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Metal ions interact with RNA to enhance folding, stabilize structure, and,
in some cases, facilitate catalysis. Assigning functional roles to specifically
bound metal ions presents a major challenge in analyzing the catalytic
mechanisms of ribozymes. Bacillus subtilis ribonuclease P (RNase P),
composed of a catalytically active RNA subunit (PRNA) and a small
protein subunit (P protein), catalyzes the 5′-end maturation of precursor
tRNAs (pre-tRNAs). Inner-sphere coordination of divalent metal ions to
PRNA is essential for catalytic activity but not for the formation of the
RNase P·pre-tRNA (enzyme–substrate, ES) complex. Previous studies
have demonstrated that this ES complex undergoes an essential
conformational change (to the ES⁎ conformer) before the cleavage step.
Here, we show that the ES⁎ conformer is stabilized by a high-affinity
divalent cation capable of inner-sphere coordination, such as Ca(II) or Mg
(II). Additionally, a second, lower-affinity Mg(II) activates cleavage
catalyzed by RNase P. Structural changes that occur upon binding Ca
(II) to the ES complex were determined by time-resolved Förster
resonance energy transfer measurements of the distances between
donor–acceptor fluorophores introduced at specific locations on the P
protein and pre-tRNA 5′ leader. These data demonstrate that the 5′ leader
of pre-tRNA moves 4 to 6 Å closer to the PRNA·P protein interface
during the ES-to-ES⁎ transition and suggest that the metal-dependent
conformational change reorganizes the bound substrate in the active site
to form a catalytically competent ES⁎ complex.
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Introduction

Metal ions interact with RNA to stabilize structure
and promote catalysis. The majority of metal ions
form non-specific contacts with the negatively
charged RNA via electrostatic interactions.1,2 How-
ever, a small number of divalent cations bind to
discrete sites in RNA, forming inner-sphere contacts
created as a result of ribozyme folding or ligand
binding.3–5 These high-affinity metal binding sites
can contribute to RNA catalysis by enhancing ligand
binding and/or stabilizing the active conformation
and the catalytic transition state.1,6–9 A large subset
of ribozymes require divalent metal ions for
catalytic activity, and discerning the precise role of
specifically bound metal ions in the mechanisms of
ribozymes remains a formidable challenge in the
field of RNA biochemistry.1,6,10,11

Nuclear ribonuclease P (RNase P) is a highly
conserved RNA-based endonuclease found in all
three kingdoms of life that is responsible for
catalyzing the hydrolysis of a phosphodiester bond
in precursor tRNA (pre-tRNA) to yield mature
tRNA.9,12,13 Bacterial RNase P enzymes are com-
posed of a catalytically active RNA subunit (RNA
component of B. subtilis RNase P, PRNA) and a
small protein subunit (protein component of
B. subtilis RNase P, P protein) essential for activity
in vivo.9,13 Significant progress has been made in the
last 5 years toward understanding the structure of
RNase P. High-resolution structures have been
solved for PRNA (from Bacillus stearothermophilus
and Thermotoga maritima)4,14,15 and P protein
(from Bacillus subtilis, Staphylococcus aureus, and
T. maritima).16–18 However, there are still no high-
resolution structural data for either the holoenzyme
(PRNA·P protein) or a complex with bound pre-
tRNA. Therefore, information on these catalytically
relevant structures is limited to models derived from
biochemical and biophysical studies.19–22

Recent transient kinetic studies revealed a previ-
ously masked step in the kinetic mechanism of
RNase P: a conformational change following pre-
tRNA association with RNase P and preceding
cleavage (Scheme 1).23 In the two-step association
mechanism, pre-tRNA binds to RNase P with a
bimolecular rate constant that is near the diffusion
limit and is independent of the length of the pre-
tRNA leader. Following formation of this initial
enzyme–substrate (ES) complex, a unimolecular
conformational change that enhances the affinity of
RNase P for pre-tRNA occurs. This new RNase

P·pre-tRNA conformer (ES⁎) is stabilized by increas-
ing the pre-tRNA leader length from 2 to 4
nucleotides such that an optimal pre-tRNA leader–
P protein interaction forms.23,24 Furthermore, this
conformational change is the rate-limiting step for
cleavage at high pH and has been proposed to align
essential functional groups at the active site to
enhance efficient cleavage of pre-tRNA.23 However,
the structural alterations that accompany this
conformational change have not been elucidated.
Cations interact with RNase P to stabilize RNA

folding, ligand binding, and catalytic activity.9,12,13,25

Catalysis of pre-tRNA cleavage by RNase P requires
at least one divalent cation capable of forming inner-
sphere coordination, such asMg(II), Mn(II), Zn(II), or
Ca(II).26 However, the PRNA·P protein and ES
complexes form in the presence of Co(NH3)6(III), an
exchange-inert Mg(II)·(H2O)6 mimic,26 demonstrat-
ing that inner-sphere contacts with metal ions are not
essential for either folding or ligand binding. One
proposal for the catalytic function of an inner-sphere
metal ion, supported by kinetic isotope effect experi-
ments, is that a metal hydroxide serves as the
nucleophile in RNase P-catalyzed phosphodiester-
bond cleavage.27 In addition to directly participating
in catalysis, inner-spheremetal ionsmayalso enhance
RNase P activity by stabilizing the active enzyme
structure.28,29 A variety of structural and biochemical
data implicate nucleotides in the catalytic domain of
PRNA, particularly helix P4, as binding sites for
catalytically important metal ions.4,30–35 Recently,
NMRandX-ray absorption spectroscopy of a helix P4
mimic have identified an inner-sphere metal site at
the conserved tandem guanosines adjacent to a
bulged uridine in P4.36,37 However, the precise
function and location of the inner-sphere metal ions
bound to RNase P remain unclear.
Here, we demonstrate that an inner-sphere metal

ion is important for stabilizing the conformational
change in the ES complex that precedes phospho-
diester-bond cleavage. For these experiments, the ES
complex was preformed in the presence of Co(NH3)6
(III) and the reaction was initiated by addition of
divalent metal ions. Measurements of the kinetics
and thermodynamics of the conformational change
using fluorescent techniques reveal that Ca(II) or Mg
(II) stabilizes the active conformer of the ES complex
by N10-fold with an apparent micromolar affinity.
Furthermore, a second Mg(II) ion with considerably
weaker affinity is required to activate cleavage,
demonstrating the existence of at least two classes of
catalytically important Mg(II) ions. Time-resolved
Förster resonance energy transfer (trFRET) studies
performed as a function of Ca(II) concentration
reveal that during the isomerization of the ES
complex the pre-tRNA leader repositions relative
to the protein subunit. These data suggest that in the
metal-stabilized conformational change, the pre-
tRNA leader may “dock” into the active site of
RNase P to form a catalytically active complex.
Furthermore, we propose that this conformational
change may also serve as a proofreading step to
enhance substrate selectivity.

Scheme 1. Minimal kinetic mechanism for RNase P.23

E is RNase P, S is pre-tRNAAsp, P is tRNA, and L is the 5′-
leader product. In summary, substrate binding (k1, k−1) is
followed by a conformational change (k2, k− 2) that
precedes substrate cleavage (k3) and product release (k4).
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Results

An inner-sphere metal ion enhances
pre-tRNA affinity

Although divalent metal ions capable of forming
inner-sphere contacts are required to activate RNase
P catalysis, they are not essential for substrate
binding.26 Nonetheless, the affinity of B. subtilis
RNase P for pre-tRNA and tRNA are increased by
monovalent and divalent cations.24,38,39 To evaluate
the potential contribution of inner-sphere contacts to
substrate affinity, we compared the Kd,obs for pre-
tRNA in the presence of saturating concentrations of
Ca(II) or Co(NH3)6(III)

26 (Fig. 1a). The apparent
association constant for 5′-fluorescein-labeled B.
subtilis pre-tRNAAsp (Fl-pre-tRNA) possessing a 5-

nucleotide leader with B. subtilis RNase P was
measured from an increase in fluorescence intensity
upon addition of RNase P.20,23,40 The value of Kd,obs
decreases from 28±6 nM in 2 mM Co(NH3)6(III) to
0.50±0.03 nM in 10 mM Ca(II), with the ionic
strength maintained with KCl, indicating that the
ES complex is stabilized more than 50-fold by
calcium relative to cobalt hexammine.
Similarly, the ES complex formed in the presence

of cobalt hexammine is stabilized by the addition of
Ca(II) (Fig. 1b). In fact, the value of Kd,obs for pre-
tRNA in cobalt hexammine decreases 10-fold from
28±6 to 2.7±0.5 nM upon addition of 1 mM CaCl2.
The value of Kd,obs has an hyperbolic dependence on
the concentration of calcium with an apparent
dissociation constant for Ca(II) of 40±10 μM, as
determined by fitting a binding isotherm to these
data (Eq. (2), n=1; see Materials and Methods); this
value decreases modestly to 30±10 μM when the
equation includes a term for Ca(II) binding to RNase
P holoenzyme (E) with weak affinity of 500±300 μM
(Eq. (3)). The value of Kd,app is virtually unchanged
when the data are fit with a Hill equation including
cooperative binding of calcium (n=0.9±0.3). These
results indicate that at least one class of Ca(II) ions
binds with high affinity to stabilize the RNase
P·substrate complex relative to the uncomplexed
RNase P and pre-tRNA in cobalt hexammine
(Scheme 2). Cobalt hexammine only forms outer-
sphere interactions with RNA, and the higher
charge of the Co(NH3)6(III) ion enhances this
electrostatic interaction compared with divalent
cations.41 Therefore, the observation that Ca(II)
binds with high affinity even in the presence of

Fig. 1. Calcium dependence of the binding affinity of
RNase P for Fl-pre-tRNA. (a) Association of Fl-pre-tRNA
with a 5-nucleotide leader (Fl-pre-tRNA) to B. subtilis
RNase P was observed by enhancement of fluorescence
intensity (λex=488 nm; λem=524 nm). Fluorescence
titrations of Fl-pre-tRNA (1 nM) with RNase P in either
2 mM Co(NH3)6Cl3/150 mM KCl (◼) or 10 mM CaCl2/
20 mMDTT (●) in 50 mM Tris and 50 mMMes, pH 6.0, at
25 °C are shown. The apparent dissociation constants for
Fl-pre-tRNA were obtained by fitting Eq. (1) to these
binding isotherms, yielding values for Kd,obs of 28±6 nM
in 2 mM cobalt hexammine and 0.50±0.03 nM in 10 mM
calcium. (b) The apparent dissociation constant (Kd,obs) for
the RNase P·Fl-pre-tRNA complex was determined as a
function of CaCl2 concentration (0–1 mM) from changes in
the Fl fluorescence intensity in 2 mM Co(NH3)6Cl3,
189 mM KCl, 50 mM Tris, and 50 mM Mes, pH 6.0, at
25 °C. The value of 40±10 μM for the apparent calcium
dissociation constant (KCa,obs) of the RNase P·Fl-tR5·Ca
complex was determined from fitting Eq. (2) to these data.
(c) Titration of calcium into the preformed RNase P·Fl-pre-
tRNA complex (300 nM RNase P, 15 nM pre-tRNA in
2 mM Co(NH3)6Cl3, 20 mM DTT, 380 mM KCl, 50 mM
Tris, and 50 mM Mes, pH 6.0, at 25 °C) increases the
intensity of the Fl fluorescence. The apparent calcium
dissociation constant of the RNase P·Ca·Fl-pre-tRNA
complex is determined from fitting either a non-cooper-
ative (KCa,obs=28±5 μM; n=1; continuous line) or a
cooperative (KCa,obs=19±3 μM; n=1.4±0.2; dashed line)
binding isotherm to these data.
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2 mM Co(NH3)6(III) suggests that Ca(II) forms
inner-sphere contacts with the ES complex.
To further examine the calcium affinity, we titrated

Ca(II) into a solution containing the RNase P·Fl-pre-
tRNA complex (N90% bound) in 2mMCo(NH3)6(III)
(Fig. 1c). The fluorescence intensity increases with a
hyperbolic dependence on the Ca(II) concentration
with an apparent dissociation constant for Ca(II)
(KCa,app) of 28±5 μM. A model allowing for a
cooperative dependence of KCa,app on the calcium
concentration leads to a modestly better fit of these
data with a value for KCa,app of 19±3 μM (n=1.4±
0.2). A value of n larger than 1 could reflect either
more than one class of Ca(II) ions stabilizing the
RNase P·substrate complex or variations in the
concentration of “free” Ca(II) relative to “total” Ca
(II) during the titration due to non-specific interac-
tions with RNA. Furthermore, the increase in the
fluorescence intensity upon calcium binding to the
RNase P·substrate complex indicates that the
environment, and perhaps the position, of the Fl at
the 5′ end of pre-tRNA is altered. In summary, these
results demonstrate that at least one class of high-
affinity Ca(II) ions stabilizes the RNase P·substrate
complex (Scheme 2).

Calcium ions stabilize a conformational change
in the ES complex

Recent stopped-flow studies of pre-tRNAAsp

binding to B. subtilis RNase P in Ca(II) or Mg(II)
demonstrated biphasic kinetic traces consistent with
a two-step association mechanism in which an ES
encounter complex is formed, followed by a unim-
olecular isomerization to an ES⁎ complex.23 The
calcium-dependent enhancement of the affinity of
RNase P for pre-tRNA (Fig. 1) could be caused by
calcium binding to either or both of these complexes.
To address this question, we analyzed the calcium
dependence of the pre-tRNA association kinetics,
monitoring FRET between a donor–acceptor pair
attached to the P protein subunit (tetramethylrho-
damine, TMR) of RNase P and the 5′ end of pre-
tRNA (Fl). Unexpectedly, when TMR-RNase P was
mixed with Fl-pre-tRNA in the presence of Co
(NH3)6(III), only a single fluorescence phase was
observed (Fig. 2a). The observed rate constant of this
phase is linearly dependent on the RNase P
concentration (Fig. 2b) with a second-order rate
constant of 2.0±0.2 μM−1 s−1, modestly slower than
values for the pre-tRNA association rate constant
(4.6±0.2 μM−1 s−1) measured in the presence of
either 1 mM Ca(II)/2 mM Co(NH3)6(III) or 10 mM
Ca(II).23 Therefore, the single phase observed in Co
(NH3)6(III) alone reflects the association of RNase P
and pre-tRNA to form a bound complex.

The absence of a second phase in the pre-tRNA
association kinetics in Co(NH3)6(III) is most simply
explained by either destabilization of the ES⁎
conformer relative to ES so that it is not significantly
populated or enhancement of the rate constant for
isomerization of ES to ES⁎ such that it is faster than
the rate of formation of ES. To distinguish between

Scheme 2. Pre-tRNA affinity is coupled to calcium
binding in cobalt hexammine. E is RNase P, and S is pre-
tRNAAsp.

Fig. 2. Fluorescence stopped-flow kinetic measure-
ments of pre-tRNA binding to RNase P. The kinetics of
Fl-pre-tRNA binding to TMR-RNase P were monitored by
fluorescence resonance energy transfer from Fl to TMR
(λ ex=488 nm; λem,N600 nm). Fl-pre-tRNA is labeled at the
5′ terminus with Fl, and the protein subunit of RNase P is
labeled with TMR. (a) Representative fluorescence tran-
sients observed upon mixing TMR-RNase P with Fl-pre-
tRNA (final concentration of 35–50 nM 5′-Fl-pre-tRNA,
200 nM RNase P, 189 mM KCl, 50 mM Tris, and 50 mM
Mes, pH 6.0, at 25 °C) with 2 mM cobalt hexammine alone
(○) and with 0.5 mM CaCl2 added (◼). The smooth curve
superimposed on the time course (white line) is the best fit
to the data. In cobalt hexammine alone, the data are fit
with a single exponential, kobs=1.6±0.3 s

− 1, while the data
in the presence of CaCl2 are best described by two
exponential phases, kobs,1=3.1±0.1 s− 1 and kobs,2=0.54±
0.01 s−1, as previously reported.23 (b) The observed asso-
ciation rate constants (kobs,1) were measured at varying
concentrations of TMR-RNase P in 2 mM cobalt hexam-
mine (◼), 2 mM cobalt hexammine with 1 mM CaCl2 (●),
or 10 mM CaCl2 (▲). The binding kinetics in 10 mM CaCl2
were taken from the work of Hsieh and Fierke.23 The
linear least-squares fit to the dependence of kobs,1 on the
concentration of RNase P yields the bimolecular associa-
tion rate constants of 2.0±0.2 μM−1 s−1 (◼), 4.6±0.1 μM−1

s−1 (●), and 4.6±0.2 μM−1 s−1 (▲) for these different
solution conditions.
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these possibilities, we measured the FRET time
course uponmixing the ES complex formed in 2 mM
Co(NH3)6(III) with 1 mM Ca(II) (Fig. 3a). We
observed an increase in fluorescence with an
observed rate constant of 0.79±0.03 s−1, slightly
faster than the rate constant for the conformational
change previously measured in 10 mM Ca(II)
(kobs=0.43±0.02 s−1).23 Therefore, we conclude that
the fluorescent enhancement observed upon mixing
the RNase P·pre-tRNA complex formed in cobalt
hexammine with Ca(II) reflects the formation of the
ES⁎ conformer. Furthermore, both the observed rate
constant (kobs) and the amplitude of the kinetic
transient observed after mixing ES with CaCl2 in
2 mM cobalt hexammine have a hyperbolic depen-
dence on the concentration of Ca(II), with values for
K1/2,app of 110±20 and 50±10 μM, respectively. This
saturation behavior indicates that the fluorescence
change not only measures the association of calcium
with ES but also reflects a unimolecular step, such as
a conformational change. These data demonstrate
that Ca(II) enhances the affinity of RNase P for pre-
tRNA by stabilizing ES⁎ relative to ES. Therefore,
the conformational change is coupled to an
increase in calcium affinity (Scheme 2). Further-
more, the K1/2,app for the calcium-dependent
activation of the conformational change increases
to 230±20 and 700± 200 μM as the concentration of
cobalt hexammine decreases to 1.5 and 1.0 mM,
respectively (data not shown). These data indicate
that cobalt hexammine and calcium act synergisti-
cally, not competitively, to stabilize the ES⁎ complex.
However, the K1/2,app for calcium estimated from the
kinetic data at 2 mM cobalt hexammine is 2- to 4-fold
higher than the values of KCa,app estimated from the
calcium-dependent enhancement of pre-tRNA affin-
ity (Fig. 1c). This discrepancy could arise from
changes in the “free” concentrations of Ca(II) and/
or cobalt hexammine due to binding to RNase P
RNA, Ca(II) binding to E or ES in addition to ES⁎ at
high Ca(II) concentrations, and/or kinetic perturba-
tion of the values of K1/2,app for Ca(II).

Two classes of magnesium ions enhance
catalytic activity of RNase P

Although RNase P has higher catalytic activity in
the presence of the physiological cofactor Mg(II),39

the pre-tRNA binding mechanism for RNase P is
similar at saturating Mg(II) and Ca(II) concentra-
tions with a comparable rate constant for the
conformational change.23 This conformational
change is the rate-limiting step at high pH for
turnover in magnesium.23 To analyze the depen-
dence of the conformational change on the magne-
sium concentration, we measured the change in
FRET efficiency upon adding MgCl2 to the TMR-
RNase P·Fl-pre-tRNA complex formed in Co(NH3)6
(III) using stopped-flow techniques (Fig. 4a). At
1 mM Mg(II), the FRET signal increases with an
observed rate constant of 0.96±0.03 s−1 (Fig. 4a),
consistent with the formation of the ES⁎ conformer
and inconsistent with pre-tRNA cleavage. Rapid-

Fig. 3. Conformational change in the ES complex
coupled to calcium binding observed by stopped-flow
fluorescence spectroscopy. (a) The TMR-RNase P·Fl-pre-
tRNA (ES) complex formed in 2 mM cobalt hexammine
[2 mM Co(NH3)6Cl3, 189 mM KCl 50 mM Tris, 50 mM
Mes, pH 6.0, at 25 °C] was mixed with varying
concentrations of CaCl2, and the FRET from Fl to TMR
was measured as described in the legend to Fig. 2. A
representative trace for mixing the ES complex (35 nM 5′-
Fl-tR5, 125 nM RNase P) with 1 mM CaCl2 in 2 mM cobalt
hexammine is shown. The smooth curve superimposed on
the time course is the best single-exponential fit to the data
with kobs=0.79±0.03 s−1. (b) The observed rate constant
for the fluorescent transient observed upon mixing ES
with Ca depends on the concentration of CaCl2. The
smooth curve is the least-squares fit of a rectangular
hyperbola to these data and yields kmax=0.9±0.1 s−1 and
K1/2 =110±20 μM for CaCl2. (c) The amplitude of the
fluorescent transient observed upon mixing ES with Ca
depends on the concentration of CaCl2. A least-squares fit
of a rectangular hyperbola to these data yields a K1/2 of
50±10 μM for CaCl2.
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quench methods confirm this conclusion by dem-
onstrating that b5% of pre-tRNA is cleaved after
10 s, which is N10 half-times for the fluorescent
transient, under these reaction conditions (Fig. 4a).
The observed rate constant for the fluorescent
transient, reflecting the conformational change, has
a hyperbolic dependence on the concentration of Mg
(II) (Fig. 4b) with a rate constant of 0.94±0.05 s−1 at
saturating Mg(II) and a K1/2 value of 60±10 μM,

similar to the values measured in Ca(II). The
observed rate constant for pre-tRNA cleavage also
has a hyperbolic dependence on the Mg(II) concen-
tration; however, the maximal rate constant,
0.08±0.01 s−1, is reduced and the K1/2 for activation
of cleavage by Mg(II) is much higher, 19±6 mM.
This value of K1/2

Mg is comparable with previous
measurements in cobalt hexammine,26 but the value
of kmax is decreased by ∼2-fold due to the decrease
in temperature from 37 to 25 °C. These kinetic data
indicate that RNase P in cobalt hexammine requires
two classes ofMg(II) ions to activate catalytic activity:
a high-affinity Mg(II) cation that stabilizes the active
ES⁎ complex prior to cleavage and a weakly bound
Mg(II) that enhances the cleavage step.
In summary, both Mg(II) and Ca(II) stabilize the

ES⁎ conformer relative to the encounter complex in
the presence of cobalt hexammine with a similar
observed rate constant for isomerization. These data
are consistent with a model in which the conforma-
tional change is coupled to the formation of a high-
affinity inner-sphere metal-ion site. Divalent cations,
such as Mg(II) and Ca(II), have higher affinity to this
binding site in the ES⁎ conformer compared with ES,
stabilizing the ES⁎ conformer by forming ES⁎Me(II)
(Scheme 2). Cobalt hexammine does not compete for
this high-affinity metal site; instead, this cation
further stabilizes the ES⁎Me(II) complex, presumably
by binding to other regions of PRNA. Since both Mg
(II) and Ca(II) are capable of forming inner-sphere
contacts, while Co(NH3)6(III) is exchange-inert, these
data suggest that the high-affinity divalent cation
binding site in the ES⁎ complex includes one or more
inner-sphere interactions. However, our current data
do not distinguish whether the divalent cation binds
before the conformational change to facilitate this
step or after the conformational change to stabilize
this conformer (Scheme 3).

The pre-tRNA 5′ leader is repositioned in the
Ca(II)-stabilized ES⁎ state

The observed changes in the FRET and fluores-
cence intensity signals during the unimolecular
conformational change step suggest that the 5′
leader is repositioned during this reaction. Previ-
ously, the structure of the 5′ leader of pre-tRNA

Fig. 4. Kinetic studies of Mg(II) binding to the ES
complex. (a) Kinetics of the conformational change and
pre-tRNA cleavage after mixing the TMR-RNase P·Fl-
pre-tRNA (ES) complex with MgCl2. The ES complex
formed in 2 mM cobalt hexammine was mixed with
1 mM MgCl2 (final concentration of 35 nM Fl-pre-tRNA,
125 nM TMR-RNase P, 1 mM MgCl2, 2 mM cobalt
hexammine, 189 mM KCl, 50 mM Tris, and 50 mM Mes,
pH 6.0, at 25 °C). The kinetics of the conformational
change (○) were measured from fluorescence energy
transfer, as described in the legend to Fig. 2. The smooth
curve superimposed on the time course is the best
single-exponential fit to the data with kobs

fluorescence=0.96
±0.03 s−1. The kinetics of Fl-pre-tRNA cleavage (●) were
performed by using a chemical quench-flow apparatus,
and the formation of the 5′ leader containing Fl was
analyzed by denaturing PAGE and PhosphoImager
analysis, as described in Materials and Methods. Under
these conditions, b5% of Fl-pre-tRNA is cleaved in 90 s.
(b) The MgCl2 dependence of the observed rate
constants for the conformational change kobs

fluorescence (◼)
and for the pre-tRNA cleavage kobs

cleavage (●). The least-
squares fit of a rectangular hyperbola to these data
yields kmax

fluorescence =0.94±0.05 s−1 with K1/2 =60±10 μM
and kmax

cleavage=0.08±0.01 s−1 with K1/2=19±6 mM.

Scheme 3. Divalent cations stabilize the ES⁎ confor-
mation of RNase P. E is RNase P, S is pre-tRNAAsp, Me(II)
is either Ca(II) or Mg(II), and E·S⁎ denotes an alternate
conformer of the ES complex that is stabilized by divalent
cations (Kc,MeNKc and KMeNKMe⁎).
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interacting with the B. subtilis P protein in the ES
complex was modeled using distances between the
5′ end of pre-tRNA and discrete P protein residues
obtained by trFRET techniques.20 These data were
collected in the presence of saturating Ca(II)
(20 mM), so this model reflects the structure of
the active ES⁎ state. To probe the structural changes
that occur in the ES-to-ES⁎ transformation, we used
trFRET to measure changes in distances between
discrete positions in the P protein and the 5′ end of
pre-tRNA in Co(NH3)6(III) as a function of the Ca
(II) concentration. For this purpose, we used Fl-pre-
tRNA as the FRET donor paired with a TMR-
labeled single-cysteine variant of the P protein
(E40C, L94C, Y113C) as the FRET acceptor (see
Materials and Methods). Fluorescence labels at
these positions minimally alter the catalytic activity
and affinity of RNase P for pre-tRNA (b2-fold).20,21

The trFRET measurements provide a distribution
of distances that is characterized by both a mean
distance between the fluorophores and a full-width
at half-maximum (FWHM).
For each of the donor–acceptor pairs, the distance

distributions measured by trFRET vary with the
calcium concentration, demonstrating that the 5′
leader is repositioned relative to the P protein upon
the formation of the Ca(II)-stabilized ES⁎ complex
(Fig. 5). The anisotropy of the fluorophores varies by
≤12% (Table S1) as a function of Ca(II), demons-
trating that the changes in trFRET can be interpreted
mainly as distance changes. The distance between Fl
at the 5′ end of pre-tRNA and TMR attached at E40C
has a hyperbolic dependence on the Ca(II) concen-
tration; at saturating Ca(II), this distance decreases by
4.8±0.4 Å (Fig. 5a). A similar change in the donor–
acceptor distance is observed for addition of 0.1 mM
CaCl2, Ca(acetate)2, and MgCl2 but not 5 mM NaCl
or KCl (Table S1). Residue 40 is near the N-terminus
and the α-helix on the front face of the P protein (Fig.
6). In contrast, the distances between Fl at the 5′ end
of pre-tRNA and TMR labeled at L94C and Y113C
increase by 6.0±0.4 and 6.0±0.6 Å, respectively, at
saturating calcium (Fig. 5b and c). These positions
are located on the opposite side of the protein, in
close proximity to the central cleft β-sheet and RNR
motif (Fig. 6). For each donor–acceptor pair, the
FWHMdetermined from the trFRET data also varies
with the calcium concentration, suggesting changes
in the dynamics of the pre-tRNA leader as well (see
Supporting Information; Fig. S1). Furthermore, for
each labeled position in the P protein, the calcium
dependence of the metal-stabilized structural
change, determined from fitting a binding isotherm
(n=1) to these data, is comparable, with K1/2,app
values of 20–25 μM for both the distance distribu-
tions and the FWHM. The fits of the calcium
dependence of the distance distributions with the
TMR donor attached to E40C and Y113C are
improved slightly by allowing the Hill coefficient
to vary (0.7–1.6); however, the values for the
distance change and the K1/2,app values are not
significantly altered. Together, these data suggest a
model in which a single high-affinity metal ion (or

Fig. 5. trFRET distance measurements of the TMR-
RNase P·Fl-pre-tRNA complex to monitor structural
changes that accompany Ca(II) binding. The relative
distances between Fl-TMR donor–acceptor pairs in the
TMR-RNase P·Fl-pre-tRNA complex were measured by
trFRET as a function of calcium concentration. The ES
complex was formed by pre-incubating Fl-pre-tRNA (250–
500 nM) with RNase P (1–1.5 μM) in 2 mM cobalt
hexammine, 189 mM KCl, 50 mM Tris, and 50 mM Mes,
pH 6.0, at 25 °C. The mean donor–acceptor distances for
RNase P·Fl-pre-tRNA formed with the TMR-labeled E40C
(a), L94C (b), and Y113C (c) single-cysteine variants of the
P protein subunit are shown as a function of calcium
concentration. Donor-only experiments using unlabeled
RNase P with bound Fl-pre-RNA were performed in
parallel. Error bars arise from at least three independent
assays. Either a non-cooperative (continuous line; n=1) or
a cooperative (dashed line; n=variable, 0.7–1.6) binding
isotherm is fit to the data.
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class of metal ions) binds to stabilize an altered
conformation of the ES complex where the 5′ leader
is repositioned relative to the P protein subunit in
the ES⁎ complex (Fig. 6).

Discussion

Assigning functional roles to the handful of metal
ions that bind to specific sites in ribozymes presents
a longstanding challenge in the study of catalytic
RNAs such as RNase P. Although divalent cations
enhance interactions of RNase P RNA with both the
protein subunit42 and pre-tRNA38 and stabilize the
PRNA fold,29 these cations function mainly by
outer-sphere electrostatic interactions, as indicated
by the ability of cobalt hexammine to fulfill these
roles. However, at least one specifically bound

inner-sphere metal ion is essential for activating
catalysis of phosphodiester-bond cleavage by RNase
P.26 Magnesium hydroxide has been proposed as
the catalytic nucleophile,27 and this or an additional
divalent cation is also proposed to interact with the
scissile phosphodiester of pre-tRNA.43 However,
contacts between this metal ion and RNase P have
not yet been elucidated. Evidence for an inner-
sphere divalent cation binding site at the tandem
guanosine bases near the bulged uridine in P4 has
been obtained from NMR and spectroscopic studies
of a P4 stem–loop mimic, but the function of this
metal ion is still unclear.37 Data presented here
reveal a critical role in activating RNase P catalytic
activity for a second class of divalent cations that can
form inner-sphere interactions: stabilization of a
conformational change that leads to an active ES
conformer (ES⁎). Measurements of the structural

Fig. 6. Models of the ES and ES⁎ complexes. The P protein is displayed in cyan (a–e), and the pre-tRNA 5′ leader is
shown in yellow (a–b). Panels (c) and (d) are space-filling depictions of the models displayed in panels (a) and (b),
respectively. The P protein positions labeled with the TMR acceptor fluorophore (E40, L94, and Y113) are highlighted in
(a), (b), and (e). An overlay of the 5′ leader in the ES (yellow) and ES⁎ (orange) complexes is shown in (e). Themovement of
the 5′ leader in the ES⁎ (b, d) complex relative to the ES (a, c) complex is shown in red cartoon arrows in (b).
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changes that occur during this conformational
change demonstrate that the position of the pre-
tRNA leader relative to the P protein alters,
suggesting that the substrate “docks” into the
RNase P active site. These data not only elucidate
a second important role for specifically bound
divalent cations in the RNase P mechanism but
also further our limited understanding of the
structure of an active ES complex.

Divalent cation stabilizes the ES⁎ conformation

Conformational changes are found in the kinetic
pathways of a number of RNA-based enzymes,44

including the ribosome,45,46 group I and group II
introns,47,48 and RNase P.23 The recently revealed
conformational change in the RNase P kinetic
mechanism immediately follows substrate binding
and presumably optimally orients pre-tRNA in the
active site for catalysis.23 The kinetic data presented
here demonstrate that an inner-sphere metal ion
binds to RNase P and stabilizes the active substrate
bound conformer (ES⁎ in Scheme 2) by at least
10-fold, as indicated by the increase in pre-tRNA
affinity upon addition of Ca(II). However, these
kinetic and thermodynamic data do not distinguish
between two possible kinetic pathways for stabili-
zation (Scheme 3). One pathway is that the ES⁎
conformer forms and is then stabilized by binding a
divalent cation, while an alternative pathway is that
the divalent cation binds to ES and facilitates the
formation of the ES⁎ conformer (Scheme 3). It is
likely that the pathway depends on the divalent ion
concentration, and this alteration in the kinetic
pathway may partially explain the observed vari-
ability in the apparent calcium affinity (20–100 μM).
At elevated concentrations, metal ions may bind to
the lower-affinity metal site in E or ES prior to the
conformational change, while at lower, physiologi-
cal levels, the pathway in which the metal ion binds
to the ES⁎ conformer is likely favored. The details of
this kinetic pathway warrant further investigation
by techniques that allow for the observation of
transient populations of individual molecules, such
as single-molecule spectroscopy.
In contrast to many other metal binding sites in

RNA,49,50 cobalt hexammine enhances, rather than
inhibits, the calcium affinity of ES⁎. This synergistic
behavior demonstrates that cobalt hexammine
stabilizes ES⁎Me(II) relative to ES⁎ and ES (Scheme
3 and Fig. S2), presumably by interacting with the
RNA and stabilizing the RNase P structure. Fur-
thermore, these data suggest that the high-affinity
metal site forms an inner-sphere complex. The
second, weaker binding metal ion that activates
the catalytic activity in RNase P (Fig. 4b) is inhibited
by cobalt hexammine, demonstrating that this
cationic complex competes with divalent metal
ions for binding to this site.26,51 This differential
dependence on the concentration of cobalt hexam-
mine contributes to the large difference in measured
metal affinities of the two sites (∼40 μM versus
19 mM).

Structure of ES

The first structural snapshot of the ES conformer
was facilitated by the discovery that an inner-sphere
metal ion is required for formation of a significant
population of the ES⁎ conformer. All previous ES
models have been derived from data obtained in the
presence of high levels (N10 mM) of Ca(II),20,21,52

conditions that stabilize the ES complex in the active
ES⁎ conformer. To capture the structural changes that
occur in the conformational change from the ES
complex to the ES⁎ complex, wemeasured changes in
the distances between fluorophores on the P protein
andpre-tRNA5′ leader by trFRET as a function of the
calcium concentration in the presence of cobalt
hexammine. The ES complex formed in Co(NH3)6
(III) represents the ES structure, while the structure in
the presence of saturating calcium, as previously
reported,20 corresponds to the ES⁎ structure. The
model of the ES complexwas built (seeMaterials and
Methods) bymanually adjusting the position of the 5′
leader in the previous P protein·pre-tRNA 5′ leader
model with the use of distance restrictions derived
from trFRET measurements.20 The 5′ leader was
docked in the P protein, maintaining distance
changes between the ES and ES⁎ positions of the N
(-5) nucleotide within 0.7 Å of the experimentally
observed distance changes. The twomodels illustrat-
ing the relative placement of the pre-tRNA 5′ leader
in the ES and ES⁎ complexes are shown in Fig. 6.
Comparison of these two models demonstrates the
subtle repositioning of the 5′ leader in the ES⁎
complex relative to the ES state as it moves toward
the P protein·PRNA interface. In the initial encounter
complex, the leader is situated in the central cleft and
the pre-tRNA cleavage site is located near the first
β-strand of the cleft. Furthermore, both models show
nucleotide bases of the substrate interacting with the
hydrophobic cleft of P protein, consistent with recent
studies demonstrating that the fourth nucleotide in
the pre-tRNA leader on the 5′ side of the cleavage
site [N(-4)] contacts Y34 in P protein (B. subtilis
numbering).53 Accordingly, in the ES⁎ model, the
base at N(-4) is oriented to interact with Y34. The
structural changes described here and illustrated in
our model provide a significant step forward in
understanding the structural rearrangements that
accompany the formation of the active ES conformer.

Metal binding sites in the holoenzyme–substrate
complex

There is currently little information available
about conformational changes that occur in the
PRNA subunit during ES⁎ formation. However, a
number of previously identified metal binding sites
could function to stabilize the active conformer of
RNase P. Biochemical and structural characteriza-
tions of B. subtilis, B. stearothermophilus, and Escher-
ichia coli PRNA have identified several regions that
bind metal ions potentially important to RNase P
catalysis, including PRNA helices P3 and P4, as well
as their joining region J3/4 (see Ref. 4 and references
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therein). Helices P3 and P4 are located at the core of
the catalytic PRNA and in close proximity to both the
P protein and pre-tRNA, as shown by cross-linking
and affinity cleavage assays.19,21 Furthermore, helix
P4 is the most conserved region of PRNA, and
phosphorothioate modifications of non-bridging
oxygens in the P4 helix, particularly at A49 and A50
in B. subtilis PRNA (A67 and A68 in E. coli), impair
catalysis by up to 10,000-fold withminimal effects on
pre-tRNA affinity.30,32,54 Some of these catalytic
defects can be rescued by adding Mn(II), suggesting
that metal ions form an inner-sphere contact with the
P4 helix phosphodiester backbone.13,30,32,55 Addi-
tionally, cross-linking studies examining the position
of the pre-tRNA cleavage site relative to helix P4
suggest that metal binding to helix P4 leads to
indirect stabilization of catalytic metal ions at the
scissile phosphate.56 Recent studies using a combi-
nation of XAS and NMR spectroscopy identified and
characterized an inner-sphere metal ion bound to
the nucleotides corresponding to G378 and G379
(B. subtilis numbering) in a stem–loop helix mimic of
B. subtilis helix P4.37 The tightly bound Ca(II) or
Mg(II) observed in our experiments could potentially
bind to such a site in helix P4 in the ES complex to
stabilize ES⁎. A role for particular metal-ion binding
sites in stabilizing the active ES⁎ conformer can be
tested by exploring the effect of structural changes in
PRNA on the conformational change.

Implications of the metal-stabilized
conformational change to the RNase
P mechanism

These data provide clear evidence that at least two
classes of inner-sphere divalent metal ions are
required for RNase P catalytic function: a high-
affinity metal ion stabilizes a conformational change
required for catalysis, while a lower-affinity metal
ion activates catalytic activity. Previously, a two-
metal-ion mechanism for activation of RNase P
catalysis has been proposed where one metal-ion
positions and assists in deprotonating the water
nucleophile, while the second ion coordinates and
stabilizes the 3′-oxygen leaving group at the
cleavage site.55,57,58 The metal ion that stabilizes
the conformational change may also participate in
stabilizing the transition state for cleavage. Howev-
er, it is not possible to determine a catalytic role for
this metal ion from the current data since the
conformational change occurs prior to cleavage.
Identification of the position of this metal ion
relative to the pre-tRNA cleavage site should
provide further insight into its function.
The ES-to-ES⁎ transition is an essential step that

occurs prior to the cleavage reaction in the kinetic
mechanism of RNase P23 (Scheme 1). Although the
formation of the ES⁎ conformer is a crucial kinetic
step, it is unclear precisely what role the conforma-
tional change is playing in the RNase P catalytic
pathway. There are a number of possible functions
that themetal-stabilized conformational change could
accomplish. For example, the formation of a high-

affinity metal site after substrate binding may be a
mechanism to limit catalysis of self-cleavage of the
PRNA phosphodiester backbone by a reactive metal
ion. Thus, the metal-dependent conformational
change could confer an evolutionary advantage to
the ribozyme, protecting PRNA from degradation. It
could also help facilitate the proposed unwinding of
the 5′ and 3′ ends of pre-tRNA prior to catalysis.59

Additionally, the conformational change prior to
cleavage may contribute to high cleavage-site fidelity
by promoting specific contacts between the putative
active site in PRNA and the cleavage site of pre-tRNA
and may be crucial in positioning the active-site
residues and magnesium-hydroxide nucleophile to
catalyze hydrolysis.21,23,60,61 Consistent with this, we
observed that the ES⁎ conformer is stabilized by a
divalent cation and repositions the pre-tRNA cleav-
age site in close proximity to the PRNA·P protein
interface. In fact, we speculate that this conforma-
tional change may act as a proofreading step to
distinguish cognate from non-cognate substrates
given the near-diffusion-controlled association kinet-
ics and high substrate affinity. A similar mechanism
has been proposed for EF-Tu-mediated amino-acyl-
ated tRNA selection at the A site of the ribosome.62

Furthermore, this hypothesis is consistent with
previous studies suggesting that a conformational
change enhances the ability of RNase P to recognize
the wide variety of pre-tRNA substrates.63 In sum-
mary, these results provide a framework for under-
standing the kinetic events prior to the chemistry step
in the RNase-P-catalyzed reaction that are essential
for substrate selection and high catalytic efficiency.

Materials and Methods

Materials

Chemicals were purchased from commercial suppliers of
the highest purity possible. NTPs were purchased from
Amersham Bioscience (Piscataway, NJ) or USB (Cleveland,
OH). Guanosine 5′ monothiophosphate (GMPS) was
synthesized as described previously.64 5-Iodoacetamido-
fluorescein and TMR-5-iodoacetamide were purchased
fromMolecular Probes (Eugene,OR). Bufferswereprepared
using Milli-Q treated deionized water (Millipore Corpora-
tion) and degassed before each experiment. The concentra-
tion of Co(NH3)6Cl3 was determined by absorbance using
ɛ473 nm=56.2 M−1 cm−1.65 Prism (GraphPad Software) or
Kaleidagraph (Synergy Software) was used to fit these data.

RNA and protein preparation

B. subtilis PRNA and pre-tRNAAsp containing a 5-
nucleotide leader sequence were prepared by in vitro
transcription from linearized plasmids catalyzed by
recombinant T7 RNA polymerase prepared using a
plasmid kindly provided by Prof. W. T. McAllister.66,67
The Fl-pre-tRNA substrates were prepared by first
labeling pre-tRNAAsp with a 5′ monothiophosphate.
Pre-tRNAAsp with a 5′ monothiophosphate was tran-
scribed in the presence of GMPS [4 mM ATP, CTP,
UTP, and GMPS, 0.8 mM GTP, 0.1 μg/μL of T7 RNA
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polymerase, 0.1 μg/μL of linearized DNA template,
28 mM MgCl2, 1 mM spermidine, 5 mM dithiothreitol
(DTT), and 50 mM Tris [Tris-(hydroxymethyl)-amino-
methane]–HCl, pH 8.0, incubated at 37 °C for 4 h].
With the use of these conditions, N80% of the pre-
tRNAAsp substrates were labeled with 5′-GMPS. The
subsequent labeling of these substrates with Fl was
accomplished by incubating the 5′-GMPS-labeled sub-
strate in the presence of 5-iodoacetamidofluorescein as
described by Rueda et al.20

PRNA and pre-tRNA were purified by denaturing
PAGE (7 M urea and 8% polyacrylamide).68 RNA bands
were excised from the gel and soaked in TES buffer [10mM
Tris–HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA), and 100 mMNaCl] with 0.1% SDS overnight. The
eluted RNA was exchanged into TES buffer by several
iterations of concentration/dilution using centrifugal
filtration (molecular mass cutoff=10,000 Da; Amicon-
Ultra, Millipore Corporation), further purified by ethanol
precipitation and resuspended in water. RNase P RNA
(4 μM) prepared by this method contained b 0.2 μMCa(II)
or Mg(II), as determined by inductively coupled plasma
mass spectroscopy in the geology department of the
University of Michigan (Ann Arbor, MI).
Variants of P protein with cysteine substituted at L94,

E40, or Y113 were prepared as previously described.52

Briefly, P proteins were expressed in E. coli BL21(DE3)
pLysS cells and purified by CM-Sepharose ion-exchange
chromatography. The protein concentrations were deter-
mined by measuring the absorbance at 280 nm in 6 M
GdnHCl69,70 using ɛ280=5120 M−1 cm−1 (wild-type P
protein), 5160 M−1 cm−1 (E40C and L94C variants), and
3900 M−1 cm−1 (Y113C variant). P protein variants were
dialyzed into 10 mM Tris, pH 8.0, 100 mM KCl, 20 mM
DTT, and 10% (v/v) glycerol and stored at −80 °C.

Preparation of labeled pre-tRNA and RNase P

TMR labeling of the single-cysteine P protein mutants
was performed as described previously,20 except that DTT
was replaced with 1.5 mM TCEP [tris(2-carboxyethyl)
phosphine; Pierce]. The TMR labeling efficiency for the P
protein variants is N60%. TMR-labeled P protein variants
were used for trFRET and fluorescence stopped-flow
experiments without further purification.
PRNA or Fl-pre-tRNA was denatured by incubation at

95 °C for 2 min in 10 mM Tris–HCl, pH 8.0, and 1 mM
EDTA and then incubated at 37 °C for N15min. PRNA and
pre-tRNA were refolded by dilution into either cobalt
hexammine [2 mM Co(NH3)6Cl3, 189 mM KCl, 50 mM
Tris, 50 mM Mes [2-(N-morpholino)ethanesulfonic acid],
pH 6.0] or calcium (10 mM CaCl2, 20 mM DTT, 150 mM
KCl, 50 mM Tris, 50 mM Mes, pH 6.0) buffers and
incubated at 37 °C for at least 30 min. Next, the
holoenzyme was formed by addition of a stoichiometric
amount of either unlabeled or TMR-labeled P protein to
the PRNA, followed by incubation for 30 min at 37 °C.20,23

The ES complex was formed by adding folded Fl-pre-
tRNAAsp to the holoenzyme in buffer containing 2 mMCo
(NH3)6·Cl3 and incubated for N15 min at 25 °C.

Pre-tRNA binding affinity determined by fluorescence
titration

Fluorescence titrations were performed by titrating
RNase P into Fl-pre-tRNA on an Eclipse spectrofluorom-
eter (Varian Corporation) and monitoring the fluorescence
intensity of Fl (λex=488 nm,λem=524 nm; 5-nmbandpass)

either in 2 mM Co(NH3)6Cl3, 189 mM KCl, 50 mM Tris,
50mMMes, pH 6.0, at 25 °C, and varying concentrations of
CaCl2 or in 10 mM CaCl2, 20 mM DTT, 150 mM KCl,
50 mM Tris, and 50 mM Mes, pH 6.0, at 25 °C. The KCl
concentration was altered to account for differences in
ionic strength between the assays with Co(NH3)6Cl3 and
CaCl2. The fluorescence intensity was corrected for
dilution and background fluorescence and then normal-
ized to that of the free substrate, as described previously.71

The dissociation constant (Kd) was obtained by fitting the
concentration dependence of the observed relative fluo-
rescence enhancement, ΔF, with a binding isotherm for a
1:1 complex that accounts for changes in the concentrations
of pre-tRNA and RNase P (Eq. (1)), where E and S are the
total enzyme and substrate concentrations, respectively:

DF = DF0 + DFmax − DF0ð Þ

�
Kd + E½ � + S½ �ð Þ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kd + E½ � + S½ �ð Þ2 − 4 E½ � S½ �

q� �
2 S½ �

ð1Þ

The pre-tRNA affinity of RNase P in 2 mM cobalt
hexammine was determined at several concentrations of
calcium. The apparent dissociation constant for calcium
was determined by fitting these data to a binding
isotherm that allows for cooperative dependence on the
calcium concentration (Eq. (2)) or for calcium binding to
both E and ES (Eq. (3)). The calcium affinity was also
determined by titrating CaCl2 into the preformed RNase
P·Fl-pre-tRNA complex (300 nM RNase P, 15 nM Fl-pre-
tRNA in 50 mM Tris, 50 mM Mes, 2 mM cobalt
hexammine, 20 mM DTT, and 380 mM KCl, pH 6.0, at
25 °C) and measuring the fluorescence intensity of Fl
after equilibration for 5 min. The apparent metal
dissociation constant was calculated from the divalent
ion concentration dependence of the fluorescent enhance-
ment by fitting Eq. (4) to the data where ΔF is the
observed fluorescence enhancement, ΔFmax is the max-
imal fluorescent enhancement, KCa is the apparent
dissociation constant for calcium, and n is the apparent
cooperativity factor.

Kd;obs = Kd;CoHex = 1 + Ca IIð Þ½ �n = KCað Þnð Þ ð2Þ

Kd;obs =Kd;CoHex 1+ Ca IIð Þ½ � = KCa;E
� �

= 1 + Ca IIð Þ½ � =KCa;ES
� �

ð3Þ

DF = DFmax = 1 + Ca IIð Þ½ �n = KCað Þnð Þ ð4Þ

Binding kinetics by fluorescence stopped-flow
techniques

Fluorescence stopped-flow measurements were carried
out on a model SF-2001 stopped-flow spectrofluorometer
(KinTek Corp., Austin, TX) fitted with a 75W Xe-arc lamp.
Fl was excited at 488 nm (slit width, 0.1–2 mm). Fl
fluorescence emission was monitored using a long-pass
filter (N500 nm; Corion, LL-500-F), and FRET to the TMR
attached to the E40C P protein was observed using a 600-
nm cut-on filter (Corion, LL-600-F). All kinetic traces were
an average of five to eight independent determinations.
Time-dependent fluorescence traces were analyzed by
fitting multiple exponentials to the data (Eq. (5)) to obtain
the fluorescence amplitude (A) and the observed rate
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constant (kobs) for each exponential phase, where F(0) is the
initial fluorescence intensity and t is time:

F tð Þ =
X

An 1 − exp −kobs;nt
� �

+ F 0ð Þ� � ð5Þ

Single-turnover cleavage of Fl-tRNA catalyzed
by RNase P

The TMR-E40C RNase P·Fl-pre-tRNA complex (35 nM
Fl-pre-tRNA, 125 nM RNase P) was prepared in 2 mM
cobalt hexammine, 189 mM KCl, 50 mM Tris, and 50 mM
Mes, pH 6.0, at 25 °C. The reaction was initiated by
addition of MgCl2 (0–50 mM) and stopped by addition of
50 mM EDTA and 5 M urea using either a chemical
quench-flow apparatus (KinTek Corp.) or by hand.
Cleavage of Fl-pre-tRNA was analyzed by denaturing
PAGE and quantified using a STORM 980 fluorescence
scanner (Molecular Dynamics). The single-turnover rate
constants (kobs) were obtained by fitting a first-order
exponential equation (Eq. (5)) to the fraction of substrate
cleaved as a function of time. The apparent dissociation
constant for Mg(II) was determined by fitting a rectangu-
lar hyperbola to the magnesium dependence of kobs.

Distance measurement by trFRET

The position of the 5′ leader of pre-tRNAAsp relative to
the B. subtilis P protein in RNase P was probed by
trFRET, as described previously.20,72 The TMR-RNase
P·Fl-pre-tRNA complex (1 μM Fl-pre-tRNA, 2 μM TMR-
RNase P) was prepared in 2 mM cobalt hexammine,
189 mM KCl, 50 mM Tris, and 50 mM Mes, pH 6.0, at
25 °C. The Fl emission decay of the donor-only complex
was measured and fit with a sum of three exponential
decays characterized by their lifetime (τi) and relative
amplitude (Ri), as previously described.20,72,73 Likewise,
the doubly labeled holoenzyme–substrate complex was
formed using the TMR-labeled single-cysteine P protein
mutants. The Fl emission decay, IDA(t), was then
measured in the presence of the acceptor fluorophore
in the TMR-RNase P·Fl-pre-tRNA complex, and Eq. (6)
was fit to these data, where τi and αi are the singly
labeled lifetime parameters, R0 is the Förster distance for
50% energy transfer (55 Å for the Fl-TMR pair),74 and P
(R) is the distance distribution. The latter was modeled as
a three-dimensional weighted Gaussian (Eq. (7)), where
σ and μ describe the shape of the Gaussian and N is a
normalization constant. An additional adjustable param-
eter was the fraction of singly labeled component
(typically 30%–45%), caused by unbound Fl-pre-tRNA,
or P protein without an acceptor fluorophore. In these
experiments, the contributions from singly labeled and
doubly labeled complexes were accurately distinguished,
as confirmed by deliberately spiking the sample with
singly labeled material and still recovering the same
distance distribution. An instrument function was sys-
tematically measured using a dilute solution of non-dairy
creamer as scattering solution to deconvolute the
fluorescence decays before fitting the data.
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Models of the ES and ES⁎ complexes

Models of the position of the 5′ leader of pre-tRNAwith
respect to the P protein in the ES and ES⁎ complexes were
built using the software package PyMOL†.75 The editing
tools built in PyMOL were used to manually adjust the
position of the 5′ leader in the previous P protein·pre-tRNA
5′ leadermodel derived from trFRETmeasurements.20 The
distances between the α-phosphate of the N(-5) nucleobase
in the leader and the γ-carbon of side chains of E40, L94,
and Y113were determined using the measurement wizard
in PyMOL. The ES⁎ complex was modeled first, starting
with the structure of the previously reported pre-tRNA
leader using the trFRETdistances reported byRueda et al.20

and those measured here (Fig. 5). The length of the linker
between the Fl moiety and P protein amino acids was
estimated to be 10 Å. In this case, the bases were
repositioned to interact with the protein, as indicated by
theN(-4)·Y34 contact.53 The ES complexwasmodeled from
the ES⁎ complex model. The 5′ leader in this complex was
repositioned so that the distance changes between the ES
position and the ES⁎ position of the N(-5) nucleotide were
within 0.7 Å of the experimentally observed distance
changes.
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