
Conservation of Helical Structure Contributes to
Functional Metal Ion Interactions in the Catalytic
Domain of Ribonuclease P RNA

Nicholas M. Kaye, Nathan H. Zahler, Eric L. Christian and
Michael E. Harris*

Center for RNA Molecular
Biology, and Department of
Molecular Biology and
Microbiology, Case Western
Reserve University School of
Medicine, 10900 Euclid Ave
Cleveland, OH 44106, USA

Like protein enzymes, catalytic RNAs contain conserved structure motifs
important for function. A universal feature of the catalytic domain of ribo-
nuclease P RNA is a bulged-helix motif within the P1–P4 helix junction.
Here, we show that changes in bulged nucleotide identity and position
within helix P4 affect both catalysis and substrate binding, while a
subset of the mutations resulted only in catalytic defects. We find that
the proximity of the bulge to sites of metal ion coordination in P4 is
important for catalysis; moving the bulge distal to these sites and deleting
it had similarly large effects, while moving it proximal to these sites had
only a moderate effect on catalysis. To test whether the effects of the
mutations are linked to metal ion interactions, we used terbium-depen-
dent cleavage of the phosphate backbone to probe metal ion-binding
sites in the wild-type and mutant ribozymes. We detect cleavages at
specific sites within the catalytic domain, including helix P4 and J3/4,
which have previously been shown to participate directly in metal ion
interactions. Mutations introduced into P4 cause local changes in the
terbium cleavage pattern due to alternate metal ion-binding configu-
rations with the helix. In addition, a bulge deletion mutation results in
a 100-fold decrease in the single turnover cleavage rate constant at
saturating magnesium levels, and a reduced affinity for magnesium ions
important for catalysis. In light of the alternate terbium cleavage pattern
in P4 caused by bulge deletion, this decreased ability to utilize mag-
nesium ions for catalysis appears to be due to localized structural changes
in the ribozyme’s catalytic core that weaken metal ion interactions in P4
and J3/4. The information reported here, therefore, provides evidence
that the universal conservation of the P4 structure is based in part on
optimization of metal ion interactions important for catalysis.
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Introduction

Many essential cellular processes depend on the
function of ribonucleoproteins (RNPs) such as
the ribosome, spliceosome and numerous smaller
RNP enzymes. These RNPs contain distinct species
of RNA molecules that, like their protein counter-
parts, have phylogenetically conserved sequences
and structures that are central to biological func-
tion. However, in contrast to our broad under-
standing of the roles of protein structural motifs,

our knowledge of the functional roles of conserved
RNA structural motifs is only beginning to emerge.
Here, we examine the role of a bulged-helix motif
in the catalytic core of the RNA subunit of the
RNP enzyme ribonuclease P (RNase P), and
provide evidence that its function is to facilitate
binding of metal ions important for catalysis.

RNase P is an endonuclease involved in the
maturation of tRNA, 4.5 S RNA and other cellular
RNAs.1,2 In bacteria, the enzyme is composed of a
,400 nucleotide RNA and a smaller, ,120 amino
acid protein subunit. It is now well established
that bacterial3 and some archeal RNase P RNAs4

can bind substrates and catalyze phosphodiester
bond hydrolysis, demonstrating that the active site
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of the enzyme is composed of RNA. Although
eukaryotes and archea contain additional protein
subunits,5 – 7 their RNase P RNAs retain an essential
conserved core of sequences and secondary
structures8 –10 that are likely to be directly involved
in catalytic function. Although much is known
about the enzyme’s folding dynamics, structure,
and recognition of the substrate,1,2 the specific
roles of most conserved structural and functional
elements of the ribozyme are not well understood.

A distinguishing feature of RNase P RNA
structure8 – 12 and the related RNP enzyme, RNase
MRP,13 – 16 is a four-way helix junction encompass-

ing helices P1 through P4 (P1–P4; Figure 1). Bio-
chemical and mutational studies, in addition to
phylogenetic comparative sequence analysis, have
confirmed that P1–P4 is a functionally important
element of the ribozyme’s catalytic core.11,17 – 21 For
example, several adjacent regions of structure
form short-range (,3 Å) cross-links with nucleo-
tides proximal to the substrate cleavage site.22 – 24

Additionally, the majority of the functional groups
that are known to be important for ribozyme
catalysis are located within P1–P4.21,25,26 Among
these important ribozyme functional groups are
phosphate oxygen atoms at positions A67, G68
and A352 in Escherichia coli RNase P RNA,
where phosphorothioate substitutions lower the
cleavage rate constant by three to four orders of
magnitude20,25 (Figure 1). Within helix P4, at A67,
rescue of the deleterious effects of these phos-
phorothioate modifications by “thiophilic” metal
ions has provided evidence that magnesium
(Mg2þ) interactions in P4 are crucial for catalytic
function.17,20,25 Additionally, a C to U point
mutation at position 70 (C70U) results in a
dramatic increase in the ability of the ribozyme to
use calcium (Ca2þ) as a catalytic metal ion.27

Lying between C70 and A67 in helix P4 is a uni-
versally conserved single bulged uridine residue,
U69.8– 12 The proximity of the conserved bulge to
residues associated with metal ion binding,
together with the demonstration that the bulged
geometry influences cobalt hexamine binding in a
model P4 system,28 strongly suggests that helix
structure may play an important role in Mg2þ inter-
actions important for catalysis. The present study
tests the role of this conserved element of P4
structure by examining the effects of mutations
that alter the identity and position of the U69
bulge on binding, catalysis and metal ion inter-
actions. The results are consistent with the view
that the bulged U69 residue is conserved, in part,
due to its role in maintaining helical geometry
important for metal ion interactions. These obser-
vations support the emerging principle that asym-
metric bulged-helix motifs are a common theme
for essential metal ion interactions in functional
RNA structure.

Results

Effects of bulge modification and mutation on
ribozyme catalysis

To understand the role of the bulged residue in
P4, we first tested whether sugar–phosphate
backbone functional groups at the U69 position
contributed to ribozyme catalysis. 20H, 20O–CH3,
and RP and SP phosphorothioate modifications
were incorporated at U69 within a self-cleaving
(cis ) ribozyme–substrate conjugate system pre-
viously used for identification and analysis of
functional groups involved in catalysis.20 As
shown in Table 1, deletion or methylation of the 20

Figure 1. Consensus secondary structure of bacterial
RNase P RNA.12 Capital letters indicate universally con-
served nucleotides, lower case letters are 80% conserved,
small filled circles represent nucleotide positions that are
100% conserved, and small open circles indicate nucleo-
tide positions that are 80% conserved. The conserved
bulged uridine (U69 in E. coli RNase P RNA) in helix P4
is boxed; C70, where mutation engenders a change in
metal ion usage for catalysis, is indicated by a triangle.
Nucleotides that are circled are sites where analog
substitution interferes with ribozyme catalysis and
arrows indicate phosphorothioate-sensitive positions.
An asterisk highlights the site of metal ion coordination
at A67.
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hydroxyl and an SP phosphorothioate substitution
affected catalytic rate less than twofold. In contrast,
a modest effect (sevenfold) was observed for the
RP phosphorothioate modification, as noted
previously.20 The sevenfold defect is not rescuable
by thiophilic metal ions (data not shown), and
may be due to changes to the helical geometry in
P4 that effect activity. Thus, the backbone modifi-
cations tested only confer relatively small defects
to ribozyme activity.

Next, we tested the importance of the base iden-
tity at U69 by analyzing the binding and catalytic
behavior of a series of mutant ribozymes. The
mutants were tested both in the context of the cis-
cleaving ribozyme system as well as the native,
trans-cleaving reaction. As shown in Table 1, the
self-cleaving system produced results similar to
the native system. Using the trans system we find
that, in contrast to the small effect of phospho-
diester backbone modification, mutation of the
uridine base to G or C resulted in relatively large
(greater than ,50-fold) decreases in the cleavage
rate constant, kc (Figure 2 and Table 1). Interpre-
tation of the effects of U69G and U69C mutations
are complicated by the fact that these mutations
can result in alternative pairing interactions within
P4 (see below, Figure 6). However, the U69A
mutation, which is not expected to alter the pattern
of base-pairing in P4, resulted in only a fivefold
reduction in kc. This result was unanticipated,
since the functional groups presented by A and U
differ significantly, and, since uridine is universally
conserved at this position. It was possible that
U69A displayed a small catalytic defect because
the role of the bulge was to facilitate interactions
with the E. coli protein subunit, C5. Although C5
stimulated the reaction under low salt conditions,
holoenzymes containing a U69 mutant RNA dis-
played catalytic defects of the same magnitude as

the RNA alone (data not shown). In addition, the
apparent dissociation constant for substrate bind-
ing, Kd

app, increased substantially only for the
U69G mutant (Figure 2 and Table 1). We conclude
from these data that the presence of a bulged
residue at U69 is primarily important for catalysis,
but that the individual functional groups on the
nucleotide base and phosphodiester backbone
contribute relatively little to function.

Given the relatively small catalytic defect engen-
dered by altering base functional groups, but large
effect with mutants that may cause miss-pairings,
we examined the role of helix geometry in ribo-
zyme function with a series of mutant ribozymes
that altered the size or position of the internal
bulge (Table 1 and Figure 6). Increasing the size of
the bulge from one nucleotide to two (U70)
resulted in a 48-fold decrease in kc and a 106-fold
increase in Kd

app. Deleting the bulge (U69D) caused
a 46-fold decrease in kc and a small, fourfold
increase in Kd

app. Thus, the size of the bulge is
important for catalysis and substrate binding; how-
ever, the simple presence of the bulge is important
primarily for catalysis. Moving the bulge one
nucleotide in the 30 direction (U69D–U70) resulted
in a significant, 72-fold catalytic defect, and only a
threefold increase in Kd

app. In contrast, relocating
the bulge one nucleotide in the 50 direction
(U69D–U68) resulted in a relatively moderate
(17-fold) reduction in kc and a 38-fold increase in
Kd

app. Since moving the bulge residue closer to the
metal-binding sites at A65–A6720,29 had a smaller
effect on catalysis than movement of the bulge
away from the site of Mg2þ interaction, these
results suggest a link between the bulge structure
and functional metal ion interactions. Furthermore,
the idea that the role of the uridine bulge lies
primarily in catalysis is supported, once again, by
the fact that while several mutants result in

Table 1. Effects of modification and mutation in helix P4 on catalysis and binding

Cisa reaction Transa reaction

Ribozyme kc (min21) kc
wt/�kmut

c kc (min21) kc
wt/�kmut

c Kd (nM) Kd
mut/ �Kwt

d

PT50 0.6 ^ 0.3 1
PT50(U69dU)b 0.3 ^ 0.1 2
PT50(U69mU)b 0.3 ^ 0.2 2
PT50(U69RP)b,c 0.09 ^ 0.04 7
PT50(U69SP)b,c 0.8 ^ 0.4 0.8
RNase P RNA 0.26 ^ 0.03 1 1.7 ^ 0.5 1
U69A 0.12 ^ 0.01 4 0.062 ^ 0.004 5 4 ^ 3 2.4
U69g 0.05 ^ 0.03 12 0.0034 ^ 0.0004 76 73 ^ 25 43
U69C 0.03 ^ 0.01 20 0.0056 ^ 0.0004 46 3 ^ 2 1.8
U69D 0.012 ^ 0.004 50 0.0056 ^ 0.0007 46 7 ^ 2 4
U70 0.0054 ^ 0.0009 48 181 ^ 63 106
U69D–U68 0.015 ^ 0.005 17 65 ^ 35 38
U69D–U70 0.0036 ^ 0.0009 72 5 ^ 2 2.9

a Cis refers to self-cleavage by PT50 or modified PT50 ribozymes. Standard cis conditions are trace [50-32P]ribozyme, 3 M NaCl,
50 mM Pipes, 25 mM MgCl2 (pH 5.5) at 50 8C. Trans refers to the native reaction where substrate is not tethered to the ribozyme.
Standard trans conditions are 4 nM [50-32P]pre-tRNAAsp, 1.5 mM ribozyme, 1 M NaCl, 50 mM Pipes, 25 mM MgCl2 (pH 6) at 37 8C.

b dU refers to removal of the 20OH at position 69. Similarly, mU refers to addition of a 20O–CH3, RP refers to substitution of the pro-
RP non-bridging phosphate oxygen with sulfur, and SP refers to substitution of the pro-SP non-bridging phosphate oxygen with sulfur.

c From Christian et al.20
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substrate-binding defects, a subset display only
small-binding defects, yet relatively large catalytic
defects.

Analysis of potential metal ion-binding sites by
terbium (Tb31) cleavage

Phosphorothioate inhibition and subsequent
rescue with thiophilic metal ions such as manga-
nese (Mn2þ) has been used to measure the affinity
of a bound metal ion at the A67 phosphate of
RNase P RNA.29 Therefore, we initially sought to

directly measure potential changes in metal ion
affinity of the rescuable A67 metal ion in the
context of a phosphorothioate-substituted, bulge
deletion mutant. However, under the experimental
conditions used here, we found this doubly modi-
fied ribozyme to be completely inactive, even after
two weeks of incubation in the presence of Mn2þ

(data not shown).
As an alternative, we reasoned that despite some

limitations, the trivalent form of the lanthanide
metal ion Tb3þ could be used to assess changes in
structure and metal binding properties induced
by mutation or repositioning the U69 bulge. Tb3þ

cleavage of the RNA backbone is a broadly applied
method for examining sites of metal ion inter-
actions and changes in RNA structure.30 – 33 Unlike
Mg2þ, Tb3þ catalyzes cleavage of the RNA back-
bone at physiological pH due to a lower pKa

(pKa
Mg ¼ 11; pKa

Tb ¼ 7.9). Thus, the pattern of Tb3þ

cleavage of native RNase P RNA can provide
insight into potential Mg2þ-binding sites in P1–P4
and throughout the molecule, and that of mutants
can reveal information concerning local or global
mis-folding, since such metal ion interactions
are likely to be sensitive to changes in tertiary
structure.

As shown in Figure 3(A), in the presence of
15 mM Mg2þ to ensure proper folding, a specific
pattern of cleavage was observed for the native
E. coli RNase P ribozyme from 0.04 mM to 0.1 mM
Tb3þ. At higher concentrations of Tb3þ, there is a
proportional increase in the intensity of cleavage
until, at the highest concentration, there is detect-
able cleavage at nearly all nucleotides. In order to
maximize cleavages that result from site-specific
binding, we performed subsequent mapping
experiments at low concentrations of Tb3þ (40–
80 mM), and high (1 M) concentration of mono-
valent ions, which is expected to compete
effectively with non-specific or diffuse Tb3þ

interactions.34,35 Under these conditions, we find
that cleavages occur primarily within regions of
non-Watson–Crick structure and at the base of
helices (Figures 3 and 4). In the catalytic domain
of the ribozyme, significant cleavage occurred at
nucleotides in J3/4, J5/6, J5/15, J18/2, and at the
ends of helix P4. In the substrate-binding domain,
cleavages occur in L8, P10, and J11/12. Although
it was difficult to map cleavage sites precisely in
and around helices P13 and P14, inspection of
the gels did not show a significant number of
cleavages in this region.

To highlight positions that most likely represent
bona fide Mg2þ coordination sites, we identified
Tb3þ cleavages that were effectively competed by
increasing concentrations of Mg2þ (Figure 3(A) and
(B)). At 150 mM Mg2þ, the Tb3þ cleavage pattern
of RNase P RNA is nearly identical with the pat-
tern at 15 mM Mg2þ, but higher concentrations of
Tb3þ are required to attain an equivalent level of
cleavage. Notably, sites in P10 appear less sensitive
to Mg2þ concentration, and may therefore represent
Tb3þ-binding sites not normally filled by Mg2þ

Figure 2. Effect of U69 deletion and mutation on cata-
lysis and substrate binding. (A) Determination of the
single turnover rate constant for native E. coli RNase P
RNA and mutants with alterations at U69. Reactions con-
tained 4 nM [50-32P]pre-tRNAAsp, 1 M NaCl, 50 mM Pipes
(pH 6), 15 mM MgCl2 at 37 8C. Plots of product accumu-
lation versus time are shown. The rate constants for
catalysis given in Table 1 were obtained by fitting the
data to a single exponential function (equation (1)).
(B) Effect of U69 mutation on substrate binding. Reaction
conditions were 1 M NH4OAc, 10 mM CaCl2, 50 mM
Pipes (pH 6) at 37 8C. Bound and unbound substrates
were separated by native gel electrophoresis77,78 and the
fraction bound is plotted as a function of enzyme con-
centration. The data are fit to a single-binding isotherm
(equation (2)) and the resulting dissociation constants
are reported in Table 1.
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(Figure 3(A)). Tb3þ competition is quantified in
Figure 3(B) with a plot of the normalized intensity
of cleavages at A61–A67 versus Tb3þ concentration
for 15 mM and 150 mM Mg2þ. The concentration
of Tb3þ required for half-maximal cleavage inten-
sity increases fivefold from ,0.02 mM at 15 mM
Mg2þ to ,0.1 mM at 150 mM Mg2þ. The ability of
Mg2þ to compete for Tb3þ-binding sites in and
adjacent to P4 suggests that Tb3þ-binding sites
overlap significantly with sites of Mg2þ interaction.
Also, we observe that low concentrations (ca
50 mM) of Tb3þ inhibit RNase P ribozyme catalysis,
supporting the hypothesis that Tb3þ binding com-
petes for functional metal ion interactions (data
not shown). It is also formally possible that
increased Mg2þ concentrations change the tertiary
structure of RNase P RNA in ways that weaken
Tb3þ binding in an indirect manner. However, we
consider this possibility unlikely as 15 mM Mg2þ

is well in excess of that required for complete
folding.36 – 39 In sum, the Tb3þ cleavage data located
a number of putative divalent metal ion-binding
sites in RNase P RNA, including positions within
helix P4 and J3/4 where divalent metal-binding
sites had been previously identified (A62–A67).

Effects of U69 mutation on the Tb31 cleavage
pattern in J3/4–P4

Next, we reasoned that Tb3þ cleavage could be
used to assess changes in structure and metal bind-
ing properties induced by mutating or reposition-
ing the U69 bulge. Changes in sensitivity to Tb3þ

cleavage could occur for several reasons, including
elimination of a specific metal-binding site, or by
changing local backbone geometry such that it is
less susceptible to attack even in the presence of a
bound metal ion. Furthermore, it may be that not
all metal ion binding sites result in RNA strand
cleavage. Nevertheless, it is likely that the effect of
mutation on a large, but not necessarily complete,
subset of metal binding sites can be examined by
monitoring Tb3þ cleavage.

As shown in Figures 5 and 6, we found that
mutation or repositioning of the uridine bulge
results in localized changes in the Tb3þ cleavage
pattern limited to the cluster of strong cleavages at
nucleotides 61–69, adjacent to the site of mutation.
Because the global Tb3þ cleavage pattern remains
the same for all the mutants, we conclude that

Figure 3. Analysis of Tb3þ induced cleavage of E. coli
RNase P RNA. (A) Tb3þ cleavage pattern at 15 mM or
150 mM Mg2þ. Lanes 1, 13, and 25 are RNase T1 digestion
ladders. Lanes 2, 12, 14, and 24 show alkaline hydrolysis
ladders of RNase P RNA. Lanes 3–11 and 15–23 show
the Tb3þ cleavage pattern of RNase P RNA at 0, 0.01,

0.04, 0.07, 0.1, 0.4, 0.7, 1, and 5 mM Tb3þ, respectively.
Lanes 3–11 were performed at 15 mM Mg2þ and lanes
15–23 were performed at 150 mM Mg2þ. The corre-
sponding elements of RNase P secondary structure are
indicated on the right of the gel. (B) Mg2þ competition
of Tb3þ cleavage in helix P4. Plot of the Tb3þ titration for
the normalized intensity of nucleotides 61–67 at 15
(squares) or 150 mM MgCl2 (circles). Data are fit to a
single-binding isotherm (equation (2)), and the resulting
apparent affinities are reported in the text.
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none of the mutations cause a global miss-folding
or unfolding of the ribozyme. Furthermore, the
size and position of the bulge influenced the
pattern of cleavages in P4 and J3/4, verifying that
our approach is a sensitive monitor of local struc-
tural changes induced by the mutations. For U69G
and C, there is a reduction in the cleavage intensity
at nucleotides 68 and 69, whereas U69A displays a
cleavage pattern essentially identical to the native
ribozyme, as expected. Like U69A, U70 displays
strong cleavages at the same nucleotides as the
wild-type ribozyme; however, the intensity of
cleavage is increased. This may reflect a more
open conformation of the helix engendered by the
two-nucleotide bulge that allows metal ions to
bind in P4, but in a geometry that is not ideal for
catalysis. When the bulge is deleted in U69D, even
fewer Tb3þ cleavages are detected then with U69G
or C, with a reduction in intensity at positions 66,
67, 68, and 69. The remaining major cleavages are
in the single-stranded J3/4 region. Since the helix
no longer contains a bulge, the major groove of P4
should no longer be widened, and therefore may
be less able to accommodate metal ions distal to
the base of the helix. U69D–U70 has reduced Tb3þ

cleavage at positions 66, 67, 68, and 69, similar to

U69D. This is consistent with a more regular helical
geometry at the base of helix P4. Although the
number and position of Tb3þ cleavages in U69D–
U68 is the same as in U69D–U70, cleavages are
enhanced at nucleotides 63, 64, 65, and 66, consist-
ent of an opening of the base of helix P4 that allows
metal ions to be accommodated. Together, the Tb3þ

cleavage patterns of the mutant ribozymes shows
that alterations in helix geometry perturb metal
ion-binding properties of helix P4 either through
enhancement or reduction of cleavages. The excep-
tion is U69A, which has both a Tb3þ cleavage
pattern nearly identical with the native ribozyme
and retains near wild-type activity.

Effect of U69 deletion on metal ion interactions
important for catalysis

To more directly quantify the effects of U69
mutation on metal ion interactions important for
catalysis, we determined the dependence of kc on
Mg2þ concentration using wild-type RNase P RNA
and the U69 deletion mutant. We chose to examine
U69D because it has a large (46-fold) catalytic
defect, a small (fourfold) binding defect (Table 1),
and a large metal ion-binding defect at A67 as

Figure 4. Location of Tb3þ clea-
vage sites in E. coli RNase P. Blue
circles denote nucleotides sensitive
to Tb3þ cleavage. Gray boxes indi-
cate nucleotide positions protected
from hydroxide radical cleavage.37

Red arrows indicate individual
nucleotide positions where nucleo-
tide analog substitution interferes
with catalytic activity.21,26 Yellow
circles indicate sites of phosphoro-
thioate inhibition.
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determined by Tb3þ cleavage. Importantly, the
mutation is not expected to engender mis-pairing
in P4. Analysis of metal titration experiments
using catalysis as a read out is complicated by the
fact that metal ions contribute to RNase P RNA
folding and substrate binding as well as to
catalysis.40 – 43 To ensure proper folding and sub-
strate binding at low Mg2þ levels, we pre-incu-
bated enzyme and substrate in a background of
10 mM CaCl2.

41,44,45 The kc value was then
measured at increasing Mg2þ concentrations
(0–300 mM). To control for changes in substrate
affinity at different metal ion concentrations, single
turnover rate constants were determined at satur-
ating enzyme concentration, where the observed

rate constant reflects the rate of cleavage of the
bound substrate.

Figure 7 shows a plot of the observed rate con-
stant as a function of Mg2þ concentration for the
native RNase P RNA and U69D. The rate constant
at saturating Mg2þ (kc

Mg), apparent Mg2þ affinity
(K1/2

Mg), and cooperativity (Hill coefficient, nH) of
binding was measured by fitting the data to a
non-linear form of the Hill equation (equation (3);
Figure 7). Under the conditions utilized, the
cleavage rate constant for the native ribozyme
saturates with respect to Mg2þ concentration
at k

Mg
c , 4 min21. Catalysis is cooperatively

dependent on Mg2þ concentration (nH ¼ 2.2), and
K

Mg
1=2 ¼ 150 mM. These results are consistent with

Figure 5. Effects of U69 mutation
on Tb3þ cleavage. Lanes 9, 17, 18
and 24 are T1 digestion standards
and lanes 10, 16, 19 and 23 are alka-
line hydrolysis ladders. Lanes 1–8
are RNAs that were mock treated
and lanes 11–15 and 20–22 show
digestion products of (50-32P)labeled
ribozymes incubated in the
presence of 80 mM Tb3þ. Digestion
reactions were performed at 15 mM
MgCl2 as described in Materials
and Methods. The corresponding
elements of RNase P secondary
structure are indicated on the right
of the gel. Native RNase P RNA,
U69D, U69A, U69G and U69C have
an additional two guanosine
residues at their 50 ends to facilitate
T7 transcription and so migrate cor-
respondingly slower than U70,
U69D–U68 and U69D–U70 RNAs.
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previous metal titration studies that also reflect a
requirement for binding of multiple, interdepen-
dent metal ions.43,44,46 – 48 Comparison of the metal
titration data for U69D with that obtained for the
native enzyme reveals four important differences
(Figure 7): (1) at saturating concentrations of
Mg2þ, U69D has a 100-fold lower catalytic rate
constant (0.041 ^ (0.007) min21 compared to the
wild-type ribozyme 3.92 ^ (0.02) min21); (2) the
mutant shows a lower degree of cooperativity for
stimulation by Mg2þ as reflected in the observation

that nH was reduced by 0.7 units to 1.5; (3) the over-
all affinity for metal ions was weakened in the
mutant, as shown by a corresponding , twofold
increase in K1/2

Mg to 285 mM; and (4) kc for U69D is
actually larger than for the native ribozyme in
Ca2þ alone. These results indicate that a simple
alteration of helix geometry in the catalytic core,
while having only small local effects on ribozyme
structure, has significant effects on the affinity and
selectivity of metal ion interactions required for
catalysis.

Discussion

Extensive comparative sequence analysis of
RNase P RNAs from all three phylogenetic
domains has provided a detailed perspective on
the variability and conservation of secondary and
tertiary structure.9 – 12,49,50 Like other essential cellu-
lar RNAs, RNase P RNAs throughout phylogeny
retain a conserved core important for function.
The observation that “minimal” RNase P RNAs
constructed to contain only core sequence and
structure are catalytic underscores this view.51,52

Importantly, RNase P RNA contains character-
istic sequence and structure motifs that make it
distinct from all other non-coding functional
RNAs. While crystallographic and functional
group modification experiments have provided
important insights into the basis for nucleotide
conservation in other large ribozymes, most
notably the group I intron from Tetrahymena,53 – 57

the functional basis that underlies conservation of
sequence and structure in RNase P RNA is poorly
understood.

Many of the conserved residues in RNase P RNA
are located in the P1–P4 multi-helix junction, a

Figure 6. Summary of Tb3þ clea-
vages within helix P4 of native
RNase P RNA and U69 mutant
RNAs. The relative cleavage rate
constants shown in Table 1 are
depicted below the proposed
secondary structure for wild-type
helix P4 and those of the mutant
ribozymes. Nucleotides susceptible
to Tb3þ cleavage are boxed. Black
and gray boxes indicate strong and
weak cleavage sites, respectively.
The relative intensity was quanti-
fied as described in Materials and
Methods.

Figure 7. Comparison of the metal ion dependence of
the native ribozyme and the U69D mutant. The single
turnover reaction rate for the native (circles) and U69D
(squares) ribozymes is plotted as a function of Mg2þ con-
centration (0–300 mM Mg2þ). Error bars represent one
standard deviation from the mean of at least three
experiments. Data are fit to a non-linear form of the
Hill equation (equation (3)) and the resulting
parameters, K1/2, kmax, and nH are reported in the text.
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central feature of the ribozyme’s conserved core
(Figure 8), including the universally conserved
bulged uridine residue located adjacent to residues
in P4 and J3/4 known to be involved in critical
divalent metal ion interactions. Additionally, P4 is
proximal to the scissile bond in low resolution
structure models of the ribozyme–substrate com-
plex. For these reasons, P4 has been hypothesized
to make up a portion of the active site of the
ribozyme. Thus, in this study we examined the
role in ribozyme function of the universally
conserved bulged uridine in helix P4.

Backbone functional group substitutions and
changes in the identity and position of the bulged
residue in P4 were tested for their effects on cata-
lytic activity. In sum, the kinetic and themo-
dynamic behavior of the mutants show that the
identity of the bulged residue was not critical;
however, changes in the position of the bulge
within P4 resulted in relatively large defects in
ribozyme activity. Importantly, moving the bulge
closer to the sites of metal ion interactions at A67
and in J3/4 could be better accommodated than
deletion or moving the bulge distal to J3/4. Given
the proximity of the bulge to the A67 metal ion-
binding site (see Figure 8) and the known associ-
ation between distortions in helix geometry
and major groove metal ion interactions,58 we
hypothesized that the bulged-helix geometry of P4
facilitates functional metal ion interactions.

The sensitivity of metal ion binding to helix
structure has also been suggested by the obser-
vation that a C70U mutation altered the metal ion
specificity of the ribozyme.27 This same mutation
results in a relocation of the bulge as determined
by NMR analysis of an isolated mutant P4 helix.28

In the case of the model P4, the C to U change
resulted in a repositioning of a bound cobalt
hexamine ion within the major groove.28 A similar
change in helix geometry is likely to distort the
metal ion-binding interactions that occur in P4 in
the context of the entire ribozyme.

In the folded ribozyme, helix P4 is thought to be
positioned in the interior of the ribozyme, and
inspection of the secondary structures shows that
both ends of P4 are located in complex multi-helix
junctions (see Figures 1 and 8). Given its central
location, changes in P4 geometry could be trans-
lated to other elements in the tertiary structure.
Thus, it is feasible that the mutations that alter
P4 geometry could perturb catalytic function and
substrate binding by disrupting distal or local
structure. To test whether mutations in P4 resulted
in any structural perturbations, and to learn more
about metal ion interactions in P1–P4 in general,
we undertook a series of metal ion cleavage studies
using Tb3þ. In addition to information about
potential metal ion binding-sites, the structure
dependence of metal ion induced cleavage has
been used to gain additional information regarding
alteration of RNA tertiary structure.45,59,60 In
this manner, lead-induced cleavage has been
previously used to demonstrate mis-folding
engendered by mutation in the catalytic domain of
RNase P RNA.61,62

We find that the sites of Tb3þ cleavage in the
native ribozyme occur throughout the structure in
regions expected to form complex non-Watson–
Crick interactions (Figure 4) and importantly,
the solvent inaccessible regions of the ribozyme as
determined by hydroxyl radical cleavage.37

Hydroxide radicals generated by metal ion coordi-
nation can cleave the solvent accessible surface of
a folded RNA, and protection from cleavage is
generally interpreted as reflecting involvement in
higher-order RNA structure.37,39,42,63 – 65 As shown
in Figure 4, there is significant overlap between
sites of Tb3þ cleavage and sites protected from
hydroxyl radical cleavage. The correspondence is
particularly good in several regions within the
catalytic domain. In particular, the Tb3þ cleavages
in the P1–P4 multi-helix junction, including J3/4
(G61–A65), P4 (A66–U69; U359–U362) and J2/4
(G346–A352), occur at nucleotides that show

Figure 8. Regions of metal ion
interaction in the P1–P4 four-way
helix junction. (A) Detail from the
model structure of the P1–P4 four-
way helix junction.79,80 Regions of
sensitivity to Tb3þ cleavage are
shown in red, the location of U69,
A67 and A66 are indicated in dark
blue and red, respectively. The
locations of phosphate groups that
are sensitive to phosphorothioate
modification are shown as yellow
spheres. (B) Secondary structure
diagram of P1–P4 from (A). The
structure is redrawn to reflect the
helix stacking arrangement and
path of the phosphodiester back-
bone within the available structure

models. Universally conserved nucleotides are indicated by letters. The regions of Tb3þ cleavage are indicated in red.
Sites of sensitivity to phosphorothioate modification are indicated by yellow arrows.
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strong protection from solvent attack by hydroxide
radical.

Additionally, there is significant overlap between
the Tb3þ mapping data and information from
modification interference studies that identified
functional groups within the catalytic domain
important for the substrate cleavage reaction21,25,26

(Figure 4). The nucleotide positions that are
protected from solvent and are sensitive to Tb3þ

cleavage and nucleotide analog substitution are
located in J3/4 (A62–A65), P4 (A66–G68; A361),
J5/15 (A249), and J2/4 (A347, A351, A352). The
clustering of Tb3þ cleavage sites around important
functional groups in J3/4 and P4 is consistent
with the use of multiple metal ions to bring
together the complex network of single-stranded
and helical structures required to form the ribo-
zyme active site.29

The observation that a particular nucleotide is
susceptible to cleavage does not necessarily imply
a direct role in coordination, but only that the
residue is proximal to a bound Tb3þ ion. Multiple
conformational states of the RNA, or breathing of
the helix could allow Tb3þ ions to remain proximal
to nucleotides for sufficient time to allow backbone
cleavage at various positions in P4. On the other
hand, within P4 and J3/4, there is evidence that
the sites of Tb3þ cleavage occur at nucleotides
with functional groups directly involved in metal
ion binding (Figure 8). Thus, while Tb3þ cleavage
does not directly delineate specific metal ion inter-
actions at these positions, the extent of Tb3þ clea-
vage is a reasonable sensor of whether mutations
alter the general metal ion-binding environment of
P1–P4.

Importantly, we found that although several of
the mutations had significant defects in catalytic
rate, none of the mutations in P4 engendered
substantial changes in the global pattern of Tb3þ

cleavage. The interpretation that the mutations in
P4 only engender localized perturbation of ribo-
zyme structure is supported further by the fact
that several mutations with relatively large cata-
lytic defects (i.e. U69C, U69D, and U69D–U70)
retained the ability to bind substrate with near
native affinity. It is important to note, however,
that changes in structure that do not affect Tb3þ

cleavage will be missed in this analysis. It is diffi-
cult to know with precision how great a change in
structure is necessary to result in a detectable
change in Tb3þ cleavage. Previous application of
Pb2þ cleavage in E. coli RNase P RNA showed that
specific deletions of phylogenetically variable
structure elements produced large changes in
cleavage patterns relative to the native ribozyme,
indicating alterations in the overall tertiary struc-
tures of the mutant RNAs.59 Additionally, it has
been shown that individual mutations in the J18/2
region of the catalytic domain, with effects on func-
tion comparable to those reported here, were
found to cause disruption of the pattern of Pb2þ

cleavage.61 Thus, the consistency of the Tb3þ

cleavage pattern of the mutants with that of the

native ribozyme described here provides evidence
that the basis of the functional defects observed
is due to relatively local changes in ribozyme
structure.

To test whether deletion of the bulge in P4 affects
metal ion interactions important for catalysis, we
compared the Mg2þ dependence of the catalytic
activity of the U69D ribozyme with that of native
RNase P RNA. Remarkably, this simple mutation,
which has very little effect on substrate affinity,
results in several significant changes in the
divalent metal ion dependence of the cleavage
reaction. First, the maximal rate constant for cataly-
sis of the U69D ribozyme is 100-fold lower than
that of the native enzyme at saturating concen-
trations of Mg2þ. This indicates that even with
all potential Mg2þ-binding sites occupied, the
geometry of the ribozyme active site is intrinsically
different. Because substrate binding is essentially
unaffected by this mutation, and, since the Tb3þ

cleavage pattern of the U69D RNA only differs
from the native ribozyme within the P4 helix, we
conclude that local changes in structure near the
metal ion-binding sites in P4 are responsible for
the catalytic defect. Second, the mutant ribozyme
shows weakened affinity for catalytic metal ion
interactions relative to the native RNase P RNA.
Although these data alone do not distinguish
between Mg ions that interact directly with the
scissile bond and those that interact elsewhere in
the RNA, they are nonetheless essential for attain-
ing the transition state. Moreover, because these
studies were performed in 10 mM Ca2þ, it is likely
that most of the “non-catalytic” metal ion-binding
sites required for folding and substrate binding
are filled. Third, the cooperativity coefficient is
reduced by nearly 1 unit, consistent with the loss
of a single metal ion or class of metal ions impor-
tant for catalysis. An intriguing hypothesis is that
the metal ion lost may be at A67, as seen from the
Tb3þ cleavage data. Fourth, in the presence of Ca2þ

alone, the kc value is actually larger for U69D than
for the native ribozyme. This shows that P4 plays
a critical role in determining the metal ion utiliz-
ation properties of RNase P RNA, consistent with
the observation that a C70U mutation alters the
utilization of metal ions by the ribozyme. In sum,
we provide evidence for the reasons behind the
conservation of bulge structure within the active
site of RNase P. Conservation seems to be main-
tained, at one level, for the purpose of preventing
mismatched base-pair formation within helix P4.
This, in turn, provides for an optimal bulge
position that can allow helix P4 geometry to
accommodate metal ions that are important for
function of the ribozyme.

Association of a bulged-helix motif with metal
ion binding is clearly not unique to RNase P RNA.
Several recent structural studies underscore the
importance of bulged-helix motifs in metal ion
interactions. For example, structural analysis of
the Leadzyme shows that this catalytic RNA fea-
tures an internal loop in which a bulged purine
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base stack twists away from the helical stem, and
that this structure is important for accommodating
a metal ion in the major groove.66 Additionally, the
bulged structure of the HIV-1 trans-activation
response region depends on metal ion interactions.
One metal ion, crucial to the loop conformation,
binds directly to three phosphate groups in the
major groove.67 Also, the crystal structure of helix
II of the Xenopus laevis 5 S rRNA includes two
calcium ions bound in the major groove adjacent
to a single bulged cytosine residue. The confor-
mation of this residue is essential for these metal
interactions, since an alternative structure with the
C interacting within the helix was not found to
contain metals.68

It is also important to note that bulged-helix
motifs associated with divalent metal ion inter-
actions are also found in the conserved cores of
the other large ribozymes, in helix P7 and domain
V of the self-splicing group I and group II ribo-
zymes, respectively.69,70 Like helix P4 in the RNase
P ribozyme, P7 and domain V are highly conserved
and are central to catalytic function. Both P7 and
domain V have been shown to bind divalent metal
ions at, or near internal bulge motifs.31,71,72 An
asymmetric bulged-helix similar to domain V also
forms between snRNAs U2 and U6 in the pre-
mRNA spliceosome,73,74 whose general chemical
mechanism is identical with that of group II intron
splicing. Like its counterparts in the large ribo-
zymes, the asymmetric bulged-helix within U6 is
highly conserved, sensitive to mutation, and has
recently been shown to be involved in divalent
metal ion interactions important for enzymatic
activity.75 Thus, while the catalytic centers of
RNase P, group I and group II introns, and the
spliceosome are obviously structurally and func-
tionally distinct, they nevertheless appear to have
converged upon a common strategy for obtaining
function: utilization of an asymmetric bulged-helix
linked to metal ion binding as a structural element
important for catalytic activity.

Materials and Methods

Analysis of ribozyme activity

Mutant ribozymes were generated by PCR
mutagenesis76 and the methodology for determining
single turnover rate constants and substrate binding
affinities were as described.19,22,77. Cis cleavage reactions
were performed as described. Trans cleavage reactions
were performed as follows. A 12 ml pre-tRNAAsp sub-
strate mix (8 nM [5-032P]pre-tRNAASP, 1 M NaCl, 50 mM
Pipes (pH 6), MgCl2 varied between experiments) and a
10 ml enzyme mix (3 mM enzyme, 1 M NaCl, 50 mM
Pipes (pH 6), MgCl2 varied between experiments) were
pre-incubated (without MgCl2) at 95 8C for three minutes
and 50 8C for two minutes. MgCl2 was added, and the
mixtures were further incubated at 50 8C for 40 minutes
and 37 8C for 30 minutes. Then 10 ml of substrate was
mixed with the 10 ml enzyme mix (substrate ¼ 4 nM,
enzyme ¼ 1.5 mM) and 2 ml aliquots were removed at
predetermined intervals and quenched with at least

twice the final Mg2þ concentration of EDTA. For very
long reactions, 30 ml of mineral oil were added after
eight hours to minimize evaporation. The 2 ml of the
quenched reaction products were separated on 7 M urea
26% (w/v) polyacrylamide gels. Dried gels were quanti-
fied using a Molecular Dynamics phosphorimager
system and ONE-D scan software, and plotted using
KaleidaGraph (Synergy Software) graphing software.
Data were fit to the single exponential function of
equation (1):

Fraction cleaved ¼ A þ B e2kt ð1Þ

where A is the extent of the reaction, B is the amplitude
of the exponential, k is the observed cleavage rate con-
stant, and t is time.

Analysis of substrate binding

To measure the affinity of pre-tRNAAsp for wild-type
and mutant forms of the RNase P ribozyme, a native
polyacrylamide gel-shift assay was utilized, modified
from that previously described.78 A total of 6 ml of
diluted enzyme stocks were added into 12 Eppendorf
tubes at four times their final reaction concentration.
The enzyme dilutions were then diluted twofold by
addition of 6 ml of 2 £ reaction buffer such that the final
(1 £ ) buffer conditions (10 mM Pipes (pH 6.0) at 37 8C,
25 mM CaCl2, 1 M NH4OAc, 5% (v/v) glycerol) and 2 £
ribozyme were in the tubes. A substrate master mix was
generated with volume sufficient for three binding reac-
tions (468 ml). The master mix contained 2 £ [50-32P]pre-
tRNAAsp and 1 £ reaction buffer as described above.
The concentration of pre-tRNAAsp was maintained at 0.1
of the lowest ribozyme concentration, or lower. Enzyme
and substrate were then folded by heating to 50 8C for
50 minutes and then incubating at 37 8C for 30 minutes.
Formation of the enzyme–substrate complex (E·S) was
initiated by adding 12 ml of substrate master mix to the
12 ml of ribozyme mix and allowed to equilibrate for
10–15 minutes. Then 3 ml of the reaction were loaded
onto native 7% polyacrylamide–0.2% bis-gels while
running at 37 8C. Typically, gels were run for three
hours to obtain adequate separation between E·S and
free substrate.

The data was quantified using a Molecular Dynamics
445Si phosphorimager and ONE-Dscan (Scanalytics,
Inc.) software. Data was then plotted using Kaleida-
Graph (Synergy Software) and fit to the single-binding
isotherm in equation (2):

Fraction Bound ¼
Fmax

1 þ Kd=½Ribozyme�
ð2Þ

where Fmax ¼ the maximal fraction of substrate shifted,
Kd is the dissociation constant between the ribozyme
and substrate, and [Ribozyme] is the ribozyme concen-
trations used in the experiment.

Tb31 cleavage

An enzyme stock was made by combining 2.5 ml of
4 £ reaction buffer (4 M NaCl, 200 mM Pipes (pH 6)),
1.5 ml of water, 2 ml of 2.5 mM unlabeled enzyme, and
1 ml of [50-32P]labeled ribozyme (75,000 cpm/ml, stored
in 0.01% (v/v) Nonidet-P40). RNA was renatured by
heating to 85 8C for two minutes, and then cooling to
50 8C. After one minute, 1 ml of an appropriate 10 £
MgCl2 stock was added, followed by incubation at 50 8C
for ten minutes and 37 8C for 20 minutes. To initiate
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Tb3þ cleavage reaction, 8 ml of the ribozyme solution was
added to 2 ml of a 5 £ TbCl3 stock freshly dissolved in
water. The final reaction volume was 10 ml with reaction
conditions of 1 M NaCl, 50 mM Pipes (pH 6) at 37 8C,
0.5 mM enzyme, Mg2þ and the appropriate Tb3þ concen-
tration. Reactions were incubated at 37 8C for 45 minutes.
Reactions were stopped with 20 ml of a solution contain-
ing 15 ml of formamide load buffer supplemented with
EDTA at twice the final Tb3þ and Mg2þ concentrations.
Then 6 ml of the quenched reaction were resolved using
7 M urea–10% or 15% polyacrylamide gels.

The extent of Tb3þ cleavage was quantified using a
Molecular Dynamics phosphorimager system and ONE-
Dscan software. Band intensity was normalized by
dividing the counts in a given band by the total number
of counts in its lane both for no Tb3þ and Tb3þ treated
reactions. Then the normalized background was sub-
tracted from the normalized band intensity to give a
normalized band intensity of arbitrary units. Strong
cleavages were defined as those above 0.8 units and
weak cleavages were between 0.4 units and 0.8 units.
Visual inspection of the gels corroborated the determi-
nation of strong and weak cleavages by this method.

Magnesium titrations

Cleavage reactions in the presence of increasing mag-
nesium concentrations were performed essentially as
described for the analysis of ribozyme activity. The only
differences were that in addition to the standard
conditions of 1 M NaCl, 50 mM Pipes (pH 6), 37 8C, sub-
strate and enzyme mixes contained 10 mM CaCl2.
Furthermore, increasing concentrations of 10 £ MgCl2

were used to make the final magnesium concentrations
0, 3, 5, 7, 10, 20, 30, 100, and 300 mM MgCl2.

kc was then plotted as a function of Mg2þ concen-
tration and fit to the non-linear form of the Hill equation
shown in equation (3):

kc ¼
kmaxð½Mg2þ�nH Þ

ðK1=2Þ
nH þ ½Mg2þ�nH

ð3Þ

where kc is the rate constant measured at each Mg2þ con-
centration, kmax is the cleavage rate constant at saturating
Mg2þ levels, [Mg2þ] is the Mg2þ concentration, K1/2 is the
Mg2þ level at which one-half kmax is observed, and nH is
the Hill coefficient.
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