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ABSTRACT: Maturation of tRNA depends on a single endonuclease, ribonuclease P
(RNase P), to remove highly variable 5′ leader sequences from precursor tRNA
transcripts. Here, we use high-throughput enzymology to report multiple-turnover and
single-turnover kinetics for Escherichia coli RNase P processing of all possible 5′ leader
sequences, including nucleotides contacting both the RNA and protein subunits of
RNase P. The results reveal that the identity of N(−2) and N(−3) relative to the
cleavage site at N(1) primarily control alternative substrate selection and act at the level
of association not the cleavage step. As a consequence, the specificity for N(−1), which
contacts the active site and contributes to catalysis, is suppressed. This study
demonstrates high-throughput RNA enzymology as a means to globally determine RNA
specificity landscapes and reveals the mechanism of substrate discrimination by a
widespread and essential RNA-processing enzyme.

To function in the cell, most RNA-processing enzymes and
ribonucleases must recognize many alternative RNA

substrates. Multiple substrate recognition is an inherent and
essential function characteristic of complex ribonucleoprotein
machines such as the spliceosome, ribosome, and enzymes
involved in processing tRNAs, snRNAs, and siRNAs. A major
challenge they all face is to recognize their cognate substrates
among the excess of noncognate binding sites in the
transcriptome. Therefore, a complete understanding of RNA
metabolism and gene expression requires characterizing in
detail the substrate RNA sequences and structures that drive
enzyme specificity. Achieving a comprehensive understanding
of the mechanistic basis for substrate discrimination by RNA-
processing enzymes is challenging but important for realizing
their potential as drug targets1−3 and platforms for engineering
synthetic biology.4−6

Ribonuclease P is a ubiquitous and essential tRNA-
processing endonuclease that generates the mature 5′ end of
tRNA by removal of the 5′ leader sequence.7 In bacteria, RNase
P is composed of a large catalytic RNA subunit (P RNA) and a
smaller protein subunit, both of which are responsible for
substrate recognition. In Eschericia coli, a single RNase P
enzyme must process all 87 pre-tRNAs, which vary greatly in
sequence and length of their 5′ leaders with some base
conservation observed only at nucleotides proximal to the
cleavage site8,9 (Figure 1A). Despite this lack of 5′ leader
sequence conservation, experimental approaches such as cross-
linking, chemical protection, mutagenesis, as well as X-ray
crystallography of the Thermotoga maritima RNase P-product

complex, demonstrate both the protein subunit and RNA
subunit make direct contact with 5′ leader nucleotides N(−8)
to N(−1).10−21 Comparison of the kinetics of genomically
encoded E. coli pre-tRNAs reveals that they react in vitro with
essentially equivalent kcat/Km values.16,21 Similar multiple-
turnover reaction kinetics are due, in part, to variation in the
strength of 5′ leader sequence interactions that may
compensate for weaker affinities of different tRNAs.8,21

Bioinformatic analyses suggest that sequence-specific contacts
between the protein subunit and the 5′ leader sequences of pre-
tRNAs may be common in bacterial RNase P and may lead to
species-specific substrate recognition.9

Current structure models of pre-tRNA bound to bacterial
RNase P indicate that the two nucleotides, N(−2) and N(−1),
immediately 5′ to the cleavage site interact directly with the
catalytic P RNA subunit consistent with biochemical data. The
N(−1) nucleobase interacts with a universally conserved
adenosine in the J5/15 region of P RNA.14,15,22 N(−2) is
proposed to interact with J18/2 although the chemical details
of this interaction are not defined.14,19,23 More distal 5′ leader
sequences N(−8) to N(−3) are contacted by the small, but
essential protein subunit (termed C5 in E. coli).24−26

Biochemical and biophysical data show that the 5′ leader
binds to a cleft on the surface of P protein in an extended
conformation.13,26,27 An X-ray crystal structure of T. maritima
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RNase P with a 5′ leader sequence oligonucleotide soaked into
the crystal is consistent with these intimate contacts28 (Figure
1B). In vitro structure−function studies demonstrate that
sequence variation at 5′ leader nucleotides involved in both
RNA−RNA and RNA−protein interactions can have significant
functional effects on RNase P processing rates as well as
cleavage site specificity.9,21,29 For example, analysis of 5′ leader
point mutations and amino acid substitutions in P protein
support favorable hydrogen bonding interactions between an
adenosine at N(−4) and the protein subunit of Bacillus subtilis
RNase P; however, the sequence preference of E. coli RNase P

at this position is diminished.9 Additionally, mutation of the 5′
leader at N(−1) showed altered processing rates and that are
partly rescued by compensatory mutations P RNA in J5/
15.15,30 At present, the 5′ leader sequence specificity of RNase
P enzymes and the manner in which sequence variation affects
the reaction mechanism are not well-defined. As a consequence,
we lack the information necessary to predict the effects of
variation in the sequences of genomically encoded tRNA
precursors in vivo and the understanding to identify the range of
cognate substrates in the transcriptome.

Figure 1. Recognition of the pre-tRNA 5′ leader sequence by the RNA and protein subunits of ribonuclease P. (a) A sequence alignment of all 5′
leaders in Escherichia coli pre-tRNAs reveals no identifiable conserved sequence motif. (b) X-ray crystal structure of the Thermotoga maritima RNase
P-product complex from Reiter et al. P RNA subunit is shown in cyan, protein subunit in pink, tRNA body in orange, and green 5′ leader.

Figure 2. Determination of the effects of all possible pre-tRNA 5′ leader sequence variants on the relative kcat/Km for RNase P processing. (a) The
six nucleotides randomized in pre-tRNAMet85N(−6 to −1) and pre-tRNAMet85N(−8 to −3) substrate pools are indicated by a green box, RNase P
cleavage site indicated with arrow. (b) Multiple-turnover kinetics of genomically encoded pre-tRNAMet(WT)21A substrate (black) to the randomized
pre-tRNAMet N(−8 to −3)21A (red) and pre-tRNAMet N(−6 to −1)21A (blue) populations. The inset shows typical results from RNase P reactions
run on a denaturing polyacrylamide gel, each lane shows a time point that separates substrate and product. (c) Histogram of the number of substrate
variants with a particular krel value from HTS-Kin showing the average of three experiments with the pre-tRNAMet N(−6 to −1) and two with pre-
tRNAMet N(−8 to −3). (d) Sequence probability logos identify sequence preference in the fastest 1% of substrates in the HTS-Kin reactions. Black
letters show the wildtype sequence and indicate nonrandomized positions. (e) The location of the 256 sequences that are in common between the
randomized pre-tRNAMet N(−8 to −3)21A and pre-tRNAMet N(−6 to −1)21A populations at positions N(−6) to N(−3) are indicated by a green box.
(f) The observed krel values from the two separate independent experiments and distinct randomized pools are plotted and fit to a linear function,
red line.
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As an initial step toward addressing this problem, we
determined the sequence specificity of E. coli RNase P for 5′
leader sequence positions N(−8) to N(−3) in a noninitiator
pre-tRNAMet82, which includes binding sites for both the RNA
and protein subunits.31 Previously, we measured the relative
kcat/Km values for RNase P processing of all possible substrate
variations in the C5 binding site using high-throughput
sequencing kinetics (HTS-Kin). HTS-Kin combines Illumina
sequencing and internal competition kinetic analysis to measure
the relative second-order rate constant (kcat/Km) for thousands
of alternative RNA substrates simultaneously. Quantitative
modeling of the resulting rate-constant distribution revealed the
functional sequence specificity of C5 protein. However, the
specificity for nucleotides proximal to the cleavage site that
interact with P RNA, as well as the mechanism by which
discrimination between alternative substrates is achieved
remain unknown.
Here, we determine the effects of all possible sequence

variants at N(−6) to N(−1) in the 5′ leader that contact the P
RNA and C5 protein subunits on both multiple-turnover and
single-turnover reaction kinetics. The observed specificity of
RNase P under multiple-turnover conditions reveals N(−2)
and N(−3) as the key determinants of alternative substrate
discrimination. Moreover, we find that competition for
alternative substrates occurs at the level of substrate association,

not catalysis, and that this conceals specificity for N(−1) at the
cleavage step. Thus, a combined approach of high-throughput
RNA enzymology and quantitative modeling of sequence
specificity provides a general means to globally determine RNA
specificity landscapes. Taken together, the results reveal the key
specificity determinants for an essential RNA-processing
enzyme and support a general specificity landscape and
mechanism by which discrimination is achieved.

■ RESULTS AND DISCUSSION

RNase P Processing of Pre-tRNA Substrate Pools. To
characterize the specificity of E. coli RNase P for pre-tRNA 5′
leader sequences, we randomized nucleotides N(−6) to N(−1)
that include positions interacting with the RNA subunit
(N(−2) and N(−1)), as well as N(−6) to N(−3) that interact
with the C5 protein subunit, providing 4096 substrate variants
(Figure 2A).15,17−21,32 Analysis of multiple-turnover kinetics of
the pre-tRNAMet N(−6 to −1) randomized population
demonstrated that this pool of substrates reacts with kinetics
that are overall slower than the native pre-tRNAMet82 with its
genomically encoded 5′ leader sequence (Figure 2B). Similarly
slow reactivity was observed for the pre-tRNAMet N(−8 to −3)
substrate population randomized at positions N(−8) to N(−3)
as reported in Guenther et al.31 Thus, randomization of the 5′
leader from N(−6) to N(−1) or from N(−8) to N(−3) affects

Figure 3. Quantitative modeling of 5′ leader sequence specificity of RNase P. (a) Density plot of average krel for each substrate variant in three HTS-
Kin reactions in the 21A context compared to two reactions with the 21B substrate context. The plot shows the number of substrates in each
hexagonal region indicated by the scale at right (less than 1% of data omitted for clarity). (b) Plot of average krel for 5′ leader variants in the context
of 21A or 21B sequence. Individual points are colored by their M-Fold predicted highest folding free energy between the 5′ leader sequence and 21A
sequence (less than 1% of data omitted for clarity). (c) PWM model used to describe the HTS-Kin data evaluated by plotting the observed krel from
HTS-Kin against the predicted krel from the model. (d) A PWM model with an included coupling term used to describe the data evaluated by
plotting the observed krel from HTS-Kin against the predicted krel of the model. (e) Linear coefficients for each nucleotide, indicated by color, from
the PWM portion of model 2 shown for each position in the 5′ leader indicated at the bottom. (f) Heatmap of coupling coefficients from the model.
Position and nucleotide identity indicated on each axis and the coupling coefficient indicated at the vertex.
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RNase P multiple-turnover processing kinetics similarly, likely
due to their commonly randomized region (N(−6) to N(−3)).
Next, the relative kcat/Km for all 4096 sequences in the pre-

tRNAMet N(−6 to −1) randomized population were measured
using HTS-Kin. HTS-Kin measures changes in the relative
abundance of alternative RNA substrates over reaction time
using next-generation sequencing, and these data are used to
calculate relative rate constants using internal competition
kinetics.33−36 A relative second-order rate constant, krel, was
calculated for each substrate that is normalized to the rate
constant for the genomically encoded sequence (i.e., krel = (kcat/
Km(variant))/(kcat/Km(AAAGAU)). A histogram showing the
distribution of average relative rate constants for all substrate
variants from three replicate experiments is shown in Figure
2C. This histogram defines a rate-constant distribution that
describes the entire range of effects of sequence variation on
kcat/Km. The rate-constant distribution for the pre-tRNAMet

N(−6 to −1) population is similar in shape to that previously
observed for pre-tRNAMet N(−8 to −3) randomized
population.31 A significant number of sequences (ca. 200) in
the pre-tRNAMet N(−6 to −1) population reacted with krel
greater than 2-fold faster than the reference, indicating that the
genomically encoded 5′ leader sequence at N(−6) to N(−1) is
not optimal for kcat/Km.
Modeling of RNase P Substrate Specificity. To identify

the sequence determinants optimal for kcat/Km, we calculated
sequence probability logos from 5′ leader substrate variants
with the top 1% of krel values

37 (Figure 2D). Surprisingly, the
results indicated little sequence preference at N(−1) and
N(−4) which were previously indicated to contribute to
specificity.9,15,30 In contrast, N(−2) and N(−3) showed strong
preferences for adenosine and uridine, respectively. Optimal
sequence determinants in the protein binding site (−6 to −3)
of the 5′ leader are similar to those previously observed for
these positions in HTS-Kin results obtained using the pre-
tRNAMet N(−8 to −3) population.31 A subset of 256 sequence
variants is common to both the pre-tRNAMet N(−6 to −1) and
pre-tRNAMet N(−8 to −3) randomized populations (Figure
2E). As an internal check on accuracy, we compared the krel
values measured for these sequences in the two independent
randomized populations (Figure 2F). The results show that the
measured krel in both HTS-Kin experiments are highly
correlative, demonstrating the reproducibility of the technique.
To amplify pre-tRNAs for high-throughput sequencing

without ligation bias, an additional 21 nucleotides were added
to the terminal 5′ end of pre-tRNAMet N(−6 to −1) substrates.
Cross-linking, X-ray crystallography, and FRET studies
demonstrate that the 5′ leader sequence is bound in an
extended single-stranded conformation,13,26,27 therefore these
additional 21nt (termed 21A) could result in formation of
unfavorable secondary structure in the ground state that would
complicate identification of intrinsic RNase P sequence
specificity. We tested for these effects by comparing the krel
values determined for a second pre-tRNAMet N(−6 to −1)
population in which each nucleotide in the 21nt upstream
sequence was changed to its Watson−Crick complement
(termed 21B). Differences in krel value for the same 5′ leader
substrate variant in the two different contexts identify potential
instances of inhibitory secondary structure. Comparison of the
rate-constant distributions for the pre-tRNAMet N(−6 to −1)21A
and pre-tRNAMet N(−6 to −1)21B populations (Figure 3A)
shows that the majority of substrate processing rates correlate
between the 21A and 21B substrate backgrounds. However, a

subset of the population of N(−6) to N(−1) substrate variants
reacts with greater than 2-fold slower kinetics in the 21A leader
sequence context compared to its complement 21B.
To test whether inhibitory secondary structure explains the

deviation of rate constants of some substrates between the 21A
and 21B populations, M-Fold was used to calculate the
predicted folding free energies between the 21A sequence and
5′ leaders.38 An overlay of these predicted folding free energies
on a plot comparing the rate-constant distributions for the pre-
tRNAMet N(−6 to −1)21A and pre-tRNAMet N(−6 to −1)21B
populations is shown in Figure 3B. The 5′ leader sequences
predicted to form the most stable secondary structure in the
presence of the 21A context react with slower kinetics and
show the greatest degree of displacement from the rate
constant measured in the 21B context. Thus, a portion of
substrates are affected in the ground state in a manner
independent of the intrinsic sequence specificity of RNase P for
N(−6) to N(−1). To isolate effects of 5′ leader sequence
variation on RNase P processing independent of upstream
sequence context, we selected and averaged the data for those
substrate variants with krel values that varied by less than 2-fold
between the 21A and 21B contexts for further analysis of
intrinsic sequence specificity.
To comprehensively and quantitatively determine the

specificity of RNase P for 5′ leader sequences N(−6) to
N(−1), we first applied a simple position weight matrix
(PWM) model. PWM models are commonly used to describe
DNA-binding proteins39 and consider each position in the 5′
leader as independent and therefore uncoupled with other
positions in the binding site. Fitting the HTS-Kin data to a
PWM model and comparing the observed krel to that predicted
by the model indicates this model only explains about half of
the correlation between observed rate constant and 5′ leader
sequence (Figure 3C). Additionally, the data were fit to a PWM
model including an additional term that quantifies coupling
between positions in the binding site of the 5′ leader. Including
quantitative coupling coefficients (β values) in the model,
which allows the sequence identity at each position to modulate
the effects of sequence variation at other positions in the
binding site, provides a significantly better fit to the
experimental data (Figure 3D). Importantly, similar results
were obtained from fitting the complete pre-tRNAMet N(−6 to
−1)21A or pre-tRNAMet N(−6 to −1)21B data sets (Figure S1).
This result indicates that the inaccuracies introduced by
inhibitory secondary structure are relatively minor compared
to the dominant contribution from intrinsic RNase P sequence
specificity and reflects the overdetermination of these
parameters by HTS-Kin. Contributions to specificity are
greatest at positions N(−2) and N(−3), consistent with the
high probabilities of uridine and adenosine at these positions in
the sequence probability logo (Figure 3E). The β values
expressing the degree of coupling between positions are shown
in a heatmap in Figure 3F. The strongest coupling occurs
between adjacent nucleotides. Interestingly, relatively strong
coupling coefficients are observed between the RNA binding
site and the proximal protein binding site, in particular between
the N(−2) and N(−3) positions. This result indicates coupling
at the single nucleotide level between the energetic
contributions of nucleobases in the pre-tRNA 5′ leader that
contact P RNA and those that contact C5 protein.

Specificity Landscape of Substrate Processing. The
magnitude of kcat/Km reflects the first irreversible step, which is
substrate association for the kinetic mechanism of pre-
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tRNAMet82. Processing of pre-tRNAMet with its genomically

encoded 5′ leader sequence involves slow dissociation relative

to the RNA cleavage step.8,21 However, the pre-tRNAMet N(−6
to −1) randomized substrate pool contains all sequence

combinations at positions N(−2) and N(−1) that are sites of

interaction with the catalytic P RNA subunit of RNase P and

could affect the substrate cleavage step. Although the protein

subunit of RNase P contributes little to catalysis for optimal

Figure 4. Effect of sequence variation in the 5′ leader is primarily on substrate affinity and not on catalysis. (a) Single-turnover reactions performed
at saturating enzyme conditions with pre-tRNAMet(WT)21A or pre-tRNAMet N(−6 to −1)21A from two and three experiments, respectively. (b)
Histogram of the distribution of krel of substrates in a single-turnover HTS-Kin reaction compared to averaged multiple-turnover HTS-Kin reactions.
(c) Comparison of krel for each substrate variant (individual points on the graph) in averaged multiple-turnover and a single-turnover HTS-Kin. (d)
Single substrate reactions were used to determine the effect of 5′ leader sequence variation on the later steps in the reaction, (i.e., E·S→ E + P) or the
second-order rate constant (i.e., E + S→ E + P). The kcat (s

−1) from multiple-turnover reactions for each 5′ leader sequence listed on the x-axis from
at least three experiments (red). The absolute kcat/Km (μ−1s−1) measured for these sequences is shown from at least three experiments (black).
Standard deviation is indicated by the error bars.

Figure 5. Reaction free-energy profile for RNase P processing of pre-tRNAMet82 and effects of sequence variation defining the specificity landscape. In
this mechanism, the pre-tRNA substrate combined with RNase P (P RNA is shown as a blue oval and P protein a smaller red sphere) to form the
RNase P-pre-tRNA complex which undergoes turnover to form the tRNA and 5′ leader sequence products and free RNase P. For the genomically
encoded pre-tRNAMet82 leader sequence, kcat is fast relative to dissociation, and the magnitude of kcat/Km reflects association. Differences in the
magnitude of kcat/Km for alternative pre-tRNAs arise from possible effects of unfavorable structure in the ground state (ΔG structure), differences in
interactions with the 5′ leader sequence that affect the transition state for association (ΔG RNA-protein), or large changes in the cleavage rate
constant that also affect the magnitude of kcat (ΔG cleavage).
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pre-tRNA substrates, the extent to which RNA−protein
interactions broadly contribute to catalysis is not known.
Additionally, it is not known whether catalytically important
contacts between the 5′ leader and the P RNA subunit are
stabilized or destabilized by the more distal protein contacts.
To determine the extent to which randomization of N(−6)

to N(−1) affects catalysis, we performed single-turnover
reactions under saturating enzyme conditions in which the
observed rate constant reflects the substrate cleavage step.
Similar to the multiple-turnover kinetics, the pre-tRNAMet

N(−6 to −1)21A randomized pool under single-turnover
conditions reacted with slower overall kinetics compared to
the genomically encoded reference substrate; however, the
substrate population reacted to completion (Figure 4A). This
result is consistent with smaller overall effects of sequence
variation on catalysis, or a smaller number of substrates for
which this parameter is affected.
To distinguish these possibilities, we measured the relative

single-turnover rate constants for all substrate variants in the
pre-tRNAMet N(−6 to −1)21A population by performing HTS-
Kin under saturating enzyme conditions. An overlay of
histograms showing the observed rate-constant distributions
from multiple-turnover versus single-turnover reactions with
pre-tRNAMet N(−6 to −1)21A is shown in Figure 4B. A much
narrower distribution of krel values is observed for single-
turnover conditions demonstrating that few substrate variants
in the 5′ leader alter the cleavage step, while the same
substrates result in a much greater range of observed kcat/Km
values. For those substrates in which the single-turnover rate
constant was significantly affected, there are two possible
interpretations: the catalytic rate constant may be reduced due
to variation in the 5′ leader or these substrates may bind more
weekly to RNase P and thus have a Km above the concentration
used. A plot of observed krel values for substrates in multiple-
turnover reactions versus single-turnover reactions reveals little
correlation between the effects of 5′ leader variation and further
illustrates the much smaller range of effects on the cleavage step
(Figure 4C). The sequence specificity for cleavage under single-
turnover conditions can also be modeled. Fitting the single-
turnover HTS-Kin data to the PWM model with coupling
coefficients described above, identifies N(−1) as the primary
contributor to specificity (Figure S2). The magnitude of the
calculated PWM scores shows that uridine is optimal at N(−1)
consistent with previous studies of RNase P catalysis and the
current model of the ES complex.15

Thus, comparison of the multiple-turnover and single-
turnover rate constants suggests a specificity landscape for 5′
leader sequence discrimination by E. coli RNase P (Figure 5)
that globally describes the effects of sequence variation on the
reaction mechanism. In this model, variation in proximal 5′
leader sequences have relatively small effects on the cleavage
step and therefore are likely to also have small effects on kcat. In
contrast, sequence variation at N(−2) and N(−3) alters kcat/
Km, which controls the competition between alternative
substrates. We tested the predicted effects on the kcat/Km and
kcat values for a series of single pre-tRNA substrates selected to
span the nearly 100-fold range in krel as measured by HTS-Kin.
As expected, the observed kcat/Km values measured using
individual substrate reactions showed significant variation based
on 5′ leader sequence identity and correlate well with the krel
from HTS-Kin (Adj. R2 = 0.81) (Figure 4D and Figure S3).
The results further demonstrate HTS-Kin as an accurate and
reliable method for rapid and comprehensive determination of

relative rate constants. In contrast, the kcat values measured
individually for the same substrates were very similar and varied
less than 2-fold. An exception is the slowest reacting 5′ leader
variant that is predicted to have inhibitory secondary structure
between the 5′ leader and 21A and resulted in decreases in both
kcat and kcat/Km. For the majority of substrates, the primary
effect of 5′ leader sequence variation is on kcat/Km with minimal
effects on the substrate cleavage step and consequently minimal
effects on kcat.

8,21

Previous mutagenesis and cross-linking experiments clearly
show a U(−1) makes an optimal direct contact to a conserved
adenosine residue in J5/15 of P RNA. However, the
insensitivity of kcat/Km to the identity of the N(−1) nucleobase
is apparent from both the HTS-Kin data and confirmed by
single-substrate assays.15,22,30,40 Insensitivity to sequence
variation at N(−1) observed in HTS-Kin indicates formation
of contacts with this position occur at a step subsequent to the
first irreversible step, which for the genomically encoded 5′
leader sequence is association. As a consequence, variation at
N(−1), which contributes primarily to the cleavage step, does
not significantly affect the observed kcat/Km. Conversely, N(−2)
and N(−3) contribute significantly to RNase P specificity as
demonstrated by optimal sequence probability logos and
quantitative modeling of the HTS-Kin data.
The resulting sequence specificity model is likely to have

important implications for substrate processing in the cell. The
distribution of krel values predicted for the 87 different 5′ leader
sequences encoded in the E. coli genome show significant
variation in magnitude occurring throughout the rate-constant
distribution (Figure S4). The fastest reacting 5′ leader
sequences matched those in proline, glycine, and alanine pre-
tRNAs, which have adenosine or uridine at N(−2) and uridine
at N(−3) and thus are predicted to be optimized for kcat/Km
based on the HTS-Kin results. The slowest reacting 5′ leaders
predicted by these results are found in tyrosine, methionine,
and arginine which lack at least one of these specificity
determinants. Importantly, there are contacts between the P
RNA subunit of RNase P and the tRNA body that may also
modulate the overall enzyme specificity for these substrates in
vivo.23,41−43

The general model for tRNA biosynthesis in E. coli suggests
that the rate-limiting step occurs at the level of transcription.
For some substrates the presence of specificity determinants in
the 5′ leader sequence may act to offset favorable or
unfavorable interactions with the tRNA portion of the substrate
to maintain uniform rates of 5′ end maturation. However, more
recent molecular genetic analyses reveal that RNase P processes
multiple polycistronic transcripts in which the order of
processing occurs in a strict 3′ to 5′ direction.29 Thus, for
some substrates, the presence or absence of specificity
determinants may modulate cleavage relative to other
competing cognate binding sites in the cell. The availability
of a comprehensive model for 5′ leader sequence specificity
allows a more accurate evaluation of the potential differences in
molecular recognition in vivo.
This study demonstrates the use of high-throughput RNA

enzymology methods using common molecular biology
techniques and instrumentation as a general means to globally
determine the specificity landscape for molecular recognition
by an essential RNA-processing enzyme. The application of
HTS-Kin to measure both multiple-turnover and single-
turnover kinetic parameters for thousands of RNA substrate
variants reveals the full range of effects and the intrinsic
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sequence specificity for these two kinetic parameters. The
ability to measure different kinetic parameters for the same
sequence variants allows the construction of simple kinetic
schemes for each substrate and insight into how variation alters
the free-energy landscape of the reaction. Analysis of the high-
throughput biochemical data using quantitative models of
sequence specificity provides a way to identify key specificity
determinants and quantitatively compare results obtained
between experiments. Therefore, the general approach
described here for characterizing the specificity of RNase P
presents a rigorous and comprehensive way to investigate RNA
specificity that is likely to be applicable to a range of
experimental systems.

■ METHODS
Multiple-Turnover and Single-Turnover Reactions. E. coli C5

protein was overexpressed and purified as described.44 P RNA and pre-
tRNAMet82 were synthesized by in vitro transcription using T7 RNA
polymerase and PCR or cloned DNA templates. Pre-tRNA substrates
were 5′ end labeled with γ-32P using polynucleotide kinase. Multiple-
turnover reactions were performed in 50 mM Tris-HCl pH 8, 100 mM
NaCl, 0.005% Triton X-100, and 17.5 mM MgCl2. RNase P was
assembled by heating P RNA to 95 °C for 3 min then 37 °C for 10
min. MgCl2 was added and incubated at 37 °C for 10 min before
adding equivalent concentrations of C5 protein. Substrate was
prepared separately by combining pre-tRNA with trace amounts of
32P labeled pre-tRNA, heating to 95 °C for 3 min, incubating at 37 °C
for 10 min before adding MgCl2. Equal volumes of the enzyme and
substrate were mixed to achieve final concentrations of 5 or 10 nM
RNase P and 1 μM pre-tRNA for randomized pools. Aliquots were
taken at selected time points and quenched with an equal volume of
formamide loading dye containing 100 mM EDTA. Products were
resolved on 15% denaturing polyacrylamide gels and quantified using
phosphorimager analysis. Individual substrate assays used 3 μM pre-
tRNAMet and 5 nM RNase P, and the kinetic data were fit to the
integrated Michaelis−Menten equation. Single-turnover reactions were
performed in 50 mM MES pH 6.0, 100 mM NaCl, 0.005% Triton X-
100, and 17.5 mM MgCl2. Reactions were performed as described
above except the final concentration of holoenzyme was 100 nM and
substrate concentrations were <10 nM.
High-Throughput Sequencing Kinetics (HTS-Kin). Multiple-

turnover HTS-Kin measurements were made as described in Guenther
et al. Briefly, reactions were performed as described above, except
scaled up 10-fold to provide sufficient material for subsequent analysis.
Aliquots were taken during the time course, RNAs were resolved by
polyacrylamide gel electrophoresis, and the residual substrate
population was eluted and purified. Equal amounts of RNA from
individual time points were used as templates for first-strand cDNA
synthesis. Products were diluted 1:300, and 1 μL of this dilution was
used for PCR amplification followed by multiplexed Illumina
sequencing in 75 bp single end reads on Hi-Seq 2500 instrument.
Single-turnover HTS-Kin reactions were set up as described above for
single-turnover reactions and were not scaled up. Primer sequences are
included in Supporting Information.
Relative rate-constant (krel) values were calculated using

=

−

∑

−
∑
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where R is ratio of each substrate variant to the reference, R0 this same
ratio at the start of the reaction, and X is the mole fraction for each
substrate variant. The ratio of substrates is quantified by the number of
raw sequence reads from high-throughput sequencing and the total
fraction of reaction was determined by quantification of polyacryla-
mide gels using ImageQuant software as described above.

Quantitative Modeling of Sequence Specificity. The HTS-Kin
data were fit to a simple position weight matrix model treating each
nucleotide in the randomized substrate region as independent and
noninteracting using

∑= + + +
=

k a A c C g G u Uln( ) ( )
i

i i i i i i i irel
1

6

where ai, ci, gi, and ui, are integer values (0 or 1) signifying nucleotide
identity and Ai, Ci, Gi, and Ui represent the linear coefficients for that
nucleotide at position i. The PWM+IC model considered not only
nucleotide identity and position in the randomized region but also the
position and identity of other nucleotides in the binding site using the
following equation:

∑ β= + + + +
=

k a A c C g G u U Iln( ) ( )
i

i i i i i i i i j jrel
1

6

where the second summed terms are pairwise interaction terms. For
each of these couplings, βj is the linear coefficient for interaction j, and
Ij is an indicator variable. Ij is 1 for all substrates with that specific pair
of nucleotides, and 0 otherwise. Each interaction term which had an
absolute t-value greater than 3.5 (p < 0.005) was recorded as
significant. A final model was built using stepwise regression, starting
with all of the significant pairwise interactions identified in the first
step.
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