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ABSTRACT: The holoenzyme of the bacterial RNase P has broader selectivity for biological substrates
compared to the RNA alone (denoted P RNA) reaction. The structural basis of the substrate selectivity
is investigated using a pre-tRNA substrate containing single-atom modifications by single turnover kinetics.
Hydroxyl radical protection of the holoenzyme in the absence of the substrate shows that the RNase P
protein binds to several regions in P RNA. The holoenzyme interacts with a subset of functional groups
in the T stem-loop region of a pre-tRNA substrate previously identified to directly contact P RNA. The
subtle change in structural recognition allows the holoenzyme to recognize RNA structures with only a
small perturbation in an A-form helix at the corresponding position of the T stem-loop. This altered
profile may permit the holoenzyme to bind non-tRNA substrates with little change in catalytic efficiency.
The holoenzyme recognizes the same set of functional groups as the P RNA reaction in the region around
the cleavage site and shows similar cleavage site selection compared to the P RNA reaction. These
results suggest that the holoenzyme does not alter the fundamental mechanism of this enzymatic reaction.
Rather, the holoenzyme significantly affects the binding affinity of an RNA substrate through additional
interactions with the 5′ leader [Kurz, C. A., Niranjanakumari, S., and Fierke, C. A. (1998)Biochemistry
37, 2393] and through altered recognition of the substrate structure.

RNase P is an essential enzyme involved in producing the
mature 5′ end of all tRNAs through a site-specific endo-
nucleolytic cleavage reaction (1, 2). The holoenzyme of the
bacterial RNase P is composed of one large RNA of∼330-
420 nucleotides (denoted P RNA) and one small protein (13-
15 kDa) subunit. Under physiological conditions (i.e.,<10
mM Mg2+ and<0.2M monovalent ions), thekcat/Km of the
RNA alone reaction is 3-4 orders of magnitude lower than
the reaction catalyzed by the holoenzyme (ref 3; A.L. and
T.P., unpublished material). This difference in catalytic
efficiency has been recently attributed to the significantly
enhanced holoenzyme interactions with the 5′ leader (3, 4).
The rate constant for the release of the tRNA product remains
comparable under physiological conditions for both P RNA
and holoenzyme reactions (3).

The structural role of the RNase P protein has also been
an active area of investigation. Hydroxyl-radical protection
of bacterial P RNAs has shown that the ribozyme component
is folded under physiological conditions in the absence of
the P protein (5, 6). Although the folded P RNA efficiently
catalyzes the cleavage of an in vitro selected substrate that
binds at an alternate site (7), P RNA at low ionic strength
does not optimally bind and cleave pre-tRNA substrates. On
the basis of the protection of the RNA component from
chemical modifications and hydroxyl radical attack upon
protein binding, Westhof and Altman proposed that binding
of the RNase P protein stabilizes a catalytically more efficient

conformation of the P RNA (8-10). There is, however, little
additional physical evidence for this proposed holoenzyme
conformation. An alternative explanation suggested in the
literature (11) is that the protein component alleviates charge
repulsion, perhaps by enhancing the affinity of cation-binding
sites.

Compared to the P RNA reaction, the holoenzyme also
catalyzes the cleavage of a broader array of substrates. For
example, the holoenzyme is much more efficient in process-
ing the precursor of the 4.5S RNA fromEscherichia coli
(12). In contrast to pre-tRNA substrates, high ionic condi-
tions do not restore high efficiency of pre-4.5S RNA
processing catalyzed by P RNA. Furthermore, a larger
variety of efficient substrates were isolated by in vitro
selection using theE. coli holoenzyme than P RNA alone
(13). These results suggest that the recognition of RNA
substrates by the holoenzyme is altered.

This paper examines aspects of the structure and substrate
recognition of theBacillus subtilisholoenzyme. Hydroxyl
radical footprinting shows that binding of the P protein only
moderately decreases the concentration of Mg2+ at which
half of the P RNA molecules are folded (K1/2

[Mg]) with no
change in the Hill coefficient. Using a substrate containing
a 2′ deoxy at the cleavage site (14), effects of substrate
modification on binding and the chemical step were deter-
mined. The major difference between the P RNA and the
holoenzyme recognition resides in their interactions with the
5′ leader sequence (3, 4) and the T stem-loop region of a
pre-tRNA substrate. This altered binding mode allows the
holoenzyme to bind a broader range of RNA structures with
similar affinity.
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MATERIALS AND METHODS

Preparation of the RNase P Holoenzyme and the Pre-tRNA
Substrates.TheB. subtilisP protein was overexpressed and
purified fromE. coli as described (15). To reconstitute the
holoenzyme, theB. subtilisP RNA transcript was heated in
the reaction buffer without Mg2+ at 90°C for 2 min, followed
by incubation at ambient temperature for 3 min. MgCl2 was
then added to appropriate concentrations and the P RNA was
further incubated at 50°C for 10 min to ensure complete
renaturation (16). Equal moles of P protein were then added
to the renatured P RNA and the mixture further incubated
at 37°C for 5 min. All holoenzyme concentrations used in
this work were at least 10 times higher than theKd of theB.
subtilis holoenzyme (∼0.4 nM at 20 mM HEPES, pH 8.0,
400 mM NH4OAc, 10 mM MgCl2, 0.01% Nonidet P-40, and
5% glycerol, 37°C; from ref 8).

RNA substrates were prepared by either single or double
ligation of synthetic oligoribonucleotides to an RNA tran-
script containing nucleotides 10-76 or 10-52 of yeast
tRNAPhe as described previously (14, 17). Except for the
oligonucleotide containing 5-methyl-iso-cytidine (isoC), the
RNA oligonucleotides were custom synthesized by Dhar-
macon Research (Boulder, CO) using novel 2′ protecting
groups (18). The isoC phosphoramidite was synthesized as
described (19), and the oligonucleotide containing isoC was
synthesized using standard phosphoramidite chemistry (20).

Fe(II)-EDTA Footprinting of the Holoenzyme.The basic
protocol for the hydroxyl radical protection ofB. subtilisP
RNA was described in ref5. The holoenzyme was recon-
stituted as described above at a final concentration of 0.1
µM. Products of the Fe(II)-EDTA footprinting were sepa-
rated on 15 and 6% polyacrylamide gels containing 7 M urea.
A protection factor for each residue was defined as the
amount of radioactivity in each product band without Mg2+

divided by the amount of radioactivity in each band with
varying concentrations of Mg2+. Only residues with protec-
tion factor of >1.5 at 10 mM MgCl2 are designated as
protected against hydroxyl radical attack. To assign P protein
dependent protection, the protection factor at each position
in P RNA in the presence of P protein was divided by the
protection factor in the absence of P protein. Only residues
with this ratio of>1.5 at 10 mM MgCl2 are designated as
protected upon P protein binding.

Kinetics of the CleaVage Reaction.All kinetic reactions
were performed under single turnover conditions with 10-
10000-fold molar excess of holoenzyme over 5′ 32P-labeled
substrates. The final concentrations of the holoenzyme range
from 0.005 to 25µM, always at 1 mol of P RNA/1 mol of
P protein. Unless noted otherwise, all reactions were carried
out in 50 mM MES or HEPES, pH 6.1-7.3, 10 mM MgCl2,
and 2% glycerol at 37°C. The details of kinetic reactions
and data processing are identical to those described in ref
16. Cleavage sites at the correct and incorrect positions are
designated as c0, m2 and m-1-site, respectively. For every
substrate, the maximum cleavage rate constant,kc0/m2/m-1, and
the ribozyme concentration,Kc0, at which the cleavage rate
constant equals tokc0/2 are determined.

A pulse chase experiment with the C/G-rich substrate
containing a 2′ deoxy at the c0-site was carried out to ensure
that the rate of substrate dissociation,k-1, is greater than
the rate of cleavage,k2. Cleavage with∼0.1µM holoenzyme

(∼Kc0) and trace amount of32P-labeled substrate was allowed
to proceed for 1.5 or 3.5 min at which timeE. coli tRNA
mixture (Type XX from Sigma Co.; ref21) was added to a
final concentration of 68µM. The addition of tRNA mixture
resulted in a 1.5-fold dilution in the holoenzyme concentra-
tion. Only buffer and MgCl2 were added in the control
reaction. Cleavage was then allowed to proceed to 40 min
(∼11t1/2 for the control reaction). TheKI of this tRNA
mixture is 3( 1 µM (data not shown) under our conditions,
so the cleavage reaction is expected to be inhibited by∼23-
fold whenk-1 > k2.

RESULTS

Fe(II)-EDTA Footprinting of the Holoenzyme.Hydroxyl
radical protection of the holoenzyme compared to that of P
RNA reveals nucleotide residues that are involved in either
direct contacts with the P protein or in a conformational
change upon P protein binding (Figure 1A). Although
substantial protection ofB. subtilisP RNA is observed in
the absence of the P protein, P protein binding enhances and
induces protection of a large number of P RNA residues
(Figure 1B). A large block of protected residues may
indicate a direct contact area for P protein, although it is
unlikely that all of the residues in these areas are protected
by direct contacts. Using this criterion, three areas in P RNA
can be tentatively assigned as contacting the P protein (circled
numbers in Figure 1B). These contact areas are located in
both folding domains of P RNA (5, 6); however, no P protein
dependent protection is observed using either domain
constructs (data not shown). Therefore, P protein must bind
simultaneously to both domains in order to protect specific
P RNA residues.

P protein binding only moderately decreases the Mg2+

concentration required to fold the tertiary structure of P RNA
(Figure 2). In the absence of P protein and no added
monovalent ions, P RNA folds with aK1/2

[Mg] of 3.1 ( 0.2
mM and a Hill coefficient of 3.2( 0.2 (5). P protein binding
improves K1/2

[Mg] to 2.1 ( 0.3 mM with an identical Hill
coefficient (3.4( 0.4). These results suggest that the P
protein does not significantly affect the stability of the tertiary
structure of P RNA as detected by hydroxyl radical protec-
tion. P protein binding to both domains may change the
global juxtaposition of these domains. Such global confor-
mational change may either be undetectable by hydroxyl
radical protection or be observed as protected residues when
P protein binds. These data confirm that the main function
of the P protein is not for stabilization of the global fold of
P RNA (3).

pH Dependence of the Holoenzyme Reaction.Two pre-
tRNAPhe substrates with 5′ leaders of five nucleotides are
used to characterize the holoenzyme reaction. The C/G-rich
5′ leader substrate has been used extensively in P RNA work
(14, 17), whereas the A/U-rich 5′ leader substrate reflects
the 5′ leader sequence composition of biological tRNA
precursors. Unless otherwise noted, most substrates used
in this work contain a 2′ deoxy nucleotide at the cleavage
site which decreases the cleavage rate constant (kc0) by more
than 20-fold for the holoenzyme reaction. The decreased
cleavage rate constants allow estimation of substrate binding
(Kc0 approximatesKd) and the chemical step (kc0 proportional
to k2) in single turnover experiments. Similar to the P RNA
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reaction (17), kc0 for both substrates is log-linearly dependent
on pH (Figure 3A) and cleavage of the A/U-rich 5′ leader
substrate is 4-5 times faster. A dependence of the cleavage
rate constant on the 5′ leader sequence has also been observed
for a pre-tRNAAsp substrate (4) where changing the 5′ leader
from 5′GU to 5′GG decreases the cleavage rate constant by
∼60-fold. Kc0 for the C/G-rich 5′ leader substrate increases
as the pH is lowered, proportional to the [H+] within the pH
range tested (Figure 3B). In contrast,Kc0 for the A/U-rich
substrate is much less dependent on pH.Kc0 for the C/G-
rich 5′ leader substrate in the P RNA reaction is nearly
independent of pH (14). Hence, the pH dependence of
binding for the C/G-rich 5′ leader substrate is likely due to
differential protonation of the 5′ leader region bound to the

holoenzyme. Despite this pH dependence, we have used the
C/G-rich 5′ leader substrate for subsequent work since its
slowerkc0 and higherKc0 allow a more accurate interpretation
of kc0 (≈k2) andKc0 [)(k-1 + k2)/k1 ≈ Kd whenk2 , k-1].

To test that the dissociation constant (k-1) is greater than
the chemical step (k2) for the C/G-rich 5′ leader substrate, a
pulse chase experiment was performed using the tRNA
product as inhibitor (21). The holoenzyme (at a concentra-
tion similar to Kc0) and substrate were allowed to react in
the absence of chase for a time period to maximize the
concentration of the enzyme-substrate complex. The tRNA
product was then added and the reaction allowed to proceed
to completion. The amount of tRNA product added is∼22KI

for this reaction (data not shown) and the cleavage rate

FIGURE 1: (A) Representative autoradiograph of Fe(II)-EDTA footprinting of theB. subtilisP RNA in the presence and absence of P
protein. The particular experiment shown was carried out in 20 mM trisHCl, pH 7.5, 0 or 10 mM Mg2+, 0.1 µM P RNA, and 0.1µM P
protein at 37°C for 30 min. OH- and T1: partial alkaline hydrolysis and nuclease T1 digestion of the same RNA. The P protein specific
bands in the absence of Fe2+ (second lane from right) are present reproducibly; these bands may originate from Mg2+-dependent hydrolysis
of specific nucleotide positions that have altered conformations upon P protein binding. The potential contact areas 1-3 are marked by
circled numbers (compare the third and the sixth lanes from right). (B) Summary of the Fe(II)-EDTA footprinting results using combined
data obtained from six sequencing gels that enabled accurate analysis of different regions in P RNA. Nucleotides with a protection factor
of >1.5 upon the addition of 10 mM MgCl2 to P RNA in the absence of P protein are boxed (compare the second and the third lanes from
left in panel A, quantitation from ref5). Nucleotides with relative protection factor of>1.5 upon the addition of P protein at 10 mM MgCl2
are shaded (compare the third and the sixth lanes from left in panel A). The P protein potentially contacts three regions in the P RNA
marked 1-3. Regions 1 and 2 are located in folding domain I (nucleotides 86-239), and region 3 is located in folding domain II (nucleotides
240-407 + 1-85). The nucleotides shown in lower cases cannot be analyzed due to gel resolution or the presence of Fe2+-independent
cleavage products.
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constant after the addition of tRNA should be∼23× slower
whenk-1 > k2. This expected decrease in the cleavage rate
constant is indeed observed (Figure 3C). Ifk2 > k-1,
additional product reflective of the concentration of [ES]
should form with a rate constant equal tok2.

Substrate Modification in the T Stem-Loop Region of the
tRNA. P RNA binding of the T stem-loop confers specificity
for the pre-tRNA substrate. In the P RNA reaction, six
functional groups in the T stem-loop region have been
identified to directly interact with P RNA, each contributing
1.0-1.7 kcal/mol in binding (14, 17). Five of the six include
the 2′OH of 53, 54, 61, 62, and the 4-NH2 of C56, which
are aligned within a groove-like structure dictated by the
tertiary structure of tRNA (14). The 2′OH of 56 is on the
other side of this groove and may represent a second surface

in contacting P RNA. All six functional groups are modified
and tested for an effect on the holoenzyme reaction (Table
1). The 2′OH f 2′H modification for nucleotides 53, 54,
and 62 results in a loss of 1.5-1.9 kcal/mol inKc0, suggesting
that these 2′OH groups also contact the holoenzyme directly.
On the other hand, the loss in binding for the 2′OH f 2′H
modification of nucleotides 61 and 56 is much smaller, 0.3-
0.6 kcal/mol. Furthermore, the a19u56 and c19g56 mutants
fail to significantly affect binding or chemistry (Table 1). A
more dramatic modification of C56 to isoC56 confirms that
the interaction with C56 appears to be absent in the
holoenzyme reaction. In addition, the c19g56 mutant
incorporated into the A/U-rich 5′ leader substrate also has
very little effect on binding and cleavage (Table 1). These
results show that the holoenzyme only contacts a part of the

FIGURE 2: (A) Fraction of P RNA folded as a function of [Mg2+] in the presence of the P protein. They-axis is normalized to zero in the
absence of Mg2+ and to one at 10 mM MgCl2. The composite protections of residues 45-47, 75-77, 96-98, 110-112 and 126-129 are
shown. (B) Plot of log(f/1 - f) versus [Mg2+] from the data shown in panel A. The Mg2+ concentration at which 50% of P RNA are folded
[designated asK1/2

[Mg](folding)] is 2.1 ( 0.3 mM. The Hill coefficient corresponds to the slope of the curve (3.4( 0.4). The dashed line
represents the curve fitting for P RNA folding in the absence of the P protein (data from ref5).

FIGURE 3: pH dependence ofkc0 (A) and Kc0 (B) of the holoenzyme reaction at 37°C in 10 mM MgCl2, 2% glycerol, 50 mM MES, pH
6.1, 6.7 or HEPES, pH 7.3. The substrate sequences are 5′ pCGCUdC-tRNAPhe(b) and 5′ pAAUAdU-tRNAPhe(0). For the cleavage rate,
the pH dependence has a slope of 0.9-1.0 for both substrates. ForKc0, the pH dependence has a slope of-1.1 and-0.3 for the C/G-rich
and A/U-rich substrates, respectively. The pH dependence ofKc0 for the P RNA reaction at high ionic condition using the C/G-rich 5′
leader substrate has a slope of-0.2 (14). (C) Pulse-chase experiment using the C/G-rich 5′ leader substrate to determinek-1 > k2. Cleavage
was carried out at∼0.1 µM holoenzyme before chase (b, kobs ) 0.24( 0.01 min-1) and<1 nM substrate for 1.5 (]) or 3.5 (0) min in
50 mM MES, pH 6.7, 10 mM MgCl2, and 2% glycerol at 37°C. An E. coli tRNA mixture was then added to a final concentration of 68
µM (∼22KI). Only buffer + MgCl2 were added in the control reaction (b, kobs ) 0.19 ( 0.05 min-1 after chase). The fit for the chase
(dashed lines) correspond to∼23-fold decreased reaction rate compared to the control.
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groove utilized in the P RNA reaction. This finding is
consistent with the broader substrate selectivity of the
holoenzyme: a smaller contact surface should allow the
holoenzyme to recognize structures that are less similar to
tRNA with comparable efficiency. The cleavage rate
constant of a single modification is decreased by less than
3-fold (0.6 kcal/mol), suggesting that interactions with the
T stem-loop mainly contribute to substrate binding.

Two substitutions of residues in P RNA known to contact
tRNA directly are also tested with the holoenzyme (9230
and 9130 in Table 1). Both mutations affect the binding
and cleavage to similar extents compared to the P RNA
reaction. Therefore, at the minimum, there is significant
overlap between the binding surface for tRNA in the
ribozyme and the holoenzyme.

Substrate Modifications in the Region around the CleaVage
Site. The important contributors in this region include the
5′ leader, the acceptor stem, and the 3′ CCA nucleotides of
tRNA. 2′OH f 2′H modifications in the acceptor stem and
in the 5′ leader have little effect on binding or cleavage (<0.6
kcal/mol; Table 2). Deletion of the 3′ CCA as well as
mutation of the G1C72 base pair to other Watson-Crick
base pairs substantially reduce binding and cleavage, con-
sistent with previous proposals for the function of these
residues (1, 22-25). The small effect of 2′ deoxy substitu-
tions in the acceptor stem is the same using substrates
containing a 2′ ribo at the cleavage site (Table 3). Only the
substitution of the 2′OH f 2′H at the cleavage site decreases
binding and catalysis by a large margin of 0.9 and 2.0 kcal/
mol, respectively. Unlike recognition of the T stem-loop,
the results for the holoenzyme reaction are qualitatively
identical to the P RNA reaction (17).

Effects of Holoenzyme on MiscleaVage. The tRNAPhe

substrate used in this work significantly miscleaves at
nucleotides-2/-1 and +2/+3 (denoted as m-1 and m2-
cleavage sites, the correct cleavage site is referred to as c0-
site; ref 17). This high extent of miscleavage has been
attributed to the particular sequence of the yeast tRNAPhe

used in our work (17). The miscleavage reaction (e.g.,

cleavage at the c0-site versus the m2-site) can be described
as parallel binding events leading to distinct ES complexes
along the reaction pathway:

whereKc0 ) Km2 ) Ks
c0
/(1 + Ks

c0
/Ks

m2
) andkc0 ) k2

c0
/(1 + Ks

c0
/

Ks
m2

); km2 ) k2
m2/(1 + Ks

m2
/Ks

c0
) for the substrates containing

a 2′ deoxy at the c0-site (Ks ) k-1/k1 andk2 ,k-1; ref 26).
With a 2′ H at the c0-site,kc0 is favored overkm2 andkm-1 by
20 and 14-fold (1.8 and 1.6 kcal/mol) at pH 6.7, respectively.
With a 2′OH at the c0-site,kc0 is favored overkm2 andkm-1

by 10 and 3.4-fold (1.4 and 0.8 kcal/mol) at pH 6.1,
respectively.

The effects of substrate modification on cleavage at
different sites can be analyzed by comparing the cleavage
rate constants, for examplekm2/m-1 (unmodified)/km2/m-1

(modified substrate) (Figure 4). Except for 53 and 54,
modifications in the T stem-loop region have generally no
effect on m2-cleavage. 2′OH f 2′H substitutions at 53 and
54 improves m2-cleavage by 0.8 kcal/mol over the unmodi-

Table 1: Effects of Substrate Modifications in the T Stem-Loop
Region and P RNA Mutations

substratea
Kc0

(µM)b

∆∆G
(kcal/
mol)c

kc0

(min-1)b

∆∆G
(kcal/
mol)c

(d-1) 0.13( 0.03 0.42( 0.04
d53 2.7( 0.4 1.9 0.22( 0.01 0.4
d54 1.4( 0.6 1.5 0.29( 0.04 0.2
d62 2.6( 0.7 1.8 0.21( 0.02 0.4
d61 0.21( 0.10 0.3 0.17( 0.01 0.6
d56 0.37( 0.10 0.6 0.16( 0.02 0.6
a19u56 0.12( 0.02 0.0 0.27( 0.01 0.3
c19g56 0.31( 0.05 0.5 0.30( 0.02 0.2
a19isoC56 0.13( 0.03 0.0 0.27( 0.02 0.3
aaua(d)ud 0.032( 0.008 -0.9 (-) 1.6( 0.1 -0.8 (-)
aaua(d)u/c19g56d 0.040( 0.016 (0.1) 1.1( 0.1 (0.2)
g230 17( 6 3.0 0.016( 0.003 2.0
g130 4.1( 0.5 2.1 0.10( 0.01 0.9

a All substrates contain a 2′deoxy nucleotide (d-1) at the c0-site and
a C/G-rich 5′ leader sequence unless indicated otherwise.b Reaction
conditions: 50 mM MES, pH 6.7, 10 mM MgCl2, and 2% glycerol,
37 °C. c -RT ln[Kc0/Kc0(modified)] or-RT ln[kc0(modified)/kc0]. Nega-
tive: modified substrate/ribozyme is more efficient. Positive: modified
substrate/ribozyme is less efficient.d Substrates with an A/U-rich 5′
leader sequence.

Table 2: Effects of Substrate Modifications in the Region around
the Cleavage Site

substratea Kc0 (µM)b
∆∆G

(kcal/mol) kc0 (min-1)b
∆∆G

(kcal/mol)

(d-1) 0.13( 0.03 0.42( 0.03
d71 0.15( 0.04 0.0 0.44( 0.03 0.0
d72 0.14( 0.04 0.0 0.43( 0.03 0.0
d+1 0.09( 0.03 -0.2 0.18( 0.02 0.5
d+2 0.20( 0.03 0.3 0.40( 0.02 0.0
d+3 0.07( 0.01 -0.4 0.41( 0.02 0.0
d-3 0.05( 0.01 -0.6 0.56( 0.04 -0.2
d-2 0.22( 0.03 0.3 0.26( 0.01 0.3
∆CCA 2.1( 0.1 1.7 0.080( 0.001 1.0
a1u72 1.1( 0.3 1.3 0.005( 0.001 2.7
c1g72 0.83( 0.06 1.1 0.12( 0.01 0.8
u1a72 2.6( 0.6 1.8 0.041( 0.003 1.4
a All substrates contain a 2′deoxy nucleotide (d-1) at the cleavage

site. b Conditions: 50 mM MES, pH 6.7, 10 mM MgCl2, and 2%
glycerol, 37°C.

Table 3: Effects of Substrate Modifications with Substrates
Containing a 2′ Ribo Nucleotide at the Cleavage Site

substrate Kc0 (µM)a
∆∆G

(kcal/mol)
kc0

(min-1)a
∆∆G

(kcal/mol)

(r-1) 0.15( 0.05 b 2.6( 0.3 b
d+1 0.25( 0.06 0.3 1.6( 0.2 0.3
d+2 0.08( 0.02 -0.4 3.0( 0.2 -0.1
d+3 0.10( 0.01 -0.2 3.5( 0.2 -0.2
d-3 0.029( 0.004 -1.0 2.2( 0.1 0.1
5′aauau 0.06( 0.03 -0.6c 6.2( 0.4 -0.5c

a Conditions: 50 mM MES, pH 6.1, 10 mM MgCl2, and 2% glycerol,
37 °C. b Kc0 and kc0 for the C/G-rich 5′ leader substrate containing a
2′H at the c0-site is 0.60( 0.10µM and 0.081( 0.006 min-1 at pH
6.1, respectively. The 2′ ribo substrate is 0.9 and 2.0 kcal/mol more
efficient inKc0 andkc0 than the 2′H substrate.c Kc0 andkc0 for the A/U-
rich 5′ leader substrate containing a 2′H at the c0-site is 0.03( 0.01
µM and 0.41( 0.03 min-1 at pH 6.1, respectively. The 2′ ribo substrate
is 0.4 kcal/mol less efficient inKc0, but 1.8 kcal/mol more efficient in
kc0 than the 2′H substrate.

15470 Biochemistry, Vol. 37, No. 44, 1998 Loria et al.



fied substrate. Comparing the same modifications for c0-
cleavage (Table 1), each 2′OH group at 53 and 54 improves
the fidelity for cleavage at the c0-site by 1.0-1.2 kcal/mol.
This result shows that high-affinity binding of the T stem-
loop region can contribute to cleavage site selection in the
holoenzyme.

In the region around the cleavage site, substitution of the
2′OH f 2′H at the c0-site reduces cleavage at all sites to a
similar extent (1.5-2.0 kcal/mol), whereas the 2′OH f 2′H
modifications at the m2- or m-1-sites have only small effects
(<0.3 kcal/mol) on cleavage at all sites (Figure 4). These
results are very similar to the effects of modifications on
the P RNA reaction (17). Changing the G1C72 pair to other
Watson-Crick base pairs strongly reduces cleavage at the
c0-site (Table 2), but has little effect on m2-cleavage,
consistent with involvement of the G1C72 base pair specif-
ically for the c0-site. The base pair identity at 1-72 position
also affects m-1-cleavage, but to a lesser extent than
c0-cleavage. Deletion of the 3′ CCA has little effect onkm2,
especially compared to the larger decrease observed in c0-
cleavage. Hence, the net effect of 3′ CCA deletion improves
cleavage at m2 compared to c0 (Figure 4). These results are
consistent with previous reports that mutations of the 3′ CCA
influence the cleavage efficiency at different sites (27-29).
An A/U-rich 5′ leader improves cleavage at c0 compared to
m2 by less than 0.4 kcal/mol in the holoenzyme reaction (data
not shown). These results are qualitatively similar to the

effects of the same modifications on the P RNA reaction at
high ionic strength (17), suggesting that the holoenzyme
selects the cleavage site in a manner comparable to that of
the P RNA reaction.

DISCUSSION

P Protein Binding to P RNA.The B. subtilisP protein
induces protection of three regions of P RNA that are located
in both folding domains. Regions 1 and 2 are in the domain
responsible for binding of the T stem-loop of tRNA (6, 14)
and region 1 is located in a four-way junction present in all
bacterial P RNAs (30). Region 2 contains both helical and
nonhelical components and the nucleotides in the nonhelical
region are conserved. Region 3 is in the other domain that
contains the entire active site of P RNA (7, 9, 31). Protection
of P RNA induced by the P protein could either be due to
direct contacts or a conformational change in the P RNA or
both. The requirement of both P RNA domains for hydroxyl
radical protection by the P protein indicates that the protein
contacts both domains. The three potential binding regions
may be proximal in space to constitute a single binding
surface or may be spatially distant to form two binding
surfaces, presumably one in each domain. Alternatively, one
or more of these three regions may be protected by an RNA
conformational change induced by the protein binding. The
crystal structure of theB. subtilisP protein shows at least
two potential RNA-binding sites (32). Photo-cross-linking
studies have mapped one binding site to directly contact the
5′ leader of a pre-tRNA substrate (S. Niranjanakumari and
C. Fierke, unpublished data). We suggest that the other
RNA-binding site contacts part or all of the binding surface
on the P RNA.

Substrate SelectiVity by the Holoenzyme.The holoenzyme
cleaves the precursors of tRNA, theE. coli 4.5S RNA (1,
12), and the C4 repressor RNA of coliphage P1 and P7 (33)
with similar efficiencies (kcat/Km), whereas P RNA, at
elevated ionic conditions, catalyzes the cleavage of pre-tRNA
substrates much more efficiently than the precursor 4.5S
RNA (12). The recognition pattern of the pre-tRNA
substrate by the holoenzyme determined in this work
provides a molecular rationale for these observations (Figure
5). The secondary structures of these substrates are quite
different. The tRNA is composed of two coaxially stacked
helices with a total of 12 base pairs followed by its specific
tertiary structure. The 4.5S RNA and the C4 repressor RNA
contain a single helix of at least 14 base pairs (12, 33).

A groove formed by the tertiary structure of tRNA is
recognized by the P RNA and by the holoenzyme, as shown
previously for P RNA (14) and now in this work. Structur-
ally, this groove begins from the minor groove of a standard
A-form helix (the T stem) and extends into the edge of the
tRNA structure where the 4-NH2 of C56 is located. The
top part of this groove is similar to the minor groove of an
A-form helix, whereas the bottom part of this groove is
uniquely defined by the tertiary structure of tRNA. Because
of binding to the entirety of this groove (light gray oval in
Figure 5), the P RNA alone reaction is more specific for
pre-tRNA substrates. Other less tRNA-like biological sub-
strates are unlikely to contain binding surfaces corresponding
to this whole groove. On the other hand, the holoenzyme
recognizes only a part of this groove, in particular, the region

FIGURE 4: ∆∆G (+RT ln[km2/m-1(unmodified)/km2/m-1(modified)])
of 2′OH f 2′H modifications, 3′ CCA deletions and 1-72 and
19-56 base pair mutations on m2 (A) and m-1 (B)-cleavage at 37
°C. Positive∆∆G values indicate that the modification decreases
the cleavage rate constants; negative∆∆G vales indicate that the
modification increases the cleavage rate constants. Only the top
half and the 5′ leader of the pre-tRNAPhe substrate are shown and
the residue numbers are italicized and circled. The numbers below
each residue are∆∆G values for substrates containing a 2′H at the
c0-site at pH 6.7. The numbers in the parenthesis are∆∆G values
for substrates containing a 2′OH at the c0-site at pH 6.1. All
reactions contain 10 mM MgCl2 and 2% glycerol. The 2′OH f
2′H modifications at the m2 and m-1 sites are underlined for their
respective cleavage site. The cleavage sites are between the outlined
nucleotides. The m2-cleavage is more extensively analyzed due to
better gel resolution.
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where it is more A-form like (dark gray oval in Figure 5).
This modified recognition pattern allows the holoenzyme to
recognize tRNA and other biological substrates in a similar
fashion. However, a purely A-form helix may not work well
for holoenzyme recognition, since the 2′OH of 54 is not part
of a regular A-form helix. Both 4.5S RNA and the C4
repressor RNA have tandem U-G/G-U pairs at the
equivalent position of the 53-61 base pair in tRNA. These
U-G/G-U pairs may distort the A-form minor groove to
mimic the top part of the groove in tRNA where holoenzyme
recognition occurs.

Despite the potentially fewer contacts to the groove
structure made by the holoenzyme, the overall affinity of
holoenzyme binding to the tRNA component is still∼9-
fold better than binding by the P RNA under physiological
conditions (3). This result may be explained by the potential
shift of K[Mg] for the two Mg2+ ions involved in tRNA
binding (34). Alternatively, P protein binding to both folding
domains of P RNA fixes the orientation of these domains
so that the binding surface in the holoenzyme can have a
better fit to the tRNA structure. A third possibility involves
direct contacts of the P protein to the tRNA component for
this increased tRNA binding affinity.

Recognition of in Vitro Selected Substrates by the Holo-
enzyme.The broader substrate selectivity for the holoenzyme
is manifest in a selection experiment (13) using either the
E. coli M1 RNA alone or theE. coli holoenzyme. Substrates
with more diverse secondary structures and hairpin loop sizes
were obtained with the holoenzyme. Applying our binding
model for the holoenzyme, the selected substrates should
contain a common groove-like structure composed either of
a distorted A-form helix or of a coaxially stacked acceptor
stem/T stem-like helices with a terminal hairpin loop.

When the selection experiment was carried out withB.
subtilisP RNA alone, four classes of substrates were isolated
(35, 36). Three of the four substrate classes have secondary
structural motifs corresponding to the acceptor stem and the
T stem-loop of tRNA with different loop sequences. Unlike
tRNA, the linker regions connecting these helical motifs are
not helical. Even though the selection was performed in the

absence of the P protein, the holoenzyme can efficiently
recognize all three substrates with only 2 or 5 nucleotides
in the 5′ leader. Hence, the selected hairpin loop is likely
to fold into a T stem-loop like structure for specific
recognition. The fourth substrate class only contacts one of
the two folding domains of P RNA at a site unrelated to
tRNA binding (7). For this substrate with a three nucleotide
5′ leader, the T stem-loop binding site in P RNA is not
needed and the holoenzyme and the P RNA bind with similar
affinity, even under physiological conditions (A.L. and T.P.,
unpublished results).

Domain Orientation and Substrate Recognition.The
observations that both the P protein and the substrate (7, 9,
14, 31) likely contact both domains of P RNA suggest that
the structural relationship of these domains may play a
significant role in substrate binding. Both domains can fold
independently and there is no evidence for strong interactions
among these domains in the absence of substrate or P protein
(5, 6). Therefore, these domains may be inherently flexible
relative to each other. Upon substrate binding, the domains
likely become less flexible due to interactions with the
substrate and the energetic penalty for reducing the mobility
of the domains may decrease the apparent affinity of the
ribozyme for the substrate. The binding of the P protein,
however, may significantly reduce the flexibility of P RNA
and lock the domains into an optimal orientation prior to
binding of biological substrates. Such a domain-orientation
effect may explain the similar affinity of both P RNA and
holoenzyme for a selected substrate that interacts only with
one domain (ref7; A.L. and T.P., unpublished results). The
changes in domain flexibility and/or orientation cannot be
discriminated from the hydroxyl radical protection pattern
of the holoenzyme. We are now in the process of testing
this hypothesis using biophysical techniques, e.g., small-angle
X-ray scattering, that are sensitive to conformational changes
on the scale of these domains.

CleaVage Site Selection by the Holoenzyme.The principle
of cleavage site selection by the holoenzyme is identical to
that of the P RNA reaction (17). The holoenzyme does not
significantly change the extent of miscleavage at low ionic
conditions (10 mM MgCl2, pH 6.1-7.3) compared to P RNA
cleavage at high ionic conditions (100 mM MgCl2, 0.6 M
KCl, pH 6.1-8.1). Like the P RNA reaction, the 2′OH f
2′H modification at the c0-site has identically large effects
on cleavage at all sites, whereas 2′OH f 2′H modifications
at the m2 and m-1 sites have no effect on cleavage at any
site. This 2′OH(c0) effect was attributed to its interaction
with the ribozyme to increase the fraction of a hypothetical
second ES complex on the reaction pathway (17). Two
modifications affect cleavage at the m2-site differently from
cleavage at the c0-site. The G1C72 mutations to other
Watson-Crick base pairs have large effects on c0-cleavage,
while the same mutants display a much smaller effect on
the m2-cleavage (Figure 4). The nucleotide+1, therefore,
can be considered as the equivalent of the-2 position for
c0-cleavage, where the base identity only plays a minor role.
In the T stem-loop region, the 2′OH f 2′H modifications at
53 and 54 significantly improve m2- over c0-cleavage,
suggesting that the interactions involving these 2′OH groups
contribute less to the ES(m2) complex. This result shows that
the precise pattern of recognizing the T stem-loop region
can influence cleavage at different sites.

FIGURE 5: Rationalization for the broader substrate selectivity by
the RNase P holoenzyme. The T stem-loop region of the tRNAPhe

is shown with the frontal view of the groove containing the 2′OH
groups of 53, 54, 61, 62, and the 4-NH2 of C56. All five groups
interact with P RNA as indicated by a light gray oval. The
holoenzyme only interacts with the 2′OH groups of 53, 54, and 62
as indicated by a dark gray oval.
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Comparison of the RNase P Holoenzyme to Group I Intron
Proteins. Several group I introns require specific proteins
for splicing under physiological conditions. For theSac-
charomyces cereVisiae CBP2 (37, 38) and theneurospora
CYT18 (39-41), hydroxyl radical protection of the intron
core structure can only be detected with the bound protein.
The functional role of these proteins is to stabilize the tertiary
structure of the group I intron active site which is only folded
at high [Mg2+] or not at all in the absence of the protein.
Hence, K1/2

[Mg] (folding) is equal to or higher thanKm
[Mg]

(splicing) for these group I introns. In contrast, the active
site of P RNA is folded at much lower [Mg2+] in the presence
and absence of the P protein. Substrate binding and catalysis,
on the other hand, require higher [Mg2+], particularly for
the P RNA reaction. Hence,K1/2

[Mg] (folding) is much lower
thanKm

[Mg] (catalysis) for P RNA. Several lines of evidence
suggest that the folded P RNA structure detected by the
hydroxyl radical protection is a “true” catalytic form. (i)
An in vitro selected substrate is efficiently cleaved under
physiological conditions with the P RNA or the holoenzyme
(ref 7; A.L. and T.P., unpublished results). (ii) The folded
P RNA at 2-10 mM MgCl2 is instantaneously active upon
mixing with the pre-tRNA substrate (16), suggesting that
there is no slow folding barriers after the Fe(II)-EDTA
detected tertiary structure is formed. (iii) No discernible
differences can be observed in hydroxyl radical protection
at 5 mM and 100 mM Mg2+ (A.L. and T.P., unpublished
results). These data, combined with functional analysis of
the P protein (3, 4, 15), indicate that the P protein may be
evolved to specifically enhance binding and catalysis of
biological substrates.
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