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ABSTRACT

RNase P is the enzyme that removes 5′ exten-
sions from tRNA precursors. With its diversity
of enzyme forms––either protein- or RNA-based,
ranging from single polypeptides to multi-subunit
ribonucleoproteins––the RNase P enzyme family rep-
resents a unique model system to compare the evo-
lution of enzymatic mechanisms. Here we present a
comprehensive study of substrate recognition and
cleavage-site selection by the nuclear single-subunit
proteinaceous RNase P PRORP3 from Arabidopsis
thaliana. Compared to bacterial RNase P, the best-
characterized RNA-based enzyme form, PRORP3 re-
quires a larger part of intact tRNA structure, but lit-
tle to no determinants at the cleavage site or inter-
actions with the 5′ or 3′ extensions of the tRNA.
The cleavage site depends on the combined di-
mensions of acceptor stem and T domain, but also
requires the leader to be single-stranded. Overall,
the single-subunit PRORP appears mechanistically
more similar to the complex nuclear ribonucleopro-
tein enzymes than to the simpler bacterial RNase P.
Mechanistic similarity or dissimilarity among differ-
ent forms of RNase P thus apparently do not neces-
sarily reflect molecular composition or evolutionary
relationship.

INTRODUCTION

RNase P is the endonuclease responsible for the removal of
transcriptional 5′-leader sequences from tRNA precursors
(pre-tRNAs) (1,2). The (nearly) ubiquitous enzyme is found
in two fundamentally different forms: (i) as a complex of an
ancient, structurally conserved RNA molecule with a vari-
able number of proteins (1 in Bacteria, 4–5 in Archaea, up
to 10 in Eukarya), where the RNA is the actual catalyst and

active alone under specific in vitro conditions (3–7); (ii) as a
∼60-kDa protein called PRORP (proteinaceous or protein-
only RNase P), which does not contain a nucleic acid as
enzyme subunit, although it requires additional proteins in
some cases (8–12); PRORP is found in various Eukarya, but
not in Bacteria or Archaea. The ribonucleoprotein (RNP)
and protein-only forms of RNase P are apparently the re-
sult of convergent evolution, and even though they lack
any structural homology, they are functionally largely ex-
changeable in genetic swap experiments (9,11,13). The fun-
damental difference in molecular composition and their in-
dependent evolutionary origin raise the question of whether
the different types of RNase P use similar or different mech-
anisms to perform their enzymatic function. Their basic cat-
alytic strategy for phosphodiester hydrolysis appears simi-
lar despite differences in the way metal ions are coordinated
at the pre-tRNA’s scissile bond (14–16), yet little is known
on how the two enzyme types compare with respect to sub-
strate recognition and cleavage-site selection.

Substrate recognition by RNA-based RNase P has been
well characterized in the bacterial system through genetic
and biochemical studies (see ref. 17 and refs. therein) and,
finally, by the crystal structure of a holoenzyme in complex
with a tRNA (18). The RNA subunit (P RNA) is primar-
ily responsible for tRNA recognition on the basis of three
major interactions: (i) stacking between bases in the speci-
ficity domain of the P RNA and bases in the tRNA’s T�C
and D loops; (ii) a conserved adenosine in the specificity
domain entering the minor groove of the tRNA acceptor
stem; (iii) intermolecular base pairing between nucleotides
in the catalytic domain of the P RNA and the DCCA mo-
tif at the tRNA’s 3′ end. The protein subunit does not con-
tact any region of the mature tRNA, but interacts with the
5′ leader of the tRNA precursor (18–22). The bacterial en-
zyme efficiently cleaves hairpin-like substrates composed of
a 5′ leader, a helix resembling the stacked aminoacyl accep-
tor and T stems, and a 3′-CCA motif (23), and even sub-
strates further minimized to short helices that maintain only
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the determinants at the cleavage site, were shown to be pro-
cessed at the canonical site (24–26).

Fewer studies are available on substrate recognition by
eukaryal (nuclear) RNP enzymes, but they nevertheless re-
vealed some peculiarities. Rather than recognizing determi-
nants at the cleavage site like the bacterial P RNA, the eu-
karyal nuclear RNase P RNP appears to select the cleavage
site primarily by ‘measuring’ the combined lengths of the
stacked aminoacyl acceptor and T domains (27,28). Artifi-
cial stem-loop substrates mimicking these two stacked pre-
tRNA domains, which are efficiently cleaved by bacterial
RNase P (23), were reported to require a bulge interrupt-
ing the helix at the 5′ junction of acceptor and T stem for
substantial cleavage by the eukaryal RNP enzymes to oc-
cur (28,29). However, overall, substrate recognition and the
contribution of the multiple components of the more com-
plex nuclear RNPs are only poorly understood.

Protein-only RNase P (PRORP) consists of an N-
terminal pentatricopeptide-repeat (PPR) domain and a C-
terminal metallonuclease domain, connected by a central
structural zinc-binding domain (12,30); the PPR is an
RNA-binding motif proposed to mediate a base-specific
interaction (31). Whereas in animal mitochondria, this
PRORP protein needs to be complemented by a two-protein
methyltransferase complex to function as an RNase P
(8,32), it acts as an RNase P on its own in plants and protists
(9–11). Despite the availability of the crystal structure of
a plant PRORP protein (30), and initial studies addressing
the interaction of this ‘single-subunit’ PRORP with tRNAs
and the role of the PPR domain (33,34), the concepts of
substrate recognition and cleavage-site selection by PRORP
are currently mostly based on modeling rather than on ex-
perimental evidence. Here, we have investigated substrate
recognition and cleavage-site selection by a prototypical
nuclear single-subunit PRORP from Arabidopsis thaliana
(PRORP3). Starting from a well-studied and conformation-
ally stable pre-tRNA, we deleted or varied conserved struc-
tural elements and nucleotide identities. Processing of the
tRNA variants was analyzed by thorough enzyme kinetics.
This allowed us to pinpoint specific determinants for sub-
strate recognition and positioning of the cleavage site, and
to define minimal substrate(s) for single-subunit PRORPs.

MATERIALS AND METHODS

Expression and purification of recombinant PRORP3

The coding sequence of A. thaliana PRORP3 [locus tag
At4g21900; 517 amino acids corresponding to the pre-
sumably mature form (9)] was cloned into the NcoI/XhoI
sites of pET-28b(+) (Novagen) using the primers listed in
Supplementary Table S1. The recombinant protein car-
ries a C-terminal 6×His tag attached via a spacer of two
amino acids. PRORP3 was expressed in Escherichia coli
BL21(DE3).

Bacteria were lysed by sonication and recombinant
PRORP3 was purified on a HisTrap HP column using an
ÄKTApurifier chromatography system (GE Healthcare);
buffer A (150 mM NaCl, 50 mM Tris·Cl pH 7.4, 10% glyc-
erol, 1 mM DTT), buffer A’ (buffer A, but with 1 M NaCl),
buffer B (buffer A plus 500 mM imidazole). The lysate was

loaded and washed with 5 and 10% buffer B, then washed
with buffer A, with buffer A’, and again with buffer A,
and finally eluted with 50% buffer B. The purity of the re-
combinant protein was assessed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie brilliant blue
staining. The concentration of purified PRORP3 was calcu-
lated from the absorbance at 280 nm, its molar extinction
coefficient (�280 = 81360 M−1 cm−1) and molecular weight
(58.84 kDa); the measurement was confirmed by a Brad-
ford protein assay (BioRad) using BSA standards. Accord-
ing to an A260/A280 ratio of 0.6, as well as gel electrophoresis
after phenol-chloroform extraction, purified PRORP3 was
judged to be free of nucleic acids.

Mutations were introduced into the PRORP3 expression
plasmid by one or two rounds of site-directed mutagene-
sis using the QuikChange protocol (Agilent Technologies)
and the primers listed in Supplementary Table S1. Mutant
proteins were expressed and purified as described for the
wild-type protein, but using His SpinTrap columns (GE
Healthcare). The concentration of the mutant proteins rel-
ative to the wild-type protein was estimated by SDS-PAGE
and Coomassie brilliant blue staining.

Preparation of Bacillus subtilis RNase P

Bacillus subtilis P RNA was in vitro transcribed from
pDW66 (35); B. subtilis P protein was expressed, purified,
and the RNase P holoenzyme reconstituted as previously
described (36).

Preparation of RNA substrates

The Thermus thermophilus pre-tRNAGly was transcribed
from plasmid pSBpt3’hh (37). Plasmids for the in vitro
transcription of variants with U1–A72, U−1, G−1, A−1 and
A73, of variants with substitutions C56→U56, G18→A18,
A57→C57 and G19→A19, and of variants Aa−2bp, Aa+2bp
and Aab1T, were produced from pSBpt3’hh (or a deriva-
tive with U65→C65) by one or two rounds of site-
directed mutagenesis using the QuikChange protocol (Agi-
lent Technologies). Plasmids for the transcription of Aab4T
and Aab9T were produced by polymerase chain reaction
(PCR) of two overlapping fragments, overlap extension and
amplification, restriction digestion and cloning into the
EcoRI/HindIII sites of pSP64 (Promega). A plasmid for
the transcription of AaT was produced by annealing of
two complementary oligonucleotides and cloning into the
EcoRI/BamHI sites of pSP64. Oligonucleotides (and tem-
plates) for site-directed mutagenesis and (PCR) cloning are
listed in Supplementary Table S2. The plasmids were di-
gested with BamHI or NheI prior to in vitro transcription
with T7 RNA polymerase (transcripts carried self-cleaving
cis-hammerhead ribozymes generating identical 3′ ends).

Plasmids for the transcription of leader-length variants
were produced by ‘inside-out’ PCR mutagenesis (38) using
pSBpt3’hh as a template, followed by circularization of the
products by T4 DNA ligase. They contain an additional
hammerhead ribozyme inserted between the T7 promoter
and the 5′-leader sequence. Oligonucleotides used are listed
in Supplementary Table S3. The plasmids were digested
with XbaI prior to in vitro transcription with T7 RNA poly-
merase.
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DNA for the in vitro transcription of the three pre-
tRNAGly-trailer variants, of the previously described �D
and �Ac variants (39), of Aab9T variants with substitutions
U54→C54, U55→C55, C56→U56, A57→G57, A57→C57,
A57→U57, A58→G58 and Aab9TCCUUUUA, of Aab9T vari-
ants Aa+2bp, T+2bp, Aa−2bp T+2bp and T4loop, and of pre-
tRNAGly variants Aa+4bp, Aa+m3GC, Aa+m3AU, G−1–C73,
U−1–A73 and Aa+3AU, were produced by PCR amplifica-
tion using either pSBpt3’hh (or its derivatives with G−1 or
U−1) as a template, or a DNA oligonucleotide, or no tem-
plate in case of two overlapping PCR primers. Primers and
oligonucleotide templates are listed in Supplementary Ta-
bles S4 and S5. All the PCR products start with a T7 pro-
moter and end with the pre-tRNA’s 3′-trailer sequence.

The template for E. coli pre-tRNAHis was a kind gift of
Michael E. Harris (40).

In vitro transcription, 5′-end labeling with 32P and
gel purification were carried out as previously described
(15,41,42).

RNA processing assays

Single-turnover experiments were performed in 50 mM
Tris·Cl pH 7.1, 20 mM NaCl, 4.5 mM MgCl2, 20 �g/ml
BSA, 5 mM DTT, 0.4 units/�l Ribolock RNase Inhibitor
(Fermentas), at 20◦C. PRORP3 was preincubated in pro-
cessing buffer (without RNase Inhibitor) for 5 min at
20◦C. RNA substrates were preincubated in processing
buffer (without DTT) for 5 min at 55◦C and for 25 min
at 20◦C. The reactions were started by combining enzyme
and substrate solutions (final enzyme concentration vary-
ing from 1 nM to 10 �M; final substrate concentration
<0.5 nM). Aliquots of the reactions were taken at differ-
ent time points and stopped by addition of an equal vol-
ume of stop/loading buffer [7 M urea, 200 mM sucrose, 10
mM EDTA, 0.02% bromophenol blue; or composed as de-
scribed previously (15)]. RNAs were separated by 10, 12,
15 or 20% denaturing (7 M urea) PAGE. After phospho-
rimaging, substrates and 5′-cleavage products were quanti-
fied with either ImageQuant TL (GE Healthcare) or AIDA
(raytest) image analysis software. First-order rate constants
of cleavage (kobs) were calculated by nonlinear regression
analysis fitting the data to the equation for a single expo-
nential: fcleaved = fendpoint × (1 − e−(kobs) × t), where fcleaved
= fraction of substrate cleaved, t = time, fendpoint = max-
imum cleavable substrate (Prism, GraphPad Software; or
Grafit, Erithacus Software). To determine the maximal rate
constant (kreact) and the enzyme concentration at which the
half-maximal rate constant is achieved (KM(sto)), kobs values
for at least 5 different enzyme concentrations (distributed
below and above KM(sto)) from at least three replicate ex-
periments each were plotted against the enzyme concentra-
tion, and kreact and KM(sto) calculated by nonlinear regres-
sion analysis, fitting the data to a ‘Michaelis-Menten-like’
enzyme kinetics model: kobs = kreact × [PRORP3]/(KM(sto)
+ [PRORP3]) (see also Supplementary Figure S1); result ta-
bles list the best-fit values ± curve-fit standard error (Prism,
GraphPad Software).

Processing reactions with pre-tRNAGly variants carry-
ing a dephosphorylated 1- or 2-nt leader were performed
with 10 nM of unlabeled substrate and 80 nM PRORP3.

Aliquots of the reactions were taken and immediately
frozen in liquid nitrogen. The RNA was extracted, sub-
jected to 5′-end labeling with 32P, and analyzed by 20% de-
naturing PAGE (Supplementary Figure S2A). The labeled,
uncleaved substrate was quantified and first-order rate con-
stants of cleavage (kobs) were derived as described above
(Supplementary Figure S2B).

Bioinformatics

Chloroplastida/Viridiplantae-PRORP sequences were re-
trieved from UniProtKB (www.uniprot.org) by BLAST and
aligned using Clustal Omega (43); incomplete sequences
missing one of the three core domains of PRORP (12,30)
were excluded. The nucleotide-specifying residues 1, 4 and
34 (44,45; numbering according to the Pfam PPR model) of
the PPR motifs of the three A. thaliana PRORPs were deter-
mined and a sequence logo was created from the alignment
using WebLogo (46).

The 598 nuclear tRNA genes of A. thaliana were retrieved
from the PlantRNA database (47) and analyzed with Mi-
crosoft Excel. Sequence logos were generated with WebL-
ogo (46).

RESULTS

To investigate substrate recognition and cleavage-site se-
lection by PRORP we studied the processing of substrate
variants derived from the precursor of T. thermophilus
tRNAGly, a class I tRNA of canonical sequence and struc-
ture (Figure 1A). The helical arms of this tRNA are mostly
composed of G–C base pairs and its structure therefore ap-
pears particularly stable and predictable when parts of the
pre-tRNA molecule are altered. The pre-tRNAGly model
substrate has been used in numerous studies with a wide
variety of RNase P enzymes (11,15,38,48–52).

The three PRORPs of A. thaliana are the currently best-
characterized single-subunit protein-only RNase P enzymes
(9,10,13,15,30,33,53); PRORP1 functions in mitochondria
and chloroplasts, PRORP2 and PRORP3 redundantly serve
as nuclear RNase P. As the purification of PRORP3 turned
out to be most straightforward and resulting preparations
consistently superior in terms of specific activity, purity and
yield, we decided to use PRORP3 throughout this study. We
employed recombinant PRORP3 purified to apparent ho-
mogeneity.

Enzymatic reactions were carried out in a low-salt buffer
with 4.5 mM Mg2+. A pH of 7.1 and a temperature of 20◦C,
close to the optimal growth temperature of A. thaliana
(23◦C), were chosen to slow down catalysis for better han-
dling of manual kinetics. Processing of the pre-tRNA sub-
strate variants was analyzed under single-turnover condi-
tions (trace amounts of substrate, excess of enzyme; see Sup-
plementary Figure S1 for representative plots), thus prod-
uct release could be excluded as the rate-limiting step in the
reaction kinetics. The determined kinetic parameters kreact
(the maximal rate constant) and KM(sto) (the enzyme con-
centration at which the rate constant is half-maximal) are
equivalent to kcat and KM in classical Michaelis-Menten
kinetics where substrate is in excess of enzyme; likewise,
the two kinetic parameters are informative with respect to

http://www.uniprot.org
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Figure 1. Structure of Thermus thermophilus pre-tRNAGly, derived dele-
tion variants and minimal substrates. (A) Classical cloverleaf represen-
tation of pre-tRNAGly. The structural domains are color-coded: ma-
genta, aminoacyl acceptor stem; blue, D domain; red, anticodon domain;
gold, variable domain; green, T�C domain. The positions of selected
nucleotides are numbered according to convention (70). The canonical
RNase P cleavage site is between nucleotides −1 and 1. (B) Predicted sec-
ondary structures of pre-tRNAGly variants without anticodon (Ac) or D
domain, or composed of the aminoacyl acceptor stem (Aa) and T�C do-
main (T) only, some with a bulge (b) of variable length inserted; the se-
quence of all 5′ leaders (not shown) is identical to wild-type pre-tRNAGly

shown in (A).

Table 1. The role of 5′ and 3′ extensions: pre-tRNA leader and trailer
length variations

kreact (min−1) KM(sto) (nM)

wild-typea 1.67 ± 0.03 4.8 ± 0.4
7-nt leader 1.7 ± 0.1 3.1 ± 0.7
4-nt leader 1.7 ± 0.1 3.4 ± 0.7
2-nt leaderb 1.6 ± 0.1 3.4 ± 0.8
1-nt leader 0.17 ± 0.02 5.4 ± 2.2
(mature) CCA 1.6 ± 0.1 4.9 ± 1.0
no trailerc 1.5 ± 0.1 4.6 ± 0.7
40-nt trailer 1.5 ± 0.1 5.3 ± 1.1

Single-turnover kinetic constants of PRORP3 for the processing of pre-
tRNAGly with leader and trailer sequences of different length (best-fit val-
ues ± standard error from the fitting of at least three replicate experiments
each).
aWild-type pre-tRNAGly has a leader of 14 nt and a trailer of 6 nt (includ-
ing the CCA sequence; see Figure 1A).
bThe sequence of the leader is CC and thereby differs from the wild-type
leader at position −2.
cThe aminoacyl acceptor stem of this pre-tRNAGly variant is extended by
the discriminator nucleotide only at its 3′ end.

the efficiency of the chemical/cleavage step and enzyme-
substrate affinity.

The study was conducted in parallel in two laboratories,
and extensive efforts were made to standardize all experi-
mental procedures (including the use of the same enzyme
preparations). Almost identical kreact of 1.67 ± 0.03 and
1.72 ± 0.04 min−1 were determined for the wild-type pre-
tRNAGly substrate by both groups (Supplementary Figure
S1A). However, for the KM(sto) we obtained slightly diver-
gent measurements of 4.8 ± 0.4 and 1.5 ± 0.2 nM, an issue
that we could not resolve. As related substrate variants were
anyway analyzed in parallel, the kinetic parameters are al-
ways given in comparison to the wild-type substrate ana-
lyzed by the same laboratory.

5′ and 3′ extensions: the pre-tRNA leader and trailer

Interactions with the extensions of the tRNA structure are
crucial for substrate recognition and cleavage-site selection
by bacterial RNase P: while the protein subunit contacts
the pre-tRNA leader, the RNA subunit interacts with the
conserved DCCA motif at the tRNA’s 3′-end (18–22,54,55).
The 3′-terminal CCA is not naturally found in eukaryal pre-
tRNAs, and it was in fact proposed to act as an antideter-
minant for A. thaliana PRORP1 (33). To examine the role of
5′ and 3′ extensions in pre-tRNA processing by PRORP3,
we produced variants of the tRNAGly model substrate with
a leader sequentially shortened from 14 nt to 1, or with a
trailer either modified to consist of the (mature) CCA se-
quence only, entirely deleted (discriminator U73 only), or
extended to 40 nt. Shortening of the leader down to 2 nt or
deletion/extension of the trailer had no effect, and all these
variants were processed with the same efficiency as the wild-
type pre-tRNA substrate (Table 1). The processing kinet-
ics of a precursor with a 1-nt leader showed no significant
change in KM(sto), but a 10-fold reduction in kreact. To clar-
ify whether this reduction in cleavage efficiency was due to
the additional negative charge of the 5′-terminal phosphate
moved into the proximity of the cleavage site, we determined
the cleavage rate (kobs) of substrates with a 5′-hydroxyl end.
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Table 2. The effect of varying base identity at the cleavage site

kreact (min−1) KM(sto) (nM)
kreact/KM(sto)

(min−1 nM−1)

wild-typea 1.67 ± 0.03 4.8 ± 0.4 0.35
U1–A72 2.2 ± 0.1 5.3 ± 0.9 0.41
U−1 2.9 ± 0.1 8.1 ± 1.4 0.36
G−1, A73

b 2.3 ± 0.1 6.5 ± 1.0 0.35
A−1, A73

b 5.1 ± 0.2 7.8 ± 1.4 0.66
A73 1.67 ± 0.04 4.5 ± 0.6 0.37

Single-turnover kinetic constants of PRORP3 for the processing of pre-
tRNAGly variants with different identity of nucleotides −1 and 1 (best-fit
values ± standard error from the fitting of at least three replicate experi-
ments each).
aIn the wild-type pre-tRNAGly the following nucleotides are found at the
cleavage site: C−1, a G1–C72 base pair and U73.
bThe identity of U73 was changed to A73 to prevent base pairing with nu-
cleotide −1.

However, shortening the leader length of pre-tRNAGly vari-
ants without a 5′ phosphate from 2 nt to 1 still resulted in a
drop of the cleavage rate (Supplementary Figure S2; note:
the specific experimental approach required for this type
of substrate only allowed an approximation of kobs under
presumably enzyme-saturated conditions). Taken together
our results demonstrate that neither leader nor trailer se-
quences, nor a 3′-terminal CCA contribute to or interfere
with pre-tRNA binding by PRORP3. A minimum leader
length of 2 nt nevertheless appears to be required for effi-
cient catalysis.

Nucleotide identities at the cleavage site

Nucleotides at the cleavage site play an important role for
pre-tRNA binding, cleavage-site recognition and catalysis
by bacterial RNase P (see ref. 17 and refs. therein). A guano-
sine is the most frequent nucleotide immediately down-
stream of an RNase P cleavage site, at the 5′ end of tRNAs,
irrespective of their organismal origin (56). Changing the
G1–C72 base pair to the rare U1–A72 negatively affects bind-
ing and catalysis by the bacterial RNA enzyme (57,58). The
same change introduced into our model substrate, however,
had no substantial effect on cleavage by PRORP3 (Table 2).

The nucleotide at −1 (N−1), immediately upstream of the
cleavage site, interacts with bacterial RNase P RNA and a
U−1 appears preferred and conserved in bacteria and ar-
chaea (59). We systematically tested a possible role of N−1
by substituting the C−1 of pre-tRNAGly with U, G or A
(Table 2); for the variants with a purine at −1, we changed
the discriminator identity from U73 to A73, to hinder base
pairing with N−1. The substitution of C−1 with U−1 or G−1
had a slightly positive effect on catalysis (kreact) and a minor
negative effect on KM(sto). Only A−1 resulted in an overall
twofold increased processing efficiency (kreact/KM(sto)). Al-
tering the identity of the discriminator base alone did not af-
fect the kinetics of cleavage. None of these base changes next
to the cleavage site resulted in any form of miscleavage (par-
tial or complete shift to adjacent phosphodiester bonds).
We conclude that nucleotide identities at the cleavage site do
not per se affect cleavage-site selection or enzyme-substrate
interaction, but an A upstream of the cleavage site acceler-
ates catalysis 3-fold.

Table 3. The effect of tRNA-domain deletions and cleavage of minimal
substrates

kreact (min−1) KM(sto) (nM)

wild-type 1.72 ± 0.04 1.5 ± 0.2
�Ac 1.48 ± 0.04 1.7 ± 0.3
�D 0.36 ± 0.02 86 ± 16
AaT 0.066 ± 0.002 1839 ± 168
Aab1T 0.33 ± 0.01 1685 ± 218
Aab4T 0.26 ± 0.01 1151 ± 125
Aab9T 0.42 ± 0.01 40 ± 6

Single-turnover kinetic constants of PRORP3 for the processing of pre-
tRNAGly variants without anticodon (Ac) or D domain, or composed of
the aminoacyl acceptor stem (Aa) and T�C domain (T) only (see Figure
1B for secondary structures; best-fit values ± standard error from the fit-
ting of at least three replicate experiments each).

Structural domains of the tRNA, minimal substrates

Bacterial, archaeal and the eukaryal nuclear RNP form of
RNase P appear to primarily contact the arm of the L-
shaped tRNA structure that corresponds to the T domain
stacked on the aminoacyl acceptor stem, and model sub-
strates without D and anticodon domains are efficiently
cleaved by these enzymes (23,28,29,39,60). We analyzed the
processing of a set of pre-tRNAGly variants with deleted an-
ticodon and/or D domains (Figure 1B) to determine the
minimal structural requirements of a PRORP substrate.
Deletion of the anticodon domain (�Ac) had no substan-
tial effect on processing efficiency, deletion of the D do-
main (�D), however, negatively affected binding and cleav-
age (Table 3). A minimized substrate, composed of the ac-
ceptor stem and T stem-loop in uninterrupted continuity
(AaT), was also cleaved at the canonical site, although with
extremely low efficiency. Introducing a bulge at the 5′ junc-
tion of the acceptor and T stems into this substrate (Aab1T,
Aab4T, Aab9T) profoundly improved cleavage (kreact), re-
gardless whether 1, 4 or 9 nt were inserted. However, while
the short bulges (Aab1T, Aab4T) did not substantially im-
prove KM(sto), a bulge of 9 nt (Aab9T) resulted in a substrate
that was even slightly more efficiently processed than the
pre-tRNAGly variant lacking the D domain (�D). Accep-
tor stem and T domain thus appear to constitute the mini-
mal structural elements of a PRORP3 substrate, with a little
‘kink’ between acceptor and T stems required for efficient
catalysis, and a bigger RNA bulge for efficient binding.

Conserved sequences of the D and T�C loops, and PRORP’s
PPR domain

The N-terminal domain of PRORP comprises five in-
tandem PPR motifs (30); PPRs are RNA-binding mod-
ules proposed to recognize a nucleobase via two or three
amino acid residues that determine their specificity ac-
cording to a code (44,45). This suggests some sequence
specificity to be involved in PRORP’s interaction with pre-
tRNAs. Although tRNAs show little overall primary se-
quence conservation, the D and particularly the T�C loop
contain a number of conserved and semiconserved nu-
cleotides (61). Based on the cleavage of mitochondrial pre-
tRNACys model-substrate variants and nuclease footprint-
ing, A. thaliana PRORP1 was proposed to contact nu-
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Table 4. The effect of altering the sequence of the D and T�C loops

Aab9T pre-tRNAGly

kreact (min−1) KM(sto) (nM) kreact (min−1) KM(sto) (nM)

wild-type 0.42 ± 0.01 40 ± 6 1.67 ± 0.03 4.8 ± 0.4
G18→A18 1.87 ± 0.07 22 ± 3
G19→A19, C56→U56

a 1.78 ± 0.06 7.7 ± 1.2
U54→C54 0.017 ± 0.001 88 ± 12
U55→C55 0.159 ± 0.005 80 ± 9
C56→U56 0.13 ± 0.01 208 ± 27 1.81 ± 0.05 6.4 ± 0.9
A57→G57 0.47 ± 0.02 34 ± 6
A57→C57 0.018 ± 0.001 462 ± 63 1.56 ± 0.05 6.7 ± 0.9
A57→U57 0.009 ± 0.001 144 ± 52
A58→G58 0.060 ± 0.001 108 ± 7
TCCUUUUAb 0.017 ± 0.001 72 ± 18

Single-turnover kinetic constants of PRORP3 for the processing of minimal-substrate (Aab9T) and pre-tRNAGly variants with different identity of con-
served nucleotides in the D and/or T�C loops (see Figure 2A and B for position within the secondary structures; best-fit values ± standard error from the
fitting of at least three replicate experiments each).
aThe identity of C56 was varied in order to maintain tertiary Watson–Crick base pairing with nucleotide 19.
bThe sequence of the wild-type T�C loop of Aab9T and pre-tRNAGly is UUCAAGU.

cleotides C56, R57 and G18 (33). However, as conserved nu-
cleotides in the D and T�C loops are involved in the ter-
tiary interactions that stabilize the L-shaped tRNA struc-
ture (Figure 2A), processing defects of mutant substrates
could be due to misfolding rather than to the disruption of
local interactions with the enzyme. Therefore, we first al-
tered the T�C-loop sequence in the context of the mini-
mized substrate Aab9T (Figure 2B) to exclude effects result-
ing from global structural changes rather than local base-
specific interactions with PRORP. With the exception of the
conservative A57→G57, all base substitutions had a neg-
ative effect on processing (Table 4). C56→U56, A57→C57
and A57→U57 most strongly affected KM(sto) (more than 3-
fold increased), whereas the cleavage rate (kreact) was de-
creased 7- to 47-fold for A58→G58, A57→C57, U54→C54
and A57→U57. Purine to pyrimidine substitutions at po-
sition 57 thus most severely affected the processing of the
model substrate and U55→C55 the least. However, at least

U54→C54 and A58→G58 also change the intra-loop geome-
try by disrupting the conserved U54·A58 reverse Hoogsteen
base pair that closes the T loop structure (62). Moreover,
a substrate with the T�C loop sequence CCUUUUA that
combined the different base exchanges did not show a cu-
mulative processing deficiency, suggesting that in fact alter-
ations of the conserved T loop structure rather than disrup-
tions of single, base-specific interactions underlie most (if
not all) mutations’ negative effect on processing.

Two conserved guanosines in the D loop are further po-
tential candidates for a specific interaction with PRORP en-
zymes. G18 is involved in a tertiary interaction with �55
and its substitution was reported to strongly impair pre-
tRNA processing by A. thaliana PRORP1; in contrast, sub-
stitution of the neighboring G19 that base pairs with C56,
did not substantially affect processing (33). We tested sub-
stitutions of the two, as well as T�C loop substitutions
C56→U56 and A57→C57, in the context of the full-length
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Table 5. Substrate cleavage by PRORP3 variants with a ‘re-programmed’ PPR3

Predicted
target
nucleotide(s) pre-tRNAGly Aab9T

wild-type A57→C57 wild-type A57→G57 A57→U57 A57→C57

kobs (min−1)a kobs (min−1)b

wild-type A, G 1.8 ± 0.1 1.4 ± 0.1 0.40 ± 0.02c 0.41 ± 0.02c 0.0071 ± 0.0002c 0.011 ± 0.001
T113S A, G, U 2.0 ± 0.1 1.6 ± 0.1 0.34 ± 0.01 0.37 ± 0.02 0.004 ± 0.001 0.005 ± 0.001
R145N A 2.0 ± 0.1 1.33 ± 0.05 0.06 ± 0.01 0.09 ± 0.03 n.d. n.d.
R145D G 1.15 ± 0.02 0.25 ± 0.02 n.d. n.d. n.d. n.d.
T113N C, U 1.56 ± 0.04 1.1 ± 0.1 0.017 ± 0.002 0.015 ± 0.001 n.d. n.d.
T113N-R145N C 0.38 ± 0.02 0.104 ± 0.004 n.d. n.d. n.d. n.d.
T113N-R145D U 0.047 ± 0.002 0.010 ± 0.002 n.d. n.d. n.d. n.d.

Single-turnover rate constants (kobs) of wild-type PRORP3 and its ‘re-programmed’ variants for the processing of pre-tRNAGly and minimal-substrate
(Aab9T) variants with different identity of position 57 (best-fit values ± standard error from the fitting of at least three replicate experiments each; n.d.,
not determinable because of no or too slow product formation). PRORP3 variants (first column) are identified by the substitution of the presumptive
nucleotide-specifying amino acid residues T113 and R145 of PPR3. Target nucleotide(s) (second column) were predicted using the general recognition
rules proposed for PPRs (44,45).
Enzyme concentrations were chosen to be saturating based on the KM(sto) for the wild-type enzyme-substrate combination (compare Table 3).
akobs of pre-tRNAGly variants determined at 500 nM PRORP3.
bkobs of Aab9T variants determined at 1 �M PRORP3, unless otherwise specified (c).
ckobs determined at 800 nM PRORP3.
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Figure 3. Nucleotide-specifying residues of plant-PRORP PPR motifs.
Conjectural nucleotide-specifying residues of the five PPR motifs found
in PRORPs of Chloroplastida/Viridiplantae. From the structure of Ara-
bidopsis thaliana PRORP1 (30) the nucleotide-specifying residues (NSR) 1,
4 and 34 (44,45; numbering according to the Pfam PPR model) of the PPR
motifs of the three A. thaliana PRORPs were derived and a sequence logo
was generated from the alignment of 175 PRORP sequences.

tRNA structure (Figure 2A). The nucleotide substitutions
in the T�C loop and G19→A19 in the D loop had no signifi-
cant effect on processing in this structural context (Table 4);
only G18→A18 resulted in a moderately increased KM(sto),
possibly the result of a mild tertiary structural disturbance.
This suggests either the presence of sufficient compensatory
recognition elements in pre-tRNAGly compared with the
minimized substrate Aab9T, which result in a masking of
the structural alterations of the T loop, or that single mu-
tations in pre-tRNAGly do not disrupt the T loop structure,
embedded and redundantly stabilized in the genuine tRNA
tertiary fold, to the same extent as in the context of Aab9T.

To reveal potential base-specific interaction(s) between
the tRNA and the PPR domain of PRORP3 from the en-
zyme rather than the substrate side, we identified the conjec-
tural nucleotide-specifying amino acids 1, 4 and 34 (44,45)
of the five PPRs and analyzed their evolutionary conser-
vation among plant PRORPs (Figure 3; the PPR domain
was not found to be sufficiently conserved at the primary
sequence level to allow an automated alignment of plant
to non-plant PRORP sequences). PPR1 and 5 show no ap-
preciable conservation of their nucleotide-specifying candi-

date residues. In PPR2 and even more so in PPR4, the cru-
cial residue at PPR-position 4 is not sufficiently conserved
to be responsible for an important specific interaction with
a conserved tRNA nucleotide. For PPR3, however, the in-
variable threonine as a nucleotide-specifying residue in po-
sition 4 combined with the conserved basic amino acid at
34 would be predicted to confer purine specificity to this
PPR (44,45). The purine at tRNA position 57 is highly con-
served, is not involved in an intra-T loop interaction, and its
substitution by a pyrimidine most severely affected process-
ing of our minimal substrate Aab9T (Table 4). To analyze
whether PPR3 ‘recognizes’ R57 (in accordance with the pro-
posed rules), we ‘re-programmed’ this PPR for the specific
recognition of all four base identities at position 57. The
different PRORP3 variants carrying mutations of residues
T113 and/or R145 were analyzed with position-57 variants
of pre-tRNAGly and the minimized substrate Aab9T. The
single-amino acid substitutions had either no or only a mi-
nor effect on the processing of wild-type pre-tRNAGly, but
with the exception of T113S, they were all less active on the
(wild-type) minimal substrate Aab9T, even the supposedly
A-specifying variant R145N (Table 5); the double mutants
were either severely impaired or not active at all. The ac-
tivity of none of the PRORP3 variants could be rescued by
employing a substrate with the supposedly matching base
identity at position 57; all active enzyme variants cleaved
substrates with A57 or G57 more efficiently than those with
C57 or U57. Thus, while both, PPR3 and R57, appear to play
an important role in the interaction of PRORP with pre-
tRNA model substrates, the two either do not directly in-
teract with each other, or their interaction is not governed
by the rules proposed to generally specify PPR-RNA inter-
actions.

Cleavage-site selection by PRORP

Neither sequence variations at the cleavage site, nor the
length of the 5′ and 3′ extensions, nor deletion of the D
and/or anticodon domain affected the position of cleavage
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Figure 4. Cleavage-site selection by PRORP3. Variants of pre-tRNAGly and the minimal-substrate Aab9T with varying length and structure of the aminoa-
cyl acceptor stem and/or T domain, or pre-tRNAGly variants with base-paired nucleotides −1 and 73 were subjected to cleavage by PRORP3, and the
cleavage site determined by mapping the length of the released 5′ leader. Processing assays with the different substrates were incubated with different con-
centrations of PRORP3 (for pre-tRNAGly wild-type, Aa−2bp, Aa+2bp and wild-type Aab9T: 200 nM; for Aab9T Aa+2bp, T+2bp, T+2bp Aa−2bp and T4loop:
1 �M; for pre-tRNAGly Aa+4bp, Aa+m3GC and Aa+m3AU: 500 nM; for pre-tRNAHis, pre-tRNAGly G−1–C73, U−1–A73 and Aa+3AU: 200 nM) or with 10
nM Bacillus subtilis RNase P (pre-tRNAHis) until sufficient product had formed. RNAs were separated by 12% (B, D and F) or 15% (G and I) denaturing
PAGE (only the part showing the 5′-cleavage products is shown). Alkaline hydrolysis ladders were generated from wild-type pre-tRNAGly (due to 2′,3′-
cyclic-phosphate ends their migration is slightly offset relative to the RNase P cleavage products with 3′-hydroxyl ends). (A) Pre-tRNAGly variants with
an acceptor stem extended or shortened by inserting or deleting 2 bp; the other tRNA domains (not shown) are identical to the wild-type (see Figure 1A).
The indicated reference positions 1 and −1 are for the purpose of this study defined as the seventh and eighth nucleotide in the 5′ strand of the aminoacyl
acceptor stem counting (in 3′-to-5′ direction) from the base of the stem. Arrows of different size indicate major and minor cleavage sites. (B) Cleavage-site
determination of the variants shown in (A). (C) Acceptor stem and T domain variants of the minimal substrate Aab9T. (D) Cleavage-site determination
of the variants shown in (C). (E) Pre-tRNAGly variants with an acceptor stem extended by 4, by a mismatch and 3 G–C, or by a mismatch and 3 A–U bp.
(F) Cleavage-site determination of the variants shown in (E). (G) Cleavage of E. coli pre-tRNAHis by B. subtilis RNase P and PRORP3. (H) Pre-tRNAGly

variants with base-paired nucleotides −1 and 73, or with an acceptor stem extended by 3 A–U bp. (I) Cleavage-site determination of the variants shown
in (H).
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Table 6. The effects of varying the length and structure of the aminoacyl acceptor stem and/or T domain, and of introducing base pairing upstream of
the cleavage site

pre-tRNAGly Aab9T

cleavage site(s)a kreact (min−1) KM(sto) (nM) cleavage site(s)a kreact (min−1) KM(sto) (nM)

wild-type 1(100%) 1.72 ± 0.04 1.5 ± 0.2 1(100%) 0.42 ± 0.01 40 ± 6
Aa+2bp 1(81%), −1(19%) 0.32 ± 0.03 36 ± 12 1(51%), −2(35%), −3(14%) 0.0015 ± 0.0005b n.d.
Aa−2bp 1(76%), 2(24%) 0.8 ± 0.1 33 ± 8
T+2bp 1(52%), −1(30%), 3(18%) n.d. n.d.
Aa−2bp
T+2bp

3(85%), 2(15%) 0.0126 ± 0.0004 134 ± 21

T4loop 1(43%),−1(43%), −2(14%) 0.019 ± 0.001b n.d.
Aa+4bp −1, −2(33%), −3, −4, −5, −6 0.023 ± 0.002c n.d.
Aa+m3GC 1(76%), −1(16%), −2(8%) 0.022 ± 0.001 11 ± 3
Aa+m3AU 1(87%), −1(13%) 0.44 ± 0.02 1.5 ± 0.9
G−1–C73 −1(100%) 1.46 ± 0.02 2.0 ± 0.1
U−1–A73 1(80%), −1(20%) 3.6 ± 0.1 2.1 ± 0.3
Aa+3AU 1(88%), −1(12%) 1.5 ± 0.1 2.3 ± 0.5

Major cleavage site(s), their relative cleavage rate and inclusive single-turnover kinetic constants of PRORP3 for the processing of pre-tRNAGly and
minimal-substrate (Aab9T) variants with varied lengths and structure of the acceptor stem and/or T domain, or pre-tRNAGly variants with base-paired
nucleotides −1 and 73 (see Figure 4 for the details of the structural changes and cleavage-site mapping; reference positions 1 and −1 are for the purpose
of this study defined as the seventh and eighth nucleotide in the 5′ strand of the aminoacyl acceptor stem counting (in 3′-to-5′ direction) from the base of
the stem; kinetic constants (best-fit values ± standard error from the fitting of at least three replicate experiments each) were derived from rate constants
determined for cleavage at all sites; n.d., not determined.
aThe position of the nucleotide downstream of the cleaved phosphodiester bond is specified, i.e. cleavage occurred 5′ of the indicated nucleotide, and the
relative product quantity is indicated in superscript parenthesis.
bRate constant (kobs) determined with 1 �M PRORP3 (best-fit values ± standard error from the fitting of at least three replicate experiments each).
cRate constant (kobs) determined with 500 nM PRORP3 (best-fit value ± standard error from the fitting of at least three replicate experiments).

by PRORP3; all the pre-tRNA and minimal substrate vari-
ants were precisely and exclusively processed at the canon-
ical RNase P cleavage site. The conserved structure of the
aminoacyl acceptor and T domain thus appear to contain
all the information for cleavage-site selection/positioning.
To investigate whether simply the combined lengths of the
two stacked helices and the T loop determine the cleavage
site, we first varied the length of the acceptor stem of pre-
tRNAGly. Deletion (Aa−2bp) or insertion (Aa+2bp) of 2 bp
into the aminoacyl acceptor stem shifted the main cleavage
site from the end of the acceptor helix by 2 nt in both cases,
either into the single-stranded leader or into the double-
stranded stem, resulting in the release of a shorter and
longer leader, respectively (Figure 4A and B); the cleavage
site’s distance from the tRNA body thereby remained con-
stant, although we observed some additional minor cleav-
age 1 nt closer to the end of the acceptor helix in both cases.
Alteration of the acceptor stem length was also associated
with a drop in cleavage efficiency, primarily manifesting as
an increase in KM(sto) (Table 6). Varying the length of the
stems and the size of the T�C loop of the Aab9T mini-
mal substrate was detrimental to cleavage efficiency (Ta-
ble 6), but nevertheless largely confirmed the importance of
the overall dimensions of acceptor and T domain (Figure
4C and D): (i) extending the length of the acceptor stem
(Aa+2bp) again partially shifted the cleavage site by 2 nt to
within the acceptor stem; (ii) extending the T stem in a sim-
ilar way rendered the substrate (T+2bp) nearly uncleavable,
but cleavage could be rescued by proportionally shorten-
ing the acceptor stem (Aa−2bp T+2bp), which also redirected
cleavage to the end of the now only 5 bp long acceptor stem;
(iii) reducing the size of the conserved 7-nt T�C loop to 4
nt (T4loop) finally resulted in a partial relocation of the cleav-

age site to 1 or 2 nt upstream. Taken together these results
indicate a pre-tRNA-binding mode that positions the site
to be cleaved indeed primarily as a consequence of its dis-
tance relative to the T-loop, i.e. the combined length of the
aminoacyl acceptor stem and the T domain is an important
determinant for docking the correct phosphodiester bond
into the active site of PRORP.

The partial ‘out of register’ cleavage of pre-tRNAGly vari-
ants with shortened or extended acceptor stem (Aa−2bp and
Aa+2bp) 1 nt closer to the end of the acceptor helix, together
with the reduced affinity of PRORP3 for such substrates,
suggests an additional preference of the enzyme to cleave
at the end of a helix, implying that the nucleotide immedi-
ately upstream of the cleavage site must be ‘flexible’ and, if
base-paired, has to be melted to fit into the active site. Con-
sistently, extension of the acceptor stem by 4 bp (Aa+4bp)
strongly impaired cleavage (Table 6) and led to weak cleav-
ages all along its distal extension (Figure 4E and F). In-
troducing a mismatch into the extended stem (Aa+m3GC)
largely restored cleavage-site positioning and KM(sto), but
not the cleavage rate (kreact). However, replacing the 3 G–
C bp upstream of the mismatch with A–U (Aa+m3AU) bp
largely restored the kinetic parameters, indicating that melt-
ing of any upstream base pairing is required for efficient
substrate docking, site selection and cleavage.

‘Miscleavage’ of pre-tRNAGly variants also suggests
some flexibility in the ‘measuring mechanism’ of PRORP,
i.e. a substrate-binding mode capable of productively posi-
tioning also slightly longer substrates. This is reminiscent
of a distinct feature of bacterial RNase P that selectively
cleaves pre-tRNAHis 1 nt upstream of the canonical site,
i.e. between −2 and−1, to release a tRNAHis with an 8-
bp acceptor stem. Among the features redirecting the cleav-
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age, a G−1 base-paired to the discriminator C73 of bacterial
tRNAHis is the most critical. Whereas a similar extension of
the acceptor stem, or a T domain of non-canonical size, are
not found in any nucleus-encoded tRNA species in plants,
their mitochondria and chloroplasts have bacterial-type
tRNAHis genes with a G−1–C73 base pair (47). PRORP1,
the mitochondrial/chloroplastic RNase P of A. thaliana,
was in fact reported to cleave a potato mitochondrial pre-
tRNAHis at both, the canonical site (−1/1), as well as up-
stream (−2/−1) like the bacterial enzyme (63). When we
tested E. coli pre-tRNAHis with PRORP3, however, cleav-
age occurred exclusively at the ‘bacterial cleavage site’ (Fig-
ure 4G). To further investigate this observation, we mod-
ified our model substrate T. thermophilus pre-tRNAGly to
introduce G–C or U–A base pairing between position −1
and the discriminator at 73 (Figure 4H; the latter found in
16% of the nuclear tRNA genes in A. thaliana). Whereas
the U−1–A73 variant was efficiently cleaved at the canon-
ical site (with only minor miscleavage 1 nt upstream), the
pre-tRNAHis look-alike (G−1–C73) was exclusively cleaved
at the upstream position, resulting in a tRNAGly with an 8-
bp acceptor stem (Figure 4H and I; Table 6). Surprisingly,
the G−1–C73 substrate was cleaved with wild-type-like effi-
ciency too, revealing an unexpected flexibility in the bind-
ing and active-site docking of substrates with 12- or 13-bp
acceptor-T stem modules.

The sequences flanking tRNA structures in primary tran-
scripts are not random. The 5′ leaders of A. thaliana pre-
tRNAs are rich in adenosines, particularly close to the
cleavage site, and the 3′ end is generally followed either di-
rectly or after a few nucleotides by a run of uridines de-
rived from the polymerase III terminator (Supplementary
Figure S3). This bias in the leader and trailer sequences of
A. thaliana pre-tRNAs results in a high frequency of short
A/U-rich acceptor stem extensions (Supplementary Table
S6). To clarify whether PRORP3 can cope with such exten-
sions, we finally tested a pre-tRNAGly with an acceptor stem
extension of 3 A–U bp (Aa+3AU; extensions of this kind are
found in 3.5% of A. thaliana tRNA genes). In line with its
role as a nuclear RNase P in A. thaliana, PRORP3 efficiently
cleaved this pre-tRNA variant, with only little miscleavage
at the upstream phosphodiester bond (Figure 4H and I; Ta-
ble 6).

DISCUSSION

At first glance, different forms of RNase P appear to recog-
nize and bind their pre-tRNA substrates in a similar way,
by docking to the stacked aminoacyl acceptor and T do-
mains of the tRNA structure, and modeling of PRORP–
tRNA complexes has been used to emphasize this similarity
to the RNA-based, bacterial RNase P (33,64,65). Our close-
up, however, shows that the elements that make an RNA
a substrate for RNase P and direct cleavage to the correct
site differ distinctly between the bacterial RNP and the eu-
karyal protein-only enzyme. In short, A. thaliana PRORP3,
in comparison with bacterial RNase P, requires more tRNA
structure, particularly a largely intact ‘acceptor-T domain’,
but little to no determinants at the cleavage site, nor inter-
actions with the extensions of the tRNA (5′ leader, 3′ trailer
or CCA). Cleavage-site positioning by PRORP3 also mostly

depends on the dimensions of the ‘acceptor-T domain’ com-
bined with the constraint that the leader has to be unpaired;
again, determinants at the cleavage site used by the bacterial
enzyme are not involved. Intriguingly, PRORP3 neverthe-
less displays the same ‘flexibility’ to shift cleavage to 1 nt up-
stream on specific substrates. Overall, in substrate recogni-
tion and cleavage-site selection PRORP appears more sim-
ilar to the complex eukaryal nuclear RNP enzymes, al-
though those have not been studied in sufficient detail to
finally assess the full extent of this mechanistic convergence.

The lack of any apparent interaction with the 5′ or
3′ extension of the tRNA is a major distinction between
PRORP and bacterial RNase P. Pre-tRNA interaction with
PRORP3, as reflected by the KM(sto), remained unchanged
down to a leader of 1 nt, or upon removal or extension of the
trailer. Active-site contacts involving nucleotide −2 never-
theless appear to be important for catalysis, as its removal
resulted in a sudden 10-fold drop of the cleavage rate. In
contrast, the protein subunit of the bacterial RNP contacts
the leader up to −7, enhancing the enzyme’s affinity for the
pre-tRNA and assisting in positioning the cleavage site (19–
22). Naturally, the crucial DCCA interaction of the bacte-
rial enzyme (18,54) is not found in a eukaryal RNase P, and
we could not confirm the previously suggested adverse ef-
fect of a 3′-terminal CCA on PRORP (33). The pre-tRNA
3′ extension simply appears irrelevant for a productive in-
teraction with PRORP3.

The role of the pre-tRNA 5′ leader and 3′ trailer was pre-
viously studied for the yeast nuclear RNase P RNP (66).
A pre-tRNA with a leader shortened to 2 nt showed no de-
crease in cleavage efficiency (a variant with a 1-nt leader was
not investigated). Intriguingly however, competition exper-
iments indicated that a single-stranded 3′ trailer supported
binding to the RNP enzyme, and the authors concluded that
yeast nuclear RNase P exposes two binding sites involved
in substrate recognition, one that interacts with the tRNA
body and one that binds the 3′ trailer. Thus, while the nu-
clear RNP and PRORP appear similar in their lack of con-
tacts to the pre-tRNA 5′ extension, they apparently differ
with respect to interactions with 3′-extensions.

In contrast to bacterial RNase P (57,58), PRORP3 is not
affected in its cleavage activity by the identity of the 5′-
terminal nucleotide/base pair of the tRNA domain (at least
in canonically sized tRNAs), despite the same strong bias
in favor of a terminal G1–C72 base pair in the tRNAs of
A. thaliana (Supplementary Figure S3 and Table S6). An
equally obvious bias toward an A immediately upstream of
the cleavage site (−1; Supplementary Figure S3) is reflected
by stimulated catalysis of A−1 substrates compared to sub-
strates with more rare U−1, G−1 or C−1 identities. In bacte-
ria, however, the base at −1 does not affect catalysis, but in-
teraction with the enzyme, and a U−1 is preferred and most
frequent (59). The role of both presumptive determinants at
the cleavage site has not been investigated for the eukaryal
nuclear RNP enzymes.

Not unexpectedly, RNase P enzymes that make little use
of determinants close to the cleavage site, require more ‘in-
formation’ from the tRNA structure itself to reliably rec-
ognize their substrates. The ‘acceptor-T domain’ presented
as an uninterrupted continuous stem-loop structure (AaT),
a minimal substrate efficiently cleaved by the bacterial en-
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zyme (23), is a poor substrate for PRORP. As in the case
of the RNA-based nuclear RNase P (28,29), insertion of a
bulge of at least one, but preferably more nucleotides, at the
site where the two helices are normally interrupted by their
connections to the remaining domains, was required to con-
vert the ‘acceptor-T domain’ mimic into a decent substrate
for PRORP. While a 1-nt bulge was sufficient to rescue catal-
ysis, a longer inset was required to lower the KM(sto), suggest-
ing that a small kink or flexibility is required for position-
ing the minimal substrate in the active site, yet more confor-
mational flexibility mediates additional interactions for effi-
cient substrate docking. Still such substrates perform worse
than a largely intact pre-tRNA and only the anticodon do-
main seems entirely dispensable.

While PRORP does not recognize specific bases at the
cleavage site, the conserved presence of a domain comprised
of consecutive PPRs suggests the involvement of some se-
quence specificity in substrate recognition. PPR motifs are
proposed to recognize nucleobases according to a code
specified by two or three of their amino acid residues, with
the tandem arrangement of several motifs resulting in the
reading of a stretch of RNA sequence (44,45). In tRNAs,
the only consecutive stretch of conserved primary sequence
is found in the T�C loop, a prototypic T-loop structure
and anchor for tertiary interactions with the D loop (61,62).
A recent study indeed proposed PPR2 and PPR3 to be in-
volved in a specific interaction with the T�C loop’s C56 and
R57, respectively (34). Our data, however, do not confirm
the predicted type of base-specific interaction with the PPR
motifs of PRORP. (i) The nucleotide-specifying residues of
four of the five PPRs of PRORP are not sufficiently con-
served to be consistent with the predicted ‘code’ when more
plant sequences are taken into account. (ii) Any of our
attempts to ‘re-program’ the single conserved PPR motif
(PPR3), predicted to specify purines by the rules of the code
and proposed to recognize R57 within the T�C loop (34),
failed; R57 variants, particularly in the context of the mini-
mal substrate Aab9T, were strictly preferred over Y57 sub-
strates by all the PPR3 mutants, even by those that had
been ‘re-programmed’ to recognize pyrimidines. Mutagen-
esis of PRORP3’s PPR3 nevertheless demonstrated its im-
portance for substrate recognition, all the variants, except
for T113S, had impaired cleavage activity, at least when act-
ing on the minimal substrate. Also R57 and the other T-
loop bases appear to play a role in substrate recognition,
again particularly in the context of the minimal substrate
lacking D domain determinants. However, rather than the
primary sequence only, it appears to also be the conserved
structure of the loop that is relevant for a productive inter-
action with PRORP. Finally, testing T-loop variants in the
context of the complete tRNA structure also showed that,
similar to bacterial RNase P, not all the different substrate-
recognition determinants are strictly required, but deficien-
cies in one can be fully compensated by the (optimal) man-
ifestation of others.

Substrate recognition has to tie in with cleavage-site se-
lection, and the two processes are naturally not separa-
ble. For bacterial RNase P, the features ‘recognized’ at the
cleavage site also largely determine the position of cleav-
age (17). Again, the eukaryal enzymes, both RNA- and
protein-based, are different and display some mechanistic

convergence. Here, the overall dimensions (length) of the
‘acceptor-T domain’ determines primarily where the cleav-
age is positioned; metaphorically called ‘measuring’ (27,28),
this obviously reflects a defined distance between the T loop
interaction site and the active site of the enzyme. Another
important feature to allow cleavage at the site determined
in this way is the single-strandedness or flexibility of the 5′
leader, particularly of the nucleotide immediately upstream
of the cleavage site (−1). Any base pairing beyond the cleav-
age site needs to be melted to allow recognition/binding
and cleavage. This requirement appears to be shared not
only between PRORP and the nuclear RNP enzyme (66,67),
but also with bacterial RNase P, although in this latter case
single-strandedness of the leader is required to enable the
crucial interactions with the RNA and protein subunit of
this enzyme (17).

Another similarity to bacterial RNase P, yet again with
a different mechanistic basis, is the ability of PRORP3 to
efficiently redirect its cleavage site to 1 nt upstream on sub-
strates where a G−1 is base-paired to a discriminator C73, a
characteristic feature of bacterial tRNAHis. G−1–C73 pair-
ing makes N−1 and N73 inaccessible for specific contacts
within the active site of bacterial RNase P RNA, which are
required to expose the canonical cleavage site and to prop-
erly position the Mg2+ ions involved in the catalytic pro-
cess (17). In the case of PRORP3, this phenomenon appears
to indicate the flexibility of the enzyme’s substrate-binding
pocket to efficiently accommodate substrates of slightly dif-
fering length. Substrates with a stable G−1–C73 base pair
are thereby cleaved upstream of −1 resulting in an 8-bp ac-
ceptor stem, whereas for pre-tRNAs with a weak, e.g. U−1–
A73, melting of this extra base pair and canonical cleavage
appears to be the preferred pathway. The biological signifi-
cance of this property of PRORP3 is elusive, as a G−1–C73 is
not found in eukaryal nuclear tRNAsHis, where the discrim-
inator generally is A73 (56). At least in A. thaliana, strong
base pairing to the discriminator appears to be under neg-
ative selection and is extremely rare, and two consecutive
G–C base pairs upstream of the canonical cleavage site are
not found at all in nuclear pre-tRNAs (Supplementary Ta-
ble S6). Weak base pairing between −1 and the discrimi-
nator 73, as well as further potential weak acceptor stem
extensions, are nevertheless relatively frequent, yet they do
not represent a major obstacle to canonical cleavage. Mis-
cleaved pre-tRNAs, extended by an extra nucleotide at their
5′ end, could theoretically undergo another cycle of process-
ing to finally remove the short extension, though this would
occur at a 10-fold lower rate only (see Table 1).

Remarkably, the ‘naked’ human nuclear RNase P RNA
was reported to cleave a bacterial pre-tRNAHis at the
−1/−2 upstream site too (68), yet no eukaryal RNP holoen-
zyme form has been tested on such a substrate so far.
The Xenopus RNP enzyme, however, was reported to re-
move the 5′-terminal base-paired G of an acceptor stem-
extended yeast tRNAPhe (27). So in the end it remains un-
clear whether or not the eukaryal nuclear RNP enzymes
also shift their cleavage site on G−1–C73 acceptor stem-
extended substrates.

Given that in most organisms a single RNase P enzyme
per tRNA-expressing compartment is responsible for the
processing of all the encoded tRNAs, it seems reasonable
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to assume that most if not all single-subunit PRORPs em-
ploy mechanisms of substrate recognition and cleavage-site
selection that are very similar to those identified here for A.
thaliana PRORP3. This implies that the enzymatic mech-
anisms established here for (variants of) the pre-tRNAGly

model substrate in principle also apply to all other pre-
tRNAs (of canonical structure). Yet in part different mecha-
nisms likely govern the action of human/animal mitochon-
drial PRORPs (69). Not only do they make use of two addi-
tional protein subunits to cleave mitochondrial pre-tRNAs
(8,32), but they also act on a much wider structural diversity
of pre-tRNAs (61).

In conclusion, the general mechanisms employed by dif-
ferent forms of RNase P either differ substantially (PRORP
versus bacterial RNase P), or display substantial common-
alities (PRORP versus nuclear RNP RNase P). Thus with
respect to substrate recognition, mechanistic similarity does
not simply reflect molecular composition or evolutionary
relationship. And although the extent of mechanistic con-
vergence between the highly complex eukaryal nuclear RNP
and the seemingly simple single-subunit PRORPs cannot
yet be fully assessed, some of the functional implications
of the herewith described mechanistic differences and simi-
larities, respectively, have already been indicated by genetic
transplantation/exchange experiments. Whereas in yeast an
RNase P RNP-for-PRORP swap remained without any ap-
parent functional or fitness consequences (13), complemen-
tation of a bacterial RNase P deficiency by PRORP revealed
clear-cut limitations, particularly in the processing of cer-
tain non-tRNA substrates by the latter (M. Gößringer et al.,
in preparation). Thus, in the end, the RNase P family re-
mains a unique model system for studies of enzyme evolu-
tion or enzyme-substrate coevolution.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We acknowledge the excellent technical assistance of
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Hartmann,R.K., Rossmanith,W. and Giegé,P. (2010) A single
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61. Giegé,R., Jühling,F., Pütz,J., Stadler,P., Sauter,C. and Florentz,C.
(2012) Structure of transfer RNAs: similarity and variability. WIREs
RNA, 3, 37–61.

62. Chan,C.W., Chetnani,B. and Mondragón,A. (2013) Structure and
function of the T-loop structural motif in noncoding RNAs. WIREs
RNA, 4, 507–522.

63. Placido,A., Sieber,F., Gobert,A., Gallerani,R., Giegé,P. and
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