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Abstract
Ribonuclease P (RNase P) complexed with an external guide sequence (EGS) represents a novel
nucleic acid-based gene interference approach to modulate gene expression. This enzyme is a
ribonucleoprotein complex for tRNA processing. In E. coli, RNase P contains a catalytic RNA
subunit (M1 ribozyme) and a protein subunit (C5 cofactor). EGSs, which are RNAs derived from
natural tRNAs, bind to a target mRNA and render the mRNA susceptible to hydrolysis by RNase P
and M1 ribozyme. When covalently linked with a guide sequence, M1 can be engineered into a
sequence-specific endonuclease, M1GS ribozyme, which cleaves any target RNAs that base pair
with the guide sequence. Studies have demonstrated efficient cleavage of mRNAs by M1GS and
RNase P complexed with EGSs in vitro. Moreover, highly active M1GS and EGSs were successfully
engineered using in vitro selection procedures. EGSs and M1GS ribozymes are effective in blocking
gene expression in both bacteria and human cells, and exhibit promising activity for antimicrobial,
antiviral, and anticancer applications. In this review, we highlight some recent results using the RNase
P-based technology, and offer new insights into the future of using EGS and M1GS RNA as tools
for basic research and as gene-targeting agents for clinical applications.
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1. Introduction
1.1. Nucleic acid-based gene targeting approaches for modulating gene expression

Since their discovery, the idea of using catalytic nucleic acids for the purpose of gene
inactivation has been highly touted [1,2]. Derived from the originally discovered function of
self-cleaving and catalytic RNAs including group I introns and ribonuclease P (RNase P) RNAs
[3,4], a wide variety of useful applications have been proposed and tested. Correcting genetic
defects and targeted downregulation of pathogenic genes have been attempted, some with
moderate success and other still at work. Of these strategies that range from commonly-used
antisense oligonucleotides to over-expressing competitive RNA sequences to more recently
discovered RNA interference technology, ribozymes stand out among the most extensively
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studied nucleic acid-based gene targeting approaches [1,2]. In fact, the abilities of these agents
have been well characterized and engineered in a way that they can block expression of a wide
variety of genes (any given targets) in a sequence-specific and highly potent manner, bringing
them even closer to the clinic [1].

Ribozymes exist as naturally occurring catalytic RNAs, expressed in a wide range of living
organisms [5,6]. In this review, we focus on RNase P and its derivatives and highlight some
of the most recent studies in utilizing RNase P for the development of nucleic acid-based gene
therapy, with a special focus on antiviral applications.

1.2. Ribonuclease P
RNase P, an essential cellular enzyme discovered about 35 years ago [7], is a key modulator
in tRNA biogenesis; it is involved in the multistep processing of tRNA primary transcripts,
being responsible for the removal of 5′ leader sequence from precursor tRNA transcripts
(Figure 1) [8–10]. Other reported substrates of RNase P includes transfer-messenger RNA
[11], bacterial operon RNAs [12,13], riboswitches [14], phage regulatory RNAs [15], and
signal recognition particle RNAs [16]. Recently, RNase P has been shown to play an important
role in RNA polymerase III transcription, suggesting that transcription and early processing of
tRNA may be coordinated [17]. The fundamental nature of RNase P’s presence is reflected by
the fact that this enzyme has been found in every living cells across all kingdoms of life. The
enzyme consists of a single RNA subunit providing the catalytic core and one protein subunit
in bacteria, typically 4 in archaea and up to 10 protein subunits in eukarya [8,18]. The presence
of ubiquitous homologues of RNase P RNA subunits found across the most primitive
phylogenetic domains suggests that the RNA existed in some of the earliest forms of life, even
before the differentiation of the phylogenetic kingdoms.

All bacterial RNase P enzymes consist of a single RNA and a single protein subunit. RNase P
from Escherichia coli is composed of M1 RNA subunit of 377 nucleotides in length and a
basic, 14 kDa C5 protein subunit [8,9]. While both RNA and protein subunits are required for
in vivo activity, increased ionic concentration can activate catalysis by the RNA subunit alone
in vitro [8]. Such phenomenon can be explained by the idea that a high concentration of salt
facilitates screening of electrostatic repulsion in the RNA subunit, where the active structure
is otherwise maintained by the presence of the protein subunit. The role of the protein subunit
has been extensively investigated. Early experimental evidence indicated that the protein
helped stabilization of tertiary structures, while later studies indicated that it could be involved
in enhancing pre-tRNA specificity over that of mature tRNAs or pre-organizing metal ion
binding sites relevant to catalysis and E-S formation [3,19–26].

Eurakyal RNase P enzymes are much more complex than their bacterial counterparts. The H1
RNA of human RNase P associates with at least ten different protein subunits [10,27]. While
the specific functions of the protein subunits have not been completely elucidated yet, some
of the potential roles include RNA stabilization, localization [28], and contribution to the active
site of the enzyme [29].

2. Gene targeting strategy based on RNase P
2.1. Substrate recognition by RNase P and M1 RNA of E. coli

How RNase P recognizes its substrates has been a focus of intensive research, as its
understanding is critical in revealing the mechanism of the enzyme’s activity. In the case of
both RNase P holoenzyme and M1 RNA of E. coli, it has been shown that they primarily
recognize the structure of the substrates, not their sequences (Figure 1A and B). In fact, early
studies have shown that shortened model substrates that retain some structural elements of a
pre-tRNA (natural substrate of RNase P) can be recognized and hydrolyzed by RNase P and
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M1 RNA (e.g. those similar structures in Figure 1C–D) [30, 31]. More specifically, deletion
analysis of a tRNA substrate has shown that M1 RNA is capable of cleaving a “minimal model
substrate” composed of the acceptor stem and T stem/loop, the 3′ CCA sequence, and the 5′
leader sequence of a pre-tRNA (e.g. the similar structure in Figure 1E) [30, 31].

2.2. External guide sequence (EGS)
The components of the model substrates can be simplified into two sequences: the 5′ proximal
sequence (the 5′ leader and 5′ proximal acceptor stem sequence) and the 3′ proximal sequence
(the 3′ proximal acceptor stem sequence and the rest tRNA-like sequence) (Figure 1C–E, G–
H). Of these, the 3′ proximal sequence has been termed external guide sequence (EGS) [30].
The EGS guides either RNase P or M1 RNA to recognize the site of cleavage by base pairing
to the targeted sequence (Figure 1C–E, G–H) [30]. Studies have shown that EGSs can be used
for down-regulation of target genes in bacterial and mammalian cells [32–36]. Altman and co-
workers first demonstrated highly specific targeting capability of EGS in their studies where
the expression of β-galactosidase and alkaline phosphatase activity in E. coli was suppressed
to 50–60% in bacterial strains that expressed EGSs targeting these genes [32]. No suppression
has been observed in strains that carried non-specific EGSs, confirming high specificity of the
EGS technology [32]. In another study, drug-resistant strains of E. coli have been converted
to drug-sensitive strains by targeting the drug resistance gene with EGS and RNase P [33]. A
different design of shorter EGS constructs has also been reported, in which the targeted mRNA
resembles the 5′ leader sequence, 5′ acceptor stem, the variable region, and the 5′ T-stem/loop
of a tRNA while the EGS of only 15–20 nucleotides looks like the 3′ acceptor stem and 3′ T-
stem/loop regions [37].

Perhaps one of the biggest advantages of using RNase P is that the enzyme is endogenously
expressed and active at all stages of the cell cycle. The enzyme is ubiquitous and essential as
it is responsible for processing all tRNA molecules [8–10]. In addition, EGS-directed cleavage
of target RNA by RNase P is highly specific and does not exhibit significant non-specific
cleavage, which is commonly seen with RNase H-mediated cleavage induced by conventional
antisense phosphorothioate oligonucleotides [8,38]. Some of the fundamental issues regarding
the general efficacy of EGS molecules and how to improve their inhibitory effects (e.g. by
increasing catalytic efficiency or relieving rate-limiting steps) need to be addressed, and we
believe further studies will reveal whether EGS technology is indeed practical for clinical
applications.

2.3. M1GS RNA
Development of gene-targeting strategies based on M1 RNA and EGS has led to the
development of a more efficient and easy-to-make agent, called M1GS RNA [34]. M1GS RNA
is simply constructed through 3′ extension of M1 RNA by a guide sequence, which base pairs
with the target and contains an unpaired 3′-NCCA end as present in natural tRNA substrates
to allow efficient cleavage by the tethered M1 moiety (Figure 1F). This design is based on the
idea that the guide sequence binds to its target mRNA and directs M1RNA, which is in close
proximity due to covalent attachment to the guide sequence, to the site of cleavage (Figure 1I)
[34,39]. Subsequent studies in our as well as other laboratories have demonstrated that M1GS
RNA is highly effective in cleaving its target mRNAs and blocking gene expression [34,40,
41].

It will be interesting to determine how M1GS ribozymes efficiently function in human cells in
the absence of C5 protein, which is the cofactor of M1 RNA from E. coli and is not found in
human cells. It is generally believed that the regions of the catalytic M1 RNA domain in these
M1GS RNAs, which may be homologous to those of the RNA subunit of human RNase P
[42], interact with cellular proteins, including those associated with human RNase P [8,34].
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This hypothesis is consistent with previous observations that several “RNA chaperone”
proteins have been shown to stimulate the activity of hammerhead and group I ribozymes by
either facilitating folding of the ribozyme or dissociation of the product [43]. It is possible that
these proteins may enhance M1GS activity in a similar manner as C5 protein by stabilizing the
structure of the ribozymes, participating in substrate recognition, and contribution to the E-S
formation. Further studies on potential interactions between M1GS RNAs and cellular proteins
will provide insight into how a M1GS ribozyme functions in cultured cells.

3. General design of RNase P ribozymes and external guide sequences
In order to generate highly potent ribozymes, it is crucial to select targets that are appropriate
for cleavage to occur. While M1 RNA is shown to be catalytically active in vitro against target
RNAs, the situation may not be the same in cells or in vivo, as the RNA secondary structure
and protein association can easily hamper the recognition and catalysis by M1GS RNA or
RNase P. To address this issue, careful selection of a target region is necessary. Accessibility
of the target mRNAs should be mapped in vitro and in vivo, using numerous methods. For
example, we have utilized in vivo mapping of accessible regions in some target mRNAs with
dimethyl sulfate (DMS) [41,44]. DMS methylates N7 of guanine, N1 of adenine, and N3 of
cytosine, of which the latter two can be examined by primer extension assay (transcription
terminates at the base immediately before the modified one) [34,45]. We postulated that the
region that is exposed to DMS would also be accessible to binding by S RNA. Another method
that has been commonly used is based on in vitro digestion of radiolabeled target RNA with
RNase T1 [46] to probe regions that are exposed to enzymatic attack, based on the assumption
that such regions will be accessible to M1GS RNA and RNase P as well [32,47].

While some of the more empirical approaches are effective in determining site accessibility,
it is also possible and often helpful to use in silico approximation [48,49]. The substrate RNA,
which would be the mRNA target, may be analyzed by RNA folding software programs that
approximate secondary structures from sequence information. Using this approach, some of
the more thermodynamically stable regions in the target mRNA could be identified [48,49].
Target sites buried in these regions would not be suitable as potential targets of ribozymes. In
silico prediction is limited by, however, the computational power and technique for such
folding programs as the size of RNA increases. Also, gross approximation does not take into
account the existence of tertiary structure and RNA-protein interactions, both of which play
an important role for the accessibility of the RNA molecule.

Biological significance of the target mRNA could also provide useful information. If RNA-
RNA interactions or RNA-protein interactions are known to be present at certain target sites,
these interactions are predicted to reduce target accessibility. Indeed, considering such
functional interactions contributed to the success of approaches screening for ribozyme targets
in the HIV-1 genome. Most importantly, gag and tat genes have been used as targets, along
with the 5′-leader region and Ψ packaging sites [50–56].

Site accessibility remains a very important issue that needs to be addressed in order to achieve
effective ribozyme-mediated gene suppression. So far, it has been less straightforward and
ambiguous at times. As mentioned above, in silico approaches are simple and direct methods
to map accessible sites, while the results may not show high correlation with other in vitro or
in vivo data. However, as technologies for in silico analysis become more mature, we believe
that it will prove to be a valuable approach aside from in vivo mapping and in vitro screening
with full length mRNA for the design of gene-targeting ribozymes and external guide
sequences.

Kim and Liu Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The flanking sequence of the mRNA region to be targeted by RNase P or M1GS RNA should
also exhibit several sequence features that need to be present in order to interact with an EGS
and RNase P to achieve efficient cleavage. For M1GS targeting, these features include that the
nucleotides 3′ and 5′ adjacent to the site of cleavage are a guanosine and a pyrimidine,
respectively [57]. An additional sequence feature, in which a U is 8 nucleotides downstream
from this cleavage site, is needed for human RNase P targeting [58]. These sequence elements
interact with the EGS to facilitate the formation of the mRNA-EGS complex into a tRNA-like
structure. Furthermore, the interactions of these elements with RNase P are critical for
recognition and cleavage by the enzyme [58]. In their studies of the unique design of EGS
constructs, Werner et al. have also investigated the effects of different sequences of the EGSs
on their targeting activity [37].

4. In vitro selection of ribozymes
In vitro selection refers to a process where enrichment of molecules with desired properties is
achieved through iterative cycles of isolation and amplification [59–61]. Functional RNA
molecules such as ribozymes and EGS RNAs are great candidates for the technique as it is
relatively easy to generate a large pool of mutagenized or randomized template DNA library
and transcribe them in vitro to make the RNA sequence library. In vitro selection has been
originally used in isolating RNA aptamers that bind to specific targets [59–61]. Since its
introduction, the technology found itself in many different laboratories, used for different
purposes from enhancing catalytic activity to enzyme engineering to isolating nucleic acids
with novel functions.[58,62–64]

We have used the in vitro selection technique to successfully isolate highly active M1GS RNA
variants targeting the mRNA sequence encoding the thymidine kinase (TK) of herpes simplex
virus type 1 (HSV-1) [65]. Our initial library of ribozymes contained random mutations in
regions that are known to be conserved across all species of RNase P catalytic RNAs and are
important for catalysis and substrate binding [66–68]. The in vitro evolution process was
carried out in a series of steps that included (1) annealing of M1GS RNA pool with a 5′
biotinylated substrate, (2) binding the complex to streptavidin-agarose column, (3) M1GS
RNA-mediated cleavage of the substrate in the presence of divalent ion-containing buffer, (4)
recovering M1 RNA with denaturing gel electrophoresis, (5) synthesis of cDNA copies of RNA
molecules with RT-PCR, followed by (6) in vitro transcription of the generated cDNAs with
T7 RNA polymerase (Figure 2) [65,69,70]. The sequences isolated after several rounds of
selection were cloned and determined. We selected representative sequences from each round
of selection and assayed their catalytic efficiency to assess the progress of the selection process.
Using this system, we were able to isolate RNase P ribozyme variants that are highly efficient
in cleaving target mRNA in vitro and potently inhibiting the expression of target mRNA in
cultured cells.

5. Applications
Recent developments in synthetic nucleotide chemistry and gene expression technologies have
augmented the feasibility of nucleic acid-based therapeutic applications [1,2]. Blocking gene
expression at the RNA level in a highly specific and potent fashion opens up many possibilities
in molecular biology and pharmacology. Here, we summarize the recent progress on using
RNase P and M1GS RNA for gene targeting applications.

5.1. Antibacterial agents
An elegant study by Altman and colleagues applied EGS technology to selectively inhibit
expression of several essential bacterial genes, successfully achieving an antimicrobial effect
[35]. More notably, carefully designed EGSs were shown to be highly specific and were capable
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of species-specific targeting. Sequences of mRNA differing between E. coli and S.
typhimurium, but encoding identical proteins were both targeted. Results from this study
demonstrated that the expression of EGSs complementary to E. coli mRNAs resulted in
reduction of the expression of the target mRNAs in E. coli, while no effects were shown against
S. typhimurium mRNAs and vice versa. If EGS technology can be used in antimicrobial
therapy, its ability to achieve species-specific inhibition of bacterial viability could become
very useful in circumventing the current limitation of narrow spectrum antimicrobials in
inhibiting commensal nonpathogenic bacteria.

More recently, McKinney, Altman, and co-workers further attempted to use the EGS
technology to disrupt S. typhimurium type III secretion system involved in invasion of host
cells [71]. Using inducibly expressed EGSs targeting invB and invC resulted in directed
cleavage of the target mRNAs by endogenous RNase P, leading to effective depletion of the
corresponding proteins. Type III secretion was reduced and host cell invasion was blocked,
strongly implicating the possibility of using EGS technology in antibacterial strategies [71].

5.2. Antiviral agents
Utilization of RNase P and M1 RNA for the development of antiviral agents has been
extensively pursued in several laboratories, including ours, for blocking infection of human
immunodeficiency virus (HIV) [72,73], human influenza virus [74], and three human
herpesviruses such as human cytomegalovirus (HCMV) [41,69], herpes simplex virus 1
(HSV-1) [65,70,75], and Kaposi’s sarcoma-associated herpesvirus (KSHV) [44]. Herpes
simplex virus 1 (HSV-1) is a causative agent of cold sores and encephalitis in newborns [76].
HCMV is the leading viral cause of birth defects in the United States and accounts for a
significant portion of mortality associated with organ transplant patients [77]. KSHV is
believed to be the causative agent of the leading AIDS-associated neoplasms such as Kaposi’s
sarcoma and primary effusion lymphoma [78].

Our early attempts at using ribozymes for antiviral applications focused on targeting the mRNA
encoding ICP4 of HSV-1, the major transcriptional activator [41]. ICP4 is one of the
immediate-early genes expressed by HSV-1 and is responsible for expression of many viral
early and late genes [76]. We showed that M1GS ribozyme targeting ICP4 is highly specific
and potent in downregulating the expression of the target gene, as 80% of ICP4 expression
could be suppressed, resulting in nearly 1000-fold reduction in viral growth [41]. The
specificity of M1GS in targeting the mRNA of choice was verified as it did not affect the
expression of other immediate-early genes. More recently, we showed that a single ribozyme
targeting multiple viral mRNAs can be even more effective in inhibition of viral replication in
cultured cells. We designed a M1GS ribozyme that targets the overlapping region of two
HCMV mRNAs, coding for the viral protease (PR) and assembly protein (AP), both of which
are essential for viral replication [79]. We observed specific and potent inhibition of viral gene
expression, leading to a reduction of more than 2000-fold in viral titer in cells expressing the
ribozymes.

To further enhance the efficiency of ribozymes, we employed an in vitro selection procedure
(Figure 2) and selected for RNase P ribozyme variants that efficiently cleaved a different target,
the mRNA encoding thymidine kinase (TK) of HSV-1 [65,80]. Our method of selecting
catalytically superior variants proved to be successful, as we were able to generate mutant
ribozymes that exhibited at least 20-fold higher cleavage efficiency (represented as kcat/Km)
than the wild type M1 RNA. Accordingly, expressing one of these ribozyme sequences in cells
infected by HSV-1 resulted in highly reduced levels of TK mRNA and protein products, where
inhibition of up to 99% has been observed [65,80]. Another M1GS ribozyme variant showed
a comparably potent activity in inhibiting TK expression [70].
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EGS found its application in antiviral therapeutics as well. Recent studies in our laboratory
and others have shown that using EGS to recruit endogenous RNase P for targeted degradation
of viral mRNA is highly effective. For example, Altman and colleagues constructed EGSs that
targeted the mRNAs coding for the polymerase and nucleocapsid protein of human influenza
virus, which are essential for viral replication [74]. The EGS RNAs are efficient in inducing
RNase P to cleave the target viral mRNAs in vitro. The expression of these EGSs in human
cells led to inhibition of the expression of the target genes and blockage of viral replication.
This study further provided the direct evidence that targeting two different mRNAs
simultaneously by the EGS technology inhibits viral growth more effectively than targeting of
one mRNA only [74].

By constructing EGS RNAs against the sequence of the HIV RNA genome, Hnatyzyn and co-
workers have elegantly demonstrated that RNase P is highly effective in inhibiting HIV gene
expression and replication in cultured cells [72,73]. Expression of the constructed EGS RNAs
in human heterogeneous T cell cultures upon HIV challenge was able to maintain CD4 levels,
devoid of cytopathology, and did not produce significant level of HIV p24 through 30 days
infection. Impressively, the cells that expressed the EGSs were resistant to HIV clinical isolates
from clades A, B, C, and F [72,73]. These results provide the first direct evidence that RNase
P-associated EGSs may represent a new class of potential therapeutic agents for anti-HIV
therapy.

EGS RNAs were also highly active in targeting RNase P to cleave HSV-1 TK mRNA in vitro.
Reduction in both TK mRNA and protein levels was observed when EGSs were expressed in
human cells infected with HSV-1 [81]. When EGS RNAs targeting HCMV mRNAs were
expressed in human cells infected with HCMV, they were also effective in inducing RNase P
to inhibit the expression of the target mRNAs and block HCMV growth [82]. More recently,
EGS-based gene interference strategy has been attempted in blocking gene expression and
growth of yet another member of the herpesvirus family, namely Kaposi’s sarcoma-associated
herpesvirus (KSHV). Chemically modified EGS molecules were constructed to target the
mRNA encoding KSHV immediate-early transactivator called Rta [44]. Exogenous
administration of 2′-O-methyl-modified EGS to KSHV-infected human primary-effusion
lymphoma cells significantly inhibited Rta expression and subsequently resulted in 150-fold
reduction in viral growth [44].

In vitro selection has been utilized in EGS technology as well. EGS RNA molecules targeting
HSV-1 TK mRNA have been subjected to many rounds of selection and highly active EGS
variants that exhibited up to 35 times higher activity than the natural tRNA substrate have been
isolated [75]. One of the selected EGS RNAs was also highly effective in human RNase P-
mediated inhibition of TK expression in HSV-1 infected cells [75]. Moreover, the selected
molecules were also used to construct EGSs that target the overlapping region of the mRNAs
coding for HCMV essential transcription regulatory factors IE1 and IE2. These constructed
EGSs exhibited a substantially higher activity than the EGS derived from a natural tRNA in
down-regulating gene expression [83]. In cultured cells infected with HCMV, the expression
of these EGS molecules resulted in a reduction of about 93% in IE1/IE2 gene expression, and
a reduction of 3000 fold in viral growth. These results demonstrated the feasibility of
developing effective EGS RNA variants for antiviral applications by using in vitro selection
procedures.

To harness the existing system even further, multiple ribozymes can be constructed to target
several mRNAs that encode viral proteins as well as host proteins involved in establishment
of viral infection [84,85]. Complete suppression of viral replication and subsequent disease
progression may be achievable with this approach.
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5.3 Anticancer agents
The RNase P ribozyme has also found its way into anti-cancer strategies. In a series of elegant
experiments, Sánchez-García and colleagues constructed M1GS ribozymes to specifically
cleave chimeric RNA molecules generated due to chromosomal abnormalities [40]. They used
a well-characterized model of BCR and ABL genes where aberrant translocation results in
BCR-ABL oncogenes that cause chronic myelogenous leukemia and acute lymphoblastic
leukemias. M1 RNA with a guide sequence that recognized the oncogenic mRNA at the fusion
site appeared to be highly effective and specific in cleaving the target mRNA in vitro and
blocking the effect of BCR-ABL function in cultured mammalian cells [40].

Using the EGS technology, Ma, Stein, and colleagues have successfully induced RNase P-
mediated cleavage of the mRNA that encodes protein kinase C-α (PKC-α) [38]. In their study,
EGSs equipped with 2′-O-methyl modification for enhanced stability were exogenously
administered into T24 bladder carcinoma cells for specific downregulation of PKC-α
expression. Modified EGSs that targeted the 3′ untranslated region of PKC-α were highly
potent. No non-specific cleavage, which is usually associated with RNase H-induced reactions,
was found, providing direct evidence that RNase P-mediated cleavage induced by EGS is
highly specific in targeting its mRNA [38]. In addition, potent downregulation of antiapoptotic
protein bcl-xL was observed, further suggesting a general applicability of the EGS technology
for anticancer applications [38].

5.4 A research tool for studies of gene function
Extensive studies have also been carried out to develop M1GS RNA and RNase P as a research
tool for studies of gene function. Recently, M1GS RNA was used to study the mechanism of
HCMV capsid maturation and the role of HCMV protease (PR) in viral replication [86]. A
M1GS ribozyme variant that targeted the HCMV PR mRNA was generated and expressed in
human cells to produce viral capsids that lack PR. Expression and processing of scaffolding
proteins and viral encapsidation were significantly reduced as a consequence of the inhibition
of the PR expression. High-resolution electron cryomicroscopy of these PR-minus capsids
showed that the PR is required for DNA encapsidation and subsequent maturation steps for
production of infectious virion particles [86].

6. Advantage and disadvantage of M1GS and RNase P-EGS technology
Traditional antisense technology relies on cellular RNase H to cleave an RNA-DNA hybrid in
order to degrade the mRNA target [1,2]. However, non-specific cleavage at non-targeted sites
is a potential problem, as RNase H does not require a 100% complementary duplex to degrade
hybridized mRNA and only six or seven contiguous base pairs with the target RNA are required
to direct cleavage [1,2]. Compared to conventional antisense DNA and RNA, ribozymes such
as M1GS RNA can be designed to be highly specific in cleaving its targeted mRNA [8,40]. In
an elegant study, M1GS ribozyme has been shown to be specific in cleaving one substrate over
another even though the two substrates share the first nine contiguous base pairs
complementary to the guide sequence [40].

When comparing M1GS ribozyme to other ribozymes, such as hammerhead and hairpin, M1GS
ribozyme possesses several unique features as a gene targeting tool. First, M1GS ribozyme can
fold into a defined active conformation in the absence of its substrates. Second, while M1GS
can cleave any designed sequence, hammerhead and hairpin ribozyme are limited by the
requirement for the presence of specific nucleotide sequence (-GUX-) in the target mRNA for
the cleavage to occur [1,5]. Furthermore, a single point mutation in the required GUX sequence
could render the ribozymes ineffective for target mRNA cleavage. The low sequence
requirements at the cleavage site provide M1GS ribozyme strategies with the flexibility to be
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used against almost any target, including positionally fixed target sites such as the fusion
junction of two chromosomes resulting in an oncogenic chimeric mRNA [40]. Third, the small
ribozymes may have the disadvantage to be either rather inefficient under physiological
conditions (e.g. in the case of the minimal hammerhead ribozymes) or to catalyze ligation quite
efficiently (e.g. in the case of natural hammerhead ribozymes or the hairpin ribozymes);
ligation will limit the efficiency of target cleavage, a clear disadvantage relative to RNase P
and M1GS RNAs which do not catalyze the reverse reaction.

In recent years, the use of the RNA interference (RNAi) approach to degrade mRNA associated
with human diseases has been the focus for nucleic acids-based gene interference studies [1].
RNAi has the advantage of utilizing the cellular machinery in its process to knockdown mRNA
and can be effective in small concentration. However, the siRNA technology may “sequester
or misguide” a cellular machinery which may have consequences for cell function not
foreseeable at present. It will be interesting to compare the activity and effectiveness of M1GS
RNA and RNAi approaches for knocking down gene expression in human cells.

Compared to other nucleic acid-based gene interference approaches, the EGS technology with
the use of endogenous human RNase P exhibits several unique and attractive features as a gene-
targeting tool. First, the mechanism of the EGS technology for degradation of a specific mRNA
is different from other RNA- or DNA-based gene-targeting approaches. It uses the endogenous
RNase P, which is one of the most ubiquitous, abundant, stable and efficient enzymes in all
type of cells [6,8,85]. This essential enzyme is highly expressed (5×104 copies per cell) and is
responsible for the processing of all tRNA precursors that account for approximately 2% of
total cellular RNA [6]. The action of RNase P with the EGS will result in irreversible cleavage
of the target mRNA in a highly efficient catalytic fashion. Second, the sequence specificity of
the EGS technology is governed by two different types of interactions between the EGS and
the target mRNA: (1) the base-pairing interactions in which the sequence of 12 nucleotides in
the EGS hybridizes with the target mRNA, and (2) the interactions between the target mRNA
and the other part of the EGS sequence (equivalent to the T-stem and T-loop, and variable
regions of a tRNA) which are required for folding of the RNase P-recognizable tertiary
structure. Thus, the EGS-based technology is highly specific and does not generate nonspecific
“irrelevant cleavage” that is observed in RNase H-mediated cleavage induced by conventional
antisense phosphorothioate molecules [36,38]. Third, EGSs exhibit little sign of cytotoxicity
because cells expressing these molecules for more than 40 days appear to be normal [36,38,
44,81].

As with any gene therapy design, stability and delivery of the agents remain a big concern. The
delivery problem affects the siRNA technology to the same extent as the EGS technology. For
stability, the ribozymes and EGSs could be chemically synthesized with 2′ hydroxyl
modification and/or phosphorothioates to resist cellular endonucleases [87]. As an alternative
to the viral vector approach, smaller ribozymes can be delivered ex vivo by encapsulating them
in liposomes or other biodegradable polymeric matrix [37,38,44]. In the case of M1GS,
chemical synthesis of a functional active ribozyme is at present technically difficult and
economically impractical due to its large size (~400 nucleotides). The amount of M1GS
ribozyme required for ex vivo delivery is similarly unattractive. Thus, endogenous and stable
expression of M1GS ribozyme by viral vectors remains one of the most practical choices for
M1GS expression and delivery. EGSs are small molecules of 25–60 nucleotides. Therefore,
the EGSs can be easily synthesized and modified chemically [37,38,44]. Thus, an EGS can be
delivered directly (in naked form or with the aid of liposomes) to cells as well as delivered by
expression vectors such as retroviral vectors.
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7. Future perspectives
Recent studies have demonstrated that M1GS ribozymes and RNase P complexed with EGS
RNAs are efficient and specific in cleaving an mRNA sequence in vitro, and are effective in
down-regulating the expression of both cellular and viral genes in cultured cells. Moreover,
ribozyme and EGS variants that are more active and effective in inhibiting gene expression
can be generated using in vitro selection procedures. Detailed biochemical characterization of
these variants has provided significant insights into the mechanism of how M1GS ribozymes
and RNase P complexed with EGSs cleave a mRNA substrate. These results should generate
guidelines for constructing highly effective M1GS ribozymes and EGS RNAs for gene-
targeting applications.

To develop M1GS and EGS RNAs for gene therapy applications, the efficacy of the ribozyme
and RNase P complexed with EGSs needs to be evaluated in animal models and ultimately, in
human clinical trials. Several issues like ribozyme/EGS delivery, stability, and colocalization
may need to be addressed in order to achieve successful ribozyme/EGS-based gene therapy
against viral infections and other human diseases. Meanwhile, the M1GS and RNase P-EGS
approaches represent two different promising gene-targeting strategies for studying gene
functions. If the sequence of the target is known, ribozymes and EGSs can be readily designed
to shut down the expression of the desired gene. M1GS ribozymes/EGSs could also be
employed to elucidate the roles of genetic messages (e.g. expressed sequence tags) that
currently have unknown functions. Further studies on the biochemistry of M1GS ribozyme
and RNase P complexed with EGS in vitro and on its activity in cultured cells and in animal
models should facilitate the development of these agents as novel gene-targeting agents for
both in vitro and in vivo applications.

8. Conclusions
Among the wide variety of methods to manipulate gene expression, which have been
introduced in recent years for various purposes ranging from simple gene inactivation to gene
therapy, RNase P-based technology is unique. In the case of EGS technology, gene inactivation
is mediated by cleavage of the target mRNA by endogenous RNase P, which is a highly active
enzyme ubiquitously present inside a living cell. The EGS-based technology is highly specific
and potent in accomplishing its task, without the risk of non-specific cleavage reactions that
have been associated with some of the other technologies such as RNase H-mediated antisense
DNA/RNA strategies.

Equally promising is the potential use of M1GS in gene targeting applications, especially in
antiviral application. Similar to the EGS technology, M1GS possesses high specificity and
efficacy to suppress expression of target genes. While delivery of these antiviral agents in vivo
remains an important question to be addressed, several strategies from modification of
nucleotides and stable transduction using viral gene therapy vectors for ex vivo delivery can
be considered. Further studies of these issues, as well as investigation aimed to understand the
biochemistry of RNase P and M1GS and increase their cleavage efficiency and sequence
specificity, will greatly facilitate the development of these two unique gene-targeting agents
to be used for both basic research and clinical applications.
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Figure 1.
(A–B) Representation of natural substrates (pre-tRNA (A) and 4.5S RNA (B)). (C–E) A
hybridized complex of a target RNA (e.g. mRNA) and an EGS that resembles a part of structure
of a tRNA and can be cleaved by RNase P. (D) results from (C) by deleting the anticodon
domain of the EGS, which is dispensable for EGS targeting activity, while (E) results from
(D) by further deleting the D stem/loop and variable regions. Substrates in (C) and (D) can be
cleaved by human RNase P and M1 ribozyme. In contrast, the stem structure in (E) can only
serve as a substrate for M1 RNA and can not be cleaved by human RNase P. (F) A complex
formed between an M1GS ribozyme and a target mRNA substrate. (G, H) Complexes between
the HCMV capsid scaffolding protein (CSP) mRNA and EGS CSP1 and CSP2, respectively
[82]. (I) Representation of an M1GS RNA construct to which a target RNA has hybridized.
The arrow shows the site of the cleavage by RNase P and M1 RHA.
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Figure 2.
Schematic representation of the in vitro evolution procedure for the generation of highly active
M1GS RNA ribozyme variants that specifically cleave a target mRNA.
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