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Influence of substrate structure on cleavage by hammerhead ribozyme 
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Abstract We compared the cleavage by a hammerhead 
ribozyme of a wild-type precursor tRNA (pre-tRNA[ ee) and a 
structurally altered mutant form. We also analyzed the cleavage 
reactions of these tRNAs catalyzed by a ribozyme variant that 
was designed to complement the mutant precursor tRNA. Kinetic 
analyses reveal that the kcat values are nearly the same for the 
wild-type and the mutant substrate RNAs. However, the Km 
values differ considerably, being higher for the wild-type 
substrate. Thus, the formation of the ribozyme-substrate 
complex, but not the chemical cleavage step, is affected by these 
changes. Time course studies were performed, at different 
temperatures, to estimate the efficiency of the cleavage reactions 
and the effect of temperature. The cleavage of mutant precursor 
tRNA is generally faster than the wild-type at all temperatures 
analyzed. These results suggest that snbstrate structures can 
limit ribozyme efficiency, presumably by hindering the hybridi- 
zation step. 

K~ y words: Hammerhead ribozyme; Pre-tRNA; RNA 
structure; Kinetics; Thermodynamics 

1. Introduction 

Ribozymes are RNA molecules that can catalyze chemical 
reactions [1,2]; many catalyze site-specific RNAs cleavage [3- 
5]. Comparison of sequences near the cleavage site of several 
self-cleaving plant RNAs has led to the identification of a 
consensus secondary structure termed the 'hammerhead' [6]. 
Recently, the three-dimensional structure of the hammerhead 
ha~ been described [7,8]. The hammerhead consists of three 
heiices of variable length and a sequence of 11 unpaired nu- 
cleotides surrounding the cleavage site. Truncation experi- 
ments confirmed that this portion of the RNA molecule suf- 
fices for the self-cleaving activity [9,10]. Although the 
sequence that can form the hammerhead structure is con- 
tai ned within a single RNA molecule, intermolecular assembly 
and cleavage can be achieved by dividing the domain into 
ribozyme and substrate molecules that associate through 
base pairing [11-13]. By flanking the hammerhead motif 
wilh an antisense sequence, Haseloff and Gerlach [14] demon- 
strated cleavage of specific target RNAs. The only sequence 
requirement at the cleavage site is a trinucleotide GUC (or a 
limited number of other triplets). Since appropriate target 
triaucleotides are common in RNAs, such hammerhead ribo- 
zymes can be targeted to many positions in different RNAs. 
Upon cleavage of the substrate, the products can dissociate 
from the ribozyme, allowing turnover [11,14,15]. 

>;uch custom-designed ribozymes provide highly flexible 
to~:,ls to inhibit the expression of specific genes, with potential 
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therapeutic value; they constitute an alternative to antisense 
constructs designed to inhibit translation [16-19]. Since ribo- 
zymes recognize specific sequences in RNA by base-pairing, 
the design of a therapeutic ribozyme could ultimately be much 
simpler than the development of new inhibitors directed at a 
protein's active sites. The rules for developing a ribozyme for 
one target can be used to develop a ribozyme for many other 
targets. In contrast, protein active sites are idiosyncratic. 

The kinetic and structural characterization of hammerhead 
ribozymes [20] has two points of consideration relevant for the 
design of ribozymes as endonucleases directed against specific 
target mRNAs. First, helix length and base composition will 
probably determine how well a particular ribozyme will func- 
tion catalytically under physiological conditions, If very stable 
helices are generated during the binding of the ribozyme to 
the target RNA, product dissociation may become rate limit- 
ing for multiple turnover. Second, the structure of the target 
RNA will contribute to catalytic efficiency. Sequestering of 
the target sequence in a stable secondary or tertiary structures 
that are incompatible with hammerhead domain assembly, 
can greatly increase the concentrations required to achieve 
maximum cleavage rates. At worst, stable target structures 
may fail to assemble into the hammerhead domain altogether 
and may remain completely resistant to cleavage. 

To investigate these problems, we examine here the tem- 
perature dependence and kinetics of ribozyme-catalyzed cleav- 
age reactions using a precursor tRNA from yeast (pre- 
tRNA~ cu) and a mutant in which the substitution of three 
bases alters the tRNA structure [21]. 

2. Materials and methods 

2.1. Preparation of RNA 
Genes for the wild-type yeast pre-tRNA~ eu and the mutant Sm (Fig. 

1), under control of the T7 promoter, were assembled from a set of 12 
oligodeoxynucleotides [22], and cloned into the PstI-BamHI site of the 
vector pUC19. In these constructs, transcription by T7 RNA po- 
lymerase starts exactly at the 5'-end of the pre-tRNA~ eugene and 
terminates at a BstNI site at the 3'-end, ensuring that the transcript 
terminates with 5'-CCA-Y. 

To synthesize tRNA precursors, plasmid DNAs were cleaved with 
BstNI restriction enzyme and transcribed with T7 RNA polymerase 
[23]. In the transcription reactions the final concentration of [c~- 
32p]UTP was 100 ~tM. Transcripts were purified by polyacrylamide 
gel electrophoresis, located by autoradiography, eluted in 0.5 M so- 
dium acetate pH 7, 1 mM EDTA, and concentrated by ethanol pre- 
cipitation. RNAs were dissolved in H~0 and stored at -20°C. 

Ribozymes were synthesized by T7 RNA polymerase transcription 
of partially duplex synthetic DNA templates [24]. A typical 150 Ixl 
reaction contained 40 mM Tris-HC1 pH 8.1, 10 mM MgCI2, 1 mM 
spermidine, 0.01% Triton X-100, 5 mM DTT, 8% ethylene glycol 
(8000 MW), 0.3 mM template, T7 RNA polymerase at 15 U/~tl, and 
the four NTPs (each at 4 mM). Transcription reactions were carried 
out at 37°C for 3 h. The transcripts were concentrated by ethanol 
precipitation and purified on 20% polyacrylamide 7 M urea gels. 
Products were located by UV shadowing, the excised bands were 

S0~q4-5793196/$12.00 © 1996 Federation of European Biochemical Societies. All rights reserved. 
S S ) I  S00 1 4 - 5 7 9 3 ( 9 6 ) 0 0 2 4 2 - 6  



186 D. Scarabino, G.P. Tocchini-Valentini/FEBS Letters 383 (1996) 185-190 

crushed and then soaked for 2 h in 2 vols. of 0.5 M NaOAc pH 7, 1 
mM EDTA. The extracted RNA was concentrated by ethanol preci- 
pitation and resuspended in H20. 

Because most transcription reactions generate multiple products 
that are smaller or larger than the desired RNA, care was taken to 
identify the correct transcript. The RNAs were sequenced by partial 
enzymatic digestion. 

2.2. Cleavage assays 
Cleavage reactions were performed in 50 mM Tris-HC1 pH 8, 10 

mM MgC12 at eight different temperatures ranging from 25°C to 
60°C, using a ribozyme concentration of 66 nM, and a substrate 
concentration of 0.2 pM. To disrupt aggregation states potentially 
formed during RNA storage [25], solutions of both ribozyme and 
substrate RNAs were heated separately in 50 mM Tris-HC1 pH 8 at 
900C for 1 min and allowed to cool slowly to 25°C. Each RNA 
solution was than adjusted to a final concentration of 10 mM MgC12 
and allowed to incubate at 25°C for 15 rain. Cleavage reactions were 
initiated by the addition of ribozyme to the substrate and buffer. 
Samples of 5 pl were removed at intervals, quenched with an equal 
volume of stop mix (7 M urea, 50 mM EDTA, 0.05% bromophenol 
blue, 0.05% xylene cyanol), and then fractionated by electrophoresis 
into 16% polyacrylamide 7 M urea gels. Substrate and product bands 
were located by autoradiography excised and counted to determine 
the fraction of cleavage. 

2.3. Determination of ribozyme steady-state parameters 
Kinetic reactions were performed essentially as described by Fedor 

and Uhlenbeck [20]. Stock solutions of 1.3 laM ribozyme and 15 pM 
substrate were prepared in 50 mM Tris-HC1 (pH 8), preheated sepa- 
rately at 90°C for 1 min, and cooled to 25°C for 15 min. After MgCI~ 
was added to a final concentration of 10 mM, the stock solutions were 
incubated for another 15 min at 25°C. Cleavage reactions were per- 
formed in a 50 ~tl volume in the presence of 10 mM MgCI2, 50 mM 
Tris-HC1 pH 8, at 50°C with 0.025 ~tM ribozyme and concentrations 
of substrate between 0.05 and 5 ~tM. Reactions were initiated by the 
addition of ribozyme to substrate. 

The cleavage reactions were analyzed by electrophoresis on 16% 
polyacrylamide 7 M urea gels and located by autoradiography. The 
bands were excised and counted. All kinetic parameters were deter- 
mined from Eadie-Hofstee plots [26,27]. 
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Fig. 1. Secondary structure model of pre-tRNA~ eu of yeast. The tri- 
ple base-substitution that forms the mutant (Sm) with a disrupted 
D stem is indicated. The region that binds ribozymes is boxed. The 
cleavage site is indicated by the arrow. 
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Fig. 2. Hammerhead ribozymes targeted against the pre-tRNA~ eu 
wild type and mutant. The ribozymes (bold letters) are shown com- 
plexed to their target sequences. The cleavage sites are indicated by 
arrows. 

3. Results 

3.1. Design of  ribozymes 
To investigate the influence of target R N A  structure on the 

efficiency of a ribozyme catalyzed cleavage reaction, the wild- 
type (Sw) and the mutant  form (Sin) of the pre-tRNA~ eu of 
yeast were chosen as targets (Fig. 1). In the mutant  tRNA the 
substitution of three bases (GCC at positions 10,11,12 with 
AAA) prevents the formation of the D stem (Fig. 1), which is 
expected to further disrupt tertiary interactions in the tRNA 
[21]. Both tRNAs contain the potential cleavage site G U C  
(Fig. 1). 

We designed two hammerhead ribozymes which should be 
able to cleave the two pre-tRNAs at the same site, one 
specific for the wild type (Rw) and the other one specific 
for the mutan t  (Rm) (Fig. 2). Furthermore,  in order to ex- 
plore how nucleotides involved in substrate binding affect 
cleavage, we used the wild-type ribozyme to cleave the mu- 
tant pre- tRNA and the mutan t  ribozyme to cleave the wild- 
type pre- tRNA (Fig. 2). Both ribozymes cleaved the specific 
pre- tRNA (Sw-Rw and Sm-Rm) at the target site, 3' to nu- 
cleotide 20, yielding two products of 20 and 97 nucleotides. 
Moreover, the other two combinations were also functional:  
Rw cleaves Sm and Rm cleaves Sw, both at the expected sites 
(Fig. 3). 

3.2. Temperature dependence of  cleavage reactions. 
To evaluate the temperature dependence of the four cleav- 

age reactions, a series of time courses were performed using 
3:1 molar ratios of S :R at temperatures ranging from 25°C to 
60°C (Fig. 4). 

At the different temperatures the rates of cleavage varied 
substantially among the four combinations. The reactions 
showed the expected temperature dependence considering 
R N A  base pairing possibilities, the cleavage rate increasing 
with temperature. Cleavage of Sm was generally faster than 
that of  Sw. At 60°C, the wild-type and the mutan t  pre- tRNA 
were cleaved with similar efficiency, consistent with melting of 
the pre- tRNA structure. At temperatures above 40°C, the 
cleavage of Sw by Rm was faster than its cleavage by Rw. 
In contrast, at lower temperatures, Sw is cleaved slightly more 
efficiently by Rw than by Rm. For  the other substrate Sm, it 
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Table 1 
Thermodynamic parameters of hammerhead cleavage at 50°C 

187 

Sw-Rw Sw-Rm Sm-Rw Sm-Rm 

E, (kcal/mol) 18 23 19 21 
At, "~ (kcal/mol) 20.8 20.6 20.2 19.7 
AtH b (kcal/mol) 17 22 18 20 
A5 ~c (eu) --11 5 --6 0 

~Af~ was calculated from the relationship: AG ~ =-RTln(kob~h/k~T), where h is Planck's constant, k~ is Boltzmann's constant, and kob~ is the 
rale constant of cleavage at T= 323 K. 
b A t/* was calculated from the relationship: A/fi = E~-RT. 
~A ~ was calculated from the relationship: AG ~ = A/fi-TASk; eu: cal/mol per K. 

is cleaved better by Rm than by Rw at all the temperatures 
an alyzed. 

~n Arrhenius plot for each reaction was drawn from the 
tir~te course data (Fig. 5). The reaction rates showed a linear 
temperature dependence, no change in the slope of the plot 
being recognized; the slope of the line gives similar values of 
activation energies for the four different reactions, around 20 
kcd/mol (Table 1), with the highest value being that of Sw- 
R~o (23 kcal/mol). These values are close to those reported 
previously for the hammerhead cleavage reactions 
[11,15,28,29]. The values of the Arrhenius energies (E~) permit 
caiculation of the thermodynamic activation values, describ- 
inr. the difference in energy levels of reactants and the transi- 
tion state (Table 1). 

3... Steady-state kinetics 
~leavage rates were measured during the first few turnovers 

to help identify which step in the reaction was rate determin- 
ing and to define conditions appropriate for steady-state 
mtasurements (Fig. 6). A lag in the initial turnover could 

indicate a requirement for a slow conformational change 
upon substrate binding before the accumulation of an active 
substrate-ribozyme complex, whereas a rapid initial turnover 
suggests that product dissociation was the rate determining 
step. In these reactions, no rate inflections were observed dur- 
ing the approach to steady-state. 

Steady-state cleavage velocities were measured for each re- 
action at several substrate concentrations varying from 0.05 
~tM to 5 ~tM, while the concentration of ribozyme remained 
constant at 0.025/,tM. 

The reactions follow Michaelis-Menten type kinetics with 
initial velocities being dependent upon substrate concentration 
at a constant ribozyme concentration. The results of this type 
of experiment are shown in an Eadie-Hofstee plot (Fig. 7). 
The Michaelis-Menten parameters for each type of substrate- 
ribozyme reaction are listed in Table 2. The kc~t values are 
nearly the same in all 4 cases, while Km values differ by a 
factor of 3 among the different type of reactions, the highest 
Km being that of Sw-Rw. These results were reproducible in 
repeated experiments using different preparations of RNAs. 

Sw Sw Sw Sm Sm Sm 
Rw Rm Rw Rm 

s 

Pl 

P2 

Fig 3. Denaturing polyacrylamide gel electrophoresis of cleavage 
reactions. Lanes: 1, Sw without ribozyme; 2, Sw-Rw; 3, Sw-Rm; 
4, Sm without ribozyme; 5, Sm-Rw; 6, Sm-Rm. Concentrations of 
substrates and ribozymes were 0.2 and 0.066 I.tM, respectively. All 
reactions where incubated at 50°C for 1 h. S, substrate (117 nucleo- 
tides); P1, 3' cleavage fragment (97 nucleotides); P2, 5' cleavage 
fragment (20 nucleotides). 
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Fig. 4. Time courses of cleavage. The fraction of substrate con- 
verted to products at various times is shown for Sw-Rw (e), Sw- 
Rm (©), Sm-Rw ([]), Sm-Rm (l), in reactions containing 0.2 taM 
substrate and 0.066 ~tM ribozyme, at temperatures varying between 
60°C and 25°C. 
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Table 2 
Michaelis-Menten parameters for ribozyme cleavage 

Km (I.tM) kcat (min -1) kcat/Km 

Sw-Rw 2.9 1.30 0.45 
Sw-Rm 2.0 1.20 0.58 
Sm-Rw 1.9 1.23 0.65 
Sm-Rm 0.9 1.04 1.14 

Conditions: 50°C, 0.5-5 laM substrate, 0.025 txM ribozyme, pH 8.0, 
10 mM MgC12. 

4. Discussion 

Ribozymes provide an interesting alternative to antisense 
oligonucleotides as antiviral agents and, in general, as inhibi- 
tors of the expression of specific genes [16-19]. However, sev- 
eral problems have to be solved in order to target a ribozyme 
successfully against an RNA sequence. For both exogenous 
and endogenous delivery, the problem of choosing a suitable 
target site exists. Since the conformations of RNA molecules 
are largely stabilized by double-stranded helical regions, it is 
to be expected that not all potential target sites are equally 
accessible for ribozyme mediated cleavage. For example, sec- 
ondary structures, such as a preexisting intramolecular RNA 
duplex, may preclude access of a ribozyme to its target, or if 
the ribozyme does hybridize with the target, alternative ter- 
tiary structures may form that are more favoured than the 
hammerhead motif [30]. 

To examine these problems, here we compare the ribozyme 
mediated cleavage reactions of pre-tRNA~ eu wild-type and a 
structurally altered mutant form (Fig. 1); moreover, to ana- 
lyze the influence of three mismatches in the helix III on 
cleavage, we use the mutant ribozyme to cleave the wild- 
type substrate (Sw-Rm) and the wild-type ribozyme to cleave 
the mutant substrate (Sm-Rw) (Fig. 2). 

Comparison of the steady-state kinetics of the four different 
reactions indicates that the differences in catalytic efficiency 
are due entirely to differences in gm values while the kcat 
values are not affected (Table 2). Thus, the formation of the 
ribozyme-substrate complex, but not the chemical cleavage 
step, is affected by these changes. The variation in Km values 
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among the different substrate-ribozyme reactions may result 
from the propensity of substrate sequences to form structures 
that are incompatible with hammerhead assembly. If  these 
structures can equilibrate with cleavable structures during 
the course of the reaction, high concentrations of substrate 
will be required to drive complex formation, resulting in a 
correspondingly high Km for the reaction. For these reasons, 
the Km values of the pre-tRNA substrates are greater than 
those reported by others [15,20,31-33], who utilized shorter 
substrates, however, the kcat values are quite similar. 

The cleavage reaction Rw-Sw is less efficient than Sm-Rm: 
it has 3-fold higher Km and lower rate of cleavage at all 
temperatures analyzed (Fig. 4). The mutant substrate contains 
an open D stem, thus the hybridization between substrate and 
ribozyme is easier. 

Furthermore, this mutation can also alter the tertiary struc- 
ture of mutant pre-tRNA [21], enhancing the cleavage reac- 
tions. These results indicate that the structure of the substrate 
can limit ribozyme efficiency, presumably by hindering the 
hybridization step [20,34-36]. 

The analysis of the temperature dependence of cleavage 
reactions shows that the cleavage efficiency increases with in- 
creasing temperature for both Sw and Sm, with Sm being 
more efficiently cleaved by both ribozymes at all temperatures 
(Fig. 4). The more efficient cleavage at higher temperatures 
could result from the shifting of the equilibrium between the 
substrate structures incompatible with hammerhead cleavage 
and the active conformations, as well as affecting the dissocia- 
tion and reannealing of substrate and ribozyme molecules. 

An Arrhenius plot for each reaction was drawn from the 
temperature dependence of the cleavage (Fig. 5). The Arrhe- 
nius plot may be non-linear if different steps become the rate- 
limiting step at different temperatures. Since no change in the 
slope of the plots was recognized, the rate-determining step 
seems to be the same for all temperatures [29]. From the 
Arrhenius plot, the activation energy, enthalpy and entropy 
changes required to reach the transition state were calculated 
(Table 1). The enthalpy of activation (AH*) for the Sw-Rw 
reaction (17 kcal/mol) is lower than that of the Sm-Rm reac- 
tion (20 kcal/mol), but there is no entropy change (AS*) for 
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Fig. 5. Arrhenius plots of the cleavage reactions. The logarithm of 
the second-order rate constant of cleavage (K mM -1 min-1), is 
plotted versus the temperature (l/T>(10-3), for Sw-Rw (O), Sw-Rm 
(©), Sm-Rw ([]), Sm-Rm (11). 
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Sm-Rm (I). Ribozyme concentration was 0.025 IxM; reactions were 
performed at 50°C. (B) Eadie-Hofstee plots of the data. 

th,~" Sm-Rm reaction while the AS ¢ value for the Sw-Rw reac- 
tions (-11 eu) is considerably more unfavourable. The reac- 
ticn Sw-Rm has the largest value of enthalpy of activation (22 
kcal/mol), but this value is compensated by a positive value of 
A, '¢ (5 eu). 

Fhe overall ribozyme efficiency is likely to depend on both 
the length and base composition of the sequence that hybrid- 
izes with the target sequence in the substrate. Optimal effi- 
ciency will be provided with any complementary sequence 
long enough to allow formation of a sufficiently stable en- 
zyme/substrate complex, but short enough to allow a high 
ram of product release. To estimate the importance of these 
tg o parameters, we have used the mutant ribozyme to cleave 
the wild-type substrate (Sw-Rm) and the wild-type ribozyme 
to cleave the mutant substrate (Sm-Rw) (Fig. 2). The presence 
of three mismatches in helix III of the Sw-Rm combination 
increases ribozyme efficiency compared with the Sw-Rw reac- 
tion, at temperatures above 40°C, probably caused by pro- 
moting ribozyme turnover. Instead, at lower temperatures, 
the Sw-Rm reaction is less efficient than Sw-Rw; in this 
case the greater affinity between ribozyme and substrate could 
enhance the cleavage reaction. In contrast, for the mutant pre- 

tRNA, the presence of three mismatches in the helix III (Sm- 
Rw), makes the cleavage reaction less efficient compared with 
the reaction between Sm-Rm at all the temperatures analyzed. 
One can postulate the absence of mismatches increase the 
affinity between ribozyme and substrate and since AU base- 
pairs are less stable than CG base-pairs which are present in 
the Sw-Rw, this combination would allow greater ribozyme 
turnover. 

In summary, these studies show that with a large RNA 
target, the substrate-ribozyme binding seems to be the crucial 
step, the difference in accessibility at the same site of substrate 
with different structure and the importance of length and 
nucleotide sequence of the ribozyme-substrate hybridizing re- 
gion. 
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