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Abstract: Ribonuclease P (RNase P) is a class of enzymes involved in the processing of precursor tRNAs to re-
move their 5'-leader sequences. Ribonuclease P enzymes are classified into two completely distinct classes, i.e.
an RNA-based enzyme and a protein-only enzyme. The RNA-based enzyme functions as a ribozyme in which the
catalytic machinery is supported by its RNA component consisting of a single RNA molecule. Bacterial RNase
P RNAs are a classical class of ribozymes and their structures and catalytic mechanisms have been studied
extensively. The bacterial RNase P ribozyme has a modular tertiary structure consisting of two large domains,
each of which can self-fold without the partner domain. Such modular architecture, identification of which pro-
vided important insight into the function of this ribozyme, is attractive as a structural platform to design functional
RNA nanostructures. The first section of this article briefly summarizes the diversity of RNase P mainly focusing
on RNA-based enzymes. The second section describes the structures of bacterial RNase P ribozymes from the
viewpoint of their application as modular tools in RNA nanostructure design. The last section summarizes the
current state and next steps in modular engineering of RNase P RNAs, including possible design of RNase P
ribozyme-based nanostructures.
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1. Introduction

Transfer RNAs (tRNAs) are a class of
functionalRNAmolecules that play critical
roles as adaptor molecules in translation of
genetic information recorded as sequences
of nucleic acids to polypeptide sequences.
The functions of tRNA molecules depend
on their common L-shaped tertiary struc-
ture, in which the 3'-ends of the tRNAs
are precisely terminated with 5'-CCA-3'
to join amino acids through ester bonds.

To produce mature tRNA molecules with-
out extra sequences in both the 3' and 5'
regions, primary transcripts of tRNA mol-
ecules must be processed at their 5'-leader
and 3'-trailer sequence precisely by RNA
processing enzymes.[1,2] Ribonuclease P
(RNase P) is a class of enzymes respon-
sible for removal of the 5'-leader sequences
from precursor tRNAs (pre-tRNAs) (Fig.
1A).

RNase P enzymes are a class of RNA-
based enzymes (ribozymes). RNA-based

Fig. 1. Reaction catalyzed by RNase P RNAs that have a common secondary structure.
A) Endonucleolytic cleavage of pre-tRNA catalyzed by RNase P enzymes. B) Consensus second-
ary structure of bacterial, archaeal, and eukaryotic nuclear RNase P RNAs. CR I–CR V indicate
five conserved regions reported by Chen and Pace.[3] In bacterial RNase P RNAs, regions shown
in red and blue form the specificity (S-) domain and catalytic (C-) domain, respectively.
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two major classes based on their secondary
structures.E. coliRNase PRNAbelongs to
the first class, termedA-type, while B. sub-
tilis RNase P RNA belongs to the second
class, termed B-type (Fig. 2A and 2B).[5]
The RNA secondary structures of the two
classes share common structural elements
organizing the core catalytic region (blue
and red elements in Fig. 1B), which direct-
ly participates in recognition of pre-tRNAs
and the catalytic machinery employing two
metal ions to cleave the single phosphodi-
ester bonds in pre-tRNAs.[17,18]

The core elements in the secondary
structure can be divided into two struc-
tural domains designated as the specific-
ity (S) domain and the catalytic (C) do-
main. In both A-type and B-type RNase P
RNAs, the S-domain and C-domain have
been shown to fold independently, and
the intact ribozyme structures are formed
through modular assembly of folded S-
and C-domains.[19,20] The S-domain pre-
dominantly contributes to pre-tRNA rec-
ognition through the interaction with their
TΨC loop.[17] The C-domain plays a direct
role in hydrolytic cleavage of the 5'-leader
sequence by organizing the catalytic ma-
chinery.[17,18] In addition to its direct role
in catalysis, the C-domain recognizes the
acceptor stem and the conserved 3'-CCA
of tRNA to place the cleavage site within
the catalytic center.[17] The modular orga-
nization of RNase P ribozymes has simi-
larities to that of the group I ribozymes
because the group I ribozymes also consist
of two modular structural elements (P4-P6
domain and P7-P3-P8 domain), in which
the P7-P3-P8 domain provides the core
catalytic machinery,[21] whereas the P4-P6
domain supports catalysis through recog-
nition of the 5'-splice site.[22]

To stabilize the catalytic core structure
as well as two modular domains compos-
ing the core, structural elements are ex-
tended at the periphery of the core region
(Fig. 2).[23] Distinct organization of the
peripheral elements in A-type and B-type
RNase P RNAs not only differentiates their
secondary structures but also affects the
biochemical and biophysical properties of
the two types of RNAs. The minimal core
structure of bacterial RNase P ribozymes
was deduced by sequence comparison.[24]
Biochemical analyses have also been per-
formed to examine the catalytic abilities of
truncated forms of RNase P RNAs.[24–26]A
simplified form of RNase P RNA consist-
ing of 263 nucleotides was first designed
by extracting structural elements com-
mon between typical A-type (E. coli)
and B-type (Bacillus megaterium) RNAs.
The resulting RNase P RNA retained the
substrate specificity and catalytic abil-
ity of bacterial RNase P ribozymes, and
can be regarded as a small and chimeric
form of the two types of bacterial RNase

nated as PRORPs (protein-only RNase P).
Plant and bacterial PRORPs contain a sin-
gle polypeptide, while human mitochon-
drial PRORP is composed of three poly-
peptides, one of which is a homolog of the
single-polypeptide enzymes in plants.[13] It
should also be noted that the evolutionary
divergence of RNaseP is seen in eukaryotic
organelles, in which RNA-based RNase P
seems to be missing in plant and human
mitochondria but is present in fungal mi-
tochondria.[15] These observations make
RNA-based RNase P enzymes attractive
materials to study enzyme evolution, in-
cluding the transition from RNA enzymes
to protein enzymes. The common sec-
ondary structure of RNA components of
RNA-based RNase P suggest that RNase P
ribozyme is a relict of the RNA world and
had already played a role in tRNA process-
ing in the last universal common ancestor
(LUCA). Although the emergence and
evolution of PRORPs are less well under-
stood, it was recently reported that some
bacteria and archaea possess both RNase
P RNA genes and PRORP genes, the gene
products of which both exhibited RNase P
enzyme activities.[14]

2. Bacterial RNase P ribozymes

2.1 Modular Organization of
Bacterial RNase P Ribozymes

As one of the first RNA enzymes to be
discovered, bacterial RNA-based RNase
P has been studied extensively. Among
the known naturally occurring ribozymes,
RNase P RNA is an exceptional example
of a true catalyst with multiple turnover
ability. Bacterial RNase P RNAs typi-
cally consists of 350–400 nucleotides and
show catalytic activity without any protein
components.[4] To exhibit full catalytic
ability in vivo, bacterial RNase P RNAs
form a ribonucleocomplex with a small
protein of about 14 kDa typically contain-
ing 120 amino acids,[16] which binds to the
C-domain of the RNA component.[17] This
feature increases the scientific importance
of bacterial RNase P as one of the simplest
examples of ribonucleoprotein enzymes.
The functional and structural roles of
the respective elements in the consensus
secondary structure of bacterial RNase
P RNAs have been elucidated through
extensive biochemical analyses of those
from E. coli and Bacillus subtilis as major
model ribozymes.[5] Biochemical studies
have further progressed by the support of
structural studies with RNA crystallog-
raphy performed mainly using their ther-
mostable homologs. Extensive sequence
comparison of bacterial RNase P RNAs
and experimental analyses of E. coli and
B. subtilis RNase P indicated that bacte-
rial RNase P RNAs can be divided into

RNase P enzymes commonly contain
a single RNA molecule that can form a
modular secondary structure (Fig. 1B).[3]
Escherichia coli RNase P enzyme was pu-
rified and characterized by Sidney Altman
and his co-workers. They found that RNA
components of bacterial RNase P (RNase
P RNA) efficiently cleaved pre-tRNAs
without protein components under high-
ionic buffer conditions.[4] The discovery of
the catalytic function of bacterial RNase
P RNA earned Altman the 1989 Nobel
Prize in Chemistry, which was shared with
Thomas R. Cech who discovered the self-
splicing activity of group I intron RNAs.
Their discoveries opened up a new re-
search field of catalytic functions of RNA
molecules. Bacterial RNase P consists of
a single large RNA (typically ca. 300–400
nucleotides), which plays a catalytic role,
and a single small protein (ca. 120 amino
acids) that supports the RNA-based cataly-
sis.[4,5]Archaeal RNase P enzymes general-
ly possess four proteins, although archaeal
RNase P RNAs play catalytic roles.[6]
Some archaeal RNase P RNAs showed cat-
alytic ability without protein components,
but their activities are more closely depen-
dent on the protein components than the
bacterial enzymes.[6,7] Eukaryotic RNase P
enzymes are more complex than bacterial
and archaeal enzymes due to their protein
components, of which there are nine and
ten in the nuclear RNase P enzymes from
Saccharomyces cerevisiae andHomo sapi-
ens, respectively.[8] Although full catalytic
ability of their RNA components is strong-
ly dependent on the protein components,
theH. sapiens RNase P RNA exhibited de-
tectable activity, which was about 106-fold
lower than that of E. coli RNase P RNA.[9]
Comparison of RNA-based RNase P from
bacteria, archaea, and eukaryotic nuclei
suggested a possible evolutionary process
of RNA-based RNase P enzymes as ribo-
nucleoproteins, with gradual substitution
of the structural roles of RNA elements
with protein components, while the RNA
component retained the central roles in ca-
talysis.

Due to the essential roles of RNase P
enzymes in tRNA processing, RNA-based
RNase P enzymes are found in all domains
of life. On the other hand, exceptional ex-
amples have also been observed. The most
extremely exceptional example is seen in
the obligate symbiont, Nanoarchaeum, the
genome of which contains no genes encod-
ing RNase P enzymes because its precur-
sor tRNAs have no 5'-leader sequences.[10]
Therefore, there is no requirement for
RNase P in biosynthesis. The second ex-
ceptional example is seen in some eukary-
otic organelles, a few bacteria, and a few
archaea, in which RNase P enzymes are
composed only of proteins.[11–14] These
protein-only RNase P enzymes are desig-
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in 2003 and 2004, respectively.[30,31] The
3D-structures of the full-lengthA-type and
B-type RNase P ribozymes were both re-
ported in 2005.[32,33] For crystallization of
these ribozymes, thermostable ribozymes
(A-type RNA from Thermotoga maritima
and B-type RNA from Bacillus stearo-
thermophilus) were employed as alterna-
tives to the E. coli (A-type) and B. subtilis
(B-type) RNase P RNAs, respectively (Fig.
2C and 2D). In 2010, the 3D-structure of
the T. maritima A-type RNase P holoen-
zyme was also solved,[17] in which RNase
P RNA captured its substrate tRNA and
employed the C-domain for association
with the protein component.

Comparison of the two types of full-
length ribozymes enabled us to determine
the 3D-architecture of the conserved core
structure. The conserved core is composed
of three helical elements, P1/P4/P5, P2/
P3, and P8/P9 (Fig. 2). Two of the three
helical elements (P1/P4/P5 and P2/P3) are
provided by the C-domain, while P8/P9 is
from the S-domain. The catalytic site of the
ribozyme holding two Mg2+ ions is located
within the P4 duplex in the P1/P4/P5 he-
lical domain.[17] This structural feature is
consistent with the phylogenetic observa-
tion that P4 is the most highly conserved
region because 11 of the 21 conserved nu-
cleotides were located in and around P4.[3]
The tertiary structures of the conserved
core elements, which are common to
A-type and B-type RNAs, are stabilized by
peripheral elements. Peripheral elements
participate in tertiary interactions (Fig. 2),
which not only contribute to stabilize inde-
pendent folding of the S- and C-domains
but also play critical roles in stable assem-
bly between S- and C-domains to maintain
the intact core structure. Biochemical and
structural analyses identified distinct sets
of tertiary interactions between the A-type
and B-type RNase P RNAs (Fig. 2).

The A-type RNAs typically utilize
six tertiary interactions (Fig. 2A and
2C).[17,23,32] Two of these tertiary inter-
actions contribute to self-folding of the
S-domain, the third (P6 base pairs) is criti-
cal for self-folding of the C-domain, and
the remaining three, one of which is the
L8-P4 interaction, are involved in interdo-
main assembly of the two domains. The
B-type RNAs use three tertiary interac-
tions (Fig. 2B and 2D),[23,33] each of which
contributes to self-folding of the S-domain,
self-folding of the C-domain (P5.1-P15.1
interaction), and L8-P4 interdomain as-
sembly, respectively. The L8-P4 interac-
tion is formed inside the core structure
and is conserved between both types of
RNase P RNA for assembly of the S- and
C-domains. The modular architecture of
large ribozymes, such as bacterial RNase
P ribozymes and group I ribozymes, is an
important feature in ribozyme biochemis-

the S-domain retained residual catalytic
activity.[27,28] To address the ribozyme ac-
tivity of the B-type C-domain RNA, an in
vitro evolution experiment was also per-
formed,[29] in which RNA sequences were
successfully identified to serve as artificial
substrates for the C-domain RNA from B.
subtilis RNase P.

2.2 Three Dimensional (3D)
Structures of Bacterial RNase P
Ribozymes

A series of biochemical and phyloge-
netic studies elucidated the structural or-
ganization of both A-type and B-type of
bacterial RNase P ribozymes. These re-
sults were further confirmed by structural
studies of these ribozymes. The crystal
structures of the B-type S-domain RNA
fromB. subtilis andA-type S-domain RNA
from Thermus thermophilus were reported

P RNA.[24] A naturally occurring example
of a highly truncated B-type RNA was
found in Mycoplasma fermentans con-
sisting of 273 nucleotides.[25] This small
B-type RNA was further truncated ratio-
nally to yield the Micro P RNA consisting
of only 211 nucleotides while retaining
ribozyme activity.[25] A naturally occur-
ring example of a highly truncated A-type
RNA was also found in archaeal RNase P
RNAs.[26] Pyrobaculum aerophilum pos-
sesses an A-type like RNase P RNA only
207 nucleotides in length due to the lack
of most of the regular S-domain elements.
The catalytic activity of this small A-type
like RNA to cleave the Pyrobaculum pre-
tRNA was confirmed by in vitro assay.[26]
The catalytic ability of the Pyrobaculum
RNase P RNA seemed consistent with the
results of deletion analyses in whichE. coli
RNase P RNA (A-type) with deletion of

Fig. 2. Two major types of bacterial RNase P ribozymes consisting of two large modular domains.
A and B) Consensus secondary structures of A-type (A) and B-type bacterial RNase P RNAs.
Both types of structure consist of an S-domain and C-domain, which are covalently connected at
the P5 and P7 regions. Regions shown in blue and orange compose a conserved catalytic core.
Regions shown in orange are tertiary interactions engineered in their bimolecular derivatives.
Thick broken lines indicate tertiary structures contributing to assembly between the S-domain
and C-domain. C and D) Three dimensional structures of an A-type RNA from Thermotoga mari-
tima (C) and a B-type RNA from Bacillus stearothermophilus (D).
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E. coli and B. subtilis RNase P ribozymes
is too weak to allow their use as modular
tools for RNA nanostructure design. In
bimolecular systems of the Tetrahymena
ribozyme, association of the two modular
RNAs is rather strong (reported K

d
values

of 25–50 nM in the P4P6+P3P7 format[37]
and 0.1 nM in the P5abc+∆P5 format[39]).

To improve the utility of the bimo-
lecular RNase P ribozymes for RNA
nanostructure design, the binding affin-
ity between the two domain RNAs must
be improved. Therefore, we engineered a
tertiary interaction within the C-domain
(P6 base pairs in the A-type RNA and
P5.1-P15.1 interaction in the B-type) to
an interdomain interaction to support the
association between the S- and C-domains
(Fig. 3C). Although this modification
may disturb the self-folding ability of the
C-domain, each tertiary interaction must
be regenerated correctly through assem-

weak.[20] We also confirmed the catalytic
activity of the bimolecular system in the
presence of each domain at 1 µM and sub-
strate pre-tRNA at 0.5 µM (Fig. 4A), but
its efficiency was quite low (product yield
was only 3.3% after 1-hour reaction) prob-
ably because the concentrations of the two
RNA domains were much lower than the
reported K

d
value of 14 µM.[20]A bimolec-

ular derivative of B. subtilis RNase P ribo-
zyme (Fig. 3B) showed no detectable ac-
tivity (Fig. 4A) although its S-domain and
C-domain have self-folding ability. This
was probably because of the poor associa-
tion between the two domains, which form
only one interdomain tertiary interaction
(L8-P4). Thus, their interdomain associa-
tionmay be even weaker than that in the bi-
molecular E. coli RNase P ribozyme with
the three interdomain tertiary interactions
(L8-P4, L9-P1, and P8-P18). Assembly
of S- and C-domains in the bimolecular

try, including the molecular evolution of
RNA structures to perform sophisticated
functions.

2.3 Bimolecular Reconstitution
of RNase P Ribozymes through
Assembly of the S-domain RNA
and C-domain RNA

The modular structures of large ribo-
zymes are regarded as a promising plat-
form for the design of self-assembled
RNA nanostructures, which may be ap-
plicable to new classes of biomedical and
diagnostic tools. The Tetrahymena group I
ribozyme has been used to construct RNA
nanostructures with polygonal ribozyme
assembly and one-dimensional ribozyme
assembly.[34,35] These RNA nanostruc-
tures were designed through modular en-
gineering using either of two bimolecular
derivatives of this ribozyme (P5abc+∆P5
bimolecular ribozyme[36] for polygonal
assembly or P4P6+P3P7 bimolecular ri-
bozyme[37,38] for 1D-array assembly). The
two bimolecular derivatives both consist
of two modular structural RNAs. The cata-
lytic ability of the parent Tetrahymena ri-
bozyme can be reconstituted through non-
covalent assembly of the two structural
RNAs. Strategies for structural redesign
of bimolecular Tetrahymena ribozymes to
generate assembled RNA nanostructures
would be applicable to bacterial RNase P
ribozymes because they also consist of two
structural domains.

Bacterial RNase P ribozymes are com-
monly composed of two independently
folded domains (S- and C-domains) (Fig.
2). Each of the two domains folds into its
tertiary structure without assistance from
its partner domain.[19,20]These analyses and
also structural studies using X-ray crystal-
lography indicated that the S-domain and
C-domain are separated physically at the
junction of the P7 element and the P5 el-
ement. In this dissection, the 5'-strand of
P6 element in the A-type RNA and P5.1
element in the B-type RNA belongs to
the C-domain (Fig. 3A and 3B). To rede-
sign RNase P ribozymes in a bimolecular
format consisting of separately prepared
S-domain RNA and C-domain RNA, the
full-length RNase P ribozyme was first
engineered in a circular form by enclosing
the ends of the P1 duplex by adding a ter-
minal loop (Fig. 3). The resulting circular
RNA was divided into S- and C-domains,
each of which consisted of a single RNA
strand.[19,20] A bimolecular system in E.
coli RNase P ribozyme consisting of the
S-domain RNA and C-domain RNA has
been examined (Fig. 3A). The self-folding
ability of each domain was demonstrated
by structural and biochemical studies.
Reconstitution of the catalytic ability was
also reported, although the physical affin-
ity between the two domains was rather

Fig. 3. Bimolecular derivatives of bacterial RNase P ribozymes. A and B) Original versions of bi-
molecular ribozymes, which were designed according to the structural organization of the S- and
C-domains in each RNase P RNA. In the bimolecular format, each domain RNA self-folds without
aid from its partner domain RNA. C and D) Engineered versions of bimolecular ribozymes, in
which P6 or P15.1-P5.1 interaction supporting the C-domain structures was additionally used as
an interdomain interaction to strengthen the assembly of the S- and C-domain RNAs.
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bly of the two modified domains. In the B.
subtilis RNase P ribozyme, a catalytically
active bimolecular format has already been
reported by appending the P5.1 element
to the S-domain (Fig. 3D).[19] Under our
assay conditions, we also confirmed that
this molecular design markedly improved
the activity of the bimolecular B. subtilis
RNase P ribozyme (Fig. 4B). The catalytic
activity of the bimolecular E. coli RNase
P ribozyme also improved significantly
(Fig. 4B). The binding specificity between
cognate partners is also an important factor
in modular assembly of the domain RNAs.
Therefore, we examined the activities of
bimolecular ribozymes with heterologous
pairs of S- and C-domains. In both origi-
nal and engineered systems, heterologous
S- and C-domain pairs showed no detect-
able activity (Fig. 4A and 4B), suggesting
that the E. coli and B. subtilis bimolecular
ribozymes may be used as orthogonal pairs
of RNAmodular assembly units in design-
ing multi-component RNA nanostructures.

In engineered bimolecular RNase P
ribozymes, the P6 element in the bimo-
lecular E. coli ribozyme is attractive as a
modular unit because the binding speci-
ficity between S- and C domains may be
programmable through the identity of P6
base pairs.[40] Therefore, we designed a
variant pair of engineered bimolecular E.
coli ribozymes with variant P6 base pairs
(P6m1) (Fig. 3C). Although the P6m1
variant showed only half the activity of
the parent bimolecular ribozyme, two bi-
molecular ribozymes with mismatched P6
base pairs showed much less activity than
the parent ribozyme and the P6m1 vari-
ant (Fig. 4C). The P6 base pairs can there-

fore be used as elements to install binding
specificity to the assembly of the S- and
C-domains in the A-type bimolecular ri-
bozyme. The A-type RNase P ribozyme
possesses a tertiary interaction between L9
and P1 elements as an interdomain inter-
action to assemble the S- and C-domains.
The L9-P1 interaction is mediated by a
GNRA-receptor interaction. Such GNRA-
receptor interactions constitute a class of
tertiary interacting motifs the binding
specificity of which is programmable.[41,42]
Although experimental validation is need-
ed, combinatorial use of P6 base pairs and
L9-P1 interaction seems promising as a
means to improve programmable assem-
bly between the S- and C-domains of the
A-type RNAs.A similar set of interactions
(base pair interaction and GNRA-receptor
interaction) has been successfully em-
ployed for the programmable formation of
RNA nanostructures based on the bimo-
lecular Tetrahymena group I ribozyme.[34]
To determine the physical affinity between
S- and C-domains in the parent and modi-
fied versions of bimolecular RNase P ri-
bozymes, we performed electrophoresis
mobility shift assay to detect bimolecu-
lar complexes. Under the assay condi-
tions (1.0 µM of each RNA component)
that resembled those for analysis of the
P5abc+∆P5 bimolecular Tetrahymena ri-
bozyme,[43] stable complexes were hardly
detected even with the engineered version
of the E. coli RNase P ribozyme (data not
shown). This result suggests that further
improvement may be needed to achieve
utility of bimolecular RNase P ribozymes
comparable to that of the bimolecular
Tetrahymena ribozymes.

3. Conclusion

This article presented a brief overview
of the ribonuclease P ribozymes, especial-
ly focusing on bacterial enzymes that act
as catalytic RNA molecules. Modular ar-
chitecture and structural diversity of their
3D-RNA structures make them attractive
as a platform RNA structure for design-
ing RNA nanostructures. Comparison of
two versions of biomolecular RNase P ri-
bozymes from E. coli and B. subtilis indi-
cated that conversion of the P6 base pairs
in the A-type ribozyme and P5.1-P15.1
interaction in the B-type ribozyme, both
of which originally serve as interactions
within the S-domain, to interdomain in-
teractions improved the assembly of the
S- and C-domain RNAs to conduct the
catalytic activity. In the A-type RNase P
ribozymes, the engineered bimolecular ri-
bozymes seem promising because the P6
base pairs and possibly the L9-P1 interac-
tion can be used to program binding speci-
ficity between the S- and C-domains. A
possible nanostructure design based on the
engineered bimolecular RNase P is shown
in Fig. 5.

In this design, an assembly unit com-
posed of two RNA strands was designed
by covalently connecting the P12 element
of the S-domain and P3 element of the
C-domain. The resulting unit RNA was
inactive but capable of forming the bimo-
lecular ribozyme unit through intermolec-
ular assembly of the unit to form a one-di-
mensional assembly of RNase P structures.
However, the engineered E. coli bimolecu-
lar ribozyme is not directly applicable to
the design and characterization of RNA

Fig. 4. Site-specific cleavage reactions of a pre-tRNATyr catalyzed by bimolecular bacterial RNase P ribozymes. All reactions were performed in the
presence of 0.5 µM human pre-tRNATyr,[46] the 3'-end of which was labeled with BODIPY fluorophore, 1.0 µM S-domain RNA, and 1.0 µM C-domain
RNA with 50 mM Tris-HCl (pH 7.5), 50 mM MgCl2, and 1.0 M KCl at 37 °C. Ec and Bs indicate E. coli and B. subtilis respectively. Sd and Cd indicate
S-domain and C-domain respectively. A) Cleavage reactions of a human pre-tRNATyr catalyzed by the original versions of bimolecular RNase P ribo-
zymes consisting of cognate pairs of S- and C-domains and heterologous pairs of the two domains. B) Cleavage reactions of a pre-tRNATyr catalyzed
by the engineered versions of bimolecular RNase P ribozymes consisting of cognate pairs of S- and C-domains and heterologous pairs of the two
domains. C) The P6 element in the engineered E. coli bimolecular ribozyme governs the catalytic activity that is dependent on assembly of the S-
and C-domains.
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