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The 3’ substrate determinants for the catalytic
efficiency of the Bacillus subtilis RNase P
holoenzyme suggest autolytic processing

of the RNase P RNA in vivo

ANDREW LORIA and TAO PAN

Department of Biochemistry and Molecular Biology, University of Chicago, Chicago, lllinois 60637, USA

ABSTRACT

We investigated the catalytic efficiency and the specificity of the
substrates that contain a single strand, a hairpin loop, or a tRNA 3
concentration, RNase P can cleave a single-stranded RNA at

3’ to the cleavage site by a hairpin loop or by the yeast tRNA

Bacillus subtilis RNase P holoenzyme reaction with
" to the cleavage site. At a saturating ribozyme
~0.6 min ~* at pH 7.8. Replacing the single-stranded RNA
Phe increases the cleavage rate by up to  ~600-fold and

~3,200-fold, respectively. These results show that compared to a single-stranded RNA substrate, the cleavage rate for

the holoenzyme reaction is primarily enhanced by an acceptor-stem-like helix. Substrate binding, ~7-10 uM for a
single-stranded RNA, improves by  ~1,000-fold upon the addition of the tRNA. The efficiency of the RNase P holoen-
zyme cleaving a single-stranded RNA is sufficiently high to consider autolytic processing of the RNase P RNA
(denoted P RNA) transcript in the cell. The addition of the RNase P protein to a precursor form of the P RNA in vitro

results in autolytic processing of the 5 ' and the 3’ end of this precursor in a matter of minutes. Autolytic processing
produces the reported 5 ' end of the mature P RNA. The precise 3 ' end generated by autolytic processing is different
over the course of the reaction and the final product is 4 nt shorter than the reported 3 "end of the B. subtilis P RNA.
The observed 3 ' end in vitro is consistent with the property of the holoenzyme reaction with single-stranded RNA
substrates. The discrepancy with the reported 3 ' end may be due to other processing events in vivo or inaccurate
determination of the mature 3 '’ end of the P RNA isolated from the cell. We propose that the mature B. subtilis P RNA
is generated at least in part by autolytic processing upon the binding of the RNase P protein to the precursor P RNA.

Keywords: holoenzyme; minimal substrate; P RNA; processing; RNase P

INTRODUCTION

RNase P is an essential endo-nuclease involved in pro-
ducing the mature 5’ end of all tRNA in vivo. The bac-
terial RNase P is composed of a large RNA of 330-420
nt (denoted P RNA) and a small protein of ~120 amino
acids (denoted P protein; Frank & Pace, 1998; Altman
& Kirsebom, 1999). The in vitro reconstituted complex

Reprint requests to: Tao Pan, Department of Biochemistry and
Molecular Biology, University of Chicago, Chicago, lllinois 60637,
USA; e-mail: taopan@midway.uchicago.edu.

Abbreviations: Holoenzyme: the 1:1 complex of the P RNA and the
P protein; Kj,: the ribozyme concentration at k./2; k¢ the cleavage
rate at saturating ribozyme concentrations under single turnover con-
ditions, that is, [E] > [S]; K4 the dissociation constant of the
ribozyme—substrate complexes; P protein: the RNase P protein from
Bacillus subtilis; P RNA: the RNase P RNA component from Bacillus
subtilis; Pre-P 1: A precursor form of P RNA containing 17 extra nt to
the mature 5’ end and 90 extra nt to the reported mature 3’ end;
Pre-P 2: A precursor form of P RNA containing the mature 5’ end and
90 extra nt to the reported mature 3’ end.

of P RNA and P protein, termed the holoenzyme, is a
near-perfect enzyme, that is, the k..,/K,, of cleaving the
precursor tRNA substrate approaches the diffusion lim-
ited rates (Albery & Knowles, 1976; Kurz et al., 1998).
In contrast, the k../K,, of the catalyzed reaction of P
RNA alone is ~10%-fold lower under physiological con-
ditions (Kurz et al., 1998).

A precursor tRNA substrate has a single-stranded
RNA on the 5’ side of the cleavage site. A portion of the
5’ leader (nt —4 to —8) binds directly to a well-defined
site in the P protein (Crary et al., 1998; Niranjanaku-
mari et al., 1998b; Stams et al., 1998). Nucleotides —3
to —1 in the 5’ leader likely interact with the P RNA,
both in the presence and in the absence of the P pro-
tein (Holm & Krupp, 1992; Smith & Pace, 1993; LaGran-
deur et al., 1994; Crary et al., 1998; Loria et al., 1998,
Christian & Harris, 1999). The tRNA portion of the sub-
strate directly interacts with the P RNA (Harris et al.,
1994; Pan et al., 1995; Loria et al., 1998; Massire et al.,
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1998). Numerous studies have shown that RNase P
primarily interacts with the T stem-loop and the accep-
tor stem portion of the tRNA (McClain et al.,, 1987;
Kahle et al., 1990; Thurlow et al., 1991; Harris et al.,
1994; Massire et al., 1998). Other studies have shown
that deletion of the anticodon and the D stem-loops of
a tRNA has little effect on the reaction catalyzed by the
Escherichia coli RNase P holoenzyme (McClain et al.,
1987).

As an RNase P substrate, the tRNA can be envi-
sioned to be divisible into four components. The first
component is a single-stranded RNA. The second com-
ponent is an acceptor stem mimic that can be repre-
sented by a hairpin loop. The T stem-loop is added to
mimic the coaxially stacked top portion of the tRNA.
Inclusion of the anticodon and the D stem-loops recon-
stitutes the entire tRNA.

This work aims to elucidate the quantitative effects
on catalytic efficiency and specificity of the Bacillus
subtilis holoenzyme reaction upon the successive ad-
dition of RNA structures on the 3’ side of the cleavage
site. In the course of this study, we realized that the
cleavage efficiency of a single-stranded substrate is
sufficiently high to consider the possibility of autolytic
processing of the RNase P RNA precursors (pre-P RNA)
in vivo upon P protein binding to the pre-P RNA. In-
deed, an in vitro transcript containing extra nucleotides
5" and 3’ to the mature P RNA is processed upon the
addition of the P protein to produce precise 5’ and 3’
ends in a matter of minutes.

RESULTS

Design of RNA substrates

The RNA substrates are designed to incrementally
increase the efficiency and specificity for the holo-
enzyme reaction. The simplest RNA substrate is a
single-stranded RNA containing a 5’ leader region and
a single nucleotide 3’ to the intended cleavage site
(Fig. 1, substrate 1). Seven nucleotides are included in
the 5’ leader region to allow optimal interaction with the
5’ leader-binding site in the P protein (Niranjanakumari
et al., 1998b). The sequence of these 7 ntis composed
entirely of adenosines and uridines to mimic the 5’
leader region of many natural tRNA substrates
(Wawrousek et al., 1984; Green et al., 1985). Substrate
2 contains 2 additional nt at the 3’ end of substrate 1.
The addition of these 2 nt may enable interactions be-
tween the region immediately 3’ to the cleavage site
with the ribozyme.

The next substrate is designed with a hairpin loop 3’
to the cleavage site, mimicking the acceptor stem of a
pre-tRNA substrate (substrate 3). The discriminator base
in a pre-tRNA substrate is represented by the single
nucleotide present at the 3’ end of this hairpin. Sub-
strate 4 contains the CCA nucleotides at the extreme 3’
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end, mimicking the conserved 3'CCA in a pre-tRNA
substrate. The importance of the 5’ leader interaction
with the P protein in the context of the hairpin-loop
substrate is tested by deleting the 4 5’ most nt (sub-
strates 5 and 6) in these substrates.

The natural pre-tRNA substrates (substrates 7 and 8)
have the additional T stem-loop component in the con-
text of the full-length tRNA. These substrates differ in
the length of their 5’ leader to test the effect of the 5’
leader interaction with the holoenzyme in the context of
the tRNA substrate.

Reaction kinetics

All substrates can be cleaved by the holoenzyme spe-
cifically to produce one major product (Figs. 1 and 2).
Except for substrate 1, the cleavage site for all other
substrates is the same as predicted in our design. No
reaction products are observed when these substrates
are incubated with the P protein in the absence of the
P RNA (Fig. 2A and data not shown). The major cleav-
age site for substrate 1 is located at 1 nt 5’ to the
intended cleavage site, whereas the minor cleavage
site for this substrate is located at the designed posi-
tion. The choice of these cleavage sites is probably due
to competitive interaction between the different single-
stranded segments 5" and 3’ to the cleavage site with
the holoenzyme. For the major cleavage site, the 3’
interaction involves 2 nt. Such 3’ interaction, in the
context of substrate 1, appears to be stronger than the
general guanosine preference for the nucleotide imme-
diately 3’ to the cleavage site (Kirsebom, 1995; Loria
et al.,, 1998). This guanosine preference is probably
responsible for the observed minor cleavage site. Our
results clearly indicate that holoenzyme is capable of
cleaving substrates ranging from single-stranded RNA
to tRNA precursors.

Two parameters are determined to quantitatively eval-
uate the cleavage efficiency and substrate binding
under single turnover conditions, that is, [E] > [S]
(Table 1).

ky Kel
E+S ? ES — EP.

We use k. here because the observed cleavage rate at
a saturating RNase P concentration is believed to be a
composite of two steps, one involving a fast equilibrium
between two ES complexes and the other involving the
actual chemical step, k, (Loria & Pan, 1999). We ex-
pect k. to be comparable to k, for the B. subtilis holo-
enzyme cleaving a pre-tRNASP substrate (~20 min~*
at pH 6.1 in 10 mM MgCl, and 100 mM NH,CI) previ-
ously determined by Fierke and coworkers (Kurz et al.,
1998). This value is indeed observed for the cleavage
of our pre-tRNAP"® substrate (Table 1). Deletion of the
5’ leader from 5 to 3 nt (compare substrates 7 and 8)
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FIGURE 1. RNA substrates with the 5’ leader region shown in lower case. The designed cleavage sites are between the
two highlighted residues. The observed cleavage sites are indicated by arrows.

does not change k., similar to that observed for the
holoenzyme cleavage of a pre-tRNA*SP substrate (Crary
et al., 1998). The manually measured k, for three rep-
resentative substrates is pH dependent (Fig. 3A). A
slightly greater slope (1.0) is observed for the single-
stranded substrate 2 compared to the hairpin-loop sub-
strate 4 (0.7).

The magnitude of the cleavage rate varies sig-
nificantly for these substrates (Table 1). For single-
stranded RNAs, extension of the 3’ region from a single
nucleotide G to 3 nt GUG results in ~110-fold faster

cleavage (compare the minor cleavage product P1 of
substrate 1 to substrate 2). Substitution of the single-
stranded 3’ region by a hairpin loop increases the cleav-
age rate by ~70-fold at pH 7.8 (compare substrate 2 to
substrate 3) and up to ~ 600-fold at pH 5.9 (compare
substrate 2 to 4, Fig. 3A). Addition of 3’ CCA to the
hairpin loop improves the cleavage rate by ~1.5-fold
when the 5’ leader has 7 nt (compare substrates 3
and 4). In the context of the hairpin-loop substrate, the
5" leader can be reduced to 3 nt with less than fivefold
effect on the cleavage rate (compare substrates 5/6 to
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Substrate #6 Substrate #4
G G AHAH 7" 0" 7" G G AH AH 5" 0"
(3"OH) (3"OH) SPRNA  (3OH) (3'0H)
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Substrate: #1
Time: 20" &' 0.08'
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FIGURE 2. Identification of cleavage products by denaturing gel elec-
trophoresis. A: The cleavage products of substrates 4 and 6 are
compared to the partial alkaline hydrolysis and nuclease T1 diges-
tion treated with a phosphatase (1 U/uL T4 polynucleotide kinase at
37°C for 40 min) to remove the 2’, 3’ cyclic phosphate (Pan et al.,
1995). AH, G: alkaline hydrolysis and T1 digestion in the absence of
phosphatase. AH(3'OH), G(3'OH): alkaline hydrolysis and T1 diges-
tion in the presence of phosphatase. The time points (in seconds) for
the reaction (50 mM Tris-HCI, pH 7.78, 10 mM MgCl,, 2% glycerol,
1 uM holoenzyme) are indicated. B: The cleavage products of sub-
strates 1, 2, and 4 are compared. The time points (in minutes) for the
reaction (50 mM Tris-HCI, pH 7.78, 10 mM MgCl,, 2% glycerol, 1 uM
holoenzyme) are indicated.

5 aguan —p .
5" ayua —p

3/4). Replacing the hairpin loop with the entire tRNA
increases the cleavage rate by another ~8-fold (com-
pare substrates 4 and 8).

These results suggest that compared to a single-
stranded RNA, the cleavage rate is mostly affected by
the region 3’ to the cleavage site in the substrate. This
interpretation is consistent with the previous observa-
tion that a series of pre-tRNA*P substrates having 2—
33 ntin the 5’ leader have essentially the same cleav-
age rate in the holoenzyme reaction (Crary et al., 1998).
Similar to the pre-tRNA*S? and pre-tRNA" (Table 1)
substrates, the effect on the cleavage rate of 5’ leader
deletion in the context of the hairpin-loop substrate is
small, especially in the presence of the 3' CCA (com-
pare substrates 4 and 6).

The ribozyme concentration at half-maximal cleav-
age rate, Ki,,, is defined as (k_; + k;)/k; where k_;
and k; are the off and on rate for substrate binding,

A. Loria and T. Pan

TABLE 1. Effects of successive addition of 3’ components in the
B. subtilis RNase P holoenzyme reaction.

Substrate ke (min—1)2 Kijz (#M)P
1¢ 0.038 + 0.002 (P2) 7.0+ 0.8
0.0054 + 0.0007 (P1)
2 0.58 + 0.05 95+ 19
3 40+ 5 25+ 0.6
4 59 + 13 1.4 + 0.7
5 6.6 = 0.6 62+t14
6 28 + 2 45+ 0.7
74 23+ 2 0.34 + 0.07
8 16 + 2 0.22 + 0.05

aCleavage rate at saturating enzyme concentration under single
turnover conditions.

PThe enzyme concentration for cleavage rate equal to kg/2.

¢Conditions for substrate 1-6: 50 mM Tris-HCI, pH 7.78; 10 mM
MgCl,, 2% glycerol, 37 °C.

dConditions for substrates 7-8: 50 mM MES, pH 5.88; 10 mM
MgCl,, 2% glycerol, 37 °C.

respectively. K, can be used to approximate the sub-
strate dissociation constant, K; = k_1/k; when k_; >
k.. Pulse-chase experiments are carried out to deter-
mine whether the k_, > k, condition is fulfilled for the
substrates used in this work (Fig. 3B,C). In this exper-
iment, the cleavage reaction under [E] > [S] is al-
lowed to proceed in the absence of a chase molecule
to the extent that the majority of the substrate is bound
to the enzyme. Upon the addition of a chase molecule,
the free enzyme binds to the chase and is no longer
available for binding of the substrate that dissociates
from the pre-formed enzyme—substrate complex. When
the substrate dissociation constant is much greater than
the cleavage rate, that is, k_1 > k, much less product
will be generated in the presence of a chase molecule
compared to the control where only the buffer and MgCl,
are added. This result is observed for substrate 2
(Fig. 3B), suggesting that the holoenzyme reactions for
the single-stranded substrates have significantly faster
k_4 than k. under our conditions. Therefore, the disso-
ciation constant of the ribozyme—substrate complex,
Kg, can be approximated by the Kj,, values for the
single-stranded substrates to be 7-10 uM (Table 1).

In contrast, substrate 4 is cleaved to the same ex-
tent regardless of the addition of the chase molecule
(Fig. 3C), suggesting that the holoenzyme reactions for
the hairpin-loop substrates have faster k. than k_; un-
der our conditions. Fierke and coworkers have already
shown that the holoenzyme reactions for pre-tRNA sub-
strates have faster k;than k_, (Kurz et al., 1998). There-
fore, K, for the hairpin loop and pre-tRNA substrates is
lower than the K, values.

Autolytic processing of P RNA
precursors in vitro

We have shown that the holoenzyme can effectively
and specifically cleave a single-stranded RNA sub-
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FIGURE 3. A: pH titration of the cleavage reaction at saturating
holoenzyme concentrations for substrates 2 and 4. The cleavage
rates of substrate 8 are also shown for comparison. B,C: Pulse-
chase experiments to determine whether k_; > k for substrates 2
(20 uM holoenzyme, ~2 X Kj2, 50 mM Tris-HCI, pH 7.78, 10 mM
MgCl,, 2% glycerol) and 4 (10 uM holoenzyme, ~7 X Ki, 50 mM
MES, pH 5.88, 10 mM MgCl,, 2% glycerol). An E. coli tRNA mixture
at a final concentration of 68 uM was used as the chase molecule (+
chase). Only buffer and MgCl, (+ buffer) were added in the control
reactions.
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strate at ~0.6 min—* at pH 7.8. Catalysis at this rate is
comparable to many other RNA processing reactions
observed in vitro and suggests the possibility for auto-
lytic processing of P RNA transcript in vivo. Bacterial P
RNA transcripts generally contain additional nucleo-
tides at the 5’ end (Reich et al., 1986; Lee et al., 1989;
Lundberg & Altman, 1995) and the 3’ end (Reed et al.
1982; Gurevitz et al., 1983; Reich et al., 1986; Lund-
berg & Altman, 1995; Kim et al., 1999). Which cellular
component is involved in the processing of P RNA pre-
cursors is still unclear. Several reports suggest that
E. coli RNase E may be involved in the processing of
the E. coli RNase P RNA precursor (Gurevitz et al.,
1983; Lundberg & Altman, 1995; Kim et al., 1999). To
our knowledge, this is the first report to suggest that the
precursors of the P RNA are processed autolytically in
the presence of the P protein.

To test whether autolytic processing is feasible, two
B. subtilis P RNA precursors were designed that mimic
the in vivo transcripts of this P RNA. Both constructs
contain 90 nt 3’ to the reported mature 3’ end of the
B. subtilis P RNA (nt 401, from Reich et al., 1986). A
putative transcriptional terminator hairpin is present
within these 90 nt. The constructs differ in their 5’ end,
reflecting the uncertainty of the 5’ end of the cellular
transcripts of B. subtilis P RNA (Reich et al., 1986). The
first construct (pre-P 1) contains 17 nt 5’ to the mature
P RNA, whereas the second construct (pre-P 2) has
the 5’ end of the mature P RNA. Both RNAs are made
by T7 RNA polymerase transcription and purified by
denaturing gel electrophoresis. The transcripts are re-
natured with Mg?™. Autolytic processing in vitro is ini-
tiated by the addition of an equal-molar amount of the
P protein.

Autolytic processing of the P RNA precursors is ef-
ficient and specific (Fig. 4). At 0.2 uM P RNA precur-
sor + P protein, processing occurs within minutes at 3
or 10 mM MgCl,. The final reaction product (band 4) is
stable for at least 60 min. Two major processing inter-
mediates (bands 2 and 3) can be observed. Kinetic
analysis (data not shown) shows that both intermedi-
ates arise from faster processing at the 3’ end (Kps ~
0.6 min~! compared to ~ 0.2 min~—! at the 5’ end at
10 mM MgCl,), so that P RNA precursors with extra 5’
nucleotides accumulate.

The 5’ end of the in vitro processed P RNA (band 4)
is determined by run-off reverse transcription using the
band 4 RNA isolated by denaturing gel electrophoresis
(Fig. 5A). Comparison to the sequencing lanes and to
the run-off product of pre-P 2 shows that the band 4
RNA has a unique 5’ end identical to that of the mature
P RNA. This result demonstrates that autolytic process-
ing can produce the mature 5’ end of the B. subtilis P
RNA.

The 3’ end of the in vitro processed P RNA (band 4)
is analyzed first by labeling the band 4 product with
[32P]pCp with T4 RNA ligase, followed by partial (data
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FIGURE 4. Autolytic processing of a P RNA precursor (pre-P 1) in the presence of the P protein at 37 °C. The reaction was
carried out at 0.2 uM pre-P RNA + 0.2 uM P protein in 50 mM Tris-HCI, pH 8, 3 or 10 mM MgCl,. The reaction times (in
minutes) are indicated. Band 1 is the starting precursor containing extra nucleotides 5’ (open boxes) and 3’ (shaded boxes)

to the mature P RNA (filled boxes). Band 4 is the end product
intermediates that still contain the 5’ region of the precursor.

not shown) and complete (Fig. 5B) nuclease T1 diges-
tion. The T1 digestion products are compared to a syn-
thetic RNA oligonucleotide comprised of nt 392—401 of
the B. subtilis P RNA. Band 4 RNA can be efficiently
labeled with [*2P]pCp, consistent with the generation of
a 3’ hydroxyl group in an RNase P-catalyzed reaction.
To our surprise, the 3’ end of the processed P RNA is
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of the processing reaction. Bands 2 and 3 are processing

heterogeneous, and the major product after 30 min
incubation has a 3’ end at nt 397, not the reported nt
401. Although a product with the 3" end at 401 is present,
it never becomes a major product during the course of
the reaction. There are two possible interpretations for
this discrepancy. In one scenario, the mature P RNA in
the cell has the 3’ end at nt 401. This scenario requires
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FIGURE 5. A: Determination of the 5’ end of the autolytically pro-
cessed P RNA by run-off reverse transcription. The processing time
(in minutes) is indicated. Pre-P 1 contains 17 extra 5’ nucleotides,
whereas pre-P 2 has the same 5’ end as the mature P RNA.
B: Determination of the 3’ end of the autolytically processed P RNA
by complete nuclease T1 digestion of 3’ 32P-labeled processing prod-
uct. The processing products at indicated times (in minutes) were
first labeled with [*?P]pCp and then purified by denaturing gel elec-
trophoresis. The purified product was digested with excess T1 and
compared to a chemically synthesized standard composed of nt 392—
401 of the B. subtilis P RNA. C: Autolytic processing sites of pre-P 1
observed in vitro. Only a single cleavage event occurs in the 5’
region. Multiple processing sites are present at the 3’ region. The
reported mature 3’ end is at nt 401. The major 3’ end at longer
incubation is at nt 397.
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either processing by another enzyme or autolytic pro-
cessing in the presence of other cellular components.
An alternative scenario is that the 3’ end of the mature
B. subtilis P RNA in vivo is either heterogeneous or
really corresponds to nt 397. In the single study that
reported the 3’ end at nt 401 (Reich et al., 1986), the 3’
end of the purified cellular P RNA was also analyzed in
the same fashion as described here, first labeling with
[32P]pCp, then partial alkaline hydrolysis and nuclease
digestion. The sequence of the six 3’ nucleotides was
presented as YYAYYn (Y = pyrimidine). However, the
original data was not shown. Interestingly, the pro-
cessed P RNA with a 3’ end at nt 397 has the 3’ se-
quence of AGAYYn, which is identical to the four 3’
most nucleotides in the original analysis.

DISCUSSION

Stepwise increase in the RNase P reactivity

The effect of four successive 3’ additions of structure/
sequence to an RNA substrate for the B. subtilis holo-
enzyme reaction is summarized in Figure 6. Starting
from the substrate with a single nucleotide 3’ to the
cleavage site, the major increase in the cleavage rate
is seen in the addition of two more single-stranded
nucleotides followed by the addition of a hairpin loop.
Each of the two additions improves the cleavage effi-
ciency by about two orders of magnitude or 2.5-3.0

1
ssRNA ssRNA ' 3'HL
3'G 3'GUG 3' HL +CCA
0
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AAG (kcal/mol)
o
|

4
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kcal/mol. Subsequent addition of the remainder of the
tRNA component, the 3" CCA and the T stem-loop re-
gion, only improves the cleavage rate by ~10-fold or
1.4 kcal/mol. The large effects on the cleavage rate do
not strictly correlate with the gain in the binding affinity.
Addition of more single-stranded nucleotides has no
effect on substrate binding. These results demonstrate
that cleavage efficiency and binding affinity for a holo-
enzyme substrate can be dictated by different 3" com-
ponents to the cleavage site.

Similar to our results on the 3’ components, Fierke
and coworkers showed that the cleavage efficiency and
binding affinity are dictated by different nucleotides in
the 5’ leader as well (Crary et al., 1998). In the context
of pre-tRNA*P, substrates with 5’ leaders ranging from
2 to 33 nt have the same cleavage rate constant. The
major improvement in cleavage chemistry results from
increasing the 5’ leader from 1 to 2 nt. Substrate bind-
ing, on the other hand, is improved in two major steps.
These steps involve increasing the 5’ leader from 1 to
2 nt and from 4 to 5 nt. Fierke and coworkers (Crary
et al., 1998) proposed that the first gain in the cleavage
chemistry and in the binding affinity is due to inter-
action of the —2 nt with the P RNA. The second
improvement in the binding affinity is due to direct in-
teraction of the —5 nt with the P protein. These previ-
ous and present results indicate that cleavage rate and
binding affinity for the holoenzyme reaction can be
gained in major steps by the addition of RNA segments

pre-tRNA

FIGURE 6. Improvement of the cleavage rate and
substrate binding upon the successive addition of
RNA structure/nucleotides 3’ to the cleavage site.
The AAG values are normalized to the cleavage
site P1 of substrate 1. The data point for the K; of
the holoenzyme—tRNA substrate is taken from a
pre-tRNAASP with 33 nt in the 5’ leader determined
by Kurz et al. (1998).
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to either end of a minimal substrate. The quantitative
interplay between holoenzyme interaction with the 5’
or the 3’ region of the substrate is, however, quite com-
plex and not fully understood.

Minimal RNA substrate for the
RNase P holoenzyme

The B. subtilis RNase P holoenzyme can accurately
cleave a single-stranded RNA substrate at a rate of
~0.6 min~! at pH 7.8. This cleavage rate is compara-
ble to the cleavage rate observed for small ribozymes
such as the hammerhead ribozyme (Hertel et al., 1994).
The holoenzyme reaction for a single-stranded RNA
substrate has a Kj,, of 7-10 uM, resulting in a Kea/ Ky
value of ~10° M~* min—t. This value is ~2,000-fold
lower than the k./Ky, for the holoenzyme reaction for
a pre-tRNA substrate (Kurz et al., 1998; unpubl. result).
The optimal cleavage efficiency requires the presence
of more than 1 nt 3’ to the cleavage site, even though
the binding affinity does not change for single-stranded
substrates with additional 3’ nucleotides. The increase
in the cleavage rate may be the result of substrate
destabilization induced by the interaction between the
holoenzyme and these additional 3’ nucleotides (Beebe
& Fierke, 1994; Narlikar & Herschlag, 1998). This same
effect would obliterate a potential increase in the bind-
ing affinity.

Autolytic processing of P RNA in the
presence of the P protein

The efficiency of the holoenzyme reaction for a single-
stranded RNA substrate (~0.6 min~?!) inspires us to
consider the possibility of autolytic processing of the P
RNA transcript. The autolytic processing events have
half-lives of 1-3 min at 0.2 uM P RNA precursor +
0.2 uM P protein under our in vitro condition (10 mM
MgCl,, pH 8, 37 °C). Autolytic processing in vitro also
produces the precise 5’ end of the mature P RNA. Data
presented for the identification of the mature 3’ end in
vivo (Reich et al., 1986) are insufficient to invalidate our
proposal of autolytic processing in the generation of
the mature 3’ end of the P RNA.

A comprehensible model for the B. subtilis P RNA
maturation can be proposed by combining the results
for the single-stranded RNA substrates and the ob-
served autolytic processing in vitro (Fig. 7). This model
assumes that the 5" and 3’ autolytic processing events
are independent, as supported by the comparable 3’
processing rates for P RNA precursors containing ei-
ther 0 or 17 extra 5’ nucleotides. Upon the formation of
a pre-P RNA/P protein complex, about 80—90% of the
P RNA precursor undergoes an initial 3’ processing to
produce a second precursor with the 3’ end at nt 415
(major pathway in Fig. 7). This second precursor is
either 3’ processed or 5’ processed in two consecutive
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FIGURE 7. In vitro observed autolytic processing pathway. The 5’
and 3’ precursor regions are shown as an open and a shaded box,
respectively. The end product of the processed P RNA is shown as
a filled box. The terminal nucleotides at each stage of the processing
reaction are indicated.

steps to produce a third P RNA that contains the ma-
ture 5’ end, but with a heterogeneous 3’ end at nt 401,
402, or 403. This third P RNA can be further processed
to produce a stable product with the 3’ end at nt 397.
The other 10—-20% of the precursor undergoes 5’ pro-
cessing to produce the mature 5" end first (minor path-
way in Fig. 7). This new precursor is further processed
as outlined for the processing of the major P RNA
fraction.

What properties of the holoenzyme prevent further
processing of the 5" and 3’ ends of a mature P RNA?
We have found recently that P protein binding protects
several 5’ nucleotides in the P RNA against the hy-
droxyl radical attack (unpubl. results). The mature 5’
end of P RNA s proposed in the structural models to be
proximal to one other protected region in the P8/P9
helical junction (Harris et al., 1994; Chen et al., 1998;
Massire et al., 1998). Three potential RNA binding sites
in the P protein have been proposed from its crystal
structure (Stams et al., 1998). One of the two sites has
been confirmed by UV crosslinking to bind the —4 to
—8 ntin the 5’ leader of a tRNA substrate (Niranjana-
kumari et al., 1998b). It is therefore likely that the P
protein may directly contact the P8/P9 region and sev-
eral 5’ nucleotides in the mature P RNA. P protein
binding in the region close to the 5’ end could prevent
the 5’ end of the P RNA from further processing by
RNase P or other cellular nucleases.

Reaction kinetics of single-stranded RNA substrates
by the holoenzyme may explain the processing sites
observed at the 3’ end. Processing at nt 415 is
consistent with the preference of a 3’ guanosine in
single-stranded RNA substrates. The most efficient
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single-stranded RNA substrate contains at least 7 nt in
the 5’ leader, because P protein binds to —4 to —8 nt.
This requirement is satisfied for cleavage at the nt 401/
402/403. Cleavage at nt 397 may only be possible upon
transient opening of helix P1 that would provide 7 un-
paired nt to function as a 5’ leader.

MATERIALS AND METHODS

RNA Preparation

The B. subtilis P RNA was prepared by the standard in vitro
transcription method using T7 RNA polymerase (Milligan &
Uhlenbeck, 1989). The single-stranded and hairpin-loop sub-
strates were chemically synthesized using 2’ ortho—ester-
protected phosphoramidites (Dharmacon Research, Boulder,
Colorado). The pre-tRNA substrates were prepared by enzy-
matic ligation (Moore & Sharp, 1992) of a synthetic oligonu-
cleotide to an RNA transcript composed of nt 10-76 of the
yeast tRNAPM® (Loria & Pan, 1997). The B. subtilis P protein
was prepared from an overexpression clone as described by
Fierke and coworkers (Niranjanakumari et al., 1998a).

P RNA precursors

Two constructs were made to mimic the precursor form of the
B. subtilis P RNA in vivo. Construct 1 (pre-P 1) contains all
residues of the mature P RNA with 17 nt added to the 5’ end
and 90 nt added to the 3’ end. Fourteen of the 17 extra nt at
the 5’ end are the natural sequence 5’ to the mature P RNA.
Three Gs were added to improve transcription. All 90 extra nt
at the 3’ end correspond to the natural sequence 3’ to the
mature P RNA. Construct 2 (pre-P 2) has the 5’ end of the
mature P RNA as well as the same 90 nt added to the 3’ end.
The transcription templates for the P RNA precursors were
made by PCR using the B. subtilis genomic DNA prepared
according to Wilson (1990). Both PCR reactions shared the
same 3’ primer: 5'-CATCGTATCACCCTGT, but differed in
their 5’ primers: 5'-TAATACGACTCACTATAGGGATATAATA
ATTCATGTTC for pre-P 1 and 5'-TAATACGACTCACTATA
GTTCTTAACGTTCGGGTA for pre-P 2.

Kinetics of the cleavage reaction

All reaction kinetics were performed under single turnover
conditions at 0.02-25 uM enzyme and <2 nM of 32P-labeled
substrates. The holoenzyme was reconstituted as described
previously (Loria et al., 1998). Briefly, P RNA in buffer was
heated at 85 °C for 2 min, followed by incubation for 3 min at
room temperature. Mg?* was added to designated concen-
trations. The mixture was incubated for 5-10 min at 50 °C. An
equal-molar ratio of P protein was added. The mixture was
further incubated for 5 min at 37 °C. The 5’ 32P-labeled RNA
substrates were renatured as described previously (Loria &
Pan, 1997). The cleavage reaction was initiated upon mixing
an equal volume of the ribozyme and the substrate. Aliquots
were taken at designated time points and mixed with an ex-
cess of 9 M urea/100 mM EDTA to stop the cleavage reac-
tion. The reaction products were separated from the unreacted
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substrates on denaturing gels containing 7 M urea. The amount
of products and substrates was determined by phosphor-
imaging using a Fuji Phosphorimager. The reaction rates were
obtained by fitting the amount of cleavage products over time
to a single exponential.

For autolytic processing, the P RNA precursors were first
renatured as described above. The reaction was initiated upon
the addition of the P protein. The reaction was stopped upon
mixing with an excess of 9 M urea/100 mM EDTA, and was
analyzed by denaturing gels containing 7 M urea.

Pulse-chase experiments were carried out as described
previously for the holoenzyme reactions using the E. colitype
XXI tRNAs as the chase (Beebe & Fierke, 1994; Loria et al.,
1998) to test whether the rate of substrate dissociation, k-1,
was greater than the rate of cleavage at saturating ribozyme
concentration, k. The amount of enzyme was 20 uM (~2 X
Ki,) for substrate 2 and 10 uM (~7 X Kj ;) for substrates 4
and 8. Reaction with a trace amount of 3?P-labeled substrate
was allowed to proceed for 12-55 s, at which time E. coli
tRNA mixture was added to a final concentration of 68 uM
(K; ~ 3 uM for a pre-tRNAP"® substrate with a 2’ H at the
cleavage site; Loria et al., 1998). Only buffer and MgCl, were
added in the control reaction.

Mapping the 5 ' and 3’ ends of autolytically
processed P RNA

The 5’ end of the processed P RNA was determined by re-
verse transcription using a primer complementary to nt 47—-61
or 71-85 of the mature P RNA. The reverse transcription was
carried out using the gel-purified P RNA products under stan-
dard conditions as described by the manufacturer (Amer-
sham, Inc.).

To determine the 3’ end of the processed P RNA, the P
RNA product was first labeled with [3?P]pCp using T4 RNA
ligase (England et al., 1980). The labeled products were pu-
rified by denaturing gel electrophoresis. A partial or a total T1
digest was carried out with the labeled products and reaction
mixture compared to a synthetic oligonucleotide standard com-
posed of the nt 392—401 of the P RNA. The partial T1 digest
was performed with a trace amount of labeled RNA in the
presence of 1 ug E. coli tRNA mixture and 1 U nuclease T1
at 65°C for 1 min. The complete T1 digest was performed
with a trace amount of labeled RNA only and 5 U nuclease T1
at 65°C for 2 min.
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