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We prepared a series of shape variants of a pre-tRNA and examined substrate shape
recognition by bacterial RNase P ribozyme and holoenzyme. Cleavage site analysis
revealed two new subsites for accepting the T-arm and the bottom half of pre-tRNA
in the substrate-binding site of the enzyme. These two subsites take part in cleavage
site selection of substrate by the enzyme: the cleavage site is not always selected
according to the relative position of the 30-CCA sequence of the substrate. Kinetic
studies indicated that the substrate shape is recognized mainly in the transition
state of the reaction, and neither the shape nor position of either the T-arm or the
bottom half of the substrate affected the Michaelis complex formation. These results
strongly suggest that the 50 and 30 termini of a substrate are trapped by the enzyme
first, then the position and the shape of the T-arm and the bottom half are examined
by the cognate subsites. From these facts, we propose a new substrate recognition
model that can explain many experimental facts that have been seen as enigmatic.

Key words: C5 protein, M1 RNA, ribozyme, RNase P, subsite.
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Since the discovery of catalytic RNA, many researchers
have devoted themselves to studies of RNA enzymes,
or ribozymes. Ribonuclease P (RNase P) is a natural
ribonucleoprotein enzyme, containing an RNA subunit
and a protein subunit. It processes the 50-leader sequence
of a pre-tRNA molecule to produce a tRNA (1). Yet
researchers have struggled to reveal how the ribozyme
recognizes and cleaves the pre-tRNA substrate.

Bacterial enzymes derived from Escherichia coli and
Bacillus subtilis are the usual focus of study. Early
studies reported the computer-modelled structure of the
RNA subunit, the essential catalytic magnesium-ion-
binding site, the major substrate accepting site that
accepts the common CCA-30 tag sequence of pre-tRNAs,
and certain roles of the protein subunit.

Computer-modelled secondary and tertiary structures
of the RNA subunit (2–4) have been confirmed experi-
mentally by mutational analyses, modification analyses,
cross-linking studies, and NMR and X-ray partial struc-
tural studies (5–7). These studies revealed a large cleft on
the surface of the RNA subunit which seems to contact the
top-half of a pre-tRNA molecule, and is thought to play an
important role in accepting the substrate. The results also
showed that the RNA subunit comprises many local small
domains, most of which are conserved across species.

An essential Mg2+-binding site occurs on and around
the P4 and J3/4 domains (8–11). The conformation of
these domains is important for efficient catalysis;
the neighbouring P2 and P3 domains take part in

stabilizing the conformation of the catalytic centre
(12–15). Additional metal-binding sites are found on the
same domains, but their role is still unclear.

In the first substrate recognition model, Kirsebom and
Svard (16) showed that the L15/16 domain of E. coli
ribozyme provides the accepter for the 30-CCA tag
sequence of a pre-tRNA substrate, and that the 30-CCA
sequence plays a dominant role in cleavage site selection
(17). They also showed that the interaction between the
30-end region of a pre-tRNA and the L15/16 domain of
the enzyme affects the release step of the reaction (18).
Beebe et al. (19) showed that the 30-CCA sequence of a pre-
tRNA also takes part in catalytic centre formation by
interacting with the catalytic Mg2+ ion. Lazard and other
researchers showed that the bases of the 50-leader region
adjacent to the cleavage site affect the cleavage efficiency
of the substrate (20–24). These results demonstrate
the importance of both the 50-leader sequence and the
30-NCCA tag sequence of a substrate in recognition by the
enzyme. On the other hand, cross-linking studies showed
the interaction of the surface of the enzyme with the T-arm
(25–27), the D-arm (28) and the top half of the pre-tRNA
(29). Many researchers have accepted that the interac-
tions at the 50 and 30 termini are major determinants of
substrate recognition and that interactions at other sites
are minor. The cleavage site selection model by Kirsebom
and Svard should be right, but there are still many
exceptions that cannot be explained with their model.
Something important, we suppose, has been disregarded in
the understanding of substrate recognition by this enzyme.

The role of the protein subunit in substrate shape
recognition is complicated and has therefore been seen as
an enigma. The bacterial ribozyme comprises an RNA
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subunit and a small protein subunit (30). Structural and
cross-linking studies showed that the protein subunit sits
on the surface of the RNA subunit to contact the
50-leader region of a pre-tRNA (31–34); this protein
accepts the 50-leader region of the substrate, counter-
vailing the surface charge between the enzyme and the
substrate (35–37). As the above studies show, the protein
subunit promotes the enzymatic activity of the ribozyme.
However, when we compare the substrate shape specifi-
cities of the ribozyme and holoenzyme, the role of the
protein subunit is hard to understand. The shape
specificity of the ribozyme is always broadened in the
presence of the protein subunit (38–41). Interestingly,
the broadened shape specificity of the holoenzyme is
altered to be narrower of the ribozyme-type in the
presence of the 30S subunit of the ribosome (42). On
the other hand, another cross-linking study showed that
the protein subunit contacts the P12 domain of the RNA
subunit on the opposite side of the substrate-binding site
in the computer-modelled structure (43). These data sug-
gest that the protein subunit of the RNase P takes part
in substrate recognition through interaction with the
flexible region of the ribozyme. To date, the flexible
region of the ribozyme has been thought to be the
specificity (S-) domain, which includes the P12 domain
(44). But the substrate recognition mechanism remains
unclear.

Therefore, we focused on the substrate shape specific-
ity of this ribozyme. In a previous study, we prepared a
series of bottom-half variant pre-tRNAs and showed that
both the RNase P ribozyme and the holoenzyme
demonstrate strict shape specificity towards these
RNAs, but the holoenzyme cannot distinguish a pre-
tRNA from a hairpin RNA mimicking the top half of a
pre-tRNA (45). The results indicate that the bottom half
takes part in substrate recognition by the ribozyme,
suggesting the presence of a subsite for recognition of
this part of a pre-tRNA. For further analysis, we
prepared and examined other types of shape-variant
pre-tRNAs in this study.

MATERIALS AND METHODS

Preparations of RNAs and Protein—The gene encoding
every pre-tRNA variant was chemically synthesized and
cloned into a commercial vector (pGEM-3Z, Promega) as
described (45). The pre-tRNA variants were prepared
in vitro and were labelled at the 50-end with [g-32P]ATP
and polynucleotide kinase for cleavage site analysis, or
were internally labelled with [a-32P]UTP for kinetic
analyses as described (45). The E. coli RNase P ribozyme
subunit was prepared in vitro from a pGEM-3Z-derived
plasmid, and the protein subunit was prepared from
E. coli BL21(DE3) cells harbouring a pET3a-derived
plasmid that encodes the gene for the protein, as
described (38). Holoenzyme was reconstituted from the
ribozyme and protein subunits.

The secondary structure of each RNA was examined
with ribonucleases V1 and S1 (Pierce) using 30-end
labelled RNA, as described (46).

Cleavage Site Analysis and Kinetic Analysis—We
examined the cleavage site and the cleavage efficiency

of these RNAs by using the ribozyme and holoenzyme.
Reactions were done under standard conditions (1.4 nM
pre-tRNA variant, 50 nM ribozyme + 50 nM protein sub-
unit, 50 mM Tris–HCl, 5 or 10 mM MgCl2 for ribozyme
reactions and 2.5 mM for holoenzyme reactions, 100 mM
NH4Cl, 5% [w/v] polyethylene glycol-6000; 378C, pH 7.6,
90 min, 30 ml) (45). The reactions were stopped by the
addition of EDTA solution to a final concentration of
20 mM. The products were developed in 20% polyacryla-
mide by PAGE, and were quantitatively analyzed.

For the kinetic analyses, the enzymatic activities were
measured at 378C, pH 7.6 (50 mM Tris–HCl, 100 mM
NH4Cl, 5% [w/v] polyethylene glycol-6000). For ribozyme
reactions, 30 ml of reaction mixture additionally contained
5 or 10 mM MgCl2, 4–500 nM each substrate, and 2, 5 or
10 nM ribozyme. For holoenzyme reactions, 25 ml
of reaction mixture additionally contained 2 mM MgCl2,
4–500 nM each substrate, and 2, 10 or 40 nM recon-
stituted holoenzyme. Each RNA was preincubated for
2 min at 758C, and then was refolded at 378C. The
reactions were stopped by the addition of EDTA solution
to give a final concentration of 20 mM. After development
in 20% polyacrylamide containing 8 M urea by PAGE, the
radioactivities of the bands were analysed with a BAS-
1800 phosphor imager (Fujifilm). The cleavage velocity of
the substrate RNA was calculated from the initial
cleavage rate of the substrate by multiple turnover
kinetics. The kinetic parameters were determined from
the standard Michaelis–Menten equation.

RESULTS AND DISCUSSION

Cleavage Site Analysis of Shape Variants of a Pre-
tRNA—We prepared two series of shape variants for this
study: T-stem length-variant RNAs and acceptor-stem
length-variant RNAs (Fig. 1). Seven acceptor-stem length
variant RNAs—A4, A5, A6, A7 (wild-type), A8, A9 and
A10 (the number denotes the length of the acceptor-
stem)—have a common sequence except in the 30-end
strand by engineering of a pre-tRNAVal (Fig. 1B). Four
T-stem length-variant RNAs—T4, T5 (wild-type), T6 and
T7 (the number denotes the length of the T-stem)—have
a common RNA sequence except in the length of the
T-stem by insertion or removal of C–G or G–C base pairs
(Fig. 1C). The secondary structure of these variant RNAs
was examined with ribonucleases V1 and S1: e.g. the
result of A5 variant was shown with that of wild-type
pre-tRNA (Fig. 2). The secondary structure of each, at
least of the top-half part, was the same cloverleaf shape
as the wild-type pre-tRNA. The cleavage reactions of
these variant RNAs were examined by both RNase P
ribozyme and holoenzyme. The products were developed
on 20% PAGE. The results of the ribozyme reactions at
5 mM Mg2+ are shown in Fig. 3A and B, and those of the
ribozyme reactions at 10 mM Mg2+ and of the holoenzyme
reactions at 2.5 mM Mg2+ are summarized in Fig. 3C.

Efficient cleavage of A7 (wild-type) and A8 RNAs
occurred at the same cleavage site, between N–1 and N+1

(Fig. 3A). The cleavage of A9 was less efficient, and that
of A4, A5 and A6 was faint. The cleft product of A10 was
not detected. The cleavage efficiency of A4, A5, A6 and
A10 was raised in the presence of a higher concentration
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of Mg2+ or in the presence of the protein subunit
(Fig. 3C). The cleavage site of the substrate was not
affected by the addition of higher amount of Mg2+ or the
protein subunit. The results indicate that the ribozyme
preferred the wild-type pre-tRNA (A7) at low Mg2+. The
substrate preference of the ribozyme at 10 mM Mg2+ and
the preference of the holoenzyme at 2.5 mM Mg2+ were
not clear, because A7, A8 and A9 were efficiently
hydrolyzed. Both the ribozyme and the holoenzyme
prefer longer acceptor-stem RNAs to shorter.

Efficient cleavage of T5 (wild-type) and T6 RNAs
occurred at the same cleavage site, between N–1 and
N+1 (Fig. 3B). The cleavage of T4 and T7 was detected at
the same site but was faint. The efficiency of cleavage of
T4 and T7 by the ribozyme at 10 mM Mg2+ and by the
holoenzyme at 2.5 mM Mg2+ remained low (Fig. 3C). The
cleavage site was not affected by the addition of higher

amount of Mg2+ or the protein subunit. The results
indicate that both the ribozyme and the holoenzyme
prefer the wild-type pre-tRNA (T5) under the conditions
examined, and that both prefer longer T-stem RNAs to
shorter.

To confirm the cleavage site of RNAs, the detailed
analysis was done. For example, the results of A5, A9, of
which the cleavage site is of focus, and wild-type RNAs
were shown in Fig. 4. We have confirmed the cleaved site
of variant RNAs was same with the wild-type pre-tRNA,
between N�1 and N+1. The results also showed the
presence of the protein component and the presence of
high concentration of magnesium ions did not affect the
cleavage site selection.

The above results indicate that both the holoenzyme
and the ribozyme had strict substrate shape preference
when a tRNA-like shape-variant RNA was presented.
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Fig. 1. Summary of known RNase P RNA-pre-tRNA inter-
actions and partial secondary structures of pre-tRNA
variant RNAs used in this study. (A) A pre-tRNAVal is
shown with the L15/16 loop of E. coli RNase P NA. Highlighted
nucleotides mark the sites for Watson–Crick base pair bonding
(24, 34). The putative interaction site of the P protein to the
50-leader region of a pre-tRNA is also shown (32). (B) Partial
secondary structures of the accepter-stem variant RNAs. Arrows
indicate the cleavage site by the ribozyme and the holoenzyme

(see RESULTS). The variant RNA ‘A7’ corresponds to the wild-
type pre-tRNA. The ‘A4’, ‘A5’ and ‘A6’ RNAs lack A70A71C72,
A71C72 and C72, respectively. The ‘A8’, ‘A9’ and ‘A10’ RNAs have
additional A, AU and AUC base(s) between C72 and A73,
respectively. (C) Partial secondary structures of the T-stem
variant RNAs. The variant ‘T5’ corresponds to the wild-type
pre-tRNA. The ‘T4’ RNA lacks the C61–G53 base pair. The ‘T6’
and ‘T7’ RNAs have additional one and two C–G base pair(s),
respectively.
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The holoenzyme distinguished a pre-tRNA from other
tRNA-like RNAs, even though it cannot distinguish a
pre-tRNA from a hairpin RNA. Interestingly, the results
of the acceptor-stem variant indicated that the cleavage
site selection of the substrate did not obey the rule
demonstrated by Kirsebom and Svard: the cleavage site
of every RNA was between N–1 and N+1, being indepen-
dent of the position of the 30-CCA sequence of the
substrate.

Subsites for Recognition of the T-Arm and the Bottom
Half of a Pre-tRNA—Our results indicate that the
cleavage site of the pre-tRNA is not always determined
by the position of the 30-CCA sequence of the substrate
RNA. Both the T-arm and the bottom half of the pre-
tRNA played an important role in the cleavage reaction

and affected the cleavage efficiency (see Fig. 3 and ref.
45). Efficient cleavage occurred only when these parts of
the substrate were present in the correct positions. These
facts mean that the RNase P ribozyme and the
holoenzyme interact with the T-arm and the bottom
half independently in the reaction, meaning there are
two subsites in the substrate-binding site of the enzyme
(Fig. 5A).

Our subsite model includes a major cleft, of about 12
base pairs’ length, on the surface of the substrate-binding
site, which is probably shown in the computer-modelled
tertiary structure. The major cleft is large enough to
accept the hairpin of the top half of a pre-tRNA, but not
the whole T-arm and the bottom half. The T-arm site
should be a pocket at the end of the major cleft.
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Fig. 2. Secondary structure analysis on variant RNAs. The
results of wild-type pre-tRNA (top) and A5 variant RNA (bottom)
were shown. The putative secondary structure of the RNA was
shown in cloverleaf shape (left). The closed and open arrows
represent the cleaved sites by RNase V1 and S1, respectively.

The results of PAGE analysis were also shown (right). ‘S1’, ‘V1’
and ‘T1’ represent the products treated with RNase S1, V1 and
T1, respectively. ‘OH�’ represents the partially alkaline hydro-
lyzed products. Numbers on the right-hand of the photo represent
the base position.
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The bottom-half site should be a narrow cleft near the
T-arm site (Fig. 5A, left). When a canonical L-shape
pre-tRNA is bound to the substrate-binding site, the 50

and 30 termini of the pre-tRNA are trapped on the
50-leader and the CCA sites, respectively, and both the

T-arm and part of the bottom half (probably the D-arm)
are bound to the T-arm and the bottom-half sites,
respectively (Fig. 5A, right). The anticodon-arm of
the substrate faces away from the substrate-binding
site and does not take part in substrate specificity.
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Fig. 3. PAGE analysis for cleavage site and efficiency
of shape variant RNAs of pre-tRNA by ribozyme. (A)
Results of accepter-stem length variant RNAs. (B) Results of
T-stem length variant RNAs. ‘+’ and ‘�’ represent the reaction in
the presence and absence of the ribozyme, respectively.
Reactions were done under the standard ribozyme reaction

conditions at the concentration of 5 mM magnesium ions.
(C) Summary of apparent cleavage efficiency of the shape variant
RNAs by the ribozyme at 5 and 10 mM magnesium ion
concentrations and by the holoenzyme at 2.5 mM magnesium
ion concentrations.
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The interactions between the T-arm and its cognate site
and between the bottom half and its cognate site stabilize
the reaction intermediate (probably the transition state;
discussed later) or provide positive binding energy for the
occurrence of the reaction.

Once the presence of these subsites is assumed, the
cleavage site selection by the enzyme is easily explained
(Fig. 5B). When a pre-tRNA in a canonical shape comes
into the substrate-binding site, each of its four parts—the
30-CCA, the 50-leader sequence, the T-arm and the bottom
half—is bound to the cognate subsite, and the interac-
tions provide the positive binding energy for the enzy-
matic reaction. When a bottom-half variant RNA comes
to the enzyme, the top half of the substrate is first
trapped by three sites—the CCA site, the 50-leader site,
and the T-arm site—and the position of the bottom half
is examined later. If the bottom half of the RNA is in the
correct position, this part is accepted by the bottom-half
site of the ribozyme and the reaction occurs. But if the
bottom half is in the wrong position, the essential
interactions at the bottom half are deficient, and the
presence of this bulky part on the substrate-binding cleft
perturbs or inhibits the enzyme reaction. The negative
binding energy comes from the interactions of the bulky
bottom half in the wrong position and the substrate-
binding cleft of the enzyme is, we suppose, very high and
cannot be compensated for by the presence of a high
concentration of Mg2+ or the protein subunit.

The recognition of the T-stem variants is similar to
that of the bottom-half variants. When the T-stem
variant RNA comes to the enzyme, the RNA is first
trapped by three sites—the CCA site, the 50-leader site
and the bottom-half site—and the shape of the T-arm
is examined later. When the T-stem of the RNA is
shorter or longer, the interactions at the T-arm site are

deficient, and the presence of this bulky T-arm on the
substrate-binding cleft perturbs or inhibits the enzyme
reaction. The interactions at both the bottom half and
the T-arm are essential for the occurrence of the
ribozyme reaction at a low concentration of Mg2+. The
interactions at these subsites determine the site of
substrate cleavage by the enzyme. When an acceptor-
stem variant comes to the enzyme, the RNA is trapped
by three subsites—the 50-leader site, the bottom-half site
and the T-arm site—and the position of the CCA
sequence is examined later. If the position of the
30-CCA of a substrate is acceptable, the substrate is
cleft by the enzyme at the usual position between N–1

and N+1, neglecting the position of the 30-CCA sequence.
Our model can explain the substrate shape specificity

observed. For the occurrence of the ribozyme reaction at
low Mg2+ concentration, the interactions at both the
bottom half and the T-arm are essential. When a hairpin
RNA mimicking the top half of a pre-tRNA comes to the
substrate-binding site of the ribozyme, this RNA is able
to fit into the large cleft because it has no bulky extra
part with it (39). The interactions at the CCA site, the
50-leader site, and the T-arm site occur, but they are not
enough for the occurrence of the enzyme reaction because
the essential interaction at the bottom half is deficient.
The presence of a high concentration of Mg2+ or the
protein subunit can compensate for the interactions at
the bottom half (the role of these cofactors in substrate
recognition is discussed later). Our results appear to
contradict those of Kirsebom and Svard, who held that
the position of the 30-CCA determines the site of cleavage
by the enzyme. There are many exceptions to the model
of the determination of the cleavage site by the 30-CCA
sequence. For example, E. coli and B. subtilis ribozymes
cleave a hairpin RNA derived from fly pre-tRNAi
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Fig. 4. Detailed cleavage site analysis of RNAs. The results
of A5 (left), wild-type (centre) and A9 (right) RNAs were shown.
50-end labelled RNA was used as a substrate. The results of
Fig. 3C were used. The contrast of the photograph was tuned to
visualize all products including spontaneously hydrolyzed prod-
ucts which are otherwise invisible. ‘-enz’, ‘OH�’ and ‘T1’ represent
the product in the absence of ribozyme, the partially alkaline

hydrolyzed ladder marker, and the ribonuclease T1-treated
products, respectively. The base positions are shown on the
right-hand side of the photo. The reactions were done by
ribozyme at 5 or 10 mM magnesium ion concentrations, or by
reconstituted holoenzyme at 2.5 or 5 mM magnesium ion
concentrations. The arrow on the left-hand of the photo shows
the position of the 50-leader product.
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N–1–N+1, N+1–N+2 and N+2–N+3, one derived from human
pre-tRNATyr at N–2–N–1 and N–1–N+1, and one derived
from human pre-tRNA3

Lys at N–2–N–1, N+1–N+2 and N+3–
N+4 (the numbering indicates the position relative to the
30-NCCA in the hairpin form) (46, 47). We have also
shown that the cleavage site of a hairpin RNA from the
human pre-tRNATyr shifts from N–2–N–1 to N–1–N+1 as
the concentration of Mg2+ increases (47). These results
indicate that the cleavage site selection does not always

depend on the position of the 30-CCA sequence of the
pre-tRNA: it is affected also by the concentration of Mg2+

and by the shape of the substrate. Here, we claim that
the interactions at both the bottom half and the T-arm
outweigh the interaction at the CCA site in determining
the enzyme reaction. When an RNA with a bottom half
and a T-arm of the correct shapes comes into the
substrate-binding cleft, the interactions at both subsites
settle the substrate to a certain position and determine

bottom-half site

T-arm site

"CCA"site

5′-leader site

5′

3′

A

5′

3′

5′

3′

5′

3′

5′

3′

5′

3′

5′

3′

cleavage
site

5′

3′

cleavage
site

cleavage
site

5′

3′

5′

3′

B bottom-half variant T-stem variant acceptor-stem variant

variant
(inactive)

wild-type

variant
(inactive)

Fig. 5. Schematic representation of subsites of RNase P
RNA. (A) Subsites are shown with (right) and without (left) a
pre-tRNA substrate. The whole ribozyme subunit is shown as an
oval (grey), and the walls of the subsites for the bottom-half part
and the T-arm are shown as solid line and curves with hatched
lines. The CCA site and the 50-leader site represent the accepter
of the 30-NCCA terminus and the 50-leader region of a substrate,
respectively, as shown in Fig. 1. The T-arm and the bottom-half
sites locate on the opposite side of the CCA and 50-leader sites of
the major substrate binding cleft. The bottom-half site should be
a narrow cleft, which accepts the part of the bottom half
(probably around the D-arm) of a pre-tRNA. (B) Schematic
representation for cleavage site selection. Three series of shape
variant RNAs are summarized with the subsites (open circle or
solid curve and line): the bottom-half part-shifting variant RNAs
(left), the T-stem length variant RNAs (centre), and the accepter-
stem length variant RNAs (right). The results of bottom-half
part-shifting variant RNAs are from the previous report (45);
other results were done in this study. The cleavage site by the

enzyme was shown with the common constant region (grey) and
the engineered region (black) of the RNA. In case of the bottom-
half variant RNAs, the 50 and 30 termini and the T-arm of the
RNA (grey) take part in cleavage site selection, and the position
of the bottom-half (black) determines the cleavage efficiency (left).
If the position of the bottom half is acceptable by the cognate
subsite, the cleavage reaction occurs but at low efficiency. In case
of the T-stem variant RNAs, the 50 and 30 termini and the bottom
half of the RNA (grey) take part in cleavage site selection, and
the position of the T-arm (black) determines the cleavage
efficiency (centre). If the engineered T-arm is acceptable by the
cognate subsite, the cleavage reaction occurs but at low
efficiency. And, in case of the accepter-stem variant RNAs, the
50 terminus, the T-arm and the bottom half (grey) take part in the
cleavage site selection, and the position of the 30-CCA (black)
determines the cleavage efficiency (right). If the position of the 3’-
CCA is able to form the active centre, the cleavage reaction
occurs but at low efficiency.
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the cleavage site first, and the catalytic centre cleaves
the bond later if the 30-CCA is successfully positioned to
form the catalytic core.

As seen above, our subsite model is consistent with all
experimental results but should be modified to explain
the role the protein subunit and additional higher
amount of Mg2+ ions. To understand in detail how the
enzyme recognizes the substrate, we performed kinetic
analyses of the shape-variant RNAs.

Kinetic Analyses of Shape Variant RNAs—We deter-
mined the kinetic parameters of the shape-variant RNAs
by standard multiple-turnover Michaelis–Menten
kinetics to analyse how and when the enzyme recognizes
the substrate shape. We prepared internally labelled
RNAs, and the reaction products were developed on 20%
PAGE and the kinetic parameters were calculated from
the intensity of cleaved products. The results are
summarized in Tables 1 and 2. We did ribozyme
reactions at 5 or 10 mM Mg2+ and holoenzyme reactions
at 2 mM Mg2+. The addition of the protein subunit and of
Mg2+ to the ribozyme tended to raise the cleavage
efficiency by raising the affinity between the enzyme
and the substrate or by raising the hydrolysis rate of the
substrate. The substrate shape preference appears con-
sistent with the results shown in Fig. 2: the ribozyme
and the holoenzyme prefer the wild-type pre-tRNA, and
prefer longer acceptor-stems and T-stems to shorter.

Comparison of the kinetic parameters indicated that
the difference in substrate shape affected mainly the
magnitude of the kcat values, not that of the KM values.
This tendency was also observed in the results of the
bottom-half variant RNAs, as reported previously (45).
The transition state theory says that the magnitude of
the KM value correlates to the binding energy of the

enzyme and the substrate in forming the Michaelis
complex, and the magnitude of the kcat value corresponds
to the activation energy of the substrate–enzyme complex
from the non-transition state to the transition state
(please note that we took ‘Michaelis-complex’ as
substrate-enzyme complex in ‘non-transition state’ in
this article) (48). We summarized the results of kinetic
analyses as a simple model of substrate recognition
below.

Substrate Recognition Model—The substrate recogni-
tion model is shown in Fig. 6. According to the transition
state theory as explained above, the difference in shape,
the length of the top-half and the position of the bottom
half, had little or no effect on the Michaelis complex (ES)
formation, and the substrate shape affected mainly the
activation of the substrate–enzyme complex from the
Michaelis complex (ES) to the transition state (ESz). This
means that on the acceptance of the substrate RNA onto
the enzyme, in the Michaelis complex formation step the
length of the top-half and the position of the bottom half
are neglected first, and the bottom half and T-arm
subsites do not take part in substrate acceptance. The
remaining two subsites—the CCA site and the 50-leader
site—we suppose play an important role in this step. The
energy of binding between the partial structure of the
substrate and the cognate subsite of the enzyme helps to
stabilize the following transition-state conformation. In
this step, the bottom half and the T-arm take part in
substrate shape recognition. After cleavage of the
50-leader sequence, the interactions at the 50-leader site
become deficient, and the enzyme–product complex (EP1)
returns to the non-transition-state conformation. In this
step, the interactions at the CCA site temporally remain
(18). The product (P1) is then released from the enzyme.

The above recognition model is consistent with the
data of Kirsebom and Svard as described above,
because we agree that the 30-NCCA sequence of a pre-
tRNA plays a dominant role in substrate accepting- and

Table 1. Kinetic parameters for the hydrolysis of accep-
ter-stem length variant RNAs by E. coli RNase P
ribozyme and holoenzyme.

kcat

(ratio)�10�3 min�1

KM

(ratio) nM

kcat/KM

(ratio) M�1min�1

Ribozyme

[Mg]: 5 mM

A5 ND ND ND

A6 ND ND ND

A7 (WT) 91�3.9 (1.0) 325� 31 (1.0) 2.8� 105 (1.0)

A8 24�1.0 (0.3) 353� 35 (1.1) 6.7� 104 (0.2)

A9 23�0.8 (0.3) 316� 26 (1.0) 7.3� 104 (0.3)

[Mg]: 10 mM

A5 83�4.4 (0.4) 165� 19 (1.1) 5.1� 105 (0.3)

A6 18�0.9 (0.08) 133� 15 (0.9) 1.4� 105 (0.1)

A7 (WT) 223�11 (1.0) 146� 16 (1.0) 1.5� 106 (1.0)

A8 52�2.7 (0.2) 226� 24 (1.6) 2.3� 105 (0.1)

A9 45�1.0 (0.2) 135�8.4 (0.9) 3.3� 105 (0.2)

Holoenzyme

A5 25�0.1 (0.1) 87� 11 (0.8) 2.8� 105 (0.2)

A6 26�0.9 (0.1) 52�5.9 (0.5) 4.9� 105 (0.3)

A7 (WT) 185�9.1 (1.0) 112� 14 (1.0) 1.6� 106 (1.0)

A8 49�3.4 (0.3) 54� 12 (0.6) 9.1� 105 (0.6)

A9 31�2.0 (0.2) 125� 24 (1.1) 2.5� 105 (0.2)

‘ND’ represents ‘not determined’, because of low cleavage activity.
The values in parenthesis are the values relative to those of WT
(defined as 1.0). ‘A7’ corresponds the wild-type pre-tRNA.

Table 2. Kinetic parameters for the hydrolysis of T-stem
length variant RNAs by E. coli RNase P ribozyme and
holoenzyme.

kcat

(ratio)� 10�3 min�1
KM

(ratio) nM
kcat/KM

(ratio) M�1min�1

Ribozyme
[Mg]: 5 mM
T4 ND ND ND
T5 (WT) 91.4� 3.9 (1.0) 325� 30 (1.0) 2.8�105 (1.0)
T6 25.8� 0.4 (0.3) 394� 9.4 (0.9) 8.8�104 (0.3)
[Mg]: 10 mM
T4 25� 2.0 (0.1) 250� 2.0 (1.7) 9.9�104 (0.07)
T5 (WT) 223� 11 (1.0) 146� 16 (1.0) 1.5�106 (1.0)
T6 95� 7.5 (0.7) 109� 21 (0.6) 8.8�105 (0.6)

Holoenzyme
T4 7.6� 0.0 (0.04) 43� 3.3 (0.4) 1.8�105 (0.1)
T5 (WT) 185�9.1 (1.0) 112� 14 (1.0) 1.6�106 (1.0)
T6 81� 4.4 (0.4) 92� 13 (0.8) 8.8�105 (0.5)

‘ND’ represents ‘not determined’, because of low cleavage activity.
The values in parenthesis are the values relative to those of WT
(defined as 1.0). ‘T5’ corresponds the wild-type pre-tRNA.
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releasing-steps. Our model is also consistent with the
claim by Harris et al. (34) that the enzyme and substrate
first interact at the 50 and 30 termini.

Of course, there is a possibility of movement of the
flexible domain of the ribozyme in the transition state
formation step; however, the compilation of evidence is not
enough. In this model, we do not mention about the struc-
ture or conformation of the enzyme in the transition state,
nor the relationship between the mobile domain of the
ribozyme and the transition state stabilization: we have a
hypothetical extended model based on this substrate
recognition model, which can explain the role of the
protein subunit and the effect of the Mg2+ bound at high
concentrations, and which will be reported it in future.

We have shown the presence of two subsites—the
bottom half and the T-arm—in the substrate-binding
site. The substrate shape is recognized by the enzyme
mainly in the transition state of the reactions. From
these facts, we propose a substrate recognition model. We
are convinced that our work has helped to explain the
ribozyme RNase P.
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