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Contribute to Fidelity in tRNA Processing by RNase P
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Fidelity in tRNA processing by the RNase P RNA from Escherichia coli
depends, in part, on interactions with the nucleobase and 2 0 hydroxyl
group of N(K1), the nucleotide immediately upstream of the site of RNA
strand cleavage. Here, we report a series of biochemical and structure–
function studies designed to address how these interactions contribute to
cleavage site selection. We find that simultaneous disruption of cleavage
site nucleobase and 2 0 hydroxyl interactions results in parallel reactions
leading to correct cleavage and mis-cleavage one nucleotide upstream (5 0)
of the correct site. Changes in Mg2C concentration and pH can influence
the fraction of product that is incorrectly processed, with pH effects
attributable to differences in the rate-limiting steps for the correct and mis-
cleavage reaction pathways. Additionally, we provide evidence that
interactions with the 2 0 hydroxyl group adjacent to the reactive phosphate
group also contribute to catalysis at the mis-cleavage site. Finally,
disruption of the adjacent 2 0-hydroxyl contact has a greater effect on
catalysis when pairing between the ribozyme and N(K1) is also disrupted,
and the effects of simultaneously disrupting these contacts on binding are
also non-additive. One implication of these results is that mis-cleavage will
result from any combination of active site modifications that decrease the
rate of correct cleavage beyond a certain threshold. Indeed, we find that
inhibition of correct cleavage and corresponding mis-cleavage also results
from disruption of any combination of active site contacts including metal
ion interactions and conserved pairing interactions with the 3 0 RCCA
sequence. Such redundancy in interactions needed for maintaining fidelity
may reflect the necessity for multiple substrate recognition in vivo. These
studies provide a framework for interpreting effects of substrate
modifications on RNase P cleavage fidelity and provide evidence for
interactions with the nucleobase and 2 0 hydroxyl group adjacent to the
reactive phosphate group in the transition state.
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Introduction

The active sites of RNA enzymes, like their
protein counterparts, involve networks of inter-
and intramolecular interactions that are the basis
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for substrate recognition and catalysis.1–3 The
effects of disrupting these interactions by mutation
or modification of enzyme and substrate residues
can be complex due to the presence of confor-
mational changes, or differences in the ground
states or rate-limiting steps for different substrates.4

Nonetheless, understanding such relationships
among individual enzyme–substrate interactions
is likely to be especially important for the molecular
recognition by enzymes such as ribonuclease P
(RNase P), ribonuclease MRP, the ribosome and the
spliceosome, which bind multiple, structurally
distinct RNA substrates.5–7

Bacterial RNase P is a ribonucleoprotein enzyme
containing a single, highly conserved RNA, which
d.
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is the catalytic subunit of the enzyme; and a small
(ca 100 amino acid residues) protein that contri-
butes to substrate binding by interacting directly
with the pre-tRNA 5 0 leader sequence.8–11 The
primary biological role of RNase P is removal of 5 0

leader sequences from precursor tRNAs (pre-
tRNAs), which requires that this single enzyme
recognize all pre-tRNAs.12–14 However, in bacterial
species such as Escherichia coli and Bacillus subtilis,
many pre-tRNA substrates do not possess the
complete set of features known to be recognized
by RNase P in vitro.15–17 Therefore, a complete
understanding of substrate recognition, cleavage
site selection and catalysis by RNase P requires not
only identification of individual enzyme–substrate
interactions, but also an understanding of how
these interactions may act together to ensure fidelity
in tRNA processing.

Although a complete accounting of the interface
between the RNase P RNA active site and the
substrate cleavage site is not yet possible, cross-
linking, chemical protection and structure–
reactivity studies to date demonstrate interactions
with the 3 0RCCA sequence; the N(K1) nucleobase
and 2 0-hydroxyl group; and the N(C1)–N(C72)
base-pair.12,15,18 Additionally, phosphorothioate
interference and metal switch experiments demon-
strate that active site interactions also include metal
ion coordination to the non-bridging oxygen atoms
of the reactive phosphate group (Figure 1).19–21

Importantly, modification of functional groups that
are involved in these contacts weakens binding
affinity, and in some cases significantly slows the
rate of catalysis.

In addition to changes in affinity and catalytic
rate, deletion or modification of functional groups
important for RNase P substrate binding often
results in mis-cleavage. Different pre-tRNAs are
mis-cleaved at different sites, and loss of fidelity can
result in processing within the acceptor stem, the 5 0

leader sequence, or sometimes both. Although the
factors that govern where mis-cleavage will occur
are not entirely understood, structure–function
studies using mis-cleavage as a readout provide
important insights into P RNA–pre-tRNA inter-
actions. In an important example, analysis of the
Figure 1. Interactions between P
RNA and the pre-tRNA cleavage
site. A, Secondary structure of
E. coli P RNA (left) and a model
pre-tRNAASP substrate from
B. subtilis (right). Elements of P
RNA structure highlighted in B,
are shown by thick gray lines. The
sites of correct cleavage, C0, and the
predominant site of mis-cleavage,
MK1, are indicated by arrows.
Nucleotides that are recognition
elements for P RNA are shown in
bold. B, Illustration of interactions
between P RNA and the pre-tRNA
cleavage site. RNase P sequences
are highlighted in gray and labeled
according to A. Broken lines indi-
cate individual pairing inter-
actions, and brackets denote
additional proposed interaction
between the ribozyme and
substrate.
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effect on fidelity of compensatory mutations
demonstrates an interaction between the substrate
3 0RCCA sequence and the loop of helix P15 of P
RNA (L15; Figure 1A).22 Similar studies also
provide evidence for a pairing interaction between
the N(K1) nucleobase and J5/15.15 Titration studies
demonstrate that metal ion identity and concen-
tration, as well as reaction pH can also influence
cleavage site selection.23–25 Moreover, changes in
active site architecture due to changes in the nature
of the 3 0 RCCA and 5 0 N(K1) interactions can affect
the extent to which different combinations of metal
ions lead to mis-cleavage. However, the relative
importance of different active site contacts is only
just coming into focus and the development of a
general model to describe why and where mis-
cleavage will occur has been difficult to achieve.

An additional challenge to understanding sub-
strate recognition by P RNA is that the apparent
effects of specific substrate modifications on
reactivity and specificity can vary significantly for
different substrates. For example, it is well
established that the 2 0-hydroxyl group adjacent to
the site of substrate cleavage is an important
recognition element for bacterial RNase P enzymes.
However, reported binding defects for 2 0-deoxy
substitution at N(K1) range from non-existent to
several hundred-fold.25–27 Similarly, catalytic
defects reported in the literature for removal of
this functional group range from approximately
130-fold25,28 to several thousand-fold.26 In addition,
2 0-deoxy modification at N(K1) alone does not
generally result in loss of fidelity, yet, in combi-
nation with specific ribozyme mutations deletion of
the 2 0-hydroxyl group at N(K1) can lead to mis-
cleavage.15

Some of the differential effects on cleavage
fidelity and on the thermodynamic and kinetic
contribution of individual residues are likely due to
conformational changes during formation of the
extensive interface between the ribozyme and the
pre-tRNA cleavage site. Given the widespread
observation and importance of conformational
dynamics in other ribozymes,29–32 it would be
surprising if RNase P bound pre-tRNA in a simple
lock and key type mechanism. Indeed, there is
growing evidence that conformational changes
contribute to a complex binding mechanism by
RNase P RNA. Analyzing the inter-dependence of
changes at N(K1) and N(C73) on multiple turn-
over reaction rate and specificity, Kirsebom and
colleagues provide evidence that these nucleotides
interact in the unbound substrate.17 Additionally,
they propose, based on the differential effects of
mutations on kcat and Km values, that binding of a
model hairpin substrate involves a pre-catalytic
step in which this interaction is broken and new
ribozyme–substrate interactions are formed. Con-
formational changes involving breaking base-pairs
at the site of cleavage have also been proposed
based on crosslinking and substrate-modification
experiments.33,34 Pan and colleagues showed that
for the B. subtilis RNase P RNA, a 2 0-deoxy
modification at N(K1) slows the rate of catalysis
at both the correct cleavage and mis-cleavage sites.
This observation suggests that a contact to the 2 0-
hydroxyl group of N(K1) promotes a confor-
mational change or docking step required for
catalysis at both sites.35,36 Thus, although significant
progress has been made in defining RNase
P–substrate interactions, a complete description of
the active site environment, the mechanism of
binding and the role of conformational changes
have yet to be achieved.

To better understand substrate recognition by the
RNase P ribozyme we analyzed the factors that
influence fidelity in the processing of a model pre-
tRNAAsp substrate commonly used for kinetic and
thermodynamic studies of bacterial RNase P.
Previously, we found that disruption of the
248/N(K1) pairing interaction between the ribo-
zyme and substrate together with a 2 0-deoxy
modification at N(K1) results in mis-cleavage one
nucleotide 5 0 of the correct site.15 Here, we show
that the single-turnover reaction kinetics of sub-
strates engineered to disrupt N(K1) base and
backbone interactions are consistent with parallel
reactions leading to correct and mis-cleaved pro-
duct. Titration studies reveal that changes in Mg2C

concentration and pH affect the extent of mis-
cleavage, suggesting differences in the rate-limiting
steps for the correct and mis-cleavage reaction
pathways. Importantly, we also find that the
apparent contributions of ribozyme interactions
with the N(K1) nucleobase and 2 0-hydroxyl to
substrate binding affinity and catalytic rate are
strongly coupled. Moreover, we find that individual
substrate modifications that disrupt contacts to the
N(K1) nucleobase, the N(K1) 2 0-hydroxyl group,
the reactive phosphate group, or the 3 0-terminal
RCCA motif do not by themselves result in a loss of
fidelity. Rather, there is a threshold effect, whereby
each of these modifications leads to an increased
importance of remaining interactions for correct
cleavage site selection, since any pair-wise combi-
nation consistently results in mis-cleavage. These
results shed new light on the recognition of the pre-
tRNA cleavage site by RNase P, and suggest that the
redundant nature of interactions between the
ribozyme and pre-tRNA cleavage site in vitro reflect
the necessity for recognition of multiple substrates
in vivo.
Results

Kinetics of mutant enzymes and substrates that
disrupt N(K1) interactions reveal parallel
pathways for formation of correct and mis-
cleaved products

To examine the specificity of substrate binding by
the E. coli RNase P ribozyme we used a model pre-
tRNAASP substrate with a 5 0 leader sequence 5 0-
AAAAU-3 0. Derivatives of this substrate have been
used for biochemical, thermodynamic and kinetic
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studies of both E. coli and B. subtilis RNase P
enzymes, providing a suitable backdrop for
analysis of changes in enzyme fidelity.9,11,15,37–44

Previous studies, as well as the current analysis (see
below), show that pre-tRNAAsp is cleaved
exclusively at the correct site (C0) by the native
ribozyme, but that structure variants of the enzyme
or substrate, in particular those that disrupt
ribozyme interactions with N(K1), can lead to
mis-cleavage one nucleotide 5 0 to the correct site
(MK1)15 (Figure 1). An understanding of the
mechanism by which RNase P discriminates
between the C0 and MK1 cleavage sites requires
knowledge of the interactions and solution con-
ditions that can influence cleavage site selection.
Such studies require a general mechanistic frame-
work within which to interpret the results of
structure–function and titration studies. Previous
studies of RNase P mis-cleavage show that cleavage
at the C0 and M–1 sites arise from structurally
distinct enzyme–substrate complexes.15,17 A simple
model for formation of distinct ribozyme–substrate
complexes under single-turnover conditions
involves two parallel pseudo-first-order reactions
as illustrated in Scheme 1:
Scheme 1.
where E–Sc is the enzyme substrate complex that
gives rise to cleavage at the correct site, generating
product Pc; and E–Sm is the complex generating
mis-cleaved product, Pm. A similar treatment was
used by Pan and colleagues to describe mis-
cleavage at three sites, including the C0 and MK1

sites, of a pre-tRNAPhe substrate by the B. subtilis P
RNA ribozyme.35,36 This mechanism predicts that
in kinetic experiments the same apparent rate of
cleavage, kobs, will be observed for cleavage at both
of the cleavage sites, and that the fraction of total
cleavage which takes place at the correct site, Fc,
will remain constant over time35,45,46 (see Materials
and Methods). However, more complex mechan-
isms are formally possible in which observed rates
for the two sites differ, or there is a lag in the
formation of one product.

Previously, we demonstrated that a substrate 2 0-
deoxy modification at N(K1) together with
mutation of either N(K1) or position A248 in P
RNA (the ribozyme residue with which N(K1)
interacts) results in mis-cleavage at MK1. To
characterize the kinetics of correctly cleaved and
mis-cleaved product formation, we examined reac-
tions of native and A248U mutant ribozymes with
substrates having either a 2 0-deoxy uridine or 2 0-
deoxy adenosine at N(K1) (referred to as dU(-1)
and dA(-1) pre-tRNA, respectively). The results of
this analysis are shown in Figure 2. These combi-
nations of ribozyme and substrate were chosen
to give predominately correct cleavage (P RNA:
dU[K1]) (Figure 2A), predominantly mis-cleavage
(A248U:dU[K1]) (Figure 2B), or a mixture of
products (P RNA:dA(-1) and A248U:dA(-1))
(Figure 2C and D). For all enzyme and substrate
combinations examined, the fraction of total
cleavage taking place at the correct site, Fc, remains
constant over time. In addition, fitting the data for
formation of the C0 and MK1 products to a single-
exponential function yields the same observed rate
constant (Figure 2, and data not shown). This
observation is consistent with the model shown in
Scheme 1. Importantly, while Scheme 1 depicts the
choice between correct cleavage and mis-cleavage
taking place upon binding, this need not be the case.
Cleavage site selection taking place through a
conformational change subsequent to initial bind-
ing would also be consistent with these kinetic
results. In either case, the simple model in Scheme 1
describing two parallel reactions provides a frame-
work for interpreting experimental results, as well
as assessing the limitations of quantitative analyses.

In Scheme 1, the fraction of substrate cleaved at
the correct site is a function of the rates of chemical
catalysis at both sites, as well as the equilibrium
terms that describe the partitioning of the substrate
into the E–Sc and E–Sm complexes (see also
Materials and Methods). Thus, changes in Fc can
arise from differences in the intrinsic rate of
cleavage at either of the two sites, differences in
binding affinity between the two complexes, or a
combination of both. Given the observed rate
constant and Fc it is possible to calculate the
apparent rate of cleavage at a particular site (see
Materials and Methods; equations (5) and (6)).
However, as Fc is dependent on equilibrium
binding terms, the magnitude of these rate con-
stants will not be entirely determined by the
cleavage step. Thus, quantitative analysis of Fc

and apparent rates of cleavage and mis-cleavage
must be undertaken with caution, since it is not
possible to fully distinguish between effects on
substrate binding and catalysis. Nonetheless, evalu-
ation of these parameters provides an overall
measure of the relative difference in the kinetics of
the correct and mis-cleavage pathways. In addition,
systematic analysis of the effects of substrate
modifications on cleavage site selection provides a
powerful way to survey for reaction conditions and
ribozyme–substrate interactions that influence
fidelity, which in turn provide insight into how
the ribozyme insures fidelity.
Mg2C and pH dependence of Fc suggest
differences in the rate-limiting steps of the
correct and mis-cleavage pathways

Given the model for parallel reactions in
Scheme 1, it follows that the enzyme–substrate
complexes E–Sc and E–Sm place different substrate



Figure 2. Kinetic analysis of cleavage at the C0 and MK1 cleavage sites for pre-tRNAAsp. A, Single turnover reactions
for native RNase P RNA with the dU(-1) substrate. B, A248U mutant RNase P RNA with the dU(-1) substrate. C, Native
RNase P RNA with the dA(-1) substrate. D, A248U RNase P RNA with the dA(-1) substrate. Plots show cleavage at the
correct (C0) site (triangles), the mis-cleavage site one nucleotide of the correct site (MK1) site (squares), and the fraction of
total cleavage taking place at the correct site (Fc; open circles). The fraction of substrate reacted is expressed as the ratio of
product at a given time [P] to the total amount of substrate at the start of the reaction [Stot].
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phosphates in the RNase P active site. Additionally,
previous mutational studies are consistent with a
pairing interaction between N(K2), rather than
N(K1), in the mis-cleavage complex.15 These
structural differences in the vicinity of the enzyme’s
active site have the potential to influence inter-
actions between RNase P and essential magnesium
(Mg2C) ion and hydroxide cofactors, and to alter the
rate-limiting step for catalysis. Therefore, changes
in solution conditions could differentially affect the
observed second-order rates (k1,app; see Materials
and Methods) for cleavage at the C0 and MK1 sites.
This, in turn, would cause a change in the fraction of
substrate that is correctly cleaved, Fc.

RNase P RNA requires divalent metal ions
to facilitate both substrate binding and cataly-
sis.39,47–50 Phosphorothioate interference rescue
experiments indicate that metal ion interactions
with the pro-RP non-bridging oxygen atom of the
reactive phosphate group contribute to catalysis.19,21

Given the potential for structural differences
between E–Sc and E–Sm, it seemed likely that they
might differ with respect to Mg2C binding. In
addition, given its proximity to the cleavage site,
disruption or alteration of the A248/N(K1) inter-
action could also weaken the binding of one or more
functionally important magnesium ions. In such a
case, it might be possible to influence cleavage site
selection by changing the Mg2C concentration.

Figure 3 shows a plot of Fc as a function of Mg2C

concentration for the P RNA:dU(-1), P A248U:dA(-1)
and P RNA:dA(-1) enzyme/substrate combi-
nations. At relatively low Mg2C concentration,
additional metal ion results in greater correct
cleavage of all enzyme and substrate combinations
with maximum values of Fc occurring at ca 10 mM
for P RNA:dU(-1) and ca 25 mM for P RNA:dA(-1).
At higher concentrations, however, increasing
Mg2C concentration causes an increase in the
relative level of mis-cleavage. This pattern of
cleavage site selection suggests that the pathway
leading to cleavage at the C0 site exhibits a greater
apparent affinity for Mg2C than the pathway
leading to cleavage at the MK1 site. In this model,
the cleavage at the C0 site would be favored at low
Mg2C concentrations due to tighter binding. How-
ever, increasing Mg2C concentrations increase the
apparent rate of cleavage at the MK1 site due to a



Figure 3. Mg2C dependence of cleavage site selection.
Fc is plotted as a function of Mg2C concentration for
native RNase P RNA and dU(-1) substrate (filled circles);
native RNase P RNA and dA(-1) substrate (open circles);
and the A248U mutant RNase P RNA with dA(-1)
substrate (triangles). Curves are fit to equation (7) (see
Materials and Methods). Reactions were carried out
under standard reaction conditions at pH 7.8, using
annealed substrates and with the given concentrations of
Mg2C. Error bars represent the standard deviation of a
minimum of three independent trials. For points where
no error bars are visible, standard deviations are less than
G0.003.
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weaker affinity of the E–Sm complex for metal ions,
leading to the observed decrease in Fc.

To further explore this hypothesis, we fit the data
in Figure 3 to a model describing the influence of
Mg2C on Fc, given the general mechanism in
Scheme 1 and allowing for a cooperative depen-
dence of cleavage at both the C0 and MK1 sites on
Mg2C concentration (see Materials and Methods;
equation (7)). Fitting the data to this model
allows estimation of the apparent affinity and
cooperativity of binding of Mg ions for the correct
and mis-cleavage pathways that could shed light on
structural or kinetic differences between them.
Table 1 lists apparent values for K1/2

Mg and Hill
coefficient (nc and nm) from reactions of the native
ribozyme with the dU(-1) and dA(-1) substrates,
and the A248U mutant with the dA(-1) substrate.
Importantly, values of K1/2

Mg, nm and nc determined
from Fc are derived from the Mg2C dependence of
the apparent second-order rate constants for
cleavage at the C0 and MK1 sites (see Materials
and Methods).

The data shown in Table 1 display two important
differences between the correct and mis-cleavage
pathways. First, the mis-cleavage pathway exhibits
Table 1. Apparent affinity and cooperativity for the Mg2C de

Enzyme Substrate K
Mg
1=2 c (mM)

Native dU(-1) 9G2
Native dA(-1) 10G2
A248U dA(-1) 33G7
a significantly lower apparent affinity and
decreased cooperativity for Mg2C binding than
the correct pathway. If the two pathways share the
same rate-limiting step, then it is likely that
structural differences between the E–Sm and E–Sc

complexes are the basis for the weaker concen-
tration dependence on metal ions. Alternatively, it is
possible that the rate of mis-cleavage reflects, or is
influenced by, a different rate-limiting step that
displays different metal ion concentration depen-
dence. A second important aspect of the data is the
similarity in the parameters for Mg2C dependence
of the correct cleavage pathway for the ribozyme–
substrate combinations tested. This result suggests
that changes in the geometry of the A248/N(K1)
interactions do not engender large changes in Mg2C

binding affinity.
It is well established that the rate of cleavage by

the RNase P ribozyme increases with increasing pH
and displays log–linear dependence with a slope of
1.26 The pH dependence of P RNA is believed to
arise from the dependence of phosphodiester
hydrolysis on hydroxide concentration,51,52 and is
therefore taken to indicate that chemistry is rate
limiting.6,50 However, the correct cleavage and mis-
cleavage pathways observed with A248 mutants
and N(K1)-deoxy substrates may involve rate-
limiting steps upstream of chemistry, which
would alter the observed pH dependence. If so,
then changes in pH will differentially affect the rates
of the correct cleavage and mis-cleavage pathways,
altering the observed level of mis-cleavage.

Figure 4 shows a plot of Fc between pH 5.5 and
pH 7.8 for native P RNA and the A248U mutant
ribozyme in combination with dU(-1) and dA(-1)
substrates. For native P RNA and the A248U
mutant ribozymes combined with the dU(-1) sub-
strate, we observed no influence of pH on cleavage
site selection. Notably, these combinations show
strong preferences for correct cleavage, for the
native enzyme, or for mis-cleavage at the MK1

position, with the A248U mutant. In contrast,
combinations of the native and A248U mutant
ribozymes with the dA(-1) substrate lead to
moderate levels of mis-cleavage at low pH, yet
increasing the pH from pH 5.5 to pH 7.8 results in a
significant increase in the Fc value. A simple
explanation for this result is that for these combi-
nations of enzyme and substrate, the correct
cleavage pathway has a greater pH dependency
than the mis-cleavage pathway. Such differences in
the pH dependency could arise from different rate-
limiting steps for the two pathways, or differences
pendence of cleavage at the C0 and MK1 sites

nc K
Mg
1=2 m (mM) nm

2.0G0.3 120G60 0.8G0.2
2.3G0.3 280G20 0.8G0.04
1.6G0.2 120G40 1.1G0.3



Figure 4. pH dependence of Fc. A, Effect of pH on Fc for
the native ribozyme and dU(-1) substrate (circles), the
native ribozyme and dA(-1) substrate (squares), the
A248U mutant ribozyme and dU(-1) substrate (triangles)
and the A248U ribozyme with the dA(-1) substrate
(diamonds). Reactions were carried out under standard
reaction conditions at the indicated pH. Lines connecting
points are included only for convenience and are not
meant to indicate a curve fit to a model. Error bars
indicate the standard deviation of at least three indepen-
dent trials. Points where no error bars are visible have a
standard deviation of less than G0.01. B, Plot of log kapp,c

(circles) and kapp,m (squares) versus pH for the native
ribozyme/dA(-1) combination. Curve fits indicate slopes
of 0.92G0.08 for cleavage at the C0 site and 0.54G0.04 for
cleavage at the MK1 site. C, Plot of log kapp,c (circles) and
kapp,m (squares) versus pH for the A248U mutant
ribozyme combined with the dA(-1) substrate. Slopes
are 0.99G0.07 for cleavage at the C0 site and 0.67G0.15 for
cleavage at the MK1 site. In both B and C, error bars
represent the standard deviation of three independent
trials. For points where no error bar is visible, the
standard deviation is less than G0.03 log unit.
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in the structure or metal ion requirements for
formation of the two enzyme–substrate complexes.

To evaluate this interpretation, we examined the
pH dependence of the apparent rate of cleavage at
the two cleavage sites. Given the model for cleavage
site selection in Scheme 1, it is possible to calculate
apparent first-order rates for correct cleavage
(kapp,c) and mis-cleavage (kapp,m; see Materials and
Methods).35,36 The dependence of kapp,c and kapp,m

on pH are shown in Figure 4B and C. For both
enzyme–substrate combinations, we observe that
the pH dependencies of kapp,c and kapp,m are log–
linear, consistent with phosphodiester hydrolysis
being either partially or completely rate limiting for
both pathways. However, for both enzyme–
substrate combinations, the apparent rate of
reaction at the correct site, kapp,c shows a slope of
ca 1 while kapp,m shows a slope of ca 0.5–0.6. The
reduced pH dependence of kapp,m is consistent with
additional slow steps upstream of the hydrolysis
step in the mis-cleavage pathway.
Recognition of the 2 0-hydroxyl group adjacent to
the reactive phosphate in both the correct (E–Sc)
and mis-cleavage (E–Sm) complexes

Previous analyses by Pan and colleagues demon-
strated that deletion of the 2 0-hydroxyl group at
N(K1) decreased the rate of cleavage at both the C0

and MK1 sites in a pre-tRNAPhe substrate. However,
deletion of the 2 0-hydroxyl group at N(K2) had no
effect on rates of correct or incorrect processing,
suggesting that the 2 0-hydroxyl group of N(K1)
was contacted in both the E–Sc and E–Sm com-
plexes. To determine if the 2 0-hydroxyl group
adjacent to the dominant MK1 mis-cleavage site of
the pre-tRNAAsp substrate used here is contacted in
the E–Sm complex, we analyzed the cleavage
pattern of a substrate bearing 2 0-deoxy modifi-
cations at both N(K1) and N(K2). If the 2 0-hydroxyl
group of N(K2) is indeed contacted in the mis-
cleavage complex, its removal is expected to
specifically slow the rate of cleavage at the MK1

site relative to the C0 site. This would, in turn,
increase Fc, resulting in an apparent rescue of
cleavage at the correct position for the N(K1),
N(K2)-dideoxy substrate compared to an N(K1)-
deoxy substrate.

The results of 2 0-deoxy modification at N(K2) are
shown in Figure 5. Cleavage of all ribo, dU(-1) and
dU(-1),dA(-2)-dideoxy substrates by the native
ribozyme results in predominantly correct cleavage.
Apparent changes in the mobility of these products
result from the ability of high-percentage gels to
resolve oligonucleotides that differ in base and
backbone composition. Unlike the native ribozyme,
however, the pattern of cleavage of these substrates
by the A248U mutant is clearly altered by the
introduction of the 2 0-deoxy modification at N(K2).
A248U cleavage of an all-ribo substrate results in
only correct cleavage, while the N(K1)-deoxy
substrate shows 87% mis-cleavage at pH 7.8 as
observed previously. However, the 2 0-deoxy



Figure 5. A 2 0-deoxy modification
at N(K2) blocks mis-cleavage at the
MK1 site. Products of cleavage of
the wild-type substrate (rU),
N(K1)-deoxy substrate (dU(-1))
and N(K1), N(K2)-dideoxy sub-
strate (dU(-1)dA(-2)) by either
native or A248U RNase P RNA
under standard reaction conditions
and at pH 7.8 are shown. All
substrates have the leader sequence
AAAAU. Synthetic marker oligos
indicating the mobility of three,
four, five, six and seven nucleotide
cleavage products are shown on the
left and right. Mobility of uncleaved
substrate is indicated (S). Cleavage
at the C0 site results in a five
nucleotide product while cleavage
at the MK1 site results in a four
nucleotide product as indicated by
arrows. Increased mobility of N(K1)-
deoxy and N(K1),N(K2)-dideoxy
products results from the ability of
high-percentage polyacrylamide gels
to resolve small oligonucleotides by
backbone composition.
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substitution at N(K2) reduces mis-cleavage of the
dU(-1),dA(-2)-dideoxy substrate by the A248U
mutant ribozyme to undetectable levels. This result
indicates that the N(K2)-deoxy modification
decreases k1,app for mis-cleavage at least 130-fold
relative to k1,app for correct cleavage.† In addition,
the N(K2)-deoxy modification increases the trace
amount of mis-cleavage occurring one nucleotide 3 0

of the correct cleavage site. Together, these results
indicate that, in contrast to the results obtained with
cleavage of a pre-tRNAPhe substrate, the 2 0-
hydroxyl group of N(K2) is an important
enzyme–substrate contact in the E–Sm complex for
the model substrate employed here.

Energetic interdependence of the A248/N(K1)
interaction and contacts to the 2 0-hydroxyl
group of N(K1) to binding and catalysis

As introduced above, mis-cleavage can formally
arise from changes in the rates of cleavage for, and
relative affinities of the E–Sc and E–Sm complexes. In
addition, the catalytic and binding effects of
disrupting contacts to the base and backbone of
N(K1) position vary significantly in the literature.
† Given the relationship between Fc and the apparent
second-order rates for cleavage at the C0 and MK1 sites
from equation (4), an Fc value of 0.13, corresponding to
87% mis-cleavage, indicates a 6.7-fold faster rate for
cleavage at the MK1 site than at the C0 site. Similarly, for
Fc greater than 0.95, cleavage at MK1 must be at least 19-
fold slower than cleavage at the C0 site. Therefore, the
increase of Fc from 0.13 to greater than 0.95 indicates a
greater than 130-fold decrease in the rate of cleavage at
the MK1 site relative to the rate of cleavage at the C0 site.
Therefore, to better determine how disruption of
these contacts effects the process of cleavage site
selection, we determined the effects of N(K1)
mutation and 2 0-deoxy substitution of the pre-
tRNAAsp substrate on binding affinity and the
values of kapp,c and kapp,m for native and A248
mutant ribozymes (Table 2).

For catalysis, we observe that the combined
effects of 2 0-deoxy modification at N(K1) and
disruption of the A248/N(K1) base-pairing inter-
action are synergistic. For example, with native P
RNA a 2 0-deoxy modification at N(K1) leads to
a 31-fold decrease in the rate of cleavage at the
correct cleavage site. However, in the context of a
substrate with a U to A mutation at N(K1) the
apparent effect of deoxy modification increases to
800-fold. Conversely, a U to A mutation at N(K1)
has little effect on catalysis in the context of a
substrate with ribose at N(K1), but has a signifi-
cant, 40-fold effect in the presence of a 2 0-deoxy
modification. Similarly, with a U at N(K1), the
kinetic defect of the A248U mutant at the correct site
is increased from sixfold to 530-fold by N(K1)-
deoxy modification. No mis-cleavage is observed
for the U(K1), A(K1) and dU(-1) substrates;
however, a substrate with a 2 0-deoxy A at N(K1)
is mis-cleaved to a small extent (FcZ0.8–0.9). Since
some degree of mis-cleavage is observed with the
dA(-1) substrate, quantitative comparison of
apparent rates for N(K1)-ribo and N(K1)-deoxy
substrates is problematic, since kapp,c and kapp,m

contain equilibrium binding terms (see Materials
and Methods). Nonetheless, the results clearly
demonstrate that a significantly greater effect on
the rate of catalysis is observed for a combined U to



Table 2. Effects of A248 and N(K1) mutations for N(K1)-deoxy substrates

Enzyme Substrate kapp,c (minK1)a kapp,c/kwt kapp,m (minK1)a Kd,obs (nM)b kd,obs/kd,wt

Native U(K1) (native) 5.0G0.7c – 1.8G0.5c –
Native A(K1) 3.2G0.1c 1.6 9.4G2.1c 5.2
A248U U(K1) 0.8G0.1c 6.2 520G40c 290
A248U A(K1) 2.2G0.5c 2.3 80G29c 45
Native dU(-1) 0.16G0.05 31 12!10K3G3!10K3 640G50 350
Native dA(-1) 4!10K3G1!10K3 1300 5!10K3G1!10K3 140G40 78
A248U dU(-1) 0.3!10K3G0.1!10K3 17,000 3!10K3G1!10K3 1200G200d 670
A248U dA(-1) 0.9!10K3G0.2!10K3 5500 0.6!10K3G0.2!10K3 460G170 260

a kapp,c and kapp,m values were determined from values of Fc and kobs measured at saturating enzyme concentrations (see Materials
and Methods). Indicated uncertainties represent the standard deviation of three or more independent trials.

b Values of Kd,obs were obtained by gel mobility-shift assay at pH 6.0 and 25 mM Ca2C. Indicated uncertainties represent the standard
deviation of three or more trials.

c Values taken from Zahler et al.15

d It has been reported that Kd,obs values greater than 1000 nM determined by gel mobility-shift may overestimate the actual Kd,value.
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A mutation and a 2 0-deoxy modification than
expected based on the effects of these individual
modifications alone.

We also observe a strong correlation between the
contributions to substrate binding by contacts to the
backbone and nucleobase of N(K1), as assayed by
gel mobility-shift experiments. As shown in Table 2,
for the pre-tRNAAsp substrate a 2 0-deoxy modifi-
cation at N(K1) results in a significant decrease
in binding affinity, reflected in a 350-fold increase in
the equilibrium dissociation constant (Kd,app). In
contrast, when the N(K1) position is an A the
deletion of the 2 0-hydroxyl group at this position
has only a ca 15-fold effect. Additionally, for N(K1)-
deoxy substrates, we observe markedly reduced
effects for disrupting the A248/N(K1) interaction.
For example, an A to U mutation at position 248
results in a 290-fold effect with the native substrate.
However, with a deoxy substrate, the largest effect,
that of changing N(K1) from a U to an A in the
substrate, results in only a two- to threefold change
in Kd,obs. Furthermore, this mutation strengthens
binding, rather than weakening, which is likely to
be due to changes in ground state substrate
structure rather than changes in ribozyme–
substrate interactions. Together, these observations
indicate that the A248/N(K1) interaction does not
contribute strongly to the binding of N(K1) 2 0-
deoxy substrates.

Interplay between the contribution of base and
backbone functional groups is also suggested by an
analysis of the cleavage rate and binding affinity of
these same substrates with the A248U mutant
ribozyme. As reported previously, this mutation
results in only a sixfold lower cleavage rate constant
with the standard U(K1) substrate, but, remarkably
this same mutant cleaves the dU(-1) substrate
greater than 500-fold slower than the native P
RNA. Our previous data as well as the results
presented above show that mis-cleavage of sub-
strates by A248U enzyme can be suppressed by
changing N(K1) to A. Table 2 shows that suppres-
sion is due to a small increase in kapp,c (threefold)
but a larger decrease in kapp,m (fivefold), changes
which appear sufficient to tip the balance from
essentially complete mis-cleavage to correct
cleavage. Defining the basis for these inter-
dependent effects is thus important for under-
standing how fidelity is maintained in substrates
that lack a canonical set of interactions with the
ribozyme.
Threshold effects on cleavage fidelity: mis-
cleavage results from disruption of any subset
of active site interactions

The data presented above support a model in
which a 2 0-deoxy modification at N(K1) results in a
specific decrease in the rate of cleavage at the
correct cleavage pathway. However, this pathway
remains favorable relative to the mis-cleavage
pathway, and the additional disruption of the
A248/N(K1) is required to observe mis-cleavage.
Thus, we hypothesize that, in this context, the two
modifications act together to weaken the correct
cleavage pathway beyond a specific “threshold”,
rendering the mis-cleavage pathway favorable. If
this model is correct, any substrate mutation or
modification that weakens binding, or slows
catalysis specifically at the correct cleavage site,
in combination with the disruption of the
A248/N(K1) interaction, should also reveal mis-
cleavage. Alternatively, given that both the contacts
to the 2 0-hydroxyl group of N(K1) and the
A248/N(K1) interaction involve the same sub-
strate nucleotide, the 20-hydroxyl group of N(K1)
may be unique in its relationship to the A248/N(K1)
interaction. Also, it has been proposed that the 2 0-
hydroxyl group of N(K1) is recognized in a
conformational change subsequent to the formation
other ribozyme–substrate interactions.15,17,35 In
such a case, substrate modifications other than
deletion of the 2 0-hydroxyl group at N(K1) may
show differential effects on enzyme specificity.

To better understand the interdependence of
active site interactions with the pre-tRNAAsp

substrate, we examined the ability of substrate
modifications to promote mis-cleavage when the
A248/N(K1) interaction was also disrupted. For
these experiments we employed substrates either
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lacking the 3 0-terminal CCA of the RCCA motif
(DCCA), or bearing an RP phosphorothioate
modification at the correct cleavage site. These
modifications were chosen because their effects on
binding affinity and catalysis are relatively well
characterized. As introduced above, interactions
between the RCCA motif and the L15 internal
bulge of RNase P RNA contribute to high affinity
binding and cleavage site selection.22,53,54 The RP

phosphorothioate modification at the correct
cleavage site, like the N(K1)-deoxy modification,
reduces the rate of chemistry at this site (kc in
Scheme 1) by several hundred-fold, but has little
effect on fidelity.19

The results obtained with the native and A248U
mutant ribozymes with DCCA substrates are shown
in Figure 6(A). Like the N(K1) 2 0-deoxy modifi-
cation, the DCCA deletion alone does not engender
mis-cleavage for the pre-tRNAAsp substrate. How-
ever, when combined with enzyme or substrate
mutations that disrupt the A248/N(K1) interaction,
DCCA substrates show significant mis-cleavage at
MK1. In addition, the pattern of mis-cleavage we
observe upon disruption of the interaction with the
substrate 3 0 end is similar to that observed for
substrates with a 2 0-deoxy modification at N(K1).
For example, the combination of the A248U mutant
ribozyme and pre-tRNAAsp with a U at N(K1), but
missing the 3 0 CCA leads to significant mis-
cleavage. This defect in fidelity is rescued by a
compensatory mutation of U(K1) to A which
restores the A248/N(K1) interaction by creating a
U-A in place of the native A-U pairing interaction at
N(K1).

We also tested the effects of combining modifi-
cations at the reactive phosphate group with the
DCCA modification. As reported previously, N(K1)
phosphorothioate modification at the pre-tRNAAsp
Figure 6. Cleavage site selection
for DCCA substrates is dependent
on interactions with N(K1).
A, Cleavage site selection for sub-
strates containing (CCCA) and
lacking (DCCA) the last three
nucleotides of the 3 0-terminal
RCCA motif. The identities of the
nucleotide at position N(K1) are
indicated. Reactions were carried
out with annealed substrates under
standard reaction conditions at
pH 6.0. Markers showing the
mobility of four, five, six and
seven nucleotide cleavage products
are shown on the left and right.
Cleavage at the C0 site results in a
five nucleotide product while
cleavage at the MK1 site results in
a four nucleotide product as shown
by arrows indicating the appropri-
ate cleavage products. B, Cleavage
site selection for substrates with
DCCA, N(K1) deoxy, and N(K1)
phosphorothioate modifications.
Individual lanes show the cleavage
products obtained for reactions of
native RNase P RNAwith substrates
containing individual and combined
RP phosphorothioate substitution at
the C0 site (Rp), 20-deoxy modifi-
cation at N(K1) (Deoxy), and del-
etion of the CCA of the 30-terminal
RCCA motif (DCCA). Markers
showing mobility of four and five
nucleotide products are shown on
the left. Cleavage at the C0 site leads
to a five nucleotide product and
cleavage at the MK1 site leads to a
four nucleotide product as indicated
by arrows shown on the right.
Reactions were carried out with
annealed substrates at pH 6.0
under standard reaction conditions.



Figure 7. Cleavage site selection for Rp phosphorotio-
ate containing substrates in the presence of Cd2C.
A, Cleavage products for ligated substrates containing
an Rp phosphorothioate modification at the C0 site.
Markers on the left indicate the mobility of C0

(AAAAU) and MK1 (AAAA) products. Reactions were
carried out at pH 6.0 under standard reaction conditions
with 10 mM Mg2C and increasing concentrations of
Cd2C. B, Plot of Fc versus Cd2C concentration for RP

phosphorothioate substrates cleaved by the native
(circles) and A248U mutant (squares) ribozymes. Reac-
tion conditions are as for A. Error bars indicate the
standard deviation of three independent trials. Points
where no error bars are visible have standard deviations
of less than G0.01. C, Quantitative analysis of the effect of
Cd2C on kapp,c and kapp,m. kapp,c for Rp phosphorothioate
containing substrates are plotted as krel (see Materials and
Methods). Data show the effects of Cd2C on the rate of
cleavage at the C0 site for the native P RNA (filled circles)
and the A248U mutant ribzyme at the C0 (filled squares)
and MK1 sites (open squares). Data are fit to the non-
linear form of the Hill equation (equation (9)).
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cleavage site alone does not result in mis-cleavage
by the native enzyme. However, combining the
effect of this modification with deletion of the 3 0

CCA sequence shifts cleavage almost entirely to the
MK1 site (Figure 6B). The same result is observed
with a 2 0-deoxy modification at N(K1) where no
mis-cleavage is observed with the single change,
but cleavage occurs exclusively at MK1 when the 3 0

CCA sequence is deleted as well. Thus, we conclude
that mis-cleavage at the N(K1) site can arise from
progressive disruption of interactions at the correct
cleavage site and does not necessarily require the
presence of new, non-native interactions that
specifically stabilize E–Sm or enhance the rate of
cleavage at the MK1 site.

Similar to the DCCA modification, reaction of a
pre-tRNAAsp substrate containing an N(K1) phos-
phorothioate with the A248U mutant ribozyme
results in significant cleavage at the MK1 site
(Figure 7A). The rate defect engendered by RP

phosphorothioate modification at the correct
cleavage site can be rescued by inclusion of the
thiophillic metal ion Cd2C in reactions.19 In prin-
ciple, this increase in the rate of cleavage at the C0

site should, in turn, lead to an increase in Fc. As
shown in Figure 7B, in the absence of Cd2C,
cleavage of the RP phosphorothioate substrate by
the A248U mutant ribozyme results in 70% cleavage
at the MK1 site (Fcz0.3). Addition of Cd2C rescues
this mis-cleavage up to an Fc of greater than 0.9 in a
concentration-dependent manner. The Cd2C

dependence we observe for Fc can be fit to a single
binding isotherm. However, because mis-cleavage
results from competition between two pathways,
and since it is possible that Cd2C could alter the
observed rates and binding affinities for both
pathways, a quantitative assessment of specific
metal binding affinity from these data is not
possible. Nevertheless, these results are consistent
with a mechanism in which phosphorothioate
modification specifically decreases kapp,c and the
primary effect of Cd2C is enhancing the rate of
cleavage at the correct site via an interaction with
the non-bridging sulfur atom at the reactive
phosphate.

Additional insight into the cleavage and mis-
cleavage pathways is provided by quantitative
analysis of the Cd2C dependence of kapp,c and
kapp,m for the N(K1) phosphorothioate substrate.
Figure 7C shows the Cd2C dependence of kapp,c for
native and A248U P RNA, and kapp,m for A248U P
RNA. Note that the rate of catalysis at both sites will
depend non-specifically on the overall metal ion
concentration, and that Cd2C may also have effects
on the rate of cleavage of the substrate lacking a
phosphorothioate modification. To control for non-
specific effects of Cd2C on the apparent rate of
cleavage at the C0 site, the values for kapp,c in
Figure 7 are expressed as relative rates compared to
the rate of cleavage at the C0 site of an unmodified
substrate (krel; see Materials and Methods). This
approach has been successfully used to gain insight
into the number and affinity of the rescuing metal
ions.55–57

The data shown in Figure 7C for native P RNA
fit to a cooperative binding model with a Hill
coefficient of 2 and K1/2

Cd value of ca 5 mM.



Figure 8. Schematic representation of the proposed
structure of an E–Sm complex. The pre-tRNA cleavage site
is shown in black with bold letters representing proposed
recognition elements; P RNA sequences are shown in
gray. Dotted lines indicate proposed hydrogen bonding
interactions. Active site interactions with the 2 0-hydroxyl
group and non-bridging oxygen atoms at the reactive
phosphate group are denoted by brackets.
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Importantly, the data for kapp,c for the A248U
mutant ribozyme also fit to a cooperative binding
model with only small changes in the cooperativity
and affinity parameters. In contrast, the magnitude
of kapp,m is essentially unaffected by Cd2C and
remains constant over the range of concentrations
tested. Because the dependence of kapp,c on Cd2C

concentration are similar for P RNA and for the
A248U mutant, we infer that under these conditions
the rate-limiting step for the correct cleavage path-
way with the A248U mutant is the same as with the
native ribozyme. A simple explanation for this
behavior is that the addition of Cd2C rescues mis-
cleavage by specifically enhancing the rate of
cleavage at the C0 site, with little effect on cleavage
at the MK1 site, consistent with the insensitivity of
kapp,m with respect to Cd2C concentration.
Additionally, while the values of n and K1/2

Cd for
the native and A248U mutant P RNAs cannot be
compared quantitatively due to the complexities
introduced by mis-cleavage, their similarity
suggests that disruption of the A248/N(K1) inter-
action has little effect on the apparent affinity of the
rescuing Cd ions. This observation supports the
conclusion from Mg2C titration studies (see above;
Figure 3) that although the A248/N(K1) interaction
contributes to specificity by enhancing the rate of
chemistry at the adjacent phosphodiester bond, it
does not have an apparent influence on the affinity
of metal ions required for catalysis.
Discussion

The results presented here are consistent with a
strong network of active site interactions that
position the appropriate phosphodiester bond in
the P RNA active site. For example, an N(K1) 2 0-
deoxy modification reduces both binding affinity
and catalysis dramatically, yet these effects together
are not sufficient to render the MK1 site favorable.
However, combining any two of the modifications
or mutations tested here causes significant levels of
mis-cleavage. Thus, for an “optimal” substrate,
such as pre-tRNAAsp, which appears to contain all
of the known RNase P recognition elements, the
correct cleavage site is essentially over-defined. For
such substrates, the preference for the C0 site over
the MK1 site is such that cleavage site selection does
not hinge upon any one interaction. Instead, and as
might be expected for an enzyme that processes
structurally diverse substrates, a number of differ-
ent subsets of potential interactions are sufficient to
ensure correct cleavage. Mis-cleavage is thus only
observed after the correct enzyme substrate com-
plex (E–Sc) is destabilized beyond a certain
threshold. This general scheme predicts that other
substrates that lack a canonical RNase P recognition
structure will be more sensitive to effects of
functional group modifications on fidelity.

In a qualitative sense, analysis of the effect of
functional group modifications on the site and
amount of substrate mis-cleavage is a facile system
for examination of the structural features of the
correct (E–Sc) and mis-cleavage (E–Sm) complexes.
As shown in Figure 8 the data presented here are
consistent with previous analyses showing for-
mation of an interaction between position 248 in
the J5/15 element of the ribozyme and nucleotide
N(K2) that favors mis-cleavage.15 Additionally, we
find that the 2 0-hydroxyl group adjacent to the
cleavage site is also recognized in the mis-cleavage
complex as evidenced by the observation that a 2 0-
deoxy substitution here results in a “rescue” of
cleavage specificity. It is unclear whether the mis-
cleavage complex retains or has altered interactions
with the 3 0 RCCA sequence. Weakening this
interaction results in formation of E–Sm and
resultant mis-cleavage when interactions with the
2 0-hydroxyl and non-bridging phosphate oxygen
atoms at C0 are disrupted. These results are
consistent with previous studies demonstrating
that these interactions promote the formation of
E–Sc.

It is assumed that the catalytic mechanism is the
same in the correct and mis-cleavage complexes
(Figure 8), including the interactions between active
site metal ions and the reactive phosphate. The
finding that Fc is relatively insensitive to Mg2C

concentrations supports this assumption. However,
quantitative analyses of the Mg2C titration data
suggest that there are some important differences in
the metal ion dependence of the correct and mis-
cleavage pathways. Notably the apparent Mg2C

dependence of mis-cleavage is less cooperative and
has a weaker apparent affinity. One possibility is
that there is an intrinsic difference in number and
affinity of active site metal ions in the E–Sm

complex. It is also possible that the two pathways
have different rate-limiting steps, and that the
concentration dependence of the catalytic step is
masked by the requirement for metal ion binding
for other aspects of the reaction such as binding.
The interpretation that apparent differences in
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metal ion sensitivity are due to differences in rate
limiting step is also supported by the lesser degree
of pH sensitivity of the rate of cleavage at MK1

relative to C0.
The results presented here also have important

implications for understanding the role of the 2 0-
hydroxyl of N(K1) in RNase P catalysis. It was
recently proposed that the 2 0-hydroxyl of N(K1) is
an outer-sphere ligand for a catalytically important
divalent metal ion.25 In addition to data from metal
ion titrations, this conclusion is supported by the
ability of increased pH to rescue the mis-cleavage
phenotype of a 2 0-amino modification at N(K1). It
was suggested that this pH dependent rescue was
due to the deprotonation of the 2 0 amine group,
allowing it to participate in metal ion binding.
However, our results demonstrate clearly that a pH-
dependent rescue of mis-cleavage can and does
arise due to differences in the kinetic mechanism for
cleavage at the C0 and MK1 sites in the absence of an
introduced titratable functional group. Further-
more, we observe pH-dependent rescue of mis-
cleavage for an N(K1)-deoxy substrate over the
same pH range as that reported for the 2 0-amine
substrate modification. Thus, while the 2 0-hydroxyl
group of N(K1) may indeed function as a metal ion
ligand, the ability of increased pH to rescue mis-
cleavage caused by 2 0-amino substitution may not
necessarily reflect such an interaction.

Additional information concerning the process of
recognition of the correct cleavage site is provided
by kinetic and thermodynamic analysis of the
effects of mutations which disrupt interactions
with the nucleobase and 2 0-hydroxyl group of
N(K1). In the presence of an N(K1) deoxy
modification, the apparent catalytic effects of dis-
rupting the A248/N(K1) interaction are orders of
magnitude larger than the effects of the same
mutations in the absence of the N(K1) deoxy
modification (see Table 2). Conversely, the cata-
lytic effects of the N(K1)-deoxy modification are
significantly larger in the presence of mutations at
A248 or N(K1). In contrast, we observe a signifi-
cantly less than additive effect for simultaneous
A248/N(K1) disruption and N(K1)-deoxy modifi-
cation on substrate binding (see Table 2). For
unmodified substrates, mutations that disrupt the
A248/N(K1) interaction have significant affects on
substrate binding affinity. However, in the presence
of the N(K1)-deoxy modification, the substrate
binding effects of A248/N(K1) disruption are
greatly suppressed. Additionally, the range of
observed Kd,app values for mutations at A248 and
N(K1) is reduced by two orders of magnitude in the
presence of the N(K1)-deoxy modification. The 2 0-
deoxy modification at N(K1) also changes the
pattern of favorable and unfavorable mutations at
these positions. Thus, the presence of a 2 0-deoxy
modification enhances effects of N(K1) mutation on
catalysis, but suppresses effects on ground state
binding.

For unmodified substrates, the pattern of sub-
strate binding effects is consistent with cis Watson–
Crick/Watson–Crick base-pairing between A248
and N(K1). For example, the A248U mutation
exhibits a large binding defect which can be
partially rescued by mutating N(K1) from U to A,
and the binding defect engendered by an A248C
mutation can be completely rescued by a U to G
mutation at N(K1). This suggests that the E–Sc

complex in which the ribozyme/N(K1) interaction
has formed is the predominant form of the enzyme–
substrate complex. In the presence of the N(K1)-
deoxy modification, however, this pattern changes.
For example, a U to A mutation at N(K1) enhances
rather than weakens binding to the native enzyme.
While this is not consistent with the E–Sc complex
being the predominant form of the enzyme–
substrate complex, it is also not consistent with
what we would expect for the E–Sm complex. For
example, if the E–Sm is the predominant form, we
would expect that the A248U mutant would bind
the dU(-1) substrate tighter than the native enzyme,
rather than slightly weaker, as we observe. Thus,
the observed binding effects are not consistent with
either the E–Sc or the E–Sm complex being the
predominant ground state complex for N(K1)-
deoxy substrates.

Instead, these results are consistent with
mechanisms in which the A248/N(K1) interaction
is not formed upon initial substrate binding, in a
manner similar to that proposed for recognition of
the 2 0-hydroxyl of N(K1).35,36 According to this
mechanism a complex (E–S) results from initial
binding in which only a subset of active site
interactions have formed, exclusive of the base
and backbone of N(K1). Subsequently, inter-
actions with the nucleotide upstream of the
eventual cleavage site form and the complex
(E–S*) becomes committed to catalysis. The equi-
librium for formation of the E–S* complex from E–S
is likely to be highly favored; however, N(K1)-
deoxy modification and disruption of the A248/
N(K1) interaction may both be sufficient to
destabilize the E–S* complex relative to the initial
binding complex (E–S). Either modification then
would result in an observed binding defect and E–S
would then be the predominant form of the
enzyme–substrate complex. Thus, disruption of
either the base or backbone contact to N(K1)
destabilizes E–S* such that E–S establishes a new
ground state. Further disruption of N(K1) inter-
actions would then destabilize the transition state,
but not the ground state and large effects on the rate
of catalysis are observed.

Such multi-step mechanisms for substrate recog-
nition are not unexpected given the conformational
changes that have been characterized for other
ribozymes. For example, it is well-established that
substrate binding by the L21Sca version of the
group I intron ribozyme involves a docking step
after binding which positions the correct phospho-
diester bond in the ribozyme active site.64–67 This
docking step depends on interactions with 2 0

hydroxyl groups in the helix formed by base-
pariing between the oligonucleotide substrate and
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the ribozyme. Modification of these 2 0 hydroxyl
groups can result in loss of fidelity due to formation
of alternative interactions with other hydroxyl
groups in the substrate stem.66 Such as situation is
similar to RNase P as 2 0 deoxy substitution at the
cleavage site leads to mis-cleavage. Similarly,
phosphorothioate modifications at the reactive
phosphate group within mutant substrates can
also lead to loss of fidelity in the group I intron
due to large changes in the relative rates of cleavage
at the correct and incorrect sites.65

The threshold model outlined above provides an
explanation for apparent discrepancies in the
literature regarding the effects of N(K1)-deoxy
modification. Previous studies examining the role
of the 2 0-hydroxyl group of N(K1) report a wide
range of values for the kinetic defects engendered
by deoxy modification.25,26,35,36 In addition, there is
disagreement in the literature with regard to the
effects of N(K1)-deoxy modification on substrate
binding. Some studies report that the N(K1)-deoxy
modification has no effect on substrate binding,
while others show large binding defects. The results
presented here establish that at least one factor that
contributes to this range of apparent effects is the
presence or absence of the A248/N(K1) interaction.
Our results reproduce situations in which the 2 0-
deoxy modification at N(K1) has both substantial
and negligible effects on substrate binding by
simply varying A248 and N(K1). Furthermore, we
observe that maximal effects for an N(K1) 2 0-deoxy
modification with regard to kinetics and substrate
binding are observed for enzyme–substrate combi-
nations in which the A248/N(K1) interaction is
present. Previous studies have employed substrates
with different nucleobases at N(K1) when examin-
ing the importance of this functional group result-
ing in different reported magnitudes for the
contribution of this functional group to catalysis.
Given the range of effects observed for this 2 0-deoxy
modification for N(K1) mutant substrates, future
experiments that examine the effects of 2 0-hydroxyl
modification at N(K1) must take into account the
context in which this interaction occurs, including
the identity of the nucleotide at N(K1). Never-
theless, making structural interpretations from
kinetic and thermodynamic data is challenging,
and direct physical tests for the occurrence and
importance of conformational changes in the RNase
P reaction will be necessary.
Materials and Methods

General methods

Enzyme RNAs were produced by run-off transcription
according to standard protocols.40 Substrates used for
kinetic and gel mobility-shift assays were produced by
ligating two synthetic RNA oligonucleotides62 according
to published protocols.63 For these ligations, a 5 0

radiolabeled oligonucleotide comprising pre-tRNAAsp

nucleotides K5 through C9 (5 0LS-RNA) was ligated to
an oligonucleotide comprising the remainder of the pre-
tRNA substrate. Oligonucleotides were purchased from
Dharmacon Inc, and gel-purified prior to use. The 5 0LS-
RNA oligonucleotide containing an RP phosphorothioate
modification at the cleavage site was purified by reverse-
phase high-pressure liquid chromatography.60,64

For experiments examining cleavage site selection, we
took advantage of the ability of the oligonucleotides
described above to form a substrate stabilized by the 7 bp
of the pre-tRNA acceptor stem in the absence of
ligation.15,61,65 Such annealed substrates are cleaved at
the correct site, show quantitatively the same cleavage
site selection as ligated substrates and have identical
single-turnover reaction rates as ligated substrates
(N.H.Z. and M.E.H., unpublished results). Reactions
with annealed substrates, unless otherwise specified,
were carried out under standard reaction conditions,
and contained 4 nM radiolabeled 5 0 oligonucleotides,
100 nM 3 0 oligonucleotides and 1 mM RNase P RNA.

Standard reaction conditions were 1 M ammonium
acetate and 25 mM MgCl2. pH buffers varied depending
on the desired pH of the reaction. Reactions at pH 5.5
contained a final concentration of 20 mM Mes; pH 6.0 and
7.0 reactions included 20 mM Pipes; and pH 7.8 reactions
contained 20 mM Tris. The pH of all buffers was adjusted
at 37 8C. Reactions in which conditions differed from the
standard, such as Cd2C and Mg2C titrations are noted in
the Figure legends.

Prior to reaction, enzymes and substrates were
renatured separately by heating to 95 8C for three minutes
in buffer lacking divalent metal ions. Mixtures were
subsequently cooled to 37 8C and allowed to incubate for
ten minutes prior to addition of divalent metal ion.
Mixtures were then allowed to incubate for at least
30 minutes prior to initiating reactions by mixing enzyme
and substrate. Renaturations and subsequent reactions
were carried out in a Hybaid Omn-E thermocycler with a
heated lid to ensure constant temperature and minimize
evaporation. For reactions that were allowed to proceed
overnight or longer, reaction mixtures were overlaid with
mineral oil to prevent evaporation. Reactions were
stopped by mixing with gel-loading buffer containing
100 mM EDTA in formamide, and products were separ-
ated by denaturing 22.5% (w/v) PAGE.
Kinetic and thermodynamic analyses

For single-turnover kinetic experiments, reactions were
carried out with 4 nM final concentration of ligated
substrate and two enzyme concentrations, generally
5 mM and 10 mM. Enzyme concentrations were deter-
mined to be saturating if the observed change in rate
upon doubling enzyme concentration was less than 10%.
Values of Kd,app were measured by gel mobility-shift
experiments at pH 6.0 and with 25 mM CaCl2, as
described.58

For N(K1)-deoxy substrates that show significant
cleavage at the MK1 site, we employed an analysis
based on the model shown in Scheme 1.35,36,45,46 In this
model, the increase in C0 and MK1 cleavage products over
time are described by equations (1) and (2), respectively:

Pc Z Fcð1KeKkobstÞ (1)

PMK1 Z ð1KFcÞð1KeKkobstÞ (2)

In equations (1) and (2), Pc and PMK1 are the fractions of
substrate that have been cleaved at the C0 and MK1 sites,
respectively; Fc is the fraction of substrate cleaved at the
C0 site at infinite time; and kobs is the observed rate of the
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reaction. For cleavage at the C0 and MK1 sites at
saturating enzyme concentrations, kobs is described by
equation (3):

kobs Z
Kckc CKmkm

Kc CKm

(3)

where Kc, Km, kc, and km are equilibrium substrate
association and rate constants shown in Scheme 1. Finally,
for this model, if cleavage is rate limiting, Fc is defined
according to equation (4):

Fc Z
Kckc

Kckc CKmkm

Z
k1c;app

k1c;app Ck1m;app

(4)

where k1c,app and k1m,app are the apparent second-order
rate constants for cleavage of substrate at the C0 and MK1

sites, respectively.
As noted previously for a mechanism involving three

cleavage sites, given values for Fc and kobs, it is possible to
calculate apparent first-order rate constants for cleavage
at the C0 and MK1 sites,35 as shown in equations (5) and
(6):

kapp;c Z kobsFc Z kc 1C
Km

Kc

� �K1

(5)

kapp;m Z kobsð1KFcÞZ km 1C
Kc

Km

� �K1

(6)

In equations (5) and (6), kapp,c and kapp,m are the apparent
first-order rate constants for cleavage at the C0 and MK1

sites, respectively; kc and km are rate constants shown in
Scheme 1; and Kc and Km are equilibrium constants also
defined in Scheme 1.
Mg2C titration experiments

Mg2C titration experiments were carried out at pH 8,
and under standard reaction conditions. Final enzyme
concentrations in these experiments were 1 mM, a
concentration low enough to avoid impacting the
concentration of free Mg2C in solution.39 As shown
above, cleavage site selection is determined by the
apparent second-order rate constants for cleavage at the
C0 and MK1 sites, both of which are cooperatively
dependent upon Mg2C concentration in RNase P. Thus,
cleavage at both the C0 and MK1 sites is expected to
behave according to the relationship in equation (7):

k1;app Z
k1;max½Mg2C�n

½Mg2C�n C ðK
Mg
1=2 Þ

n
(7)

where k1,app is the apparent second-order rate constant,
k1,max is the maximal rate constant at saturating Mg2C

concentrations, K
Mg
1=2 is the Mg2C concentration required

to achieve half the maximal rate, and n is the Hill
coefficient. Given this cooperative dependence and the
relationship in equation (4), the Mg2C concentration
dependence of Fc is described by equation (8):

Fc Z 1C
km;max

kc;max

� �
½Mg2C�ðnmKncÞ
� � ðK

Mg
1=2 Þ

nc C ½Mg2C�nc

ðK
Mg
1=2 Þ

nm C ½Mg2C�nm

 !" #K1

(8)

where kc,max and km,max are the rates of cleavage at the
correct and mis-cleavage sites at saturating Mg2C

concentrations; nc and nm are the Hill coefficients for
correct cleavage and mis-cleavage; and K

Mg
1=2 c and K

Mg
1=2 m

are the Mg2C concentrations required to achieve half
maximal cleavage rates at the C0 and MK1 sites. It is
important to note that in fitting Fc data, while the ratio of
km,max to kc,max can be determined, these two variables are
not independent; however, the remaining variables can be
determined unambiguously.
Quantitative thiophilic metal ion rescue experiments

Measurement of the apparent Cd2C affinity for a
sulfur atom substituted at the pro-RP position of the
scissile phosphate group was determined from the
concentration dependence of the ability of Cd2C to
alleviate inhibition of the reaction due to the sulfur
substitution essentially as described by Shan &
Herschlag for the group I intron.55,56 The pseudo-
first-order reaction rate constants (kapp,c and kapp,m) for
substrates with an Rp phosphorothioate at the correct
cleavage site were determined at a series of Cd2C

concentrations, as described above. To control for non-
specific effects on ribozyme structure due to
changes in divalent ion concentration the relative
reaction rate, krel, was calculated from the ratio of the
observed reaction rates of pre-tRNA substrates with
and without the sulfur substitution (e.g. krelZks

aap;c=kapp;c).
Plots of krel versus added Cd2C concentration
([Cd2C]) were fit with a non-linear form of the Hill
equation for cooperative binding:

krel Z
kmax½Cd2C�n

ðKCd
1=2 Þ

n C ½Cd2C�n
(9)

where n is the Hill coefficient and KCd
1=2 represents the

Cd2C concentration required to attain half the maximal
rate.
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