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ABSTRACT

RNA processing by ribonucleases and RNA modify-
ing enzymes often involves sequential reactions of
the same enzyme on a single precursor transcript.
In Escherichia coli, processing of polycistronic tRNA
precursors involves separation into individual pre-
tRNAs by one of several ribonucleases followed by 5′
end maturation by ribonuclease P. A notable excep-
tion are valine and lysine tRNAs encoded by three
polycistronic precursors that follow a recently dis-
covered pathway involving initial 3′ to 5′ directional
processing by RNase P. Here, we show that the di-
cistronic precursor containing tRNAvalV and tRNAvalW

undergoes accurate and efficient 3′ to 5′ directional
processing by RNase P in vitro. Kinetic analyses re-
veal a distributive mechanism involving dissociation
of the enzyme between the two cleavage steps. Di-
rectional processing is maintained despite swapping
or duplicating the two tRNAs consistent with inhibi-
tion of processing by 3′ trailer sequences. Structure-
function studies identify a stem–loop in 5′ leader of
tRNAvalV that inhibits RNase P cleavage and further
enforces directional processing. The results demon-
strate that directional processing is an intrinsic prop-
erty of RNase P and show how RNA sequence and
structure context can modulate reaction rates in or-
der to direct precursors along specific pathways.

INTRODUCTION

There are over 80 tRNA genes encoded in the Escherichia
coli genome. These individual genes are transcribed in the
form of 28 monocistronic precursor tRNAs (ptRNAs), 14
polycistronic precursors containing up to seven individual
tRNAs, and seven tRNAs are encoded within ribosomal
RNA precursors (1) (supplemental data: Table S1, NCBI:

txid511145). The pathways by which these tRNA precur-
sors are processed into mature tRNAs were defined primar-
ily by molecular genetics experiments that characterized the
potential intermediates that accumulate in cells depleted of
one or more specific tRNA processing enzymes by condi-
tional mutations (2–6). The sequences of these partially pro-
cessed RNAs supports a general biosynthetic pathway in
which processing is initiated by RNase E cleavage within a
few nucleotides downstream of each tRNA 3′ terminal CCA
sequence (4,7). Subsequent endonucleolytic cleavage by the
ribonucleoprotein enzyme ribonuclease P (RNase P) is re-
sponsible for removal of 5′ leader sequence to generate the
mature tRNA 5′ end (8,9). The process of final 3′ terminal
maturation as well as rho terminator removal is performed
by a combination of 3′ to 5′ exonucleases (6,10,11) (Figure
1A).

In contrast to this canonical pathway for polycistronic
tRNA precursor processing, recent molecular genetic stud-
ies by Kushner and colleagues demonstrated an alter-
native processing pathway for three polycistronic pre-
cursors that encode the entire complement of valine
and lysine tRNAs (valV/valW, valU/valX/valY/lysY
and lysT/valT/lysW/valZ/lysY/lysZ/lysQ). This alterna-
tive pathway is of particular interest because it involves
previously unidentified functions for RNase P which nor-
mally acts after separation of individual tRNAs from poly-
cistronic substrates (2) (Figure 1B). Northern blot and
primer extension analysis of transcripts that accumulate
when RNase P is absent demonstrate that all three poly-
cistronic transcripts undergo initial processing such that
separation into individual tRNAs is concomitant with 5′
end maturation (2,5). Remarkably, RNase P separates the
individual tRNAs by first removing the Rho-independent
transcription terminators from the primary valU and lysT
transcripts (for clarity the two longest polycistronic sub-
strates are referred to by the tRNA located at their 5′ end),
and then subsequently catalyzes cleavage proceeding in the
3′ to 5′ direction generating one pre-tRNA at a time. This
unexpected function of RNase P in vivo presents several
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Figure 1. 3′ to 5′ directional RNase P cleavage is the initial step in pro-
cessing of three dicistronic tRNA precursors. (A) The eleven polycistronic
tRNA precursors are listed that are processed by the major processing
pathway in which the initial step is separation into individual mono-
cistronic units by RNase E (indicated by an arrow), 5′ end maturation by
RNase P (shown as a lightning bolt), and subsequent 3′ end trimming (not
shown). (B) The three polycistronic tRNA precursors encoding the entire
complement of valine and lysine tRNAs undergo initial 3′ to 5′ directional
processing by RNase P, followed by 3′ end trimming.

challenges to our current understanding of the substrate
specificity of this widespread and essential enzyme. For
such a directional processing pathway to occur the rate
of processing of the internal RNase P cleavage sites must
be supressed in the primary transcript. These same sites
must then become activated for RNase P cleavage subse-
quent to the processing of the tRNA located immediately
downstream. As discussed below, there are several poten-
tial mechanisms for such ordered processing, however, the
basis for the observed differences in relative rates of phos-
phodiester bond hydrolysis at different cognate processing
sites by RNase P that result in directionality is unknown.

This gap in our knowledge exists despite the fact that the
structure of bacterial RNase P and its molecular recogni-
tion of several model pre-tRNAs are been well studied (12–
14). In most organisms, RNase P occurs as a ribonucleopro-
tein containing a highly conserved RNA subunit (P RNA)
and a single protein or a collection of proteins (13,15). The
composition of bacterial RNase P is simplest and is com-
posed of a ca. 400 P RNA subunit and a single ca. 100
(16) structure that is conserved in all three Kingdoms (17).
The folded structure is compact and forms a pocket for con-
tacting the tRNA substrate (16,18–20), which includes an
active site that position metal ions for catalysis. P RNA is
bound by a single smaller protein subunit of approximately
100 amino acids that contributes to molecular recognition
by contacting pre-tRNA 5′ leader sequences (21), as well as
facilitating P RNA metal ion binding (22,23), and stabiliz-
ing structure and conformational changes (24–26). A sub-

set of Eukarya alternatively have one of two classes of pro-
tein enzymes as their nuclear or organellar RNase P (13,27).
Detailed structure-structure function studies show that bac-
terial P RNA recognizes the 11 nucleotide helix formed
by the acceptor stem and T-stem and contacts functional
groups on the G(1)-C(72) basepair at the tRNA 5′ end, the
R(73)C(74)C(75) sequence at the 3′ end of the tRNA, and
N(–1) and N(–2) in the 5′ leader sequence. The substrate
binding domain of P RNA also contacts 2′-OH groups in
the T stem–loop (28,29). The spacing of these contacts in
the T stem–loop in relation to the cleavage site results in an
overall shape recognition of the substrate (18,30–32). The
P protein subunit interactions with the pre-tRNA 5′ leader
have distinct sequence preferences at positions N(–3) to N(–
6), primarily for the nucleobase at N(–4), although this in-
teraction appears to be species-specific (33,34). Despite this
detailed understanding of RNase P molecular recognition,
none of these features explains the differences processing
rate constants at different cognate binding sites that results
in 3′ to 5′ directional processing observed in vivo (2,5).

A common feature of RNA processing enzymes includ-
ing RNase P is the ability to recognize cognate process-
ing sites within different RNA sequence and structure con-
texts (3,4,11,35–39). There is growing appreciation that the
conserved sequences and structures directly contacted by
RNA processing enzymes are embedded within a surround-
ing RNA context that can indirectly influence the relative
rates of processing and affinities of RNA binding proteins
(40–46). In vitro and in vivo studies in an increasing number
of experimental systems shows that context-dependent ef-
fects on RNA recognition can arise due to multiple factors
including the presence of competing binding sites (47–52)
and the ability to form alternative secondary structures (53–
56). Thus, it is important to understand the basis for differ-
ences in the relative rates of processing at individual cognate
sites in RNA precursors, and how they may contribute to
gene expression. With respect to tRNA processing, differ-
ences in processing rates can affect steady state tRNA lev-
els in biologically meaningful ways (57–61). The processing
of polycistronic RNA precursors by RNase P thus provides
a valuable experimental system for investigating molecular
recognition of multiple alternative processing sites embed-
ded within a single RNA substrate.

In order to better understand the basis for different rates
of processing for different RNase P cleavage sites we in-
vestigated the in vitro processing of the simplest RNase
P-dependent dicistronic precursor substrate (referred to
throughout as valVW) which encodes only two substrates,
tRNAvalV and tRNAvalW. The 3′ to 5′ pattern of processing
observed in vivo is also observed in vitro with synthetic pre-
cursor valVW and purified RNase P demonstrating that no
additional cellular factors contribute significantly to pro-
cessing order. Kinetic analyses reveal a distributive mecha-
nism in which directional processing occurs by two indepen-
dent binding and cleavage steps. Structure-function studies
show that inhibition of RNase P cleavage by the presence of
long 3′ trailer sequences as well as by stable secondary struc-
ture in the 5′ leader sequence of the upstream tRNAvalV are
both likely contribute to the observed directional process-
ing mechanism. These data provide insight into a new facets
of molecular recognition by an essential tRNA processing
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enzyme necessary for understanding its in vivo function. Im-
portantly, the data show how processing rates at alternative
RNA processing sites may be adjusted by local sequence
and structure context.

MATERIALS AND METHODS

Preparation of substrate RNAs and RNase P

The E. coli C5 protein was expressed and affinity purified
using the NEB IMPACT system as described, previously
(62). P RNA and precursor tRNAs were synthesized by in
vitro transcription from PCR or cloned DNA templates us-
ing T7 RNA polymerase, reaction products were purified by
denaturing polyacrylamide gel electrophoresis using stan-
dard protocols as described (63,64). Pre-tRNA substrates
were either 5′ end labelled with 32P using � -32P-ATP and
polynucleotide kinase, or were uniformly labelled during in
vitro synthesis by including �-32P-CTP (65) in the reaction
followed by gel purification and recovery by ethanol precip-
itation.

In vitro RNase P processing reactions

Single turnover reactions were performed using a range of
enzyme concentrations as described in the text in a reac-
tion buffer containing 50 mM 4-morpholineethanesulfonic
acid (MES) pH 6, 100 mM NaCl, 0.005% Triton X-100 and
17.5 mM MgCl2. RNase P holoenzyme was assembled in
reaction buffer without magnesium by first heat denatura-
tion at 95◦C for 3 min followed by incubation at 37◦C for
10 min. MgCl2 was then added to the appropriate concen-
tration and the incubation continued for another 10 min.
A 1.5X equivalent concentration of C5 protein relative to
the P RNA concentration was added to form the RNase P
holoenzyme. Substrate solutions were prepared separately
using 32P-labeled pre-tRNA by the same protocol. Equal
volumes (ca. 40 �l) of RNase P holoenzyme and ptRNA
substrate were mixed to begin the reaction. The final con-
centrations of RNase P were 10 nM-1 �M and ptRNA sub-
strate concentration < 1 nM. Aliquots (∼5 �l) were taken
during the time courses and quenched with equal volume of
formamide loading dye containing 100 mM EDTA. Sub-
strate and products were separated by electrophoresis on
15% denaturing polyacrylamide gels and each band was
quantified by phosphorimager. The resulting data were used
to calculate conversion of substrate to product which was
plotted versus time and fit to the appropriate rate equations
described, below.

Analysis of reaction kinetics

The decrease in substrate concentration for both mono-
cistronic and dicistronic substrates followed simple pseudo
first order kinetics and rate constants were determined by
fitting the decrease in substrate concentration to Equation
(1).

F (fraction reaction) = 1 − Ae−kt (1)

where F is the fraction of total substrate remaining (F =
[S]/([P]+[S])) at each time point. The term A is the ampli-
tude of the reaction and k is observed rate constant and t is

Scheme 1. Consecutive first order reaction.

time. Rate constants were obtained from at least three inde-
pendent repeats with error bars shown in the figures repre-
senting one standard deviation.

In order to quantify the observed rate constants for cleav-
age of the native dicistronic valVW substrate that contains
two cleavage sites, the reaction was fit to a mechanism in-
volving two sequential first order reactions (66), as illus-
trated in Scheme 1.

In Scheme 1, the species a, b and c are identified in Figure
3 and correspond to the 5′ end labeled valVW substrate, the
5′ valW cleavage product, and the 5′ leader of valV, respec-
tively. The data for the decrease in 5′ end labeled valVW sub-
strate (a) was fit to a single exponential function (Equation
1) to determine the observed rate constant for processing at
the valW site (k1). To independently determine k1 and con-
firm its magnitude the data for the accumulation and decay
of the intermediate species b was fit to Equation (2).

F (b) = k1

(k2 − k1) ∗ (e−k1t − e−k2t)
(2)

In this equation, F(b) is fraction of the total substrate in
the intermediate b form (F(b) = b/(a + b + c)) and k1 and
k2 are defined in Scheme 1. The magnitude of k1 was de-
termined in two ways. First, by fitting the depletion of sub-
strate (a) to Equation (1) and by using Equation (2) and fit-
ting the signal obtained from quantifying the intermediate
product b. The magnitudes of k1 obtained from these two
analyses was typically within 20%. Similarly the magnitude
of k1 was determined by fitting the intensity of the signal
for intermediate b to Equation (2) as well as by fitting the
accumulation of product c to Equation (3).

F (c) 1 − k2 ∗ e−k1t − k1 ∗ e−k2t

k2 − k1
(3)

In this equation F(c) is fraction of the total substrate in
the product c form (F(c) = c/(a + b + c)) and k1 and k2 are
defined in Scheme 1. For evaluation of k2 using this method
the magnitude of k1 was fixed to the value obtained from
fitting the data from the same reaction to Equations (1) and
(2).

In-line probing

In-line probing assays were used to assess the formation of
native secondary structure for the valVW dicistronic sub-
strate and synthetic substrates with swapped or duplicated
tRNAs (67). Briefly, 5′ 32P-labeled substrate RNAs synthe-
sized using the protocol described, above, was incubated in
in-line reaction buffer [50 mM Tris–HCl, pH 8.3, 20 mM
MgCl2 and 100 mM KCl] at room temperature (20◦C) for
40 h, 3 �l of reaction was loaded in both 8% and 12% dena-
turing gel running at 40 W for 3.5–4 h, gels were dried and
exposure to phosphorimager plates. RNase T1 reaction was
incubated in sodium citrate buffer [0.025 M sodium citrate,
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pH 5.0 at 23◦C] for 5 min, 3 �l of reaction was loaded as
a marker to allow the nucleotide position corresponding to
gel individual bands to be identified. Alkaline digestion re-
action was incubated in Na2CO3 buffer [0.05 M Na2CO3,
pH 9.0 at 23◦C and 1 mM EDTA] at 90◦C for 5 min. 3 �l
of the alkaline hydrolysis reaction was loaded on the gel to
serve as a marker.

Pulse-chase analysis of reaction processivity

For the pulse-chase experiments shown in Figure 6 an iso-
tope dilution approach was used in which the reaction was
initiated with a low concentration of labeled substrate and
then a high concentration of unlabeled substrate was added
at an intermediate time during the reaction (68). The ki-
netics before and after the non-radiolabeled substrate chase
were compared to determine the degree to which the enzyme
dissociates between processing events on the same substrate.
An individual single turnover reaction condition containing
30 nM RNase P and ca. 1 nM valVW dicistronic precursor
substrate was set up as described, above. After mixing en-
zyme and substrate the reaction was allowed to proceed and
then divided into two parallel reactions when ∼30% of the
initial substrate was consumed. For one of the parallel reac-
tions, the reaction was continued as usual and 5 �l aliquots
were taken at each time point. For the second reaction, 1
�l of a high concentration of RNA competitor (the native
dicistronic valVW substrate) to a concentration of 60 �M
was added to quench the reaction. The products of both
reactions were resolved on 15% denaturing polyacrylamide
gels.

RESULTS

Evidence for 3′ to 5′ ordered processing of dicistronic ptR-
NAval VW by RNase P in vitro

The valVW substrate provides a simple model system to
determine the basic mechanistic features that underlie di-
rectional processing. This dicistronic precursor is relatively
small (178 nucleotides) and contains two valine tRNAs
(tRNAvalV and tRNAvalW) substrates from isotype 1 that
differ only by a few nucleotide positions in the acceptor stem
as shown in Figure 2A. There are four nucleotides in the in-
tergenic region between the two tRNAs that lacks a classic
A/U rich RNase E cleavage site. The tRNAvalV at the 5′ end
has a 20 nucleotide long leader sequence. Inspection of the
tRNAvalV 5′ leader sequence shows that it most likely forms
a stable 6 pair nucleotide stem with a 5-nucleotide loop lo-
cated two nucleotides away from RNase P cleavage site. Re-
cent comprehensive analysis of the sequence specificity of
C5 protein shows that RNA structure as well as sequence
preferences in the 5′ leader affects the kcat/Km for RNase
P cleavage(34). RNase P recognizes the folded structure of
tRNA, and given the highly self-complementary sequence
of the dicistronic valVW folding into alternative conforma-
tions could affect the reaction kinetics observed in vitro.
Therefore, it is critical to first test for formation of the pre-
dicted 5′ stem loop and establish the predominant folded
conformation of the in vitro transcribed dicistronic valVW
substrate.

In-line probing involves analysis of the pattern of sponta-
neous cleavage of the phosphodiester backbond of 5′ end la-
beled RNA in which enhanced reactivity reflects backbone
structure with correct geometry for in-line attack (67). Fig-
ure 2 shows that the valVW substrate produces an in-line
probing pattern that is consistent with the predicted sec-
ondary structure. Cleavage at tRNA loops and junction re-
gions are clearly observed (Figure 2A) which precisely cor-
responds to loops and bulges in the precursor (Figure 2B
and C). Predicted stems appear to be well formed and pro-
tected from in-line attack. G39 in the D-loop is clearly pro-
tected from in-line attack, consistent with long-range ter-
tiary base-pairing with C77 in the T-loop. Although it is
difficult to map the 10–15 nucleotides near the extreme 3′
end of tRNAvalW (lower-case in Figure 2), the data clearly
shows that the acceptor stem and D-stem of tRNAvalW are
correctly formed.

Analysis of the processing kinetics of the valVW di-
cistronic substrate was performed under single turnover re-
action conditions as described in Materials and Methods.
These conditions are chosen to simplify the interpretation
of the kinetics of the formation and decay of intermedi-
ates, and to allow the reaction rate constants to be quanti-
fied without complication due to product inhibition. For an
optimal ptRNAmet substrate the rate constant for substrate
dissociation is slow and the observed state constant at sub-
saturating enzyme concentrations reflects substrate associ-
ation (69). However, this mechanism may not hold for sub-
strates like valVW with more complex structures and poten-
tial inhibitory secondary structure. Figure 3 shows the prod-
ucts formed by in vitro processing of 1 nM 5′ 32P-labeled
dicistronic valVW substrate by 30 nM RNase P. Since the
radiolabel is uniquely located on the RNA 5′ end only the
original substrate (species a in Figure 3), and reaction in-
termediates and products that retain the original substrate
5′ phosphate can be detected. The apparent kinetics of for-
mation of reaction products visualized by phosphorimager
analysis appears to reproduce the 3′ to 5′ directional pro-
cessing of valVW observed in vivo (Figure 3A and B). The
intermediate b contains the original 5′ end 32P label and it is
formed at early time points. The mobility of this product is
consistent with cleavage in the intergenic region at the cor-
rect valW processing site. Intermediate b disappeared with
similar apparent kinetics as the accumulation of product c
that has mobility in the gel consistent with correct cleavage
at the 5′ tRNAvalV processing site. These results are con-
sistent with a simple sequential mechanism (Scheme 1) in
which the substrate a is converted to intermediate b that is
processed to yield 5′ product c.

A sequential mechanism is further supported by fitting
the data to Equations (1)–(3) derived for Scheme 1 (66) and
quantification of the observed rate constants k1 and k2. As
described in Materials and Methods the magnitude of k1
obtained by fitting the decrease in substrate a is consistent
with the kinetics of intermediate b formation and the lag
in formation of product c. Similarly, the magnitude of k2
that is obtained by fitting the kinetics of the decay of in-
termediate b is consistent with the formation of product c.
In sum, the fitting results show that valVW is processed by
RNase P by initial fast cleavage at the 3′ most valV tRNA
site (kobs(valV): 0.013 ± 0.002 s−1) followed by processing
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Figure 2. In-line structure probing of 5′ 32P end-labeled dicistronic valVW precursor RNA corresponds to predicted secondary structure. (A) Predicted
secondary structures of the valVW substrate. Levels of spontaneous RNA cleavage at backbone are circled and shaded according to the intensity of the
cleavage product. Analysis of valVW cleavage products on 12% (B) and 8% (C) polyacrylamide gels. Lanes are marked as follows. UR: unreacted RNA; T1:
partial RNase T1 digestion; OH: partial alkaline hydrolysis; VW-ILP: refolded ptRNAsval VW subjected to in-line probing condition (50 mM Tris–HCl
(pH 8.3 at 20◦C), 20 mM MgCl2, and 100 mM KCl) incubated in 21◦C for 40 h. Bands corresponding to sites of T1 digestion are numbered as indicated
in panel A.

at the 5′ most valW tRNA site with an equivalent apparent
rate constant (kobs(valW): 0.029 ± 0.002 s−1).

To characterize the entire complement of reaction inter-
mediates and products we repeated the kinetic experiments
using an RNA substrate population synthesized in vitro us-
ing [�-32P] CTP so that the resultant RNAs are uniformly
labelled (Figure 3C). The full length valVW (a) was again
processed to generate intermediate b that retains the 5′ end
as well as 3′ products c2 and c3 that form with similar ap-
parent kinetics (also see scheme in panel D). The c2 and c3
products are ca. 77 nucleotides in length consistent with the
mature tRNAvalW. Based on 5′ end mapping results (see be-
low) the different products are due to 3′ end heterogeneity
generated during in vitro transcription by T7 RNA poly-
merase (70,71). The intermediate b decreases as expected at
later time points and is further cleaved to generate product
c1, which is ca. 81 nucleotides in length and represents the
mature tRNAvalV with the additional UCCU intergenic se-
quence at the 3′ end (scheme in panel D, bottom line). The
corresponding 5′ leader fragment generated by the second
cleavage reaction migrates lower in the gel and is not shown
on in the figure. A very minor high molecular weight prod-
uct is also observed that is consistent with a minor (<1%)
amount of initial cleavage at the 5′ tRNAvalV site. Therefore,
the data from uniformly labelled RNA verifies the identity
of predicted cleavage products from dicistronic valVW pro-
cessing by RNase P and is fully consistent with a 3′ to 5′
directional processing mechanism.

Next, we confirmed the site-specificity of RNase P pro-
cessing at both cleavage sites in valVW. As shown in Figure
4, five time points collected during the reaction were loaded
next to RNase T1 cleavage standards that map G residues,
and an alkaline hydrolysis digestion ladder. The nucleotides
around each cleavage site are mapped as marked on the sec-
ondary structure of valVW (Figure 2A) and marked next to
gel in Figure 4. The cleavage events resulting in the major
products (Figure 3A, products b and c) were verified as re-
sulting from correct processing by RNase P at the authentic
5′ ends of tRNAvalW and tRNAvalV tRNA, respectively.

Kinetic evidence for a distributive processing mechanism

The directional processing pathway observed for valVW
may occur due to several potential mechanisms. In a sim-
ple distributive mechanism binding occurs independently to
the two sites, and the presence of additional 3′ sequences
or some other feature is inhibitory, thereby blocking cleav-
age at the tRNAvalV site until cleavage at the downstream
tRNAvalW site has occurred. A second model that is con-
sistent directional processing is a processive mechanism in
which RNase P binds initially at the 3′ end and scans the
substrate in a 3′ to 5′ manner without dissociation to iden-
tify potential cleavage sites. (Supplementary Figure S1, see
Supplemental Information ‘Simulation of processive and
distributive mechanisms for E. coli RNase P Processing of
precursor valVW’)
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Figure 3. In vitro processing of of 5′ 32P end-labeled (A) and uniformly labeled with �-32P-CTP (C). Reactions either containing or lacking RNase P are
marked by plus (+) or minus (–) symbol, respectively. Structures of the substrate and predicted structures of products are shown next to each band based
on gel mobility. The tRNAvalV is shown as a black line and the tRNAvalW is shown as a dashed line. Total incubation time for substrate is shown as an
oblique triangle (30 minutes). (B). Fitting of the change in fraction of the substrate a, intermediate b, and product c to equations for two sequential first
order reactions. As described in Materials and Methods, the data for a are fit to equation 1 is shown as a dashed line, the data for b and c are fit to Equations
(2) and (3), respectively.

Simple processive (Scheme 1, processive) and distribu-
tive models (Scheme 2, non-processive) for valVW direc-
tional processing by RNase P are illustrated in Figure 5A.
In the processive mechanism RNase P (E) binds the valVW
substrate (S) at the downstream tRNAvalW cleavage site
with equilibrium constant KA and cleavage occurs at k1.
Processing at the tRNAvalV site occurs subsequently with
rate constant k2 without dissociation and equilibration of
RNase P with the free enzyme population. In the distribu-
tive mechanism, binding occurs to the tRNAvalW cleavage
site as in the processive mechanism, however, for process-
ing at the tRNAvalV site enzyme dissociation, and rebinding
with equilibrium constant KB occurs followed by processing
with rate constant k2. Importantly, the products predicted
for initial cleavage at the tRNAvalV site are not observed.
Thus, the relative second order rate constant for cleavage
at this site must be significantly slower (>10-fold) in the

valVW substrate compared to the rate of cleavage at the
tRNAvalW site. An important distinction between the two
mechanisms is clearly the presence of an independent bind-
ing step in the distributive mechanism. Thus, it follows that
a fundamental difference in the observed reaction kinetics
will be the enzyme concentration dependence of the ob-
served rate constant for the second cleavage step. Accord-
ingly, we performed a series of reactions with a range of
enzyme concentrations (10–600 nM) and quantified the ob-
served rate constants for processing at the tRNAvalV (k1)
and tRNAvalW (k2) sites. A plot of the observed k1 and k2
versus RNase P concentration is shown in Figure 5B shows
that cleavage at both sites are concentration dependent and
show saturation behavior at enzyme concentrations greater
than 60 nM and an apparent equilibrium constant Kobs of
ca. 10 nM.
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Figure 4. Site specificity of RNase P processing of the dicistronic valVW
precursor in vitro. Phosphorimager analysis of cleavage products resolved
on 8% (A) and 12% gel (B) polyacrylamide gels with 5′ 32P end-labeled
valVW RNA. The lanes are marked as follows. (C) Control reaction with
no enzyme, OH: alkaline hydrolysis of dicistronic valVW, T1: RNase T1
ladder. The positions of the guanosines and surrounding sequence are in-
dicated next to the gel.

A second consequence of the difference in the proces-
sive versus distributive mechanisms is the level of accumu-
lation of intermediate product b, which results from initial
cleavage at the downstream tRNAvalW cleavage site. In the
processive mechanism b accumulates to a lesser degree at
low enzyme concentrations compared to saturating enzyme
concentration due to the change in relative magnitudes of
the rate constants for the first and second cleavage steps.
In contrast, b accumulates to the same extent since the rate
constants for both steps increase with increasing enzyme
concentration, but their relative magnitudes will remain the
same. To illustrate this principle kinetic simulations of the
processive and non-processive mechanisms were performed
using the estimates of rate and equilibrium constants ob-
served for the native substrate as described in Supplemen-
tary Information. As shown in Figure 5C for the in vitro
processing of valVW the intermediate b accumulates to ap-
proximately the same extent at both limiting and saturating
enzyme concentration. This result, together with the depen-
dence of k1 and k2 on enzyme concentration are clearly most
consistent with the non-processive mechanism involving in-
dependent binding and cleavage at both sites.

Next, we tested whether RNase P equilibrates with
the free enzyme population between processing at the
tRNAvalW and tRNAvalV sites as predicted by the distribu-
tive mechanism using an ‘isotope trapping’ experiment (68).
The RNase P-valVW complex was formed by mixing lim-
iting substrate (1–2 nM) with a saturating concentration
of enzyme (60 nM). At an intermediate time, an excess of
non-radiolabeled valVW substrate was added. If RNase P
does not dissociate between cleavage steps then there will
be no corresponding effect on reaction kinetics in the pres-
ence or absence of the non-radiolabeled valVW ‘chase’. Al-
ternatively, if RNase P dissociates from the substrate after
the first cleavage step, then the addition of non-radiolabeled
substrate will slow the conversion of intermediate b to prod-
uct c. As shown in Figure 6, the presence of competitor

valVW substrate alters the reaction kinetics and dramati-
cally slows the second cleavage step, which further demon-
strates a dissociative mechanism. In sum, the concentration
dependence of the observed rate constants for processing
at the tRNAvalV and tRNAvalW sites, the enzyme concen-
tration dependence of intermediate b accumulation, as well
as the response to the presence of excess substrate in pulse-
chase experiments demonstrate a distributive mechanism.

Kinetics of RNase P processing of swapped and duplicated
tRNA are consistent with inhibition by 3′ trailer sequences

In order for directional processing to occur by a distribu-
tive reaction scheme, the rate of cleavage at the upstream
tRNAvalV site must be supressed in the dicistronic valVW
substrate. A simple mechanism for the observed direc-
tional processing is inhibition of cleavage at the upstream
tRNAvalV site by the presence of a specific sequence or struc-
ture in tRNAvalW as part of the 3′ trailer sequence. To test
this prediction, we generated three novel dicistronic ptR-
NAs constructs in which the order of the tRNAs and as-
sociated 5′ leaders are swapped (valWV) or in which they
are duplicated (valVV and valWW). Single turnover re-
actions were performed and the observed cleavage sites
were mapped for each substrate. The kinetics of dicistronic
valWV, valVV and valWW processing by the RNase P
holoenzyme were quantitatively analysed and compared
with genomic encoded dicistronic ptRNAval VW.

Dicistronic ptRNAval WV in which the order of tRNAs
are swapped (Figure 7A) shows comparable kinetics with a
pattern of intermediates and products that are similar com-
pared to the native dicistronic ptRNAval VW substrate (Fig-
ure 3A). Intermediate b is the only species that appears in
the gel at very early time points and it decays at later time
points with concomitant formation of product c. These data
indicate RNase P processing at the 3′ end valV cleavage site
first followed by cleavage at the upstream valW site. The two
cleavage sites were verified as occurring at the correct tRNA
5′ end by T1 mapping (see Supplemental Information, Fig-
ure S2). The pattern of products and reaction kinetics are
clearly consistent with directional processing in which the
3′ most processing site on both dicistronic ptRNAval VW
and WV substrates is cleaved first in a manner that is inde-
pendent of the tRNA identity or the associated 5′ leader se-
quences. Fitting the data for the swapped valWV substrate
to equations for a sequential first order mechanism shows
that this general mechanism is followed (Figure 7A).

The reaction products and kinetics were similarly anal-
ysed for the dicistronic valVV and valWW substrates in
which the individual ptRNA valV and valW with their as-
sociated 5′ leader sequences are duplicated. For the valVV
substrate, approximately 90% of precursor is reacted. How-
ever, products b and c accumulated at the same time and
with similar kinetics since both of them fit to a single ex-
ponential curve (Figure 7B). The size of both product b
and c are consistent with cleavage at the correct site for the
3′ and 5′ end substrate respectively (Supplementary Figure
S3). The observation that both species b and c accumulated
with similar rate constants is inconsistent with the 3′ to 5′
directional processing. Rather, the valVV substrate appears
to be processed at both sites randomly with similar rate con-
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Figure 5. Dependence of the observed rate constants and accumulation of reaction intermediate as a function of enzyme concentration. (A) Two possible
mechanisms for RNase P processing of dicistronic ptRNAval VW. In the first model the processing of the two site is processive (Scheme 1, processive)
without dissociation of the enzyme between the two cleavage events, and the second is a distributive model (Scheme 2, non-processive) ) in which processing
at the two sites occurs independently. (B) Dependence of k1 and k2 for 3′ to 5′ directional processing of valVW on RNase P concentration under single
turnover reaction conditions (Materials and Methods). (C) Comparison of the accumulation intermediate b in reactions containing high (60 nM) and low
(3 nM) enzyme concentration showing accumulation to the same extent independent of enzyme concentration.

stants. Importantly, the species b resulting from cleavage at
3′-proximal cleavage site remains stable and does not un-
dergo further processing to form product c. These data re-
veal two important insights. First, the presence additional 3′
trailer sequences is not uniformly an inhibitor of RNase P
processing, since rapid processing at the upstream cleavage
can occur in the presence of a 3′ trailer sequence containing
a tRNA. Second, lack of subsequent cleavage of the prod-
uct b suggests that upstream processing site is likely to be
inhibited by misfolding. The products observed and the ki-
netics of their accumulation show that the valVV substrate
appears to be processed by RNase P at both sites in a mu-
tually exclusive manner and not from the 3′ to 5′ direction.

The reaction of 5′ 32P end-labelled valWW substrate
yields only the single, small product c representing the 5′
leader resulting from cleavage at the upstream tRNAvalW.
However, over 60% of the initial substrate remained un-
reacted even at long incubation times (Figure 7C). This
result indicates that a large fraction of the valWW RNA
folds into a conformation that is not recognized as a sub-
strate by RNase P. The remaining fraction of the valWW

substrate population is reactive and undergoes faster cleav-
age at the RNase P processing site located near the 5′ end
rather than the 3′ end. Again, this result demonstrates that
the presence of 3′ trailer sequences is not uniformly in-
hibitory, and together with the results described above for
the valVV substrate, suggests that duplicated tRNA sub-
strates are prone to misfolding resulting in multiple RNA
conformations with different reactivities.

Thus, the kinetics results suggested that the dicistronic
ptRNAval VV and WW form mis-folded RNA conforma-
tions. Therefore, we subjected each dicistronic ptRNAs
(valWV, valVV and valWW) to in-line probing to test the
extent to which they fold in vitro as expected. Indeed, as
shown in Figure 8 the in-line probing pattern of valWV is
not entirely consistent with the predicted secondary struc-
ture. Specifically, there are deviations from the predicted
structure in the stem loop between the two tRNAs that
forms the leader structure of the 3′ tRNAvalV cleavage site.
With respect to the 5′ tRNAvalW the pattern of in-line cleav-
age products is as expected based on the secondary struc-
ture: the D-loop, helix junctions, anticodon, T-loop show
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Figure 6. Determination of the reversibility of binding at the 5′ tRNA valV processing site. (A) Time courses of processing of 5′ 32P-labeled dicistronic
valVW precursor by RNase P under single turnover conditions without (left) or with (right) addition of excess unlabeled valVW substrate after ∼30% of
radiolabeled substrate had been cleaved at the 3′-proximal site. (B and C) The kinetics of substrate a, intermediate b and 5′ leader fragment c are fit to
equations for two sequential first order reactions for both data sets to illustrate the change in reaction kinetics post-chase.

cleavage and predicted stems are protected (Figure 8A and
B). However, pronounced cleavage is observed in the pre-
dicted intergenic stem loop in the leader structure of the
3′ tRNAvalV. The in-line cleavage observed in the predicted
intergenic stem loop suggests local mis-folding, or hetero-
geneity in the pairing pattern within this stem. The accep-
tor stem of tRNAvalV, and the intergenic stem are both GC
rich and multiple alternative pairings are possible in the in-
tergenic region. These results can be compared with the ki-
netic data obtained using dicistronic valWV in which accu-
rate and efficient 3′ to 5′ directional processing is nonethe-
less observed. Although the intergenic region between the
two substrates appears to be mis-folded, or to assume a pop-
ulation of structures, they are compatible with fast cleavage
by RNase P. Independent of structure in the intergenic re-
gion in between, the RNase P enzyme still processes the di-
cistronic valWV RNA in a 3′ to 5′ directional manner like
the native valVW substrate.

The in-line probing pattern of the duplicated valVV sub-
strate is consistent with predicted secondary structures of
the encoded tRNAs (Figure 8C and D). Cleavage at the 5′
leader loop (only a part of the loop shown in the gel) and at
the adjacent sequences ‘UU’ from G19–G22 confirmed the
formation of the stem loop in the 5′ leader of the upstream
tRNAvalV. The single strand leader sequence of 3′ end valV
‘CCAC’ and U117-U118 shows strong spontaneous cleav-
age as well as the 3′ leader loop from C106–U110. No cleav-
age in the gel from region C100 to G116 is observed. To-
gether, these confirmed the formation of the stem loop in
the 3′ leader structure of the downstream tRNA. Cleav-
age at positions U29–A30, A35–A43, U54–U60, G66–C70,
U126–A127, A132–A140, these regions correspond to sin-
gle strand nucleotides or bulges. Taken these together, di-
cistronic valVV folds correctly in general as predicted.

The in-line probing pattern of valWW, however, suggests
that duplication of two identical tRNAs within one di-
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Figure 7. Kinetics analysis RNase P processing of 5′ 32P-labeled dicistronic valWV (A and B), valVV (C and D) and valWW (E and F) substrate RNAs.
Single turnover reactions were performed as described for the native valVW substrate. The position of cleavage resulting from processing at the correct sites
is supported by T1 mapping (see Supplementary Figures S3–S5). The structure of substrates and products are shown next to each band. The tRNAvalV is
shown as a black line and the ptRNAvalW is shown as a dashed line. Incubation time for each substrate is shown as an oblique triangle (30 min). Panels
B, D and F show quantitative analysis by fitting the data for each reaction to equations for sequential first order reactions as described in Material and
Methods.

cistronic transcript can result in significant mis-folding. As
shown in Figure 8, the 5′ end tRNAvalW appears to fold cor-
rectly. Cleavage are only observed in U16–A17, D loop and
AC loop. The T loop of 5′ end valW, however, is well pro-
tected in the structure. We also observe limited T1 digestion
at positions G76–G96 suggesting formation of highly sta-
ble secondary structure corresponding to the two identical
acceptor stems. We hypothesize that the acceptor stems of
the two tRNAvalW sequences may undergo alternative fold-
ing in which the 5′ end tRNAvalW acceptor stem base pairs
with the complementary 3′ end of the second downstream
tRNAvalW acceptor. This possible folding pattern is consis-

tence the formation of a single product with an accurate
RNase P cleavage at the 5′ end tRNAvalW site (Supplemen-
tary Figure S4).

A stable stem loop in the tRNAvalW 5′ leader inhibits RNase
P cleavage and further enforces directional processing

To better understand the origin of the large differences in
rate constants for processing at the valV and valW cleavage
sites in different dicistronic contexts, we measured the reac-
tion kinetics of monocistronic tRNAvalV and tRNAvalW pre-
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Figure 8. In-line structure probing of 5′ end labeled dicistronic valWV (A, B), valVV (C, D) and valWW (E, F) substrate RNAs. Panels A, C and E show the
levels of spontaneous RNA cleavage at patterns observed with 5′ 32P end-labeled RNAs resolved on 12% and 8% polyacrylamide gels. Lanes are indicated
above the gel as follows. NR: unreacted RNA; T1: partial RNase T1 digestion; OH: partial alkaline hydrolysis; WV/VV/WW-ILP: in-line probing reaction.
Bands corresponding to certain T1 digestion and alkaline hydrolysis are circled on the predicted secondary structures of valWV, valVV, and valWW in
panels B, C and D, respectively.
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cursors. In order to quantify differences in RNase P speci-
ficity, the values of the observed rate constants were mea-
sured under the same single turnover conditions used in ki-
netic analyses of the native dicistronic substrate. The rate
constants summarized in Figure 9 were measured under
limiting enzyme concentrations such that the kobs values for
RNase P cleavage reflect the activation energy for reaction
from an equivalent ground state, i.e. the free substrates in so-
lution. Both the valV and valW ptRNA substrates are pro-
cessed with essentially identical rate constants in the con-
text of both monocistronic and dicistronic context. We also
observed little effect of the presence of the additional four
nucleotides at the 3′ end of valV that are present in the inter-
mediate b resulting from cleavage at the downstream valW
cleavage site in the native valVW substrate.

Importantly, the kobs value for RNase P cleavage of the
ptRNAvalV substrate is consistently 2–4-fold slower that
cleavage of ptRNAvalW regardless of whether the substrate
is processed in the context of a monocistronic or dicistronic
substrate. As established by in-line probing experiments,
above, a stable stem loop structure clearly forms in the
leader of the ptRNAvalV substrate. The stem loop includes
nucleotides N(-3) to N(-8) which encompass the binding
site for the RNase P protein subunit (21,72). As estab-
lished previously, for an non-initiator ptRNAmet substrate
the presence of stable secondary structure in the 5′ leader
sequence can inhibit RNase P processing (34). To test
whether the presence of the stem loop inhibits the rate of
the monocistronic ptRNAvalV the 5′ leader sequence was
switched with the valW leader ‘ACCAUCCU’. Switching
the leader sequences with that of ptRNAvalW rescues the
slower ptRNAvalV processing rate, showing that the native
leader sequence and associated stem loop structure is likely
to inhibit native valV processing. To test this hypothesis, the
ability of the ptRNAvalV 5′ leader to form secondary struc-
ture was altered by mutation and the effects on processing
rate were measured and compared. The entire stem loop in
the genomic encode valV ptRNA was disrupted to produce
a structure-free leader mutation by changing upstream se-
quence contexts (ptRNAval mut1, mut2). About 4-fold ac-
celeration in kobs is measured in mut1 when compared to
the genomic encoded ptRNAvalV 5′ leader. However, the
kobs measured in the mut2 only have ∼1-fold increase in
the rate constant, most likely have no significant increase.
The entire stem loop then was disrupted and further short-
ened in length to produce ptRNAvalV mut3 and ∼4-fold ac-
celeration in kobs is also observed. Since the former three
mutations contain the same leader sequence contexts in
‘–1’ to ‘–8’ position, we considered whether sequence speci-
ficity in the leader region is also the element responsi-
ble for the observed catalysis defect. The ptRNAvalV mut4
substrate was generated by disrupting the stem loop by
changing the sequences proximal to the cleavage site (‘–1’
to ‘–8’) to the leader sequence in the ptRNAvalW substrate
(ACCAUCCU). This substitution results in a similar in-
crease in kobs. Stabilizing the leader structure (ptRNAvalV

mut5, mut6) by changing sequence contexts of stem or in-
cluding a stable ‘GAAA’ tetra loop have no significant effect
on the observed cleavage rate.

DISCUSSION

Endoribonucleases that are involved in the initial steps of
tRNA and rRNA biosynthesis (e.g. RNase E, RNase P and
RNase III) cleave the RNA phosphodiester backbone of
their substrates at a specific site, but nonetheless have broad
substrate specificity. These RNases are archetypical alterna-
tive substrate enzymes because they must recognize many
different cognate cleavage sites embedded in different se-
quence and structure contexts (3,4,11,36–39). In this regard,
they reflect a general feature of many RNA binding proteins
in that their specificity is broad and physiologically relevant
RNA targets may have a range of affinities or may not al-
ways be optimized for highest affinity (45,73). The speci-
ficity of an enzyme for multiple alternative substrates has
two important consequences for understanding the biolog-
ical function of RNA processing endonucleases. First, their
kinetic mechanisms cannot be understood entirely in terms
of a simple one enzyme-one substrate reaction schemes. The
second is that their specificity cannot be completely defined
by approaches that use consensus motif analysis, or that are
based entirely on structure-function experiments using only
one or a few optimal substrates (45).

Although RNase P is a ribonucleoprotein, there are also
other endonucleases involved in stable RNA processing that
are protein enzymes. For example, RNase E plays an es-
sential role in mRNA turnover, as well as contributing to
rRNA and tRNA maturation and this interacts with nu-
merous RNA target sites (38). Structure-function studies in
vitro and recent transcriptome-wide identification of RNase
E processing sites revealed a sequence signature of a uridine
located two nucleotides downstream in a single-stranded
segment. However, this motif by itself is insufficient to fully
describe RNase E specificity, which may be modulated by
other proteins binding to its substrates that sequester bind-
ing sites like the site-specific RNA binding protein RsmZ
(74), or that help direct cleave at specific sites such as the
ubiquitous Hqf (75), or potentially by alteration of RNA
location in the cell (38). Like RNase P, the endoribonucle-
ase RNase III has a primary role in cleavage of primary
RNA precursors catalysing the first step in rRNA process-
ing, and also plays a global as a dsRNA specific RNA pro-
cessing enzyme involved in bacterial gene expression and
regulation (37,76). Analogous to molecular recognition by
RNase P, RNase III does not have a strongly conserved cog-
nate recognition sequence, but instead primarily recognizes
elements of dsRNA structure (37,76). Formation of dsRNA
containing RNase III target sites is key to regulation of mul-
tiple mRNAs encoding proteins involved in environmental
stress-related processes (76,77). Competition between alter-
ative binding sites in rRNA and its own gene in the rncO
operon is inherent to self-regulation of its expression (78).
Variation in regular helical structure among different sub-
strates determines whether one or both strands of a target
site will be cleaved (37,79,80). Although the structure and
catalytic function of RNase P are well studied, compara-
tively less is known about its target sites in the transcrip-
tome and potential roles in gene regulation. Genetic deple-
tion studies using microarray analyses to monitor changes
in transcript levels suggests control over a range of mRNA
processing events, and in vitro studies confirm cleavage of
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Figure 9. Single turnover reaction analysis of precursor tRNA rate constants. (A) Comparison of rate constants for ptRNAvalV and ptRNAvalW in mono-
cistronic versus dicistronic contexts. The substrate structures are shown on the left. The ptRNAvalV substrate is shown as a dashed line and the ptRNAvalW

is shown as a solid line. (B) Analysis of the effects of leader sequence structure on RNase P processing. The predicted secondary structure of the leader
sequences of the individual ptRNAvalV mutants are shown on the left.

specific mRNAs and other small RNAs (81–84). However,
a complete accounting of RNase P substrates is not yet un-
available.

The B. subtilis P RNA encoded by the rnpB gene is able
to replace and complement a deletion of the homologous E.
coli RNA subunit despite significant differences in their se-
quence and secondary structure (85,86). However, growth
defects suggest that the function of the hybrid RNase P
lacks some key functions of the native E. coli enzyme.
An important recent advance has been the discovery that
RNase P can exist as a ribonucleoprotein or as protein-only
enzyme. The single protein form of the enzyme is termed
PRORP (PRotein-Only RNase P) and is widespread in the
nuclei and organelles of eukaryotes. Indeed, both organellar
PRORP and two nuclear PRORP enzymes from Arabidop-
sis thaliana can also confer viability to E. coli in which en-
dogenous ribonucleoprotein RNase P has been inactivated
(87). However, defects in 4.5S RNA was observed as well
as inaccurate processing of ptRNAs with extended accep-
tor sequences including tRNAHis and tRNASec, the latter
of which was degraded rather than processed in the absence
of native ribonucleoprotein RNase P. Despite the potential
for compensatory mutations elsewhere in the genome that
help confer viability, these enzyme substitution studies led
to the conclusion that PRORP enzymes are capable of exe-
cuting the basic functions of the ribonucleoprotein RNase P
enzyme in Bacteria and Eukarya (87–89). Presumably, these
functions include the processing of the dicistronic tRNAVal

and tRNALys precursor RNAs. It is not known whether the
ability of substituting enzymes extends to the property of
directional processing, however, it seems unlikely that di-
rectional processing is essential. More likely the directional
processing is a consequence of the intrinsic substrate speci-
ficity of the bacterial enzyme, and any influence on regula-
tion of tRNA levels is likely to be non-essential. Nonethe-
less, the observation of a range of phenotypes and lower
growth rates in the absence of the native E. coli enzyme sup-
ports the conclusion that, like RNase III and RNase E, the

RNase P ribonucleoprotein plays an important, but not es-
sential role in a range of different RNA regulation path-
ways.

In addition to shedding light in its biological role, un-
derstanding the RNA structures and sequences that direct
RNase P cleavage and the mechanistic basis for competi-
tion between alternative processing sites for RNase P can
provide insight into general principles of RNA processing
enzyme specificity. Models of the specificity of RNase P
that are useful for understanding its in vivo function must
include the competition between alternative cognate pro-
cessing sites. For competition between alternative individ-
ual substrates containing single sites several approaches for
quantifying relative kcat/Km values for multiple alternative
substrate kinetics in vitro have been developed (90–93). The
recognition of multiple alternative processing sites in the
same RNA transcript will necessarily be subject to the same
basic structure-function relationships as single substrates
with a few key additional considerations. First, the poten-
tial for processivity or facilitated diffusion in which process-
ing of the second site on a transcript is accelerated by lim-
ited exchange of the bound enzyme with the free enzyme
population. Concepts of facilitated diffusion are well ex-
plored for DNA binding proteins and endonucleases (94–
96), however, the flexible and complex structure of RNA
makes it unlikely that analogous mechanisms apply for site-
specific endoribonucleases involved in stable RNA process-
ing. Nonetheless, the electrostatic field generated by large
RNAs such as the ribosome can engender unexpectedly fast
macromolecular association rates for ribotoxins (97,98).
Therefore, it is possible that similar electrostatic associa-
tion might limit diffusion and accelerate processing at mul-
tiple sites on the same RNA precursor. However, the data
provided here for the dicistronic valVW demonstrates that
RNase P cleavage is non-processive and that directionality
processing arises due to the removal of 3′ trailer sequences
which inhibit processing of the 5′ proximal cleavage site.
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A key feature of RNase P specificity that is underscored
by the results presented here is that the length and struc-
ture of the 5′ leader and 3′ trailer sequences can be impor-
tant modulators of RNase P specificity. It is now well estab-
lished that the proximal 5′ leader sequence interacts with
the essential RNase P protein subunit. These interactions
are strongest with single stranded leaders of more than five
nucleotides and crosslinking, x-ray crystallography, mod-
elling and in vitro structure function studies support leader
sequence binding in cleft in the P protein (12,18,21,33,99).
Nucleobase specific interactions were identified at N(–4),
and high-throughput kinetic analyses demonstrate signifi-
cant although broad sequence specificity (33,34). The pres-
ence of a 5′ leader is not essential for tRNA biosynthesis or
function in vivo, although the length of the leader sequence
of suppressor tRNAs can affect growth rate (100). The ef-
fects of leader sequence on RNase P recognition are compli-
cated by the potential to form base pairs with the 3′ CCA se-
quence which dramatically slows catalysis and can result in
mis-cleavage (101,102). Additionally, the presence of stable
secondary structure in the 5′ leader proximal to the RNase
P cleavage site is inhibitory, although it clearly does not
block cleavage, as evidenced by comprehensive analysis of 5′
leader specificity of an elongator tRNAmetT precursor (34).
This effect is clearly supported by the structure-function
studies presented here in which a stable stem loop located
two nucleotides 5′ to the cleavage site results in a ca.10-fold
reduction in the observed rate constant for RNase P pro-
cessing. Thus, the presence or absence of stable structure in
the 5′ leader sequence within the P protein binding site, as
well as the specific sequence of the P protein binding site
both contribute to recognition of a particular cleavage site.
Together these contributions can be significant resulting in
orders of magnitude differences in relative rate constants for
RNase P cleavage.

The 3′ CCA sequence is encoded in E. coli tRNAs genes
and therefore included in precursor transcripts (11). Ex-
perimental evidence from both in vivo and in vitro studies
demonstrate an important pairing interaction between the
RCC sequence located at the tRNA 3′ end and the P15 inter-
nal bulge in P RNA (103–105). Although it was suggested
previously that bacterial RNase P may be inhibited by the
presence of long 3′ trailer sequences (106), we lack a com-
prehensive understanding of the contribution of 3′ trailer
sequences to RNase P specificity. The prevailing view has
been that 3′ end formation precedes RNase P processing,
and until now there has been little motivation to explore
such effects for the E. coli enzyme. Recently, the presence of
a Rho-independent transcription terminator was shown to
significantly inhibit the ability of RNase P to process tRNA
precursor in vivo (10). However, some 3′ extensions are be-
nign as demonstrated by the data presented here in which
processing of the valV intermediate with an additional four
nucleotide AUUA sequence has no effect on relative rate of
processing. Additionally, the duplicated dicistronic valVV
and valWW substrates are processed efficiently at the 5′
proximal RNase P cleavage site despite the presence of a
long 3′ trailer sequence. However, the fact that these sub-
strates do not fold into uniform structures makes it difficult
to understand the basis for these effects. Nonetheless, the
data presented here support the conclusion that the pres-

ence of an extended and highly structured 3′ trailer sequence
reduces the relative rate constant for RNase P processing.

The basic outline of the process of tRNA biosynthe-
sis is understood, and the overall regulation of translation
by the stringent response is known. However, the mech-
anisms by which cells establish the appropriate levels of
tRNA by balancing expression and turnover are less well
understood. Recent studies make clear that tRNA levels
are likely to be dynamically regulated in bacteria includ-
ing E. coli to match the demands of protein synthesis, and
that mis-regulation can affect translation efficiency and cell
function (57–59,107). The tRNA processing pathways in
E. coli appear to be stochastic at some level, but differ-
ent tRNA precursors follow different processing pathways
and the consequences of these differences for tRNA gene
expression are not known. The ordered processing of di-
cistronic tRNAs by RNase P offers the potential for coordi-
nated control by changes in RNase P activity. The Pan lab
used microarray analysis to show that mature tRNA lev-
els in B. subtilis are established by rates of synthesis, pro-
cessing as well as turnover of precursor and mature tR-
NAs. Recently it was shown that tRNA precursors origi-
nating from the internal spacer regions of the rrn operons,
in particular, rrnB are abundant poly(A) polymerase tar-
gets (108). Polyadenylation initiates RNA turnover, so the
fact that tRNA precursors are substrates for polyadenyla-
tion supports the idea that tRNA levels are regulated at
some level by precursor turnover. The directional process-
ing by RNase P provides the potential for coordinated reg-
ulation of the dicistronic tRNA operons for valine and ly-
sine tRNAs. Reduced rates of RNase P processing could re-
sult in greater turnover of the precursor and therefore lower
tRNA abundance. Indeed, proteins involved in stable RNA
biosynthesis and degradation are colocalized (although it
is not clear if RNase P is involved) and such compartmen-
talization provides a way to functionally co-ordinate these
processes (109).

In the present study, the mechanism for directional pro-
cessing of dicistronic precursor tRNAs by E. coli RNase P
was investigated and established to follow a non-processive
mechanism. Inhibition of processing by the presence of
highly structured 3′ trailer sequences appears to be the pri-
mary mechanism by which directional processing is estab-
lished for the dicistronic ptRNAval VW. However, this can-
not be the entire story since this mechanism does not ex-
plain the directional processing of precursors like valU and
lysT that contain four and seven tRNAs, respectively. In
these cases, there may be local sequence variations that help
to maintain directional processing due to variation or struc-
ture in the 5′ leader or formation of local inhibitory struc-
ture near the cleavage site.
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