) as described elsewhere 

(Koseki et al.， 1997). In order to normalize the efficiency of transfection 

by reference to s-galactosidase activity， cells were co-transfected with 

pSV -s-Galactosidase Control Vector (Promegaヲ ~1adison ， WI) and then 

the chemi1uminescent signal due to s-ga1actosidase was determined with a 
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luminescent s-galactosidase genetic reporter system (Clontech， Palo Alto， 

CA) as described previously (Koseki et al.， 1997). 
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Results 

Detection of minizyme dimers by hi~~h-resolution NMR 

spectroscopy 

We reported previously that some minizymes have cleavage activity that 

is near1y equal to that of the wild-type hammerhead ribozyme (Amontov 

and Tairaヲ 1996). 1n the acti ve minizymes， the linker sequences that 

replaced the stemlloop 11 region were palindromic so that two minizymes 

were capable of forming a dimeric structure with a common stem 11. 

Since the result of kinetic analysis supported the proposed dimerization of 

minizymes， 1 decided to seek more direct evidence for the existence of a 

homodimeric minizyme by NMR spectroscopy. 1n solution in the absence 

of its substrate， the parental hammerhead ribozyme (R32， Fig. 8) 

consisted of not only the expected GAAA loop 11， stem 11， and the non-

Watson-Crick three-base-paired duplex (consisting of U7:A14， G8:A13， 

and A9:G12) but also of an originally unexpected four-base-paired duplex 

(consisting of G2.1:C15.5， C3:G15.4， U4:G15.3， and G5:C15.2) that 

included a wobble G:U base pair (Fig. 8， Orita et al.， 1996). 1n this 

configuration， the recognition arms of R32 Vi1ere unavailable (the 

substrate-recognition regions formed intramolecular base pairs). 

NMR spectra for the minizyme in the absence of its substrate were 

recorded under conditions identical to those used for the parental 

ribozyme (Orita et al.ヲ 1996). As indicated by dotted lines in the 

spectrum， recorded at 50C (bottom right， Fig. 8)， all the resonances of 

lmino protons corresponding to those that were expected to be in a 

sirnilar environment to those in R32 were recogn:ized. The only imino 

proton in the minizyme that was expected to be in a different environment 

from that in R32 was the imino proton of G10.1 because it should be 

andwiched between A9 and C 11.1 in the minizyme while it is sandwiched 
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between A9 and G10.2 in R32. The presence of the G12 signal strongly 

supports the proposed homodimeric structure of the mlnlzyme in the 

absence of substrate since， if the minizyme had existed in a monomeric 

form， it is unlikely that the resonance of the G 12 imino proton would 

occur with an identical chemical shift to that of the G 12 imino proton in 

R32. Taken together with the kinetic results (data not shown)， the 

observations suggest that the major population of Ininizymes should be in 

a dimeric form not only in the absence of the substrate but also in the 

presence of the substrate. 

Since the' signals due to lmlno protons of the mlnlzyme were 

broader than those of R32 and since other signals were also detected， it 

appears that the homodimeric minizyme existed in the presence of other 

contaminating conformers. NMR spectra of imino protons changed with 

changes in temperature. The duplex of the homodimeric minizyme 

melted at a lower temperature than the melting of R32 (data not shown). 

The lower melting temperature of the dimeric minizyme was expected 

because of its intermolecular base-pairs， in contrast to the intramolecular 

base-pairs in R32. 

Design of tRNA Val delivery vectors 

Ribozymes have been shown to be potent inhibitors of gene expression 

and viral function (Sarver et al.， 1990; Altman， 1993; Marschall et al.， 

1994; Sullenger and Cechラ 1994;Leavitt et al.， 1996; Good et al.， 1997). 

There are， at present， two basic strategies for the delivery of ribozymes 

lnto cells: endogenous delivery， whereby a gene for a ribozyme is 

delivered into cells by means， for example， of a viral vector; and 

exogenous delivery， whereby a pre-synthesized ribozyme is applied to 

cells with or without a polymeric carrier. The small size of minizymes 

makes them amenable to chemical synthesis and modification for 
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exogenous delivery. One of the advantages of endogenously delivered 

ribozymes is that ribozymes that have no detrimental effects can be 

produced constitutively and continuously. Therefore， 1 have explored the 

possibility of the endogenous expression of minizyrnes. 

Success in the use of ribozymes in vivo to knock out a specific gene 

depends not only on the selection of the target site but also on the design 

of the expression vector; the latter determInes the level of expression， as 

well as the half-life of the expressed ribozyme (Eckstein and Lilly， 1996). 

The delivery and expression of ribozymes in eukaryotic cells have been 

achieved， for the most part， by use of RNA polyrnerase 1l-based (pol 11-

based) promoters. Although there is a large body of literature that 

suggests that pol 11-based ribozyme constructs n1ight be successful in 

reducing the activity of a target gene (Sun et al.， 1996)， some studies have 

provided evidence for alternative modes of delivery， namely， RNA 

polymerase lll-based (pol l1l-based) delivery systems (Perriman and de 

Feyter， 1997). While pol 11 promoters might allow tissue-specific or 

regulatable expression， pol 111 transcripts might be expressed at 

significantly higher levels. High-level expression under control of the pol 

III promoter would be advantageous for minizy:mes and enhance the 

likelihood of their dimerization. Therefore， 1 chose the promoter of a 

human gene for tRNA Val， which has been used successfully in the 

suppression of target genes by ribozymes (Yamada et al.， 1994; Baier et 

al.， 1994; Yu et al.， 1995; Kawasaki et al.ヲ 1996，1998; Bertrand et al.， 

1997). 

The design of tRNA VaLembedded ribozyrnes was based on the 

previous success in attaching a ribozyme sequence to the 3' side of the 

tRNA Val portion to yield a very active ribozyme that cleaved either p300 

mRNA or CBP mRNA in cultured cells (Kawasaki et al.， 1996， 1998). 

The minizyme (Fig. 8， bottom left) was similarly embedded in the 3' 
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portion of the tRN A V al seq uence (tRN A V al_ Mz). The parental 

hammerhead ribozyme (R32)， which targets the saJTIe substrate (S 11)， was 

also embedded in the 3' portion of the tRN A V al seq uence (tRN A V al_ 

R32). In both cases， extra sequences were inserted， so that (i) the 

transcript would not be processed by RN ase P and (ii) the substrate-

recognition arms would be more accessible upon disruption of the 

intramolecular stem. 

Cleavage activities of tRNA Val-embedded ribozymes in vitro 

In the case of the tRNA VaLembedded minizyme (tRNA VaLMz)， 1 were 

initially worried about the possibility that the tR，NA Val portion might 

cause severe steric hindrance that might inhibit dimerization， with 

resultant production of monomeric mlnlzymes with extremely low 

activity. To our surprise， tRNA VaLMz had significant cleavage activity 

and the kcat value of tRNA Val-Mz was 7 -fold higher than that of 

tRNA VaLR32: The kcat values for tRNA VaLMz創ldtRNA VaLR32 were 

0.3 min-1 and 0.04 min-1， respectively. According to the computer 

prediction of the most stable secondary structure， both tRN A V aL Mz and 

tRNA VaLR32 appeared to have the same accessibility for binding of the 

substrate. Thus， 1 can conclude that the steric hindrance was minimal and 

the tRNA Val-embedded mlnlzymes could successfully form dimeric 

structures with strong catalytic activity. 

In general， a naked ribozyme without extra sequences is more 

active than a ribozyme embedded within a long transcript (Heidenreich 

and Eckstein， 1992) and， therefore， we previously designed a trimming 

vector to avoid surplus sequences (Ohkawa et al.， 1993). In accord with 

this notion， the activity of R32 (Sawata et al.， 1995) fell by two orders of 

magnitude upon transcription as a hybrid with the tRNA Val portion. 

Although the tRN A V al portion also lowered the acti vity of the present 
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Figure 9 A model of the tRN A -embedded dimeric minizyme. 1n this 
mo-del of the tRNA-embedded dimeric minizyme， the internalloop or linker is ignored 
如 dis assumed to be an A-form duplex. Each tRNA portion is shown in red or blue. 
The substrates (two molecules) are shown in yellow and green. 
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minizyme， the decrease was only about ten-fold. As a result， since both 

naked R32 and the corresponding naked minizym.e had similar cleavage 

activity (Amontov and Taira， 1996)， with a kcat value of 2 to 4 min-1， 

tRN A V aL Mz turned out to be about 10-fold more acti ve， upon being 

embedded into the tRNA Val， than tRNA VaLR32. The negative effect of 

the tRNA Val portion turned out to be smaller in the case of the minizyme 

than in the case of the parental hammerhead ribozyme. 

Formation of dimeric structures by tR.NA Val-embedded 

IDIslzymes 

The tRNA VaLembedded minizymes might be in an equilibrium between 

the monomeric and dimeric forms. Since the structural disturbance 

caused by the tRN A V al portion appeared less signi:ficant in tRN A V aL Mz 

than in the parental tRN A V aL R32， despite the fac1: that the former could 

function properly only as a dimer， 1 performed modeling studies， using 

the coordinates of the crystal structure of a hammerhead ribozyme (Pley 

et al.， 1994) and those of yeast tRNAPhe (Sussman et al.， 1978)， to 

confirm that the formation of a homodimeric tRNA Val-Mz would be 

feasible. In this modeling， two identical substrates， indicated in yellow 

and green were used (Fig. 9). Clearly， the resultant model structure 

appears feasible and steric hindrance by the two tRNA moieties is not a 

problem. 

Next， 1 obtained more direct evidence， by gel-shift analysis in the 

absence of the substrateヲ forthe formation of dimers by tRNA Val_ 

embedded minizymes (Fig. 10). As controls， tRNA.Val transcripts， which 

contained a nonsense sequence between the tRN A V al portion and the 

terminator sequence， and tRNA VaLR32 transcripts were also analyzed in 

parallel. Two n長1each of 5'-32P-labeled tRNA Val RNA， tRNA Val-R32 

and tRNA VaLMz were incubated with increasing concentrations of non-
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labeled respective RNA. The trace amount of tRNA VaLMz (2 nM) was 

also incubated with non-labeled tRNA Val RNA and loaded on the same 

non-denaturing gel. Shifted bands (dimers) were observed only in the 

case of the tRNA Val-Mz (Fig. 10). The dimeric form increased with 

increasing the concentration of the non-labeled tRl~A VaLMzラ supporting

the intermolecular dimerization process. In contrast， the tRNA Val-R32 

and the tRNA Val transcripts remained in the monomeric form even at the 

concentrations of 30μM. 

Stability and cleavage activities in vitro and in cultured cells 

of tRNA Val-embedded ribozymes after transcription in HeLa 

cells 

Since the tRN A V aLembedded minizyme transcribed in vitro was very 

active， 1 examined whether the corresponding transcript in HeLa cells 

ffiight also be active. We found previously that the stability of a 

tRN A V aLembedded ribozyme in cultured cells depends on the sequence 

and the position of the insert within the tRN A V al vector (Koseki et al.， 

1999). Relative stabilities in cultured cells can be estimated by Northern 

blotting. Total RN A was isolated from HeLa cells that had been 

transfected with vectors that encoded the minizyme (tRNA VaLMz/pUC-

dt)， the hammerhead ribozyme (tRNA VaLR32/p10C-dt)， or tRNA Val 

itself (tRNA Val/pUC-dt)ラ and1 examined levels of expression and 

activities of both of the pol III-driven tRNA VaLembedded dimer-forming 

minizyme and the tRNA Val-embedded conventional hammerhead 

ribozyme. Both tRNA VaLMz and tRNA VaLR32 were expressed to a 

ignificant level in HeLa cells (Fig. 11A). Moreover， both transcripts 

were obviously stable in mammalian cells. 

In order to confirm that the RNAs expressed in cultured cells had 

catalytic activity， 1 investigated cleavage of S 11 by total RNA extracted 

51 



A バド と?
と子 。σ一 也、J

。'¥、ぜ 、
:;::;"J _~-V 

1合¥Q d令夕 、~タ

〆〆 dJ
」ニ I (kb) 

0.530 

0.400 

0.280 

0.155 

C 

B 
30 

5

0

5

g

5

 

2

2

1

引

い

!

(
ポ
)
〉

u
z
g
u一と
ω
ω
O
C〉
Cω
一ω

tANA Val_Mz / pUC-<lt 

¥ 

d

一d

山
一
一
肌

n

F

-

v
ト

z
一
白

川
一
町

内

d

-

d

u

V

一向…M
E
 

m-
刊

S

一
3

巾
一
以

比
一
九 >10 

2 34  

Time (hours) 

tRNA Vaj I pUC-dt tRNA VatMz I pUC-dt tRNA VatR32 I pUC-dt 
Sub r 
only 15 30 60 120 180 15 30 60 120 180 ・153060120180|(min)

J、

神 .l.:'...'

Figure 11 Expression and catalytic activities of the minizyme and a 
~~I?e~head rihozyme that were transcribed by pol III in cul1:ured cells. 
~A) Northem blotting.... analysis on the expression of th~ pol III-driven minizyme and 
~ammerhead ribozy~e. The expressio~ vectors tRNA VaLIVfz/pUC-dt， tRNA VaL 
~32/pUC-dt 組d tRNA Val/pUC-dt were used separately to仕ansfectHeLa cells. Total 
RNA was extracted and 位凶a組ns氏CαI口ipt臼swere detected with p戸roぬbe白S仕出la剖twere c∞omplementa訂ry:アi社地恥出h附h恥e訂r川山emm凶m立町i
l児eavag伊ea，舵ctiv吋ityofthe ex甘aおct白edtotal RNAs (C) are also shown. 

52 



from HeLa cells that had been transfected with the various vectors (Figs. 

11B and C). Although the equivalent amount of total RNA appeared to 

contain slightly more of the tRNA VaLR32 transcript than the tRNA VaL 

Mz transcript (Fig. 11A)， 1 did not correct for this difference. ln 

agreement with the results obtained with minizymes transcribed in vitro， 

the tRN A V al-embedded mlnlzyme transcribed in cultured cells from 

tRN A Val-Mz/pUC-dt (squares， Fig. 11B) was more active than the 

tRNA VaLembedded conventional ribozyme transcribed in cultured cells 

from the tRNA VaLR32/pUC-dt (circles): Again to my surprise， the kobs 

value for total RNA that contained tRNA VaLMz transcripts was at least 

ten times higher than that of total RNA that cont:ained tRNA Val-R32. 

However， since 1 did not attempt to estimate the exact concentration of the 

tRN A V aLembedded enzymes， 1 could not calculate the exact values of 

kcat. Nevertheless， the tRNA VaLembedded minizyme transcribed in 

HeLa cells was obviously stable and appeared to retain high catalytic 

activity in cultured cells. 

Furthermoreヲ inorder to evaluate the intracellular activities of the 

tRNA Val-embedded dimeric minizymes and tRNA Val-embedded 

hammerhead ribozymes， 1 performed the following assay. 1 used each 

tRN A Val_ribozyme expression plasmid (tRN)¥ Val-Mz/pUC-dt or 

tRNA VaLR32/pUC-dt) and a target gene司 expressingplasmid， which 

encoded a chimeric target S 11 sequence-luciferase gene (pGV -C2/S 11)， to 

co-transfect HeLa cells. After transient expression of both genes， in each 

cell lysate， 1 estImated the intracellular activity of each tRN A V al_ 

ribozyme by measuring the luciferase activity. The luciferase activity 

recorded when 1 used the target gene-expressing plasmid (pGV -C2/S 11) 

was taken as 100% (Fig. 12). As other controls， tRNA Val/pUC-dt， with 

only minimal tRN A V al promoter and termInator sequencesラ andinacti ve 

minizyme-and inactive ribozyme-expression plasrnids were also used. 
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Inactive enzymes had a single G5→A 5 substitution in the catalytic 

domain. The tRNA VaLdimeric minizyme， which had high-level activity 

in vztro， was extremely effective (>95% inhibition)， followed by 

tRNA VaLhammerhead ribozyme (>55% inhibition). Since the inactive 

tRN A VaLdriven enzymes did not show any inhibUory effects， it is clear 

that the intracellular activities of the tRNA VaLembedded ribozymes 

originated from their cleavage activities in cultured cells and not from the 

antisense effects. 



Discussion 

In the past， it was once believed that minizymes were significantly less 

active than the corresponding full-sized ribozymes. By contrast， the 

activities of the dimeric minizymes were demonstrated to be equal to 

those of the parental hammerhead ribozymes despite their smaller size 

(Amontov and Taira， et al.， 1996; Kuwabara et aょう 1996).Moreover， for 

the cleavage of a long substrate， namely， tat mR~NA transcribed from 

HIV -1， synthetic mlnlzymes were found to be more effective than 

"standard" ribozymes (Hendry et al.， 1995). The present study 

demonstrates that minizymes can be expressed by the use of tRNA vectors 

and the resultant tRNA Val-embedded mlnlzymes can form dimeric 

structures with high-level activities. Thus， not only chemically 

synthesized minizymes (McCall et al.， 1996; Hendry et al.， 1995) but also 

tRNA VaLdriven minizymes， including heterodimeric minizymes capable 

of cleaving a substrate at two independent sites simultaneously as 

described in chapter 1， should be considered as potential gene-inactivating 

agents for use in viνO. 



Chapter IV 

Novel tRNA VaI-heterodimeric minizymes with high 

potential as gene-inactivating agents: 

Simultaneous cleavage at two sites in HIV・.1tat 

mRNA in cultured cells 



Introduction 

Hammerhead ribozymes catalyze the sequence-specific cleavage of RNA 

(Symons， 1989). Ribozymes， including hammerheads (Fig. 1)， are 

metalloenzymes and their mechanism of action is being clarified (Zhou 

and Taira， 1998 and references therein). For the development of 

chemically synthesized ribozymes as potential therapeutic agents， attempts 

were made to remove any surplus nucleotides that are not essential for 

catalytic activity， leading to the production of initial minizymesヲ namely，

conventional hammerhead ribozymes with a deleted stem/loop 11 region 

(McCall et al.， 1992; Thomson et al.， 1993; Tuschil and Eckstein， 1993; 

Fu et al.， 1994; Long and Uhlenbeck， 1994). Ho¥vever， the activities of 

the initial minizymes were two to three orders of magnitude lower than 

those of the parental hammerhead ribozymes and it seemed that 

minizymes might not be suitable as gene-inactivating agents (Long and 

Uhlenbeck， 1994). 

1n previous studies (Amontov and Taira， 1996)， 1 found that some 

minizymes (Fig. 3) have high cleavage activity that is similar to that of 

the wild-type parental hammerhead ribozyme (Fig. 1). 1 demonstrated 

that these active minizymes formed dimeric structures with a common 

stem 11， as shown in Figure 3. 1 then designed heterodimeric minizymes 

that can only form binding sites complementary to the substrate sequence 

when the individual minizymes form heterodimers. 1 later demonstrated 

in vitro that such heterodimeric minizymes， because of their two 

independent catalytic cores， could cleave H1V -1 tat rnRNA (Fig. 6) at two 

independent sites simultaneously (Kuwabara et al.世 1996).1 also found 

that increases in the length of the common stem 11 were associated with 

increases in the activity of heterodimeric minizymes in vitro. This is 

probably because minizymes with larger numbers of base pairs in the 
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common stem 11 formed a larger proportion of active heterodimers (Fig. 

13) whereas， in the case of 2 bp heterodimeric minizymes (Fig. 13)， the 

dimers were expected to generate a mixture of (2L・2L)-homodimers
(consisting of two identical forms of minizyme left with 2 base pairs in 

the common stem 11)， (2R・2R)-homodimers(consisting of two identical 

forms of mlnlzyme right)， and the desired (2L・2R)-heterodimers 

(consisting of minizyme left and minizyme right). It is partly because of 

this mixed population of dimers that the activity of 2 bp minizymes was 

so low in vitro as compared with that of 5 bp minizymes. However， other 

studies demonstrated that the strand displacement activity of the cationic 

detergent CTAB (cetyltrimethylammonium bromide) enhanced the 

conversion of inacti ve misfolded minizymesヲ toactive appropriately 

folded forms (Nakayama et al.， submitted for publication). As a result， 

even mlnlzymes with a short common stem 11 such as 2 bp dimeric 

minizymes， which tend to form inactive structures in vitro， were found to 

have significant activity in the presence of CTAB， suggesting that they 

might be useful in vivo， in view of the fact that various facilitators of 

strand displacement reactions are known to exist inνivo. 

1n this stud yヲ 1embedded two different minizymes (with 2 bp or 5 

bp common stem 11) and also a standard hammerhead ribozyme， 

separately， in the 3'-modified region of a human gene for tRNA Val so 

that each could be transcribed by RNA polymerase 111 (Tobian et al.ラ

1985; Geiduschek and Tocchini-Valentini， 1988; ICotten and Birnstiel， 

1989; Yuyama et al.， 1992; Shore et al.， 1993; Baier et al.， 1994; Kandolf 

et al.， 1994; Perriman et al.， 1995; Thomson et al.， 1995; Kawasaki et al.， 

1996; Li et al.， 1996; Bertrand et al.， 1997; Gebhard et al.， 1997; 

Perriman and de Feyter， 1997) because， for the application of these 

dimeric mlnlzymes to gene therapy for the treatment of infectious 
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diseases， such as AIDSヲ itis important that the minizymes be expressed 

constitutively and under the control of a strong promoter in vivo. The 

tRN A V aLexpression system enables the transcribed tRN A V aLenzyme to 

be transported from the nucleus to the cytoplasm， thereby ensuring co-

loca1ization of the tRNA VaLribozyme with its target mRNA (Kuwabara 

et al.， 1998c; Koseki et al.， 1999). The co-localization of ribozymes and 

their target RNAs is a major determinant of high-leve1 activity of 

ribozymes in vivo (Sullenger and Cech， 1993; Bertrand et al.， 1997). 

lndeed， this strategy yie1ded ribozymes that were very active in cultured 

cells (Kawasaki' et al.， 1998)， and 1 a1so demonstrated that the attached 

tRN A Val_portion does not cause severe steric hindrance during the 

forrnation of a homodimer (Kuwabara et al.， 1998a). 

1 demollstrate in this chapter that the novel tRNA V al-embedded 

heterodimeric minizymes had strong activities， regardless of the length of 

the common stem 11. To my surprise， the tI<NA Val-embedded 

heterodimeric mlDlzymes were able to reduce the leve1 of H1V -1 tat 

mRNA more significantly in mammalian cells than could tRNA Va1_ 

embedded standard hammerhead ribozymes under all sets of conditions 

that 1 tested. Therefore， despite the unfavorab1e dirnerization process for 

the tRN A V aLdri ven minizymes that are expected to generate a mixture 

(Fig. 13)， the tRN A V al-dri ven heterodimeric mllllzyme shou1d have 

significantly higher activity than that of the tRNAlVaLdriven standard 

ribozyme. Results indicate that the tRN A V aLembedded heterodimeric 

minizymes are nove1 and more active than conventiona1 ribozymes， and 

they shou1d be powerfu1 candidates for gene-inactivating agents in 

molecular biology， with potential utility in medicine as well. 
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Materials and methods 

Construction of plasmids for expression of tRNA-embedded 

enzymes 

Chemically synthesized oligonucleotides encoding each minizyme or the 

parental hammerhead ribozyme (Fig. 14) and the pol 111 termination 

sequence (Geiduschek and Tocchini-Valentini， 1988) were converted to 

double-stranded sequences by PCR. After digestion with Csp 45 1 and Sal 

1， each appropriate fragment was c10ned downstream of the tRN A V a1 

promoter of pUC-dt (which contained the chemically synthesized 

promoter for a human gene for tRNA Val between the EcoRI and Sal 1 

sites of pUC19). The sequences of the constructs were confirmed by 

direct sequencing. 

Preparation of tRNA Val-enzymes by transcription 

Ribozyme-expression plasmids， p2L， p2R， p5L， p5R， pRz 1 and pRz2 

(Fig. 15)， were used as DNA templates for PCR to construct the DNA 

templates for transcription. Primers were synthesized for each template， 

and the sense strand contained the T7 promoter. T7 transcription in vitro 

and purification were performed as described elsewhere (Kuwabara et al.， 

1996). 

Kinetic analysis 

Kinetic parameters of the reactions catalyzed by the tRN A V aLenzymes 

and the so-called non-embedded enzymes were measured with 2 nM 5'-

32P-labeled short substrate， S 19 (グーCAGAACAGUCAGACUCAUC-3')，

which included GUC triplet-2 of H1V-1 tat mRNA (Fig. 6). 1n the assay 

of Rzl or N-Rzl (non-embedded Rz1)， which cleaves tat mRNA at GUC 

triplet-1 (Fig. 5)， a second short substrate [S 16 (5¥ 
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CCAGGAAGUCAGCCUA-3')] was used. Reaction rates were measured， 

in 25 mM  MgCb and 50 mM  Tris-HCl (pH 8.0)， under single-turnover 

conditions at 370C (concentrations of enzymes: from 50 nM to 3μM). 

The extent of cleavage was determined as described previously 

(Kuwabara et al.ヲ 1996).

Luciferase assay 

Luciferase activity (Fig. 16) was measured with a PicaGene kit (Toyo-

inki， Tokyo， Japan) as described elsewhere (Kuwabara et al.， 1998a). In 

order to normalize the efficiency of transfection by reference to s-

galactosidase activity， cells were co-transfected with pSV-s-Galactosidase 

Control Vector (Promega， Madison， WI) and then the chemiluminescent 

signal due to s-galactosidase was determined with a luminescent s-

galactosidase genetic reporter system (Clontech.， Palo Alto， CA) as 

described previously (Kuwabara et al.， 1998a). 

N orthern blotting analysis 

The vectors shown in Figure 3A were used to transfect to LTR-Luc HeLa 

cells in combination with Lipofectin Reagent (Gibco-BRL， Rockville， 

MD). For the assay of expression of tat mRNA (Fig. 17)ヲ pCD-SRαtat

(Fig. 16) was used (Takebe et al.， 1988; Koseki et al.， 1998). After 

culture for 36 hours at 370C， total RNA was isolated with ISOGENTM 

(Nippon Gene Co.， Toyama). For the measurement of the steady-state 

level of HIV-1 tat mRNA (Fig. 17)， cells were harvested 8， 20， or 36 h 

after transfection. Cytoplasmic RNA and nuclear R1~A were separated as 

described previously (Huang and Carmichael， 1996). Thirty μg of total 

RNA per lane (50μg for lanes in Fig. 17C) were loaded on a 3.0% 

NuSieve™ (3: 1) agarose gel (FMC Inc.， Rockland，恥1E)，and then bands 

of RNA were transferred to a Hybond-NTM nylon membrane (Amersham 
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Co.， Buckinghamshire， UK). The membrane was probed with synthetic 

oligonucleotides that were complementary to the sequences of respective 

ribozymes/minizymes (Kuwabara et al.， 1996). The synthetic probe 

complementary to the sequence of HIV-1 tat mRNj¥ (indicated in Fig. 6)] 

was used for the determination of the localization and the steady-state 

level of HIV -1 tat mRN A. All probes were labeled with 32 P by T 4 

polynucleotide kinase (Takara Shuzo Co.， Kyoto). 



Results 

Design of tRNA Val-embedded minizymes 

Successful inactivation by ribozymes of a specific gene in vivo depends 

not only on the selection of the target site but also on the design of the 

expression vector. The latter determines both the level of expression and 

the half-life of the expressed ribozyme (Sullenger and Cech， 1993; 

Bertrand et al.， 1997). While pol 11 promoters might allow tissue-specific 

or regulatable expression， pol 111 transcripts might be expressed at 

significantly higher levels (Perriman and de Feyter， 1997). High-level 

expression under control of the pol 111 promoter would clearly be 

advantageous if minizymes are to be used as therapeutic agents and it 

would enhance the likelihood of their dimerization. Therefore， 1 chose to 

express the minizymes under the control of the prorIloter of a human gene 

for tRN A V al， which has previously been used successfully in the 

suppression of target genes by ribozymes (Kawasaki et al.ヲ 1998;Ojwang 

et al.， 1992; Yu et al.， 1993; Yu et al.， 1995; Yamada et al.ヲ 1994).

The specific design of the tRNA VaLembedded enzymes was based 

on our previous success in attaching a ribozyme sequence to the 3' 

modified side of the tRN A V al portion of the human gene to yield very 

active ribozymes in cultured cells (Kawasaki et al.， 1998; Kuwabara et al.， 

1998a， 1998c; Koseki et al.， 1999). The two different minizymes， which 

were targeted to H1V -1 tat mRNA at two sites simultaneously (Fig. 6)， 

were embedded separately in the 3' modified portion of the tRNA Val 

sequence (Fig. 14). 1n order to compare the activities of the ribozymes in 

mammalian cells， 1 used the parental hammerhead ribozymes as controls. 

These ribozymes are designated Rz40 and Rz40' in my previous paper 

(Kuwabara et al.， 1996). As shown in Figure 14， .in the present paper， 

nOll-embedded Rz40 and Rz40' were renamed N -Rz 1 and 
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N-Rz2， respectively. They targeted the same cleavage sites (GUC triplet-

1 and GUC triplet-2， respectively) as the mlnlzymes and were also 

embedded separately in the 3' modified portion of the tRNA Val sequence 

(Fig. 14; the tRNA VaLembedded ribozymes are designated Rzl and Rz2). 

In all cases， extra sequences， indicated by lowercase letters in Figure 14， 

were inserted， so that (i) the transcript would not be processed by RN ase 

P; (ii) the structure of the transcript would be sufficiently similar to that 

of a tRNA so that to allow recognition by an export receptor for export 

to the cytoplasm and to ensure co-localization with its target; and (iii) the 

substrate-recognition arms， indicated by underlining in Figure 14ヲ would

be more accessible upon disruption of the intramolecular stem. 

Significant steady-state levels of tRNj~ Val-enzymes in 

mammalian cells 

In the case of the tRNA VaLembedded minizymes， 1 was initially worried 

about the possibility that the tRNA Val portion might cause severe steric 

hindrance that might inhibit dimerization， with resultant production of 

monomeric minizymes with extremely low activity. However， as can be 

seen in Table 3， the decrease in the activity of the minizyme transcript 

when it was embedded in the tRN A Val portion was slna11er than that in the 

activity of the parental standard ribozyme. Therefore， 1 constructed pol 

III-driven enzyme-expression vectors to examine whether the 

corresponding transcripts might be also active inmammalian cells. 1 

cloned the minizymes and the ribozymes downstrealTI of a portion of the 

gene for tRNA Val (Fig. 15). Since 1 was also interested in the 

simultaneous expression of L and R (minizymes left and right) from one 

vector， 1 constructed enzyme-expression vectors that contained both pol 

IlI-driven L and R cassettes (Fig. 15 bottom; pD2L/lミ andpD5L!R). For 

comparison， 1 also generated the parental hamlmerhead ribozyme-

67 



expression vector， pRz 1/2ヲ thatcontained both pol III-driven Rz 1 and Rz2 

cassettes. 

The relative stabilities in cultured cells of transcripts from these 

tRN A V al-embedded enzyme-expression vectors were estimated by 

Northem blotting. Transcripts of about 130 nucleotides in length (Fig. 

15)， which corresponded to the size of the tRNl¥ VaLenzymes， were 

detected in all samples of RN A that 1 isolated from cultures of L TR -Luc 

HeLa cells (Fig. 16) that had been transfected separately with each of the 

plasmids that encoded a tRNA VaLenzyme(s) (Fig. 15). As can be seen 

from Figure 15; all tRN A V al-embedded enzymes were expressed at 

significant levels in HeLa cells， and all transcripts were obviously stable 

in these mammalian cells. Steady-state levels of transcripts from the 

expression vectors with a pair of minizymes or ribozymes (pD2L/R， 

pD5L/R and pRz1/2; lower panel of Fig. 15) were slight1y lower 

(Armentano et al.， 1987) than levels of similar transcripts transcribed 

from two independent vectors (for example， from p2L and p2R; upper 

panel of Fig. 15). Significant levels of expression and co-localization of a 

transcript with its target are prerequisites for effective ribozymes in vivo. 

The intracellular activities of tRNA Val-dilmeric minizymes 

were higher than those of tRNA V al ・standard hammerhead 

ribozymes 

In order to evaluate the intracellular activities of the tRNA VaLembedded 

dimeric minizymes and tRNA VaLembedded hammerhead ribozymes， 1 

performed the following assay， using L TR -Luc HeLa cells that encoded a 

chimeric gene which consisted of the long terminal repeat (L TR) of HIV-

1 and a gene for luciferase (Fig. 16). The L TR of HIV -1 contains 

regulatory elements that include a T AR region. The HIV -1 regulatory 

protein， Tat， binds to T AR and the binding of Tat sti:mulates transcription 
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Table 3 Kinetic parameters of reactions catalyzed by the 
tRNA Val ・embedded enzymes and the corresponding non-

bedded 

kcat KM kcatfKM 

(min -1) (μM) (μM -lmin-1) 

D2L/R 0.00013 0.88 0.00015 

tRNA VaL D5L/R 0.057 0.028 2.0 

embedded 
enzymes Rz1 0.083 0.15 0.55 

Rz2 0.065 0.13 0.50 

N-D2L/R 0.006 1.0 0.006 

Non- N-D5L/R 0.24 0.22 1.1 
embedded 
enzymes N-Rz1 0.85 0.0401 21 

N-Rz2 0.55 0.0201 28 

Rate constants were measured， in 50 mM  Tris-HCl (pH 8.0) and 25 mM 

MgC12， under single-turnover conditions at 370C. In the assays of Rzl 

and N-Rzl， which cleaved HIV-l tat mRNA at GUC triplet-l (Fig. 6)， a 

short 16-meric substrate (S16) was used. Except in these two cases， a 19-

meric short substrate (S 19)， which contained GUC tr中let-2of tat mRNA， 

was used. 
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Figure 15 Schematic representation of the vectors encodiIJ.~ ~RN A V aL 

enzymes (A)， and the ste~dy-state levels of expressed tRNA VaLenzymes 
(B). When vectors encoding two tRNA VaLenzyme cassettes (loweT panel in Fig~re 
lSA) had been used to transfect cells， the probe that were complementary to the 
equences of respective ribozymes/minizymes was use~Jndependently. !he percent~~e 
~eèrease in the fevel of expression from-the vector with two cas.s~ttes (lower p~nel in 
Figure 15A)， as compared to出atfrom the corresponding vector with one cassette (upper 
panel in Figure 15AY， is shown by an arrow in each cases. 
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substantially. Therefore， luciferase activity originating from the chimeric 

L TR -Luc gene increases in response to increases in the concentration of 

Tat (Koseki et al.， 1998). Measurements of luciferase activity allowed us 

to monitor the effects of tRNA Val-embedded enzymes on the Tat-

mediated transcription of the chimeric L TR -Luc gene. After transient 

expression of both Tat and tRNA Val-embedded enzymes by co-

transfection of cells with a tat expression-vector (pCD-SRαtat) and the 

tRN A V aLembedded enzyme-expression vector( s) (Fig. 15)， 1 estimated 

the intracellular activity of each tRNA VaLribozyme by measuring the 

luciferase activity. 

The luciferase activity recorded when 1 used only the tat-expressing 

vector (pCD-SRαtat) was taken as 100%. Enzyme(s)-and tat-expression 

vectors were used at a molar ratio of 2: 1 for co-transfection of LTR-Luc 

HeLa cells. The results shown are the averages of results from five sets 

of experiments (Fig. 16). As shown in Figure 4B， all of the tRNA VaL 

dimeric minizymes were extremely effective (>90c}o inhibition)， despite 

the fact that the SRαpromoter， which controlled the transcription of the 

target tat mRNA， is 10-to 30-fold more active than the SV40 early 

promoter regardless of species and origin of cells (Takebe et al.ラ 1988).

tRNA VaLhammerhead ribozymes were also effective， albeit to a lesser 

extent (>60% inhibition). Clearly， tRNA VaLL and tRNA VaLR could be 

transcribed either from one vector or from two independent vectors and， 

in either case， the heterodimers of tRNA VaLminizymes were more active 

than the standard tRNA VaLribozymes. 

To my surprise， the tRNA VaLembedded 2 bp dimeric minizyme 

(D2LIR; lanes 10 and 15)， which had very weak activity in vitro (Table 

3)， turned out to have a very strong inhibitory effect in mammalian cells. 

This result is in accord with the separate finding that， in the presence of 

various facilitators of strand-displacement reactions that are known to 
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exist in vivo， 2 bp dimeric minizymes are almost as active as 5 bp dimeric 

minizymes (Nakayama et al.， submitted for publication). It is important 

to note that， since each separate tRN A V aL minizyme (2L， 2R， 5L and 5R， 

lanes 3， 4， 6， 7) did not， by itself， have any inhibitory effects， the 

activities of the tRNA VaLembedded minizymes must have originated 

from the formation of active heterodimers in mammalian cells. 

Moreover， since the inactive tRNA VaLdriven minizymes that had been 

created by a single G5 to A5 mutation within the catalytic core did not 

show any inhibitory effects (lane 5)， it is clear that the intracellular 

activities of the' tRNA VaLembedded ribozymes originated from their 

cleavage activities in cultured cells and not from the antisense effects. 

Combination of active and inactive minizymes demonstrated that each of 

two catalytic domains was active by itself: Note， for example in lane 13， 

the combination of the active mlnlzyme right (2R) and the inactive 

minizyme left (I-2L) created a heterodimeric minizyme with only the half 

site active， nevertheless， the resulting half site active heterodimeric 

minizyme had significant activity [indeed， its activity was higher than that 

of the corresponding parental ribozyme， Rz 1 (lane 8)]. 

Successful transport of expressed tRNA Val-enzymes to the 

cytoplasm that ensured co-Iocalization with t1l1eir target mRNA 

and detection of the cleavage of HIV・1tat mRNA in L TR圃 Luc

HeLa cells 

Since co-localization of a ribozyme with its target is obviously an 

important deterrninant of the ribozyme's efficiency in vivo (Sullenger and 

Cech， 1993; Bertrand et al.， 1997)， it was essential to determine the 

intracellular localization of the tRNA VaLenzymes. Total RNA from 

LTR-Luc HeLa cells that had been transfected with each expression 

vector was separated into nuclear and cytoplasmic fractions. Then levels 
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of each transcribed enzyme were examined by N orthem blotting analysis 

with a probe specific for the minizyme or ribozyme. As shown in Figure 

17 and as expected from the properties of the tRN A V aLexpression system 

(Koseki et al.， 1998)， all tRNA VaLembedded enzylnes were found in the 

cytoplasmic fraction and none was detected to any significant extent in the 

nuclear fraction. U6 snRNA， which is known to remain in the nucleus， 

was included in these studies as a control (Fig. 17， lower panel). 1 then 

investigated the localization of the target tat mRNA in LTR-Luc HeLa 

cells by N orthem blotting with a probe specific for ]日IV-1tat mRNA. As 

shown in Figure 17 and as 1 had anticipated， 1 found tat mRNA 

predominantly in the cytoplasmic fraction. Thusヲ thetRNA VaLdriven 

enzymes were co-localized with the target tat mRN.A. (Fig. 17). 

In order to confirm directly that the inhibitory effects of the novel 

dimeric mlnlzymes originated from the cleavage of tat mRN A， 1 

performed Northern blotting analysis (Fig. 17). 1 determined the time 

courses of the reduction in level of HIV -1 tat mRN A by tRN A Val_ 

embedded enzymes. TotaI RNA from LTR-Luc HeLa cells that had been 

transfected with the tat-expression plasmid (pC~D ・-SRαtat) and the 

plasmid encoding each tRN A V aLenzyme was extracted 8ヲ 20，and 36 

hours after transfection. Then the amount of tat mRNA was determined 

as shown in Figure 17. The length of the cleaved fragments was exactly 

as anticipated (Kuwabara et al.ヲ 1996). 1 confinned， by mixing cells 

producing only the substrate and other cells producing only the enzyme 

before the isolation of total RN A， that the cleavage of mRN A did not 

OCcur during my RNA isolation procedure (Kuwabara et al.， 1998c). No 

reduction in the level of expressed tat mRN A was noted in the case of the 

control (transfection with pUC dt) and this level of tat mRNA was taken 

as 100%. As can be seen in the lowest panel of Figure 17， it is clear that 

the decrease in the steady-state level of tat mRNA was more apparent ln 
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cells that produced tRNA Val-minizymes than in those that produced 

tRN A VaLstandard ribozymes. These results we:re in good agreement 

with the results of the assays of luciferase activity shown in Figure 16. 

The heterodimeric minizymes cleaved the target mJRN A more efficiently， 

in marnma1ian cells， than the combination of the two independent standard 

ribozymes. 
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Discussion 

When mlnlzymes were first studied， it appeared that they were 

significantly less active than the corresponding full-length ribozymes. 

However， the activities of the novel dimeric minizymes (non-embedded 

minizymes) were found to be equal to those of the parental hammerhead 

ribozymes despite the smaller sizes of the mlnlzymes (Amontov and 

Taira， 1996; Kuwabara et al.ヲ 1996). Therefore， theoretically， 1 should 

be able to modify non-embedded minizymes chemically to render them 

resistant to intracellular RN ases for use in vivo， as has been achieved in 

the case of standard hammerhead ribozymes (Jarvis et al.， 1996). 

Moreover， 1 demonstrated in the present study that， for the cleavage of 

HIV-1 tat mRNA， novel tRNA Val-driven llilnlzymes formed 

heterodimeric structures with high-level activity. These minizymes were 

more effective than similarly transcribed standard ribozymes in 

mammalian ce11s. Moreover， a11 tRNA VaLdriven t:ranscripts， including 

tRNA VaLembedded standard ribozymes， were expo:rted efficiently to the 

cytoplasm for co-localization with their target tat mR~A. 

The heterodimers of tRNA VaLdriven minizynles cleaved two sites 

within tat mRNA more efficiently than two independent tRNA VaLdriven 

ribozymes， each targeted to one of the two cleavage sites， despite the fact 

that， in the case of the minizymes， a complicated diInerization process is 

involved in addition to the process of association vvith the target. The 

activities in mammalian cells of tRNA VaLminizymes (especially for the 2 

bp heterodimeric mlnlzyme， D2L/R) relative to those of standard 

ribozymes (Fig. 16) were greater than 1 had anticipated from kinetic 

parameters determined in vitro (Table 3). In general， the rate-limiting 

step of a reaction mediated by a catalytic RNA， such as a ribozyme， in 

vivo has been considered to be the substrate-binding step (Crisell et al.， 
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Figure 18 Schematic representation of the cleavage of an mRNA at two 
sltes by a dimeric minizyme. 
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1993; Ellis and Rogers， 1993; Sullenger and Cech， 1993; Eckstein and 

Lilley， 1996; Kronenwett et al.， 1996; Bertrand et al.， 1997; Nedbal and 

Sczakiel， 1997; Sioud， 1997; Sioud and Jesperson， 1997). Under such 

kcat/KM controlled reaction conditions， once the dimeric minizyme has 

bound to the more accessible target site with one of its binding arm (site 1 

in Fig. 18; the interaction at this site has a lower fCM value than that of 

the other interaction at site 11)， the subsequent second binding step at the 

second site becomes an intramolecular interaction. This intramolecular 

annealing process is entropically more favorable than the intermolecular 

annealing process in which independent standard ribozymes are involved. 

The dual-site minizymes might also have an off-rate advantage， i.e.， while 

one site is displaced by translation or other facilitators of strand 

displacement， continued binding of other site would keep the RNAs 

associated， facilitating the re-binding of the displaced site. 1n other cases， 

even if the second target site has a high KM value because of some 

undesirable tertiary structure of the target mRNA (a hidden target site)， 

the binding at the first site might change the overall structure of the 

mRNA and the second site might become more accessible. Such 

phenomena， in addition to the minimal decrease in activity associated with 

embedding in a tRNA， might contribute to the strong activities of 

heterodimeric minizymes in mammalian cells. 

The cleavage activity of the tRNA Val-driven heterodimeric 

minizyme， in particular in cells， should involve a trunolecular interaction 

(between the two tRN A V al-dri ven monomer units and the target 

substrate). By contrast， the activity of conventional ribozymes involves a 

bimolecular interaction (between one tRN A VaLdriven ribozyme and its 

target). 1n principle， bimolecular interactions are more rapid than 

trimolecular interactions. This difference would seem to indicate that 

conventional ribozymes might be more effective in cells than tRNA VaL 
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driven heterodimeric minizymes. However， in my experiments， 1 found 

that the tRNA Va1-driven dimer was a1ways lllore active than the 

corresponding tRN A V aLdriven ribozyme when 1 tested severa1 target 

sequences in cultured cells (the same target site was used for each set of 

ribozyme and minizyme)・ Thisconc1usion is further strengthened by the 

resu1ts of the present ana1ysis. Therefore， as 10ng as the tRNA Va1_ 

expresslon system is used， despite the invo1vement of the dimerization 

process， the intracellu1ar activity of the mlnlzyme appears to be 

significant1y higher than that of conventiona1 hammerhead ribozymes. 

In conc1usion， although the tRNA Va1-expression system can 

produce very active ribozymes (Kawasaki et al.， 1998)ヲ inmy hand， the 

corresponding dimeric mlnlzymes are consistently more active than 

standard hammerhead ribozymes in mammalian cells. Therefore， 1 

encourage mo1ecu1ar bio1ogists to use tRNA VaLdriven mlnlzymes in 

their attempts to suppress the expression of a specific gene of interest. 

The novel tRNA VaLdriven heterodimeric minizymes， which are capab1e 

of cleaving a substrate at two independent sites simultaneously， should be 

very usefu1 as too1s in molecu1ar bio1ogy， with potentia1 use in vivo and 

III a clinica1 setting. 



Chapter V 

A noveI aIlosterically trαns-activated ribozyme 

(maxizyme) with exceptional specilficity in vitro 

and in vivo 



Introduction 

Hammerhead ribozymes are small and versatile nucleic acids that can 

cleave RNAs at specific sites (Uhlenbeck， 1987; l-Iaseloff and Gerlach， 

1988; Symons， 1989). A minizyme is a hammerhead ribozyme with a 

short oligonucleotide linker instead of sternlloop 11 (McCall et al.， 1992). 

We demonstrated previously that mlnlzymes vvith low activity as 

monomers form very active dimeric structures with a common stem 11 

(Amontov and Taira， 1996). An appropriately designed heterodimer 

cleaved a target substrate at two sites simultaneously (Kuwabara et al.， 

1996). 1 explored the use of dimeric minizymes as gene-inactivating 

agents by p1acing minizymes under the control of a tRN A V a1 promoter. 

A1though 1 feared initially that the tRNA Va1 portion of the transcript 

might hinder the dimerization， the tRNA-embedded minizyme could form 

an active dimeric structure (Kuwabara et al.， 1998). 1n extending the 

studies of dimeric mlnlenzymes， 1 attempted to use one of the two 

substrate-binding regions of the heterodimer as sensor arms. Then， since 

one domain of the heterodimer was to be used solely for recognition of 

the target sequence of interestヲ 1deleted its catalytic core completely to 

yield an even smaller monomeric unit (Fig. 19， right). The goal has been 

to control the activity of heterodimers allosterically by introducing sensor 

arms so that， only in the presence of the correct target sequence of 

interest， can the heterodimer create a cavity that captures catalytically 

indispensable Mg2+ ions (Fig. 20). Ribozymes are metalloenzymes 

(Dahm et al.， 1993; Steitz and Steitz， 1993; Zhou and Taira， 1998 and 

references therein)， and an active structure of the heterodimer with a 

Mg2+ -binding pocket is formed only in the presence of the sequence of 

lnterest (Figs. 19，20). 
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Figure 19 Design of the novel “maxizyme". Schematic representation for the 
~pecific cleavage of ~himeric mRNA by the tRNA Val-driven max.Iz戸ne.The heterodimer 
~MzL (maxizyme left; red) and MzR (inaxizyme right; green) ] can ~generate two different 
binding sites: one is complementary to the sequence of a substrate， the other is 
~omplementary to a second substrate (left structure). One of the catalytic cores of the 
~eteiodimer Call be deleted completel y to戸eld出eeven sma1ler nlaxizyme (right structure) 
m that the substrate-recognition sequences recognize the abnormal chimeric junction， 
actmg as sensor arms. 
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In the present study， the sequence of interest was the junction sequence in 

BCR-ABL fusion mRNA (Fig. 21). 1 am now able to design ribozymes 

driven by a human tRNA VaLpromoter that can be transported from the 

nucleus to the cytoplasm， thereby ensuring the co-localization of the 

tRNA VaLribozyme with its target mRNA (Koseki et al.， 1999). All the 

monomeric forrns (sequences) used in this study， unless otherwise noted， 

were connected to the 3' region of a human gene for tRNA Val with 

appropriate modifications. In this studyヲ inorder to distinguish 

monomeric forms of conventional minizymes that have extremely low 

activity from the novel heterodimer with high-level activity， the latter is 

designated "maxizyme". Maxizyme stands for minimized，ιctive，主-

shaped (heterodimeric)， and intelligent (allosterically controllable) 

riboz.ym笠 (Fig.20). 

The translated products of B CR -ABL fusion rnRN A cause chronic 

myelogenous leukemia (CML)， which is a clonal myeloproliferative 

disorder of hematopoietic stem cells that is associated with the 

Philadelphia chromosome (Nowell and Hungerford~ 1960). For the 

design of a ribozyme that can disrupt a chimeric RN A， it is necessary to 

target the junction sequence. Otherwise， normal mR.NAs that share part 

of the chimeric RN A sequence will also be cleaved by the ribozyme， with 

resultant damage to host cells (Fig. 22). In the case of the b2a2 sequence 

(consisting of the BCR exon 2 and ABL exon 2)， which results from 

reciprocal chromosomal translocations (Fig. 23)ヲ thereare no triplet 

equences that are potentially cleavable by hammerhead ribozymes within 

two or three nucleotides of the junction in question (Kuwabara et al.， 

1997 and references therein). GUC triplets are generally the most 

usceptible to cleavage by a hammerhead ribozyme， and one such triplet is 

located 45 nucleotides from the junction. If this GUC triplet were 

cleaved by a ribozyme， normal ABL mRNA that shares part of the 

84 



Maxizyme ~:31 

[ minimized ，~ctive ， .x -shaped (hetero-

dimeric)， andlntelligent (allosterQcaUy 
controllable) rib~￥皿g ]

Abnormal BCR-ABL mRNA 
BCRexon 2 

Inactive maxizymes 

Normal ABL mRNA 
ABL exon 1 

Inactive 
structure 

n
 

s
 

e
 

n
H
d
 a

 
v
 

伺

Figure 20 Formation of an active or inactive maxizyme. 1n order to 
achieve high substrate-specificity，出etRNA Val-driven maxizyme should be in an active 
confo口nation001 y in出epresence of出eabnormal BCR -ABL junction (upper panel)， 
while the confonnation should remain inactive in the presence of nonnal ABL mRNA or 
m the absence of the BCR-ABL junction (lower panel). 
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sequence of the abnormal BCR-ABL mRNA would also be cleaved by the 

ribozyme， with resultant damage to the host cells (Fig. 22). In designing 

ribozymes that might cleave b2a2 mRNA， 1 must be sure to avoid 

cleavage of normal ABL mRNA. 

Previous attempts (Pachuk et al.， 1994; James et al.， 1996) at the 

cleavage of BCR-ABL (b2a2) mRNA have involved a combination of a 

long antisense arm and a ribozyme sequence (Fig. 24). 1 demonstrated 

that the antisense-type of ribozyme (Fig. 24) non-specifically cleaved 

normal ABL mRNA in vitro (Kuwabara et al.， 1997)， most probably 

because hammerhead ribozymes have cleavage ability even with binding 

arms of as little as three nucleotides in length (Hertel et al.， 1996; Birikh 

et α1.， 1997). Therefore， 1 wondered whether it rnight be possible to 

design a novel maxizyme that would form a catalytically competent 

structure only in the presence of the junction in BCR~-ABL (b2a2) mRNA 

(Fig. 20). Since 1 was interested in cleaving b2a2 nnRNA specifically， 1 

compared the specificities and catalytic activities in cultured cells of a 

conventional hammerhead ribozyme (wtRz)， two antisense-type 

hammerhead ribozymes (asRz52 and asRz81， Fig. 24; Pachuk et al.， 1994; 

James et al.， 1996) and the novel maxizyme with respect to cleavage of 

BCR-ABL chimeric (b2a2) mRNA. 

1 found that the activity of the novel maxizyme could be controlled 

allosterically not only in vitro but also in cultured cel1s by the presence of 

the junction in BCR-ABL mRNA. Specific depletion of the p210BCR-

ABL protein (product of B CR -ABL fusion gene):， as a result of the 

maxizyme's cleavage activity， led to the cleavage of inactive procaspase-3 

to yield active caspase-3， with resultant apoptosis of BaF3/p210BCR-ABL 

cells. Similarly， B V 173 cells from a leukemic patient， but not normal 

cells， underwent apoptosis in response to the maxizyme. By contrast， 

conventional ribozymes caused apoptosis nonspecifically in both 
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CML (Chronic myelogenous leukemia) 

Clonal myeloproliferative disorder of henlatopoietic stem 

cells that is associated with Philadelphia chromosome 

Reciprocal chromos~mal t~anslocation 
t(9; 22) (q34; Q11) 

Abnormal BCR-ABL fusion gE:!ne 

Alternative spliicir、g
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l 
ノ3
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Abnormal BCR-ABL mRNA 

p21 OBCR-A~BL 

Figure 21 The BCR-ABL chimeric mRNA. The translated products of BCR-
ABL fusion rnRNA cause CML. The CML is a clonal myeloproliferative disorder of 
hematopoietic stem cells that is associated with the Philadelphia chromosome. 
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Figure 22 Non-specific cleavage of BCR-ABL mRN-A and normal ABL 
by conventional ribozymes. A GUC triplet， wruch is generally the triplet that is 
I?ost susceptible to cleavage by hammerhead ribozymes， is located 45 nucleotides仕om
the junction. If such a GlJc tiiplet were selected as the site of cleavage by ribozymes， 
n_ormal ABL mRNA that shares part of the abno口nalBCR-ABL RNA sequence would 
also be cleaved by the ribozyme， with resultant damage to the host cells. 
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BaF3/p210BCR-ABL and H9 cells. To the best of my knowledge， this is 

the first demonstration of an artificially created ribozyme that is under 

perfect allosteric control not only in vitro but also in cultured cells. 
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Figure 23 BCR -ABL translocations and fusion mRN As. The two types of 
chromosomal translocation [K28-type (upper panel) and L6-type: (lower panel)]出atare 
associated with chronic myelogenous leukernia and the corresponding fusion mRNAs are 
depicted. Boxes shaded orange represent BCR exons and black boxes represent ABL 
exon 2. Dotted lines connecting BCR and ABL exons indicate altemative splicing 
pathways. 
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九'Iaterialsand九1ethods

Construction of plasmids for expression of tRNA-embedded 

enzymes 

Chemically synthesized oligonucleotides encoding each enzyme [MzL， 

MzR， wtRzヲ asRz52and asRz81 (Fig. 24)] and the pol 111 termination 

sequence were converted to double-stranded sequences by PCR. After 

digestion with Csp 45 1 and Sal 1， each appropriate fragment was cloned 

downstream of the tRNA Val promoter of p V (which contained the 

chemically synthesized promoter of a human gene for tRN A V al between 

the EcoR 1 and Sal 1 sites of the pMX puro vector; Kitamura et al.， 1995). 

The sequences of the constructs were confirmed by direct sequencing. 

Preparation of tRNA Val吋 nzymesby transcription 

The tRN A VaLenzyme expression vectors depicted in Figure 27 were used 

as DNA templates for PCR for construction of DNA templates for 

transcription. Primers were synthesized for each template， with the sense 

strand containing the T7 promoter. T7 transcription in vitro and 

purification were performed as described elsewhere (Kuwabara et al.， 

1996). 

Assays of the activities of the maxizyme and ribozymes i n 

vitro 

Assays of the activities of the maxizyme were performed， in 25 mM  

MgC12 and 50 m M  Tris-HCl (pH 8.0)， under enzyme-saturating (single-

turnover) conditions at 370C， with incubation for 60 minutes (Fig. 26). 

The substrates were labeled with [y_32P]-ATP by T4 polynucleotide kinase 

(Takara Shuzo， Kyoto， Japan). Each enzyme was il1cubated at 0.1μM 

with 2 nMター[32PJ-labeledS 16. Reactions were initiated by the 
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Figure 24 Nucleotide sequences of conventional hammerhead and 

~ntisense-type ribozymes. The sequence of L6 BCR -ABL m長NAnear the junction 
lS expanded. The sites of cleavage by組 tisense-typeribozymes (asRz81 and asRz52) 
~d by the con仕01ribozyme (wtRz) are shown. The site of cleavage by the maxizyme is 
identical to出atby wtRz and the recognition site for the maxizyme is indicated by a blue 
une. 
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addition of MgCh to a buffered solution that contained each enzyme with 

the substrate， and each resultant mixture was then incubated at 370C. 

Finally， reaction mixtures were subjected to electrophoresis on an 8 % 

polyacrylamide/7 M urea gel. 

Assays of reporter activity after transient tr.ansfection 

Luciferase activity was measured with a PicaGene kit (Toyo-inki， Tokyo， 

Japan) as described elsewhere (Kuwabara et al.， 1998a). In order to 

normalize the efficiency of transfection by reference to s-galactoωase 

activity， cells were co-transfected with the pSV-s-galactoωase control 

vector (Promega， Madison，羽WI勺1)and t出he叩nthe che児emiluminescentsignal due 

tωo s-ga討laおctωos幻idasewas quantitat印edwith a lu山un江ml

genetlc reporte訂rsystem (Clon飢ltech，Palo Alto， CA) as described previously 

(Kuwabara et al.， 1998a). 

Construction of the BaF3/p210BCR-ABL celI line 

Cells that stably expressed human BCR-ABL mRNA were obtained by 

retroviral infection of B aF3 cells that had been grovlIng in the presence 

of WEHI-conditioned medium as a source of IL-3. Helper-free 

retrovirus stocks were produced in BOSC23 cells (Kitamura et al.， 1995) 

with the p恥1X-p210BCR-ABLvector， which encoded human BCR-ABL 

mRNA， according to the procedure described previously (Muller et al.， 

1991). Retroviral infections of BaF3 cells were per:formed as described 

previously (Pendergast et al.， 1993). IL-3 was removed 72 hours after 

infection to allow selection for populations that expressed the fusion gene. 

BaF3/p210BCR-ABL cells were maintained in RPMI-1640 medium 

Supplemented with 10% fetal calf serum (FCS; Gibco-BRL， Rockville， 

MD) and 3μg/mL puromycin (Gibco-BRL). 
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Northern blotting analysis 

For the assay of expression of target mRNA and tRNA VaLenzymes in 

BaF3/p210BCR-ABL cells， tota1 RNA was iso1alted with ISOGENTM 

(Nippon Gene Co.， Toyama). Cytop1asmic RNA and nuc1ear RNA were 

separated as described previous1y (Huang and Carmichael， 1996). Thirty 

μg of tota1 RNA per lane were loaded on an agarose ge1 (FMC Inc.， 

Rock1and，恥fE)，and then bands of RNA were transferred to a Hybond-

NTM nylon membrane (Amersham Co.， Buckinghamshire， UK). The 

membrane was probed with synthetic oligonucleotides， which were 

comp1ementary 'to the sequence of MzL， MzR， vvtRz and BCR-ABL 

junction sequence that had been labeled with 32p by T4 po1ynucleotide 

kinase (T akara). 

Cell viability and apoptosis 

Cell viability was determined by trypan blue exclusion. Dead cells were 

removed by the Ficol separation procedure with Histopaque-1077 

(SIGMA). Apoptosis was determined as described previously (Reuther et 

al.， 1998)， and the cells were stained with 10μg/mL Hoechst 33342 

(Nippon Gene) for nuclear morphology for 15 min. After washing and 

mounting in 90% glycerol/20 mM  Tris (pH 8.0)/0.1 % N-propyl gallate， 

samples were examined using a fluorescent microscope (Nikon， Tokyo). 

Western blot analysis 

Celllysates were subjected to SDS-PAGE on a 15% polyacrylamide gel. 

A rabbit polyc10nalαCPP32 antibody that recognizes both procaspase-3 

and the processed p17 (caspase-3) was used to detect procaspase-3 

activation in apoptotic BaF3/p210BCR-ABL and H9 cells. The blocking 

and detection were performed as described previously (Dubrez et al.， 

1998). 
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Results 

Specific design of a novel maxizyme under the controI of a 

human tRNA VaI圃 promoterand demonstration in vitro of the 

alIosteric controI of its activity by the jUl1lction sequence in 

BCR-ABL mRNA 

For potential application of a maxizyme to gene therapy for the treatment 

of CML (Fig. 21)ヲ itis important that the maxizyme be expressed 

constitutively and under the control of a strong promoter in vivo. 1 

embedded each monomeric unit downstream of the sequence of a human 

tRNA Val_promoter (Yu et al.， 1995; Kawasaki et al.， 1996， 1998; 

Bertrand et al.ヲ 1997)that is recognized by RNA polymerase 111 

(Perriman and de Feyter， 1997)， to generate MzL (maxizyme left) and 

MzR (maxizyme right; Fig. 25). High-level expression under the control 

of the pol 111 promoter would clearly be advantageous if maxizymes are 

to be used as therapeutic agents and such expression would also increase 

the 1ike1ihood of dimerization. The specific design of the tRN A V al_ 

constructs was based on the previous success in at:taching a ribozyme 

sequence to the 3 '-modified side of the tRNA VaLportion of the human 

gene (Koseki et al.， 1999). This strategy yielded ribozymes that were 

very active in cultured cells (Kawasaki et al.， 1996， 1998). 

ln order to achieve high substrate-specificity， the maxizyme should 

adopt an active conformation only in the presence of the abnormal BCR-

ABL junction (Fig. 25)， while the conformation should remain inactive in 

the presence of the normal A B L mRN A and in the absence of the 

abnormal BCR-ABL junction (Fig. 25). The specifically designed 

sequences， which are shown in Figure 25 (note that the lengths and 

equences of sensor arms and those of common stem 11 are the variables)， 

should permit such conformational changes depending on the presence or 
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absence of the abnormal b2a2 mRNA. This phenornenon would resemble 

the changes in conformation of allosteric proteinaceous enzymes in 

response to their effector molecules. In order to cornpare the activity and 

specificity of the maxizyme with that of a conventional wild-type 

ribozyme (wtRz) targeted to the same cleavage site， and with those 

conventional antisense-type ribozymes (asRz52 and asRz81・Pachuket al.， 

1994; James et al.， 1996)， 1 embedded the latter t~10 types of ribozyme 

similarly in the 3' portion of the gene for tRNA Val (Fig. 24). 

In order to prove in vitro that conformational changes depended on 

the presence or absence of the abnorrnal b2a2 mRN A， 1 prepared a short 

16-nucleotide (nt) BCR-ABL substrate (S16) that corresponded to the 

target (cleavage) site indicated by capital letters in the upper panel of 

Figure 25 (within ABL exon 2). The specificity was tested by incubating 

the in vitro transcribed maxizyme with the 5'_[32PJ三labeledshort 16-mer 

substrate (S 16) in the presence and in the absence of either a 20-mer 

normal ABL effector molecule or a 28-mer BCR-ABL effector molecule. 

These latter molecules corresponded， respectively， to the sequences 

indicated by capitalletters in the normal ABL mRNAl of the left structure 

in the lower panel of Figure 25 Uunction sequence of AB L exon 1 -AB L 

exon 2) and in the abnormal b2a2 rnRNA in the upper panel of Figure 25 

(junction sequence of BCR exon 2 -ABL exon 2). In this case， the 28-

mer BCR-ABL effector molecule corresponding to the junction sequence 

in b2a2 mRNA acts in trans and it should be recognized for annealing by 

the sensor arms of MzL and MzR and should serve to direct formation of 

the active dimer. The other recognition arms of the maxizyme should 

recognize the cleavage triplet in the short 16-mer l~CR-ABL substrate 

RNA and specific cleavage should occur (Fig. 26， on the right). Indeed， 

no products of cleavage of the substrate (S 16) were detected in the 

absence of the BCR-ABL junction or in the presence of the normal ABL 
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Figure 25 Nucleotide sequences and secondary structures of the active 

and inactive maxizyme. In order to achieve high substrate-specificity， the maxizyme 
should be in an acti吋 confo口nationonly in the presence of tbe abnormal BCR -ABL 
Junction， while the conformation should remain inactive in the presence of normal ABL 
mRNA or in the absence of the BCR-ABL junction. MzL組 dMzR should allow such 
confo口nationalchanges to occur， depending on出epresence or absence of the abnormal 
b2a2mRNA. 
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Figure 26AHostedc control of the activity of the maX1zyme ln VItro. 
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sequence (effector molecule)， demonstrating the expected high substrate-

specificity of the maxizyme (Fig. 26). 

Since MzL or MzR by itself， in the presence and in the absence of 

effector molecules， did not have any cleavage activity， the active species 

was clearly the heterodimeric form of the maxizynle， as depicted at the 

bottom right in Figure 26， which was involved in a tetramolecular 

interaction. In principle， the bimolecular interactions of the conventional 

ribozyme should be more strongly favored than tetramolecular 

interactions. Nevertheless， the cleavage activity of the maxizyme was 

nearly identical' to that of the hammerhead ribozyme (wtRz; data not 

shown). The greater acti vity of the maxizyme as compared to that of the 

conventional hammerhead ribozyme in cultured cells was also 

demonstrated， as described in the following section. Similar results were 

obtained when the effector sequence was connected with the cleavage 

sequence， as depicted in Figure 25， with the maxizylne being involved in 

trimolecular interactions (data not shown). The results shown in Figure 

26 prove that the maxizyme was subject to complete allosteric control in 

vitro， in accord with the conformational changes (depicted at the bottom 

in Fig. 26) that should occur in response to the effector molecule (the 

BCR-ABL junction) that was added in trans. Furthermore， they confirm 

that the tRNA VaLportion did not interfere with the allosteric control. 

Comparison of the intracellular activities of the maxizyme and 

those of conventional hammerhead ribozym{~s in mammalian 

cells 

1 next examined the action of the maxizyme in mamJmalian cells using a 

reporter construct. To evaluate the intracellular activity of the maxizyme 

(Fig. 27)， 1 co-transfected HeLa cells with expression plasmids that 

encoded an appropriate enzyme unit(s) under the control of the human 
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tRN A VaLpromoter， together with a target gene-expressing plasmid that 

encoded a chimeric target BCR-ABL (or ABL alone) sequence and a gene 

for luciferase， pB2A2-1uc (or pABL-luc)・ Thejunction-expressing 

plasmid pB2A2-1uc contained a sequence of 300 nt that encompassed the 

BCR-ABL junction and the target cleavage site in the b2a2 mRNA. The 

plasmid， pABL-luc contained a sequence of 300 nt that encompassed the 

same target cleavage site and the junction between exon 1 and exon 2 of 

the normal ABL mRNA. After transient expression of both genes， in 

individual celllysate， 1 estimated the intracellular activity of each enzyme 

by measuring the luciferase activity. 

The luciferase activity recorded when 1 used the target gene-

expressing plasmid (pB2A2-1uc or pABL-luc) was taken as 100% (Fig. 

27). Expression of the tRNA VaLportion (p V) by itself had no inhibitory 

effect. B Y contrast， the novel maxizyme (p V -MzL/R) was extremely 

effective in cell culture (>95% inhibition) in suppressing the BCR-ABL-

luciferase gene (Fig. 27， right panel; indicated by a star)， and it had no 

inhibitory effect on expression of the ABL-luciferase gene (Fig. 27， left 

panel; indicated by a star)， demonstrating the extrenlely high specificity 

of the maxizyme. As expected， the conventional ha]mmerhead ribozyme 

(pVwtRz)， targeted to the same site as the maxizyme， s叩uppressedthe 

expression of both the BCR-ABL-luci江ferasegene and the ABL-luciferase 

gene. It is important to note that， despite the original expectations of high 

specificity， the conventional antisense-type ribozynles (p V asRz81 and 

pVasRz52) also suppressed the expression of both the BCR-ABL-

luciferase and the AB L-luciferase gene， acting non-specifically， in 

agreement with my previous findings in vitro (Kuwabara et al.， 1997). 

Moreover， the extent of suppression by the conventional (antisense-type) 

ribozymes was not as great as that by the maxizyme. 
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Figure 27 Intracellular activities and specificities of tRNA V~_- t?nzymes 
in HeLa cells. (A) Assay system for meas~~e!TIents of activities of tRNA Val-enzymes 
in HeLa cells and (13) th; effects of tRNA VaLenzymes on the chimeric BCR-ABL-
luciferase and ABLluciferase genes.Luciferase activity was normalized by reference to 
the efficiency of transfection -which was determined by moniroring activity of a CQ-

transfected gene for s-galactosidase. 
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The individual subunits of the maxizyme (MzL and MzR) had no 

inhibitory effects. Thus， the activity of the maxizyme must have 

originated from the formation of active heterodimers in the mammalian 

cells. 1t should also be emphasized that， since a mutant， crippled 

maxizyme (pV-1-MzL/R)， by a single G5 to A5 mutation within the 

catalytic core， had no inhibitory effects， the observed inhibitory effects 

for the active maxizyme clearly originated from the ribozyme mechanism 

of action (chemical cleavage; not antisense effects). Moreover， since the 

maxizyme specifically inhibited the expression of the BCR-ABL-

luciferase gene without affecting the related ABL-luciferase gene that 

contained a potential site of cleavage by the maxizyme， complete allosteric 

regulation must have been operative in the mammalian cells. 

Generation of stable transformants of th.~ saF3 cell line 

(saF3/p210BCR-ABL) that expressed human 11CR-ABL mRNA， 

and of BaF3/p210BCR-ABL and H9 cell lines transduced with 

the tRNA Val-ribozymes or the tRNA Val-maxizyme 

Since the maxizyme had acted efficiently and specifically against the 

reporter gene construct in HeLa cells (Fig. 27)， 1 decided to examine the 

activity of the maxizyme against an endogenous BCR-ABL (b2a2 mRNA) 

target. I established a murine cell line， BaF3/p21 OB CR -AB L， that 

expressed human b2a2 mRNA constitutively， by integrating a plasmid 

construct that expressed p210BCR-ABL (pM~(/p210BCR-ABL; 

p210BCR-ABL was generated from human b2a2 rnRNA). 1 should 

emphasize that this cellline (which expressed b2a2 mRNA) was different 

from the one (BaF3+p210 cells that expressed K28 b3a2 mRNA) used 

previously by Daley and Baltimore (1988) and C~hoo et al. (1994). 

Although the parental BaF3 cell line is an interleukin-3-dependent (IL-3-

dependent) hematopoietic cell line (Daley and Baltimore， 1988; left panel 
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Figure 28 Schematic representation of the dependence on IL-3 of BaF3 
cells and transduced BaF3 cells that expressed human BCR-ABL mRNA. 
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of Fig. 28)， the transformed BaF3/p210BCR-ABL cells were IL-3-

independent because of the tyrosine kinase activity of p210BCR-ABL and， 

thus， the latter transformed cells were able to grow in the absence of IL-3 

(Fig. 28， right). However， if the expression of p210BCR-ABL were to be 

inhibited， BaF3/p210BCR-ABL cells should become IL-3-dependent and， 

in the absence of IL-3， they should undergo apoptosis. Therefore， during 

the selection of maxizyme-or ribozyme-transduced BaF3/p210BCR-ABL 

cells， 1 used 10% WEHI-conditioned RPMI mediurIl as a source of IL-3. 

In the presence of IL-3， BaF3/p210BCR-ABL cells were transfected 

separately with 'plasmids pV， pVwtRz and pV-Mz.L/R (Fig. 27)， all of 

which encoded a gene for resistance to puromycin. In order to generate 

BaF3/p210BCR-ABL cel1s that had been stably transduced with tRNA Val， 

wtRz or maxizyme construct， the medium was replaced， 24 hours of 

transfection， with RPMI supplemented with 10% FCS and 3μg/mL 

puromycin. The transduced cells were cultured for a further 60 h and 

then IL-3 was removed from the medium for assays of subsequent 

apoptoslS. 

In order to examine the specificity of the maxizyme， 1 also used H9 

cells， which originated from human T cells and expressed normal AB L 

mRNA， as control cells. Stably transduced H9 cells that harbored a 

maxizyme or ribozyme construct were generated using the respective 

plasmids (described above). The efficiency of transfection was very low， 

so 1 generated transduced cells using a line of retroviral producer cells 

(BOSC23 cells). Filtered supematants of BOSC23 cells， which had been 

transfected with plasmids pV， pVwtRz or pV-MzL/B~， were added to H9 

cells. The H9 cells were cultured for 72 hours and then puromycin was 

added for selection of resistant cells. The various lines of transduced cells 

allowed us to examine the activity and specificity of the maxizyme and of 
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ribozymes against an endogenous target gene (instead of a reporter 

construct) . 

Efficient expression and transport to the cytoplasm of the 

maxlzyme 

In addition to the level of expression and the half-life of an expressed 

ribozyme， the co-localization of the ribozyme with its target is obviously 

an important determinant of the ribozyme's efficiency in νivo (Sullenger 

and Cech， 1993; Eckstein and Lilley， 1996; Bertrand et al.， 1997). 

Therefore， it wa's essential to determine the intracellular localization of 

each of the tRNA VaLenzymes. To confirm the expression and relative 

stability of the maxizyme in BaF3/p210BCR-ABL cells， 1 performed 

Northern blotting analysis (Fig. 29). Total RNA from BaF3/p210BCR-

ABL cells that had been transfected with the various plasmids was 

extracted 2， 4， 6， 12， 18， 24， 30 and 36 hours after transfection. Samples 

of total RNA were also separated into nuclear and cytoplasmic fractions. 

Transcripts of about 130 nucleotides in length， which corresponded in 

size to MzL were detected (Fig. 29). Even initially， ~I叫zL transcripts were 

found in the cytoplasmic fraction and none was det:ected in the nuclear 

fraction (Fig. 29). The time course of changes in the level of the 

maxizyme in the cytoplasm is shown in the right panel of Figure 30. 

MzL was detected within 4 h and its level of expression reached a plateau 

24 h after transfection. 

1 next estimated the steady-state levels and localization of MzL， 

MzR and wtRz in BaF3/p210BCR-ABL cells that had been stably 

transduced with the respective maxizyme司 encodingand ribozyme-

encoding plasmids. Total RNA that had been isolated 3 days after 

removal of IL-3 (Fig. 29)， as described in the previous section， was used 

in this analysis. The results in Figure 30 clearly demonstrate that each 
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expr~ssed tRNA VaLenzymes and their localization (lower panel). N， Nuc1ear fraction; 
C， cytoplasmic fraction. 

106 



¥ 

Figure 30 The potential usefulness of the modified tRNA VaLexpression 
system in future gene therapy. 
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tRN A V aLenzyme was expressed at significant levels and the transcripts 

were obviously stable. Furthermore， all tRN A V aLenzymes were found 

in cytoplasmic fractions and none was detected to any significant extent in 

nuclear fractions. Analysis of the localization of U6 snRNA， which is 

known to remain in the nucleus， was included in these studies as a control 

(Fig. 29). 

The finding that both the transiently expressed transcripts and 

transcripts in stable transformants (Fig. 29) were stable and co-localized 

with their targets in the cytoplasm serves to underline the potential 

usefulness of the modified tRNA VaLexpression system (Koseki et al.， 

1999) in future gene therapy (Fig. 30). 

The activity and specificity of the maxizyme against an 

endogenous BCR-ABL cellular target 

1 examined the functional significance of the maxizyme in the regulation 

of apoptosis. 1 transfected BaF3 cells that stably expressed BCR-ABL 

(b2a2) mRNA with plasmids that encoded the wild-type ribozyme 

(pVwtRz)， the maxizyme (pV-MzLIR)， or the parental vector (pV)， and 1 

selected cells by exposure to puromycin 24 h after transfection. After 

incubation for 60 h in the presence of puromycin， dead cells were 

removed by the Ficol separation procedure and puroJmycin-resistant cells 

were cultured for various times in medium without IL-3. Cell viability 

was assessed in terms of the ability to exclude trypan blue dye. In 

addition to BaF3/p21 OB CR -ABL cells， 1 used H9 cells that expressed 

normal ABL mRN A at high levels as controls. As shown in the left panel 

of Figure 31， BaF3/p210BCR-ABL cells that expressed the maxizyme 

died rapidly whereas the control-transfected BaF3/p210BCR-ABL (pV) 

cells remained alive 10 days after withdrawal of IIJ-3. Moreover， the 

maxizyme did not kill any H9 cells that expressed 
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Figure 31 Efficiency of cleavage by the maxizyme of the endogenous 
BCR-ABL mRNA target. Measurements of viability of tRNA VaLenzyme-
transduced BaF3/p21oBCK-ABL cells and H9 cells. The viability of BV173 cells，出at
were derived from a patient with a Philadelphia chromosome and that were transiently 
expressing tRN A VaLenzymes， was also shown. 
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nonnal ABL mRNA (Fig. 31， middle)， a result that demonstrates the high 

specificity for targeting the chimeric BCR-ABL gene. By contrast， the 

conventional hammerhead ribozyme， wtRz， induced apoptosis in both 

BaF3/p210BCR-ABL and H9 cells (Fig. 31， left and middle)， consistent 

with the observation that wtRz can target the transcripts of both the BCR-

ABL gene and the normal ABL gene in vitro and in cultured cells (Fig. 

27: Since none of the conventional ribozymes demonstrated any 

specificityヲ 1chose wtRzヲ thathad the highest level of activity among the 

conventional ribozymes， as a control). Furthermore， the maxizyme also 

killed many moie BV173 cells， derived from a leukemic patient with a 

Phi1adelphia chromosome， than did the wild-type ribozyme or the 

parental vector (Fig. 31， right). 1 was unable to establish stably 

maxizyme-transduced BV173 cells because of the extremely high activity 

of the maxizyme and because IL-3 could not replace the function of 

p210BCR-ABL 

Microscopic examination of dead cells after staining with the DNA-

binding fluorochrome Hoechst 33342 revealed typical apoptotic 

morphologyヲ whichincluded condensed chromatin， fragmented nuclei， 

and shrunken profiles (Fig. 32). 1t was clear that the maxizyme (p V-

MzL/R) had caused apoptotic cell death specifically in BaF3/p21 OB CR-

ABL cells without affecting normal H9 cells， whereas the ribozyme 

(pVwtRz) had induced apoptosis in both BaF3/p210BCR-ABL and H9 

cel1s. As expected， the expression of the control tRNA Val RNA itself 

(p V) did not change the morphology of either type of cell. The 

frequency of apoptosis induced by the maxizyme ¥vas higher than that 

induced by wtRz in BaF3/p210BCR-ABL cells， demonstrating the higher 

cleavage activity of the maxizyme than出atof the conventional ribozyme 

against the endogenous target. 
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Figure 32 Morphology of tRNA VaLenzyme-transduced BaF3/p21()BCR-

ABL cells and H9 cells. 
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Direct evidence for the cleavage of B C R -A B L mRNA and 

enhanced activation of caspase..3 by the maxizyme and 

ribozyme 

Since the maxizyme and the ribozyme overcame the BCR-ABL-mediated 

inhibition of apoptosis， 1 tried to detect the anticipated cleavage products 

directly by N orthern blotting analysis (Fig. 33). Total RN A from 

tRNA VaLenzyme-transduced BaF3/p210BCR-ABL cells was extracted 

0.5， 1， 3 and 5 days after the removal of 1L-3. The levels of BCR-ABL 

mRNA were determined from the autoradiogram. The length of the 

cleavage products 'was exactly as anticipated (3.5 kb). Time courses of 

the reductions in steady-state levels of BCR-ABL mRNA in the presence 

of the tRN A V aLenzymes are shown in the lower panel in Figure 33， in 

which the basallevel of BCR-ABL mRNA in the BaF3/p210BCR-ABL 

cells was taken as 100%. N 0 reduction in the level of expressed B CR司

ABL mRNA was observed in the case of the control tRNA Val RNA (pV). 

The decrease in steady-state levels of BCR-ABL mRNA was clear1y 

more rapid in cells that produced the maxizyme than in those that 

produced wtRz. Detection of the cleavage fragment proved that the 

maxizyme and the conventional ribozyme were catalytically active and 

cleaved specifically the target mRNA in cultured cells. 1n one set of a 

control experiment， cells (BaF3/p210BCR-ABL cells) expressing only the 

target RNA (substrate) were mixed， just before the RNA isolation 

procedure， with cells (transformed BaF3 cells) that had been expressing 

the maxizyme but not the substrate， and the mixed total RNAs were 

isolated. 1n this case， no cleavage products were detectable by Northern 

blotting， a clear demonstration that， in the experiments shown in Figure 

33， the cleavage had occurred in cells but not during the RNA isolation 

procedure in vitro. Thus， 1 confirmed that the apoptosis of cells， as 
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Figure 33 Depletion of p210BCR-ABL upon cleavage of BCR-ABL 
mRN A by the maxizyme. Direct detection of the products of cleavage of BCR -ABL 
mRNA in BaF3/p21oBCR-ABL cells by Northem blotting analysis. 
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shown in Figures 31 and 32， originated from the cleavage of BCR-ABL 

mRNA by the maxizyme or of BCR-ABL and ABL mRNAs by the 

ribozyme， with resultant depletion of p210BCR-ABL and/or p145 c-ABL 

proteins in the respective hematopoietic cells (The p 145 c-ABL protein is 

a nuclear protein with low intrinsic tyrosine kinase acti vity， whereas the 

p210BCR-ABL protein is a cytoplasmic， membrane-associated protein 

with a constitutively high level of tyrosine kinase activity that prolongs 

the survi val of hematopoietic cells by inhibiting 3lpoptosis). 

Transduction of the apoptotic signal and execution of apoptosis 

require the coordinated actions of several aspartate-specific cysteine 

proteases， known as caspases. An inverse relationship between the BCR-

ABL-mediated inhibition of apoptosis and the activation of procaspase-3 

was recently established by Dubrez， et al. (1998). Therefore， 1 

investigated whether the maxizyme-(or ribozyrne-) mediated apoptotic 

pathway might indeed involve the activation of procaspase-3 in leukemic 

cells. 1 asked whether the specific depletion of p210BCR-ABL protein by 

the maxizyme might lead to the cleavage of inactive procaspase-3 to yield 

active caspase-3， with resultant apoptosis in BaF3/p210BCR-ABL cells. 

Immunoblotting analysis using the antibody αCPP32， which recognizes 

both the 32-kDa inactive precursor of caspase-3 (procaspase-3) and the 

processed， active protease， caspase-3ヲ enabledus t:o follow the maturation 

process. In order to examine the specificity of the maxizymeヲ I

performed a similar study using H9 cells. The basallevel of procaspase-3 

was almost the same in both BaF3/p210BCR-ABL and H9 cells (Fig. 34). 

In maxizyme-transduced BaF3/p210BCR-Aj8L cells， the level of 

procaspase-3 decreased and the level of the p17 active subunit of caspase-

3 increased. In stably maxizyme-transduced 1-I9 cells， the level of 

procaspase-3 remained unchanged. By contrast， expression of the wild-

type ribozyme was associated with the processing of procaspase-3 in both 
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Figure 34 Cleavage of inactive procaspase-3 yielded active caspase-3 
upon specific depletion of p21()BCR-ABL protein by the maxizyme. 
Immunoblotting analysis was perfonned using the antibody αCPP32， which recognizes 
出e32-k:Da precursor to caspase-3 (procaspase-3) and caspase-3 itself. 
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BaF3/p210BCR-ABL and H9 cells. The level of conversion of 

procaspase-3 to caspase-3 in stably maxizyme-transduced BaF3/p210BCR-

ABL cells was higher than that in wtRz-transduced BaF3/p210BCR-ABL 

cells. These data strengthen my conclusions that the maxizyme is more 

active than conventional ribozymes in mammalian cells and that the 

maxizyme induced apoptosis as a result of specific depletion of p21 OBCR-

ABL protein， thereby promoting activation of caspase-3 in leukemic cel1s. 



Discussion 

The specific association of nucleic acid-based drugs， such as the novel 

maxizymes， with their targets via base pairing and subsequent cleavage of 

the RNA substrate suggests that these catalytic nl01ecules might be useful 

for gene therapy. There are basically two ways to introduce ribozymes 

into cells. One such technique is an exogenous delivery (drug-delivery) 

system (DDS) in which chemically pre-synthesized ribozymes are 

encapsulated in liposomes or other related compounds and delivered to 

target cells. For this exogenous delivery， chemical modifications to make 

nuclease-resistant maxizymes and/or DNA enzymes (Kuwabara et al.， 

1997， 1998b) should be useful. Another way to introduce ribozymes into 

cells is by transcription from the corresponding DNA template (gene 

therapy). Current gene-therapy technology is l:imited primarily by the 

necessity for ex vivo manipulations of target tissues and， practically， the 

technology is suited for endogenous delivery system. Ribozymes with 

natural components but not chemically modified counterparts can be 

transcribed in vivo. In this context， the novel maxizymes driven by a pol 

111 promoter are superior over the other nucleic acid-based drugs， 

because of their extremely high substrate-specificity and high cleavage 

activity， for the treatment of chronic myelogenous leukemia (CML)， 

especially in the case of L6 translocations. 
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Chapter VI 

General discussio1B 



1 have described herein the first successful de novo design， to my 

knowledge， of an allosterically modulated RNA catalyst (maxizyme) that 

selectively cleaves a specific phosphodiester bond. The design was based 

on a heterodimeric RNA motif that is catalytically activated by interaction 

with a specified short sequence (sequence of interest; Fig. 25) that is 

recognized by the sensor arms that are at some distance from the active 

site. The design of the tRNA VaLembedded maxizyme monomer unit is 

based on. the previous successful attachment of a ribozyme sequence to the 

3'-modified side of the tRNA VaLportion of a human gene for this tRNA 

(Koseki et al.， 1999)， which yielded very active ribozymes with high 

specificity in cultured cells (Kawasaki et al.， 1996， 1998). Although 1 

feared initially that the tRNA VaLportion of the transcript might hinder 

the dimerization of the tRNA VaLdriven RNAs， the analysis indicated that 

the tRN A V aL portions were located at some distance from each other 

during dimerization and， thus， they did not interfere with the 

dimerization process (Kuwabara et al.ヲ 1998a).. The present analysis 

confirmed the dimerization of the tRNA VaLdriven monomer units of the 

maxizyme. More importantly， the resultant lllaxizyme underwent a 

conformational change in response to allosteric effectors (Fig. 25) not 

only in vitro (Fig. 26) but also in various kinds of cultured cell that 

included cells from a patient with leukemia (Figs. 27-34). 

Although creation of artificial allosteric enzymes is of great current 

interest (Porta and Lizardi， 1995; Tang and Breaker， 1997)， to my 

know ledge， no such enzyme has yet been tested in animals or in cultured 

cells. The novel maxizyme cleaved BCR-ABL mRNA specifically 

without damaging the normal ABL mRNA in cultured cells， providing the 

first example of successful allosteric control of the activity of an 

artificially created allosteric enzyme. In past ef:forts to destroy B CR-

ABL mRNA by antisense molecules， it was difficu1t to demonstrate 
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specificity. Since both the p210BCR-ABL chimeric protein and the p145 

c-ABL protein are negative regulators of apoptosis (恥1cGahon，et al.， 

1994; Bedi et al.， 1995; Dubrez et al.， 1998)， antisense molecules with 

low specificity can induce apoptosis in leukemic cells by inhibiting 

expression of normal ABL mRNA in addition to blocking the BCR-ABL 

pathway. 1ndeed， it was reported in recent publications that no reduction 

in the level of p210BCR-ABL protein was observed in apoptotic cells that 

had been treated with antisense molecules， and nonspecific inhibition by 

such antisense oligonucleotides resulted from non-antisense effects of 

these oligonucleotides (Maekawa et al.， 1995; Vaerman et al.， 1995; 

Smetsers et al.， 1997). Therefore， in this kind of investigation， it is very 

important to confirm that cell death does indeed originate from specific 

suppression by the antisense molecule ---this point is at least as important 

as estimations of the efficacy of inhibition. Since the specificity of the 

maxizyme was considerable and since the lengths and sequences of the 

sensor arms and of common stem 11 are variables that can very easily be 

adjusted， maxizymes in general should be considered to be a novel class of 

potentially powerful gene-inactivating agents that should be able to cleave 

other chimeric mRNAs. 

The cleavage activity of the maxizyme， in particular in cells， should 

involve a trimolecular interaction (between the two tRNA Val-driven 

monomer units of the maxizyme and the target substrate). By contrast， 

the activity of conventional ribozymes involves a bimolecular interaction 

(between one tRNA Val-driven ribozyme and its target). 1n principle， 

bimolecular interactions are more rapid than trIInolecular interactions. 

This difference would seem to indicate that conventional ribozymes might 

be more effective in cells than a maxizyme. However， in my 

experiments， 1 found that the tRNA VaLdriven dimer was always more 

active than the corresponding tRNA VaLdriven ribozyme when 1 tested 
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several target sequences in cultured cells (the same target site was used 

for each set of ribozyme and maxizyme; Kuwabara et al， submitted for 

publication). This conclusion is further strengthened by the results of the 

present analysis. The maxizyme cleaved the junction in B CR -ABL 

mRNA more effectively than the ribozyme， not only in reporter 

constructs (Fig. 27) but also when the target was endogenous molecule 

(Figs. 28-34). Therefore， as long as the tRN A ¥T aLexpression system is 

usedラ despite the involvement of the dimerization process， the 

intracellular acti vity of the maxizyme appears to be significantly higher 

than that of conventional hammerhead ribozymes. 

Klug's group demonstrated， in an e1egant experiment， that a 

carefully de novo designed DNA-binding peptide， which consisted of 

three zinc-finger motifs， bound specifically to a unique nine-base-pair 

region of a B CR -ABL fusion oncogene in preference to the parent 

genomic sequences (Choo et al.， 1994). Moreover， murine cells that had 

been rendered independent of growth factors (IL-3) by the action of the 

oncogene reverted to dependence on IL-3 upon transient transfection with 

a vector that expressed the DNA-binding peptide. Note that the 

p210BCR-ABL protein does not trigger the endogenous expression of IL-

3 or of other growth factors that are capable of stimulating proliferation 

of BaF3 cells in an autocrine manner. Rather， p210BCR-ABL provides 

the stimulus for proliferation of BaF3 cells that: is normally provided 

through the IL-3 signa1 transduction pathway (Daley and Baltimore， 

1988). Klug's group further demonstrated that 1evels of BCR-ABL 

mRNA in the transiently transfected cells fell by 15-18% within 24 hours 

as compared to those in untransfected cells. 1 found that a similar 

reduction in the level of BCR-ABL mRNA (3596 reduction within 24 

hours in the case of the maxizyme; Fig. 33) restored dependence on IL-3 

(Fig. 28). 
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The mechanism by which deregulated B (~R -ABL tyrosine kinases 

delay apoptotic cell death remains poor1y understood. Transduction of 

the apoptotic signal and execution of apoptosis require the coordinated 

actions of severa1 caspases. Recent evidence indicates that activation of 

procaspases in apoptosis occurs via a proteo1ytic cascade (Nagata， 1997). 

For examp1e， caspase-4 activates procaspase-1 which， in turnヲ cleaves

procaspase-3 to yie1d active caspase-3 that recognizes the Asp-Glu-Va1-

Asp (DEVD) motif and cleaves po1y (ADP-ribose) po1ymerase (Enari et 

al.， 1996). The very recent finding thatヲ inthe BCR-ABL-mediated 

inhibition of apoptosisヲ theapoptotic pathway is interrupted upstream of 

activation of procaspase-3 in BCR-ABL + cell1ines (Dubrez et al.， 1998) 

was confirmed in the present study. Dep1etion of p21 OB CR -ABL as a 

result of expression of the maxizyme c1early enhanced the processing of 

inactive procaspase-3 to yield active caspase-3 (Fig. 34). The specific 

cleavage of BCR-ABL mRNA by the maxizyme and the eventual 

activation of caspase-3， which led to apoptosis in leukemic cells but not in 

normal cells， demonstrated that the designed novel maxizyme was fully 

functional in cells. 

In conclusion， 1 demonstrated that， for cleavage of B CR -AB L 

mRNA， the novel maxizyme formed a heterodimeric structure with high-

level activity in cells， and cleavage activity was successfully controlled 

allosterically within cells such that only in the presence of the junction of 

BCR-ABL mRNA did the maxizyme form an active catalytic core. The 

maxizyme was more effective than similarly transcribed standard 

ribozymes in cells. To the best of my knowledge， the novel maxizyme is 

superior to other nucleic acid-based drugs reported to date because of its 

extremely high substrate-specificity and high cleavage activity. Novel 

maxizymes， whose activity can be controlled allosterically by sensor arms 

that recognize abnormal mRNAs specifically should be powerful too1s for 
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disruption of abnorrnal chimeric targets and might provide the basis for 

future gene therapy for the treatment of CML. 
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