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and a small basic protein (C5 protein, 119 amino acids).
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Escherichia coli RNase P, an RNA-processing en-
yme that cleaves precursor tRNAs to generate the
ature 5*-end, is composed of a catalytic component

M1 RNA) and a protein cofactor (C5 protein). In this
tudy, effects of C5 protein on the RNase P catalysis
ith a precursor E. coli tRNAPhe having a single mis-
atch in the acceptor stem were examined. This mu-

ant precursor unexpectedly generated upstream
leavage products at the 28 position as well as normal
leavage products at the 11 position. The cleavage at
he 28 position was essentially effective only in the
resence of C5 protein. Possible secondary structures
or cleavage at the 28 position deviate significantly
rom the structures of the known RNase P substrates,
mplying that C5 protein can allow the enzyme to
roaden the substrate specificity more than previ-
usly appreciated. © 2000 Academic Press

Key Words: RNase P; C5 protein; M1 RNA; substrate
utation; precursor tRNAPhe.

RNase P is initially characterized as an RNA pro-
essing enzyme which removes 59-flanking sequences
rom tRNAs to generate the mature 59 termini (1). In
ddition to the precursor tRNAs (ptRNAs), natural
on-tRNA substrates of RNase P, such as precursors to
.5S RNA (p4.5S RNA) and tmRNA (transfer-
essenger RNA), are found in Escherichia coli (2–4).
. coli RNase P is responsible for the 59 maturation of
4 antisense RNAs from bacteriophage P1 and P7 (5)
nd can cleave bacteriophage f80-induced M3 RNA (6)
nd turnip yellow mosaic virus (TYMV) RNA (7).
Nase P enzymes from diverse organisms have been
hown to contain both essential RNA and protein com-
onents. The E. coli holoenzyme consists of two sub-
nits, a large RNA subunit (M1 RNA, 377 nucleotides),

1 To whom correspondence should be addressed. Fax: 82-42-869-
810. E-mail: ylee@sorak.kaist.ac.kr.
136006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
1 RNA cleaves its substrate at the correct position in
he absence of the protein subunit in vitro (8), although
oth components are essential for the activity of RNase
in vivo (9, 10) and for the efficient in vitro reactions

nder physiological conditions (8). Thus, M1 RNA is
he catalytic subunit of the holoenzyme. The presence
f C5 protein can reduce the dependency of M1 RNA on
g21 concentration in vitro (11). ptRNA molecules

erve as the good substrates for the M1 RNA-alone
eaction, while p4.5S RNA requires C5 protein as a
rotein cofactor for its efficient cleavage. Kinetic anal-
sis with p4.5S RNA as a substrate has shown that the
resence of C5 protein dramatically affects the Km

alue compared to the kcat value, although the kcat/Km

alue is similar to that of ptRNAs (12). Thus, the
rotein cofactor plays a crucial role in the substrate
ecognition of p4.5S RNA by the RNase P holoenzyme.
C5 protein has been shown to be able to reduce delete-

ious effects of mutations in the catalytic RNA molecule
13). It has also been shown to correct the aberrant cleav-
ges observed with the RNA molecule alone (14), by pos-
ibly participating in the formation of an active confor-
ation of the RNA molecule. Further evidence that C5

rotein participates in the formation of the active confor-
ation of M1 RNA could be obtained from a study in
hich ribozymes were evolved in the presence of C5 pro-

ein (15). In the presence of C5 protein, M1 RNA variants
ere selected, in addition to M1 RNA that was the only

ibozyme selected in the absence of C5 protein. These M1
NA variants did not display RNase P activity in the
bsence of C5 protein. Therefore, C5 protein plays an
ssential role in making some defective ribozymes main-
ain the catalytically active conformation.

To examine whether C5 protein can also alleviate the
ffect of mutations in substrates on substrate recogni-
ion by M1 RNA, we initially introduced a single nu-
leotide change from C to A at position 67 in E. coli
tRNAPhe. This nucleotide change created a G6-A67
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ismatch in the acceptor stem. The ptRNA mutant
erivative was used as a substrate in the RNase P
eaction in the presence or absence of C5 protein. To
ur surprise, RNase P produced upstream cleavage
roducts at the 28 position, as well as normal cleavage
roducts at the 11 position. Here we report the effects
f C5 protein on the upstream and normal cleavage.

ATERIALS AND METHODS

Preparation of substrates. DNA templates for ptRNAPhe and
tRNAPhe(C67A) were obtained by polymerase chain reaction from
lasmid pHW2CCA (16) with a pair of primers, SP and 67C, and
second pair of primers, SP and 67A, respectively: primer SP,

9-ATTTAGGTGACACTATAGAATACAAGCTTGG-39; primer 67C,
9-ACAAGCCTGGTGCCCGGACTCGGAA-39; 67A, 59-ACAAGCC-
GGTGCCCGTACTCGGAA-39. The RNA substrates were generated
y in vitro transcription with SP RNA polymerase using the BstNI-
leaved DNA templates. The substrates prepared by the in vitro
ranscription were purified in denaturing 8% polyacrylamide gels
rior to use. RNA was internally labeled by in vitro transcription
ith [a-32P]CTP or posttranscriptionally labeled by incorporation of
labeled group at the 59 or 39 terminus of the transcript. To prepare

he 59 end-labeled RNA, RNA was incubated with calf intestinal

FIG. 1. The secondary structures of some natural substrates for R
nd the base change in ptRNAPhe(C67A) are indicated in thin and th
137
lkaline phosphatase to hydrolyze the 59-triphosphate group, which
esulted from the in vitro transcription reaction. It was labeled with
4 polynucleotide kinase and [g-32P]ATP. Alternatively, the 39 end-

abeled RNA was produced by ligation of [59-32P]pCp to the 39 termi-
us of RNA using T4 RNA ligase.

RNase P assay and measurement of kinetic parameters. M1 RNA
nd C5 protein were prepared as described (17). M1 RNA and the
NA substrate were separately renatured by heating for 3 min at
0°C in 50 mM Tris–HCl, pH 8.0, and 100 mM NH4Cl, and by letting
he solution cool down at room temperature. The RNase P holoen-
yme was assembled by mixing M1 RNA and C5 protein in a ratio of
:10 in buffer L (50 mM Tris–HCl, pH 8.0, 100 mM NH4Cl, 10 mM
gCl2) at 37°C. The RNA substrate was incubated with either the

oloenzyme in buffer L or with M1 RNA in buffer H (50 mM Tris–
Cl, pH 8.0, 100 mM NH4Cl, 100 mM MgCl2) at 37°C. Aliquots were
ithdrawn from the reaction mixture at time intervals and mixed
ith an equal volume of stop solution (200 mM EDTA, pH 8.0, 10 M
rea, 0.1% bromophenol blue, 0.1% xylene cyanol). The cleavage
roducts were electrophoresed on 8% denaturing gels containing 8 M
rea and quantitated by analyzing the gel with a Molecular Dynam-

cs PhosphorImager. Steady-state turnover measurements of RNase
activity were performed under conditions of excess substrate

[S]/[E] $ 5). The concentration of enzyme used was 2 nM. Experi-
ents measuring single turnovers were performed and analyzed

xactly as described for the steady-state experiments, except that the
nzyme was in excess over substrate ([E]/[S] $ 2.5).

se P from E. coli. The sites of cleavage by RNase P of each substrate
arrows, respectively. (A) ptRNAPhe. (B) p4.5S RNA. (C) ptm RNA.
Na
ick
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ESULTS

To introduce a minor disruption of the acceptor stem
n E. coli ptRNAPhe, we displaced C with A at position
7 of ptRNAPhe having the 59-leader sequence of 102
ucleotides (16). We did this so that the displacement
ould create a G6-A67 mismatch, thus leaving the five

ontiguous base pairs in the acceptor stem (Fig. 1).
he mutant ptRNAPhe, ptRNAPhe(C67A), and the wild-
ype ptRNAPhe were used as substrates for RNase P in
he condition of steady-state cleavage (Fig. 2). Both
tRNAPhe and ptRNAPhe(C67A) were processed at the
1 position described as the normal cleavage site. The

eaction with ptRNAPhe(C67A), however, resulted in
dditional products that would be generated by cleav-
ge at a site several nucleotides upstream of the nor-
al cleavage site. When compared to the normal cleav-

ge, the upstream cleavage dramatically increased in
he presence of C5 protein. In the absence of C5 pro-
ein, the ratio of products cleaved at the normal and
pstream cleavage is about 110:1; the ratio is reduced
o about 5:1 in the presence of C5 protein. Therefore,
5 protein increased the upstream cleavage at least
0-fold more than it did the normal cleavage, indicat-
ng that C5 protein is essential for efficient cleavage at
he upstream cleavage site. Analysis of the reaction
roducts with a 59 or a 39-end showed that the up-
tream cleavage occurred at position 28 (Fig. 3).
To accurately analyze the effect of C5 protein on the

leavage of ptRNAPhe(C67A) by M1 RNA, multiple turn-

FIG. 2. Steady-state turnover measurements of RNase P activity.
he 59 end-labeled ptRNAPhe or ptRNAPhe(C67A) of 25 nM was incu-
ated in 2 nM enzyme for time intervals indicated above each lane.
ane C, minus enzyme control; lane P, C5 protein 30 nM; lane R, M1
NA 2 nM; lane H, RNase P holoenzyme 2 nM. The cleavage products
re indicated in the right side of the figure: S, substrate; 59N, the
ormal cleavage product; 59U, the upstream cleavage product.
138
ere measured and compared (Table 1). The single base
hange of C to A at position 67 lowered the kcat of the
leavage reaction at the 11 position 3-fold in either
he absence or the presence of C5 protein; the Km

alues, however, were slightly (1.6-fold) increased in
he absence of C5 protein and barely changed in the
resence of C5 protein. In the holoenzyme reaction using
tRNAPhe(C67A), the Km value of the cleavage reaction at
he 28 position was almost the same as that at the 11
osition, whereas the kcat value is 4-fold lower. On the
ther hand, it was practically impossible to determine the
inetic parameters of the cleavage reaction at the 28
osition due to its much lower cleavage efficiency by M1
NA alone than that at the 11 position (see Fig. 2).

nstead, the RNase P reaction was carried out in the
ondition of single-turnover cleavage (Fig. 4). Although
he data of Fig. 4 did not give the accurate values of
cat/Km because the reaction was too fast in this cleavage
ondition, they showed that the activation of cleavage of
tRNAPhe(C67A) at the 28 position by C5 protein was
uch higher than that at the 11 position. This high

ctivation was comparable to that in the multiple-
urnover condition. In the low Mg21 concentration of 2
M where the single-turnover cleavage was quite slow,

he single-turnover kinetic parameter kcat/Km was mea-

FIG. 3. Cleavage sites of ptRNAPhe(C67A) by RNase P. The in-
ernally labeled substrates with [a-32P]CTP (A), the 59 end-labeled
ubstrates with [g-32P]ATP (B), and the 39 end-labeled substrates
ith [32P]pCp (C) were used. Lanes C and H indicate minus enzyme

ontrol and RNase P holoenzyme, respectively. Partial alkaline hy-
rolysis (denoted by OH) and partial RNase T1 digestion (denoted by
1) of the end-labeled ptRNAPhe(C67A) molecules were used as size
arkers. The positions of the 59-cleavage and 39-cleavage products at

he 11 position (for the normal cleavage) and at the 28 position (for
he upstream cleavage) are indicated by 59N, 39N, 59U, and 39U,
espectively in the right side of the figures.
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ured (Table 2). The C5 protein increased the kcat/Km

.6-fold, 2.8-fold, and 42-fold in the cleavage reactions of
tRNAPhe at the 11 position, ptRNAPhe(C67A) at the 11
osition, and ptRNAPhe(C67A) at the 28 position, respec-
ively. Even in the low Mg21 condition, the presence of C5
rotein is also 15-fold more effective on the 28 cleavage of
tRNAPhe(C67A) than the 11 cleavage of ptRNAPhe(C67A).
herefore, this high cleavage efficiency of ptRNAPhe(C67A)
t the 28 position in the presence of C5 protein resulted
rom the increase of the overall reaction velocity, not from
he decrease of product inhibition.

ISCUSSION

In this study, we have initially examined whether or
ot C5 protein could alleviate the effect of mutations in

Multiple Turnover Kinetic Parameters of ptRN
by either M1 RNA or t

Substrate
Cleavage

site

Km (mM)

M1 RNA Holoenzyme

tRNAPhe 11 0.013 0.034
tRNAPhe(C67A) 11 0.021 0.038
tRNAPhe(C67A) 28 ND 37

Note. ND, not determined.

FIG. 4. Single turnover measurements of RNase P activity. The
9 end-labeled ptRNAPhe or ptRNAPhe(C67A) of 25 nM was incubated
n 30 nM enzyme for time intervals indicated above each lane. Lane
, minus enzyme control; lane P, C5 protein 300 nM; lane R, M1
NA 30 nM; lane H, RNase P holoenzyme 30 nM. The cleavage
roducts are indicated in the right side of the figure: S, substrate;
1, the product of cleavage at the 11 position; 28, the product of

leavage at the 28 position.
139
ubstrate on RNase P catalysis by M1 RNA, using a
erivative of E. coli ptRNAPhe, ptRNAPhe(C67A), having
G6-A67 mismatch in the acceptor stem. It comes as a

urprise that RNase P cleaved ptRNAPhe(C67A) to gen-
rate upstream cleavage products at the 28 position,
s well as normal cleavage products at the 11 position.
he increase of the overall reaction on the cleavage of
tRNAPhe(C67A) at the 11 position by C5 protein was
bout 1.7-fold higher than that with ptRNAPhe (see
able 1). The higher effect of C5 protein on the 11
leavage of ptRNAPhe(C67A) resulted mainly from the
estoration of Km that was reduced by the substrate
utation. The effect of C5 protein on the 28 cleavage

f ptRNAPhe(C67A) is more dramatic (20-fold higher
han that on the 11 cleavage), indicating that the 28
leavage is highly dependent on C5 protein.
It is interesting how RNase P recognizes and cleaves

tRNAPhe(C67A) at the 28 position. There are two pos-
ible explanations: (1) RNase P recognizes ptRNAPhe in
single binding mode and cleaves it at the two sites. In
model structure of M1 RNA–ptRNA complex (18, 19),

he mature tRNA domain interacts with M1 RNA so
hat the normal cleavage site resides in close proximity
f the active site. Therefore, it is highly unlikely that
oth the 11 and the 28 positions are oriented to
he active site in the same binding mode. (2) The
tRNAPhe(C67A) can exist, in part, in an altered con-
ormation with a stem structure consisting of the base
airing between nucleotides 28 to 25 and nucleotides
69 to 172, and with the 39-terminal RCCA as in the

he and ptRNAPhe(C67A) in Reactions Catalyzed
RNase P Holoenzyme

k cat (s21) k cat/Km (mM21 s21)

M1 RNA Holoenzyme M1 RNA Holoenzyme

0.0069 0.34 0.51 10
0.0020 0.12 0.091 3.0

ND 0.027 ND 0.73

TABLE 2

Single Turnover Kinetic Parameters of ptRNAPhe and
tRNAPhe(C67A) in Reactions Catalyzed by either M1 RNA or
he RNase P Holoenzyme

Substrate
Cleavage

site

k cat/Km (mM21 s21)

M1 RNA Holoenzymea

tRNAPhe 11 0.22 0.79
tRNAPhe(C67A) 28 0.064 0.18
tRNAPhe(C67A) 28 0.001 0.042

a Measured at 2 mM MgCl2.
AP

he
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cceptor stem. This altered conformation can form by
he slippage of the upstream 8 nucleotides into the
cceptor stem (two possible secondary structures are
hown in Fig. 5). If ptRNAPhe(C67A) takes this confor-
ation, it is likely that cleavage at position 28 by
Nase P occurs. However, this conformation might be

omposed of secondary structures quite different from
he structures of the known RNase P substrates. First,
he acceptor stem-like structure contains only four con-
iguous base-pairs or six base-pairs with a single-
ucleotide bulge. This short stem structure contrasts
ith the acceptor stem of 7 base-pairs for cleavage of
tRNA and ptmRNA, or the long stem of 16 base-pairs
f p4.5S RNA (Fig. 1). Second, some of the displaced
ucleotides from the original acceptor stem can base-
air with nucleotides in the T stem-loop, which could
isrupt the T stem-loop. Therefore, the conformation of
tRNAPhe(C67A) for cleavage at the 28 position seems
o be quite different from those of the known RNase P
ubstrates since they at least have the long stem struc-
ure or the acceptor stem and T stem-loop structure.

The our result that C5 protein is essential for cleav-
ge of ptRNAPhe(C67A) at position 28 may be consis-
ent with the C5 protein-dependency of the RNase P
eaction previously shown with pt4.5S RNA as a sub-
trate (12). Even though the secondary structure of
.5S RNA is different from the common ptRNA struc-
ure, p4.5S RNA forms a unique hairpin structure
hat can mimic the coaxial acceptor stem stacked on
he T stem-loop (12). However, the conformation of
tRNAPhe(C67A) for cleavage at position 28 does not
esemble the common ptRNA structure or the p4.5S
NA structure. This suggests that C5 protein allows

he ribozyme to broaden the substrate specificity more
han previously appreciated (1). In this context, it may
e worthy of note that the holoenzyme exhibits similar
m values for the 11 cleavage of ptRNAPhe, the 11

FIG. 5. Two possible secondary structures of ptRNAPhe(C67A) for
leavage at the 28 position. The sites of cleavage by RNase P are
ndicated in arrows.
140
tRNAPhe(C67A).
The accurate function of C5 protein in vivo is uncer-

ain. Our data showed that a substrate having a con-
ormation much deviated from those of the known
Nase P substrates was efficiently cleaved only in the
resence of C5 protein in vitro. This finding suggests
hat the RNase P holoenyzme can recognize various
NA molecules as substrates. Besides 59 maturation of

RNA, 4.5 RNA, and tmRNA, therefore, RNase P may
e involved in a wide variety of RNA metabolism
ithin a cell because only the holoenzyme is a func-

ional RNase P enzyme in vivo. For example, the 39-end
rocessing of a leucine-specific suppressor tRNA (20)
nd the 59 end-processing of a precursor M1 RNA (21)
ere reported to depend on RNase P in E. coli.
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