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Dependent on the Concentration of Magnesium Ion
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The bacterial RNase P ribozyme can accept a hairpin RNA with CCA-3� tag sequence
as well as a cloverleaf pre-tRNA as substrate in vitro, but the details are not known.
By switching tRNA structure using an antisense guide DNA technique, we examined
the Escherichia coli RNase P ribozyme specificity for substrate RNA of a given shape.
Analysis of the RNase P reaction with various concentrations of magnesium ion
revealed that the ribozyme cleaved only the cloverleaf RNA at below 10 mM magne-
sium ion. At 10 mM magnesium ion or more, the ribozyme also cleaved a hairpin RNA
with a CCA-3� tag sequence. At above 20 mM magnesium ion, cleavage site wobbling
by the enzyme in tRNA-derived hairpin occurred, and the substrate specificity of the
enzyme became broader. Additional studies using another hairpin substrate demon-
strated the same tendency. Our data strongly suggest that raising the concentration
of metal ion induces a conformational change in the RNA enzyme.
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Ribonuclease P (RNase P) is a tRNA-processing enzyme
that produces mature tRNA molecules by cleaving the
tRNA precursor at the 5�-end (1, 2). It is a ribonucleopro-
tein enzyme, consisting one RNA subunit and one or
more protein subunit(s). The RNA subunit of bacterial
and of some archaeal RNases P is a ribozyme, which is
able to exert the RNase P activity without the protein
component (3–11).

Two bacterial enzymes, Escherichia coli and Bacillus
subtilis RNasse P, have been most extensively studied.
The tertiary structure of the RNA component has not
been solved, however, and therefore the studies on RNase
P ribozyme have mainly been phylogenetic using mutant
constructs. RNase P is metal-dependent ribozyme, and
several metal-binding sites have been identified (12–23).
On the other hand, in spite of many reports, the intrinsic
role of the protein component is unclear (3–11).

Recently, we reported that some mature tRNAs are
internally cleaved by bacterial RNase P in vitro (24–39).
We denoted this unusual cleavage of tRNA as hyper-
processing, and compiled the experimental data of hyper-
processible tRNAs and extracted the criteria for the
occurrence of the hyperprocessing reaction (38). Why
does the bacterial RNase P catalyze the unusual hyper-
processing reaction to destroy mature tRNA? We knew
that magnesium ion takes part in the reaction: but how?
In this report, we studied the substrate recognition of the
E. coli RNase P ribozyme with a hyperprocessible tRNA.
For this study, we also developed an antisense guide DNA
technique to control the substrate shape (30, 39). Our
data reveal how the RNase P ribozyme recognizes the
target RNA dependently on the metal ion concentration.

Previously, we reported that the cloverleaf structure of
some mature tRNAs is not always stable, and that it is
denatured to form a double-hairpin-like structure in vitro
(24, 39). The denatured tRNA can be efficiently detected
through the bacterial RNase P reaction when the 3�-half
of the denatured tRNA forms an alternative extended
hairpin structure (38). Human tRNATyr is one such
hyperprocessible tRNA in vitro (34, 37). In the presence
of 5 mM magnesium ion, the usual processing reaction of
the pre-tRNA to produce the mature tRNA by the E. coli
RNase P is observed but the hyperprocessing is never
observed. On the other hand, both the processing and the
hyperprocessing reactions are observed with more than
10 mM magnesium ion (37). The previous results indi-
cated that the human tRNATyr can provide two types of
substrates for the RNase P, the cloverleaf and the hairpin
RNAs, in the presence of higher magnesium ion concen-
trations. Under the standard reaction conditions, the con-
tent of hyperprocessible hairpin-folded RNA is thought to
be minor, we have chosen this tRNA as a probe in this
study, and applied the guide DNA technique to the
RNase P reaction as described below.

MATERIALS AND METHODS

Preparation of RNAs and Other Chemicals—E. coli
ribonuclease P RNA was prepared by in vitro transcrip-
tion from the pGEM-3Z-derived plasmid DNA with T7
RNA polymerase according to the method described pre-
viously (24).

The human tyrosine tRNA precursor was prepared by
in vitro transcription from the pGEM-3Z-derived plasmid
DNAs as described previously (34, 37). Synthetic anti-
sense guide DNAs were purchased from Funakoshi Corp.:
5�-TGTAC AGTCC TCCGC TCTAC CAGCT GAGCT
ATCGA-3� (for “STN-DNA”), 5�-CTCAG ACTTT TAATC
TGAGT CTACA GTCCT CCGCT CTACC AGCTG AGCTA
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TCGA-3� (for “5end bulge DNA”), 5�-TCTAC AGTCC
TCCGCT CCTCA GACTT TTAAT CTGAG ACCAG
CTGAG CTATC GA-3� (for “Midbulge-DNA”), 5�-ACCAT
CTACA GTCCT CCGCT CTACC AGCTG AGCTA TCGA-
3� (for “ACCA-tag DNA”), and 5�-AACCA GCGAC CTAAG
GATCT ACAGT CCTCC GCTCT ACCA-3� (for “Dest-
DNA”).

The Drosophila pre-tRNAVal was also prepared by in
vitro transcription from the pGEM-3Z-derived plasmid
DNAs as described previously (30, 39). The hairpin RNA
derived from the Drosophila tRNAVal was prepared by in
vitro transcription from the synthetic partially double-
stranded DNAs containing the T7 promoter sequence: 5�-
TGGTG TTTTC GCCCG GGTTC GAACC GGGCG
AAAAC ATCAT GAACG AATTC GCCCT ATAGT GAGTC
GTATT ACA-3� and 5�-TGTAA TACGA CTCAC TATAG
GGCGA ATTCG TTCAT GATGT TTTCG-3�.

Cleavage Assay of RNAs—E. coli RNase P RNA and
the tRNA precursor were prepared by in vitro transcrip-
tion with T7 RNA polymerase (‘TT7 RNA polymerase’,
Toyobo) using cleaved DNA templates. The human
tRNATyr precursor was labeled at the 3�-end with [5�-
32P]pCp and T4 RNA ligase as described previously. The
RNase P reaction of human pre-tRNATyr in the presence
or absence of guide DNA was done under standard
conditions (0.72 �M E. coli RNase P RNA, 60.3 nM pre-
tRNATyr, 5 �M each guide DNA, 5%[w/v] polyethylene
glycol, 100 mM NH4Cl, 50 mM Tris-HCl, at pH 8.0, 37�C;
for 1 h) and in the presence of 0, 2.5, 5, 10, 20, or 40 mM
Mg2+ and the reaction products were developed on 20%
PAGE and analyzed as described previously (24). The
Drosophila tRNAVal precursor and the hairpin RNA were
labeled at the 5�-end with [32P-g]ATP and T4 polynucle-
otide kinase as described previously. The RNase P reac-
tion of the Drosophila pre-tRNAVal and the hairpin RNA
was also done under standard conditions (0.78 �M E. coli
RNase P RNA, 320 nM pre-tRNAVal or 25.3 nM hairpin
RNA, 5%[w/v] polyethylene glycol, 100 mM NH4Cl, 50
mM Tris-HCl, at pH 8.0, 37�C; for 2 h) and in the pres-
ence of 0, 5, 10, 20, or 40 mM Mg2+ and the reaction prod-

ucts were developed on 20% PAGE and analyzed as
described previously (24).

RESULTS AND DISCUSSION

The Guide DNA Technique to Switch the Shape of
RNA—We developed an antisense guide DNA technique
to promote and to control the RNase P reaction. Of the
two types of antisense guide DNA, external and internal,
the external guide DNA is the antisense DNA hybidiza-
ble to the 5�-leader region of the pre-tRNA (Refs. 30 and
39; Fig. 1B, left). In the bacterial RNase P reaction, the
presence of the external guide DNA enhances the RNase
P reaction. This phenomenon means that the bacterial
RNase P accepts the RNA/DNA duplex at the 5�-leader
region, and that the presence of the guide DNA enhances
the correct cloverleaf folding of the pre-tRNA. The anti-
sense external guide DNA technique is applicable to effi-
cient preparation of mature tRNA from the pre-tRNA.

In this study, we used the antisense internal guide
DNA technique to destroy the cloverleaf shape of the tar-
get tRNA. Our previous report suggested that the appli-
cation of the internal guide DNA to the hyperprocessible
tRNA would efficiently destroy the cloverleaf shape of
tRNA (Ref. 30; Fig. 1B, right). In the hyperprocessible
tRNA, the 3�-half of the tRNA can form an alternative
extended hairpin. The antisense DNA, the internal guide
DNA, to the 5�-upstream region of the cleavage site is
expected to enhance the extended hairpin formation. The
design of the antisense internal guide DNAs and the tar-
get region of the tRNA are shown in Fig. 2. Four guide
DNAs are designed to hybridize to the same region of the
tRNA, U4-A37, and one guide DNA is designed to hybrid-
ize to another region, U17-U55.

The results of the RNase P reaction in the absence and
presence of the internal guide DNA are shown in Fig. 3.
The results in the absence of guide DNA showed that the
processing reaction of pre-tRNA occurred with magne-
sium ion above 2.5 mM (“Mat” in Fig. 3A, lanes 2–6), and
the hyperprocessing occurred above 10 mM (“Hyp1” and

Fig. 1. Schematic representation of
RNase P reaction and guide DNA tech-
nique. (A) Schematic representation of sub-
strate recognition by the bacterial RNase P.
The bacterial enzymes recognize the tRNA
precursor in the cloverleaf structure (left) as
well as the hairpin RNA with CCA-3� tag
sequence (right) as substrate. The scissor
represents the cleavage site in the RNA. (B)
The guide DNA technique used in this study.
The antisense DNA to the 5�-leader region of
the pre-tRNA, indicated as external guide
DNA, enhances the usual processing reac-
tion of pre-tRNA by the bacterial RNase P
(left). On the other hand, the antisense DNA
to the internal region of certain tRNA, indi-
cated as internal guide DNA, contributes to
the destruction of the cloverleaf structure of
tRNA. If the 3�-half of the denatured tRNA
can form an alternative extended hairpin,
the RNA is further cleaved by the enzyme
(right; denoted as hyperprocessing; the cri-
teria are described in the Ref. 38).
J. Biochem.

http://jb.oxfordjournals.org/


Substrate Shape Specificity of E. coli RNase P Ribozyme 447

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

“Hyp2” in lanes 4–6). In this case, most RNA molecules in
the reaction mixture were thought to be in the cloverleaf
structure, because the processing reaction requires the
cloverleaf shape of pre-tRNA. On the other hand, the
results in the presence of the guide DNA “STN-DNA”
showed that the processing, the maturation reaction of
pre-tRNA, was hardly observed (“Mat” in Fig. 3A, lanes
10–14). Considering both the lack of the processed prod-
uct and the amount of hyperprocessed products obtained,
the pre-tRNA was thought to be almost completely dena-
tured by the guide DNA to form the hyperprocessible
hairpin structure at every concentration of magnesium
ion. Comparison of the data in the absence and in the
presence of the guide DNA indicates that the hyper-
processing of tRNA absolutely requires the magnesium
ion at 10 mM or more. The difference in the content of
hyperprocessed products, we think, comes from the dif-
ference in the content of hairpin-fold RNA in the reaction
mixture in the absence or presence of the guide DNA.

The other two guide DNAs, “5end bulge DNA” (Fig. 3A,
lanes 17–22) and “ACCA-tag DNA” (lanes 33–38), gave
similar results to “STN-DNA”: the processing reaction of
pre-tRNA was completely inhibited at every concentra-
tion of magnesium ion, and the hyperprocessed products
were observed in the presence of 10 mM magnesium ion

or more. These data indicated that the additional nucle-
otide at the 5�-end of the guide DNA, supposed to be
located near the cleavage site, did not affect the RNase P
reaction. The results with “Midbulge DNA” as guide DNA
(lanes 28–30) were slightly different from those with
‘STN-DNA’: the mature product was observed at 2.5 and
5 mM in this case (lanes 26 and 27). The results sug-
gested that the presence of nucleotide mismatch in the
guide DNA affects the hybridization to the target tRNA,
which allows the pre-tRNA to re-fold to the canonical clo-
verleaf structure: we suppose that the disappearance of
mature-size product above 10 mM magnesium (lanes 28–
30) is due to the hyperprocessing of the newly formed
mature tRNA.

The results with “Dest-DNA” (Fig. 3A, lanes 41–46)
showed that the guide DNA to the region U17-U55 com-
pletely inhibited the hyperprocessing reaction and also
reduced the efficiency of the processing reaction.

The above data indicated that the guide DNA tech-
nique is applicable to select the cleavage site and to con-
trol the cleavage efficiency of the hyperprocessible tRNA.

Substrate Shape Recognition of E. coli RNase P Ribo-
zyme Varies with Magnesium Ion Concentration—The E.
coli RNase P ribozyme exhibitied the enzyme activity at
low magnesium ion concentration of above 2.5 mM (Fig.

Fig. 2. Guide DNAs in used this study
and the target region in the pre-tRNA.
Five guide DNAs were used for this study:
“STN-DNA” is a 35-mer DNA hybridizable
to the U4-A37 region of the target tRNA,
“ACCA-tag DNA” has an additional four-
base sequence at the 5�-end of the “STN-
DNA”, “5� end bulge DNA” has an addi-
tional short hairpin at the 5�-end of the
“STN-DNA,” “Midbulge DNA” has the
same hairpin sequence as “5� end bulge
DNA,” but located in the middle of the
sequence; and “Dest-DNA” is a 35-mer
DNA hybridizable to the U17-U55 region of
the target tRNA. The regions U39-G45 and
U66-A73 of the target pre-tRNA, which con-
tribute to the formation of the hyper-
processible extended hairpin, are indicated
by boxes. The cleavage sites by the RNase
P are shown by arrows. See Fig. 3.
Vol. 133, No. 4, 2003
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3), which is consistent with other reports (12–23). With 5
mM magnesium ion, the ribozyme cleaved only cloverleaf
shape pre-tRNA; the ribozyme could not cleave the hair-
pin RNA formed by the binding of guide DNA. With
above 10 mM magnesium ion, hyperprocessed products
appeared, which indicated the ribozyme accepted and
cleaved the hairpin RNA as a substrate. Considering the
results in the absence of guide DNA (Fig. 3A, lanes 1–6),
these data indicate that the substrate specificity of this
ribozyme, in the view of recognition of the shape of RNA,
becomes broader and looser as the concentration of mag-
nesium ion is raised. Moreover, the substrate cleavage
pattern of the ribozyme changed at the magnesium ion
concentration of 20 mM: the ribozyme produced two
cleaved products both in the absence and in the presence
of guide DNA (lanes 5, 13, 21, and 37), except in the pres-
ence of ‘Dest-DNA’ as guide DNA (lane 45). With 40 mM
magnesium ion, the major cleavage site in hyperprocess-
ing shifted from the longer one (cleavage at U39-C40 bond)
to the shorter one (cleavage at C40-C41). In the presence of

‘Dest-DNA’, the mature product was observed at above 20
mM (lanes 45 and 46), which suggests that the refolded
acceptor-stem of the pre-tRNA was recognized as sub-

Fig. 3. RNase P reaction of tRNA with guide DNA. The RNase P
reaction of the human pre-tRNATyr was done in the absence or pres-
ence of each guide DNA. The E. coli RNase P ribozyme was used as
an enzyme. The reaction was done with various concentrations of
magnesium ion (0, 2.5, 5, 10, 20, or 40 mM MgCl2) in a mixture con-
taining 50 mM Tris-HCl, 5% (w/v) polyethylene glycol, 100 mM
NH4Cl, 0.72 �M E. coli RNase P ribozyme, 60.3 nM human pre-
tRNATyr, and 5 �M guide DNA, at pH 8.0, 37�C, for 1 h. (A) PAGE
analysis of the products developed on 20% PAGE. “Pre,” “Mat,”
“Hyp1,” and “Hyp2” on the left side of the photo represent the pre-
tRNA, mature tRNA, product-1, and product-2, respectively. “Cntl,”

lane 2, represents the products of the control reaction done in the
absence of magnesium ion. ‘Cntl’, lanes 9, 17, 24, 33, and 41, repre-
sents the products of the control reaction done in the absence of the
enzyme but in the presence of 40 mM magnesium ion and each guide
DNA. “OH–” and “T1” represent the partially alkaline hydrolyzed
size marker and the nuclease T1 hydrolyzed size marker, respec-
tively. (B) The relative RNA content was analyzed from the photo.
Open circles, pre-tRNA; closed circles, mature tRNA; hatched trian-
gles, hyperprocessed products (sum of product-1 and –2) (above);
open triangles, product-1 (“Hyp1”); and closed triangles, product-2
(“Hyp2”) (below).

Fig. 4. Possible structure of target tRNA with Dest-DNA. See
text.
J. Biochem.
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strate by the enzyme (the putative secondary structure is
shown in Fig. 4). Considering that no hyperprocessed
products were observed in the presence of the “Dest-
DNA,” we suppose that the guide DNA still bound to the
pre-tRNA substrate in the reaction, destroying the
hyperprocessible hairpin structure formation.

Higher Magnesium Ion Was also Required to Cleave a
Hairpin Substrate—The above results showed that the
more than 10 mM magnesium ion was required for the
cleavage of the hairpin RNA substrates derived from
tRNA. Mutational analyses of the hyperprocessed tRNAs
in our previous studies showed that the hairpin forma-
tion of the 3�-half of the tRNA is required for the hyper-
processing reaction (24, 34), which strongly suggests that
the hairpin formation of the 3�-half the of the target
tRNA also occurred in this case. To confirm the magne-
sium ion concentration-dependence of the hairpin recog-
nition by the ribozyme, we did additional experiments,
because of the technical difficulties of the direct observa-
tion of the hairpin formation of the target RNA: we pre-
pared a hairpin RNA and examined the RNase P reac-
tion. The artificial RNA has complementary regions to
form a 12-base length helix derived from the tRNAVal and
is expected to form a hairpin (Fig. 5B). The results,
shown in Fig. 5, indicated that the magnesium ion-
dependence of the RNase P reaction was same as the
results in Fig. 3: the hairpin cleavage by the ribozyme
was observed in the presence of 10 mM magnesium ion or
more. The shift of the substrate shape recognition of the
E. coli ribozyme is shown schematically in Fig. 6.

The Reason for the Shift of the Substrate Recognition of
the RNase P Ribozyme—The bacterial RNase P ribozyme
has several metal binding sites, of which some contribute

Fig. 5. RNase P reaction of pre-tRNA and
hairpin substrates. (A) Drosophila pre-tRNA-
Val. (B) Hairpin RNA derived from the tRNAVal.
The cleavage site by the E. coli RNase P
ribozyme is indicated by an arrow. (C) The RNAs
were labeled at the 5�-end and developed on
PAGE after the RNase P reaction at 37�C for 120
minutes (0.78 �M E. coli RNase P RNA, 320 nM
pre-tRNA or 25 nM hairpin RNA, 5–40 mM
MgCl2, 100 mM NH4Cl, 5% (w/v) polyethylene
glycol, 50 mM Tris-HCl; pH 8.0; in 10 �L scale
reaction). “OH–” and “T1” represent the partially
alkaline hydrolyzed size marker, and the nucle-
ase T1 partially hydrolyzed size marker, respec-
tively. “Cntl” represents the control reaction in
the absence of the enzyme but in the presence of
40 mM magnesium ion. (D) The relative values of
the cleaved RNA were plotted against the mag-
nesium concentration. Open and closed circles
represent the values of the pre-tRNA and the
hairpin substrates, respectively.

Fig. 6. Schematic representation of the substrate recognition
of E. coli RNase P ribozyme with various concentrations of
magnesium ion. At a certain concentration of magnesium ion, the
E. coli RNase P RNA exhibits enzymatic activity to cleave pre-tRNA
in cloverleaf shape. With 10 mM magnesium ion or more, the
ribozyme also recognizes a hairpin RNA with a CCA-3� tag sequence
as a substrate. At above 20 mM magnesium ion, the cleavage site
wobbling by the enzyme in tRNA-derived hairpin occurs, and the
substrate specificity of the enzyme becomes broader.
Vol. 133, No. 4, 2003
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to the correct folding of the RNA, and some contribute to
the formation of the catalytic center (12–23). In the RNA
enzyme, the cation contributes to countervail the nega-
tive surface charge of the nucleotide, which reduces the
barrier to interaction between the ribozyme and the sub-
strate RNA. In case of the E. coli ribozyme, the presence
of low magnesium ion concentration of around 2.5–5 mM
is necessary for efficient folding of RNA structure and the
efficient acceptance of pre-tRNA substrate in the clover-
leaf folding. Our data indicated that raising the concen-
tration of magnesium ion to above 10 mM enables the
ribozyme to accept the non-cloverleaf RNAs. Moreover,
the higher concentration of metal ion, we suppose,
induces a conformational change in the ribozyme that
retsuls in the cleavage site shift, as observed at around
20 mM magnesium ion (Fig. 3). This explanation can also
account for the hyperprocessing of tRNA. The tRNA
structure can be denatured by a high concentration of
magnesium ion (40), and some tRNA can be denatured in
vitro (24–39). In some tRNAs, the 3�-half of the denatured
tRNA can form an alternative extended hairpin, and the
newly formed hairpin can be recognized by the bacterial
enzyme at higher magnesium concentration. Our data
showed that the occurrence of the hyperprocessing due to
the substrate shape recognition of the enzyme depended
on the magnesium ion concentration.
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