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ABSTRACT

RNase P, which catalyzes tRNA 50-maturation,
typically comprises a catalytic RNase P RNA (RPR)
and a varying number of RNase P proteins (RPPs):
1 in bacteria, at least 4 in archaea and 9 in
eukarya. The four archaeal RPPs have eukaryot-
ic homologs and function as heterodimers (POP5�
RPP30 and RPP21�RPP29). By studying the archaeal
Methanocaldococcus jannaschii RPR’s cis cleavage
of precursor tRNAGln (pre-tRNAGln), which lacks
certain consensus structures/sequences needed
for substrate recognition, we demonstrate that
RPP21�RPP29 and POP5�RPP30 can rescue the
RPR’s mis-cleavage tendency independently by
4-fold and together by 25-fold, suggesting that
they operate by distinct mechanisms. This synergis-
tic and preferential shift toward correct cleavage
results from the ability of archaeal RPPs to select-
ively increase the RPR’s apparent rate of correct
cleavage by 11 140-fold, compared to only 480-fold
for mis-cleavage. Moreover, POP5�RPP30, like the
bacterial RPP, helps normalize the RPR’s rates of
cleavage of non-consensus and consensus pre-
tRNAs. We also show that archaeal and eukaryal
RNase P, compared to their bacterial relatives,
exhibit higher fidelity of 50-maturation of pre-
tRNAGln and some of its mutant derivatives. Our
results suggest that protein-rich RNase P variants
might have evolved to support flexibility in substrate
recognition while catalyzing efficient, high-fidelity
50-processing.

INTRODUCTION

The biogenesis of transfer RNAs (tRNAs) involves 50- and
30-maturation, intron splicing (where applicable) and nu-
cleotide modification before their use in translation (1).
RNase P, the endonuclease that catalyzes the
50-maturation, is typically a ribonucleoprotein (RNP)
complex except for some organellar variants (2,3). It
contains one catalytic RNase P RNA (RPR) and a
varying number of RNase P proteins (RPPs): 1 in
bacteria, at least 4 in archaea and 9 in eukarya (4–9).
Although pre-tRNA cleavage is associated with the RPR
(10–12), both RPR and RPP(s) are essential for cellular
viability (13–15). While the bacterial RPP is unrelated to
archaeal/eukaryal RPPs, four archaeal RPPs, which share
homology with eukaryal counterparts, function as binary
complexes (POP5�RPP30 and RPP21�RPP29) (16–20).
The increasing protein content in the RNase P holoen-
zyme (10% in bacterial, 50% in archaeal and 70% in
eukaryal RNase P) is accompanied by a decrease in the
cleavage activity of the respective RPRs (bacterial, 10/
min> archaeal, 10�1/min> eukaryal, 10�5/min; pH 6)
(11,16,21). However, since all the holoenzymes display
similar kcat/Km values (7), it is evident that archaeal and
eukaryal RNase P, in contrast to their bacterial counter-
parts, display an acute functional dependence on multiple
RPPs. We have focused on this aspect in the current in-
vestigation, particularly on how the multiple RPPs con-
tribute to the RPR’s fidelity of processing.

Given the wide variation in pre-tRNA sequences,
several studies have focused on mapping the common de-
terminants that permit the collective recognition and effi-
cient cleavage of pre-tRNAs by RNase P. How does
RNase P specifically hydrolyze the phosphodiester bond
between the first nucleotide in the mature tRNA (N+1) and
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its preceding nucleotide in the 50-leader (N�1) (Figure 1)?
Chemical modification interference mapping, crosslinking,
nucleotide analog interference mapping and mutagenesis
studies have identified a suite of interactions between
pre-tRNAs and bacterial RNase P (22,23). Notably,
these interactions include (i) recognition of the 50-leader
of pre-tRNAs by amino acid residues in a cleft in bacterial
RPP (24–28); (ii) the base at N�1 (typically a U) in the
pre-tRNA and the adenosine at position 248 in the RPR
(A248—Escherichia coli RPR numbering) (29–31); (iii) the
T stem–loop (TSL) in the pre-tRNA and the P7–P11
region in the RPR, referred to as the TSL-binding site
(TBS) (32–34); and (iv) Watson–Crick base pairing of
the 30-terminal RCC sequence of the pre-tRNA and a
conserved GGU sequence in the L15 loop of RPR
(23,35). A recent crystal structure of a bacterial RNase P
holoenzyme-tRNA (ES) complex (36) confirms these
intermolecular interactions. However, not all these
contacts are required for accurate or efficient cleavage;
hierarchy (if any) among them remains to be determined.
In a related vein, differences between recognition of
consensus (possessing the sequences/structures enume-
rated above) and non-consensus pre-tRNAs are also
unclear.

Results from previous investigations suggest that bac-
terial and eukaryal RNase P employ different recognition
determinants during pre-tRNA processing. First, a com-
parative study examining the ability of partially purified
Escherichia coli (Eco) and HeLa RNase P holoenzymes to
cleave deletion derivatives of Thermus thermophilus (Tth)
pre-tRNAGly, a non-consensus substrate, concluded that
while both enzymes are indifferent to the presence of an
anticodon stem, deletion of the D stem–loop caused a
30-fold decrease in human RNase P activity but only
3-fold in Eco RNase P (37). That such an inference
might partly be substrate identity dependent is borne out
by another investigation with HeLa RNase P which
reported that removal of the D stem–loop in Eco
pre-tRNATyr caused Vmax/Km to decrease by only 2-fold
(38). Second, a model substrate comprising a 12-bp stem
(similar to the acceptor-T-stem helical stack) capped with
a terminal loop and flanked by a 50-leader and 30-RCCA
trailer was shown to be cleaved by bacterial but not by
partially purified human and frog RNase P (38–40).
However, if this model substrate contains even a 1-nt
bulge as a linker between the T and acceptor stems, it is
recognized and cleaved by the native human and frog
RNase P holoenzymes (38,39). A subsequent study
showed that the human RPR (without RPPs) surprisingly
could cleave a similar model substrate lacking a bulge,
hinting that the multiple RPPs in the holoenzyme RNP
complex must alter the RPR’s substrate recognition (11).
Third, cleavage of pre-tRNAHis by bacterial RNase P gen-
erates an 8-bp acceptor stem while maturation by eukary-
otic RNase P yields a 7-bp acceptor stem (29,41,42).
Finally, in contrast to the bacterial holoenzyme, partially
purified Schizosaccharomyces pombe RNase P catalyzed
correct cleavage of various derivatives of a non-consensus
pre-tRNA (S. pombe pre-tRNASer with G�1) that differed
in 50- and 30-flanking sequences (43).

The abovementioned observations motivate studies to
uncover the molecular basis for parallels and differences in
substrate recognition by RNase P from the three domains
of life. In this study, we have focused particularly on the
roles of the multiple archaeal/eukaryal RPPs in the fidelity
of processing of non-consensus pre-tRNAs. Bacterial
RNase P processes precursors to 4.5S RNA and
tmRNA, select viral RNAs, C4 antisense RNA from bac-
teriophage P1 and P7, and some mRNAs, not all of which
have a tRNA-like motif (44–49). Recently, human and
yeast RNase P have been implicated in processing
certain short-lived non-coding (nc) RNAs and mRNAs,
and shown to even cleave single-stranded (ss) RNAs
(50–56); intriguingly, common recognition determinants
(tRNA-like or otherwise) in these substrates are not
apparent. While the biological significance of processing
these non-tRNA substrates by human/yeast RNase P
remains to be uncovered, these findings reveal an unex-
pected expansion in the repertoire of substrates of eukary-
otic RNase P and provide a possible basis for the
association of the eukaryotic (and archaeal) RPR with
multiple RPPs.
Here, we provide the first evidence that archaeal RPPs

engender progressive and synergistic changes in shifting
the cognate RPR’s preference toward correct cleavage
in vitro of pre-tRNAGln, a non-consensus substrate. By
comparing the processing of pre-tRNAGln and several of
its mutant derivatives, we also found that in vitro
reconstituted archaeal and native archaeal/eukaryal
RNase P exhibit both a higher fidelity in cleavage-site se-
lection and a greater tolerance of structural deviations
from the pre-tRNA consensus. We discuss the implica-
tions of these findings for the evolution of RNase P, espe-
cially the versatility and plasticity gains that might have
resulted from association with multiple protein cofactors.

MATERIALS AND METHODS

Construction of pre-tRNAGln-AAU-Mja RPR

The cloning of pBT7-pre-tRNAGln-AAU-Mja RPR was
carried out in two steps. First, two fragments, one
encoding the Synechocystis pre-tRNAGln and the other
encoding Methanocaldococcus jannaschii (Mja) RPR,
were obtained separately by PCR using primer pairs
pGln-S3-M GF+pGln-S3-M GR and pGln-S3-M MF+
pGln-S3-M MR, respectively (Supplementary Table S1);
the plasmids pT7-Gln (57) and pBT7-pre-tRNATyr-
UAU-Mja RPR (19) served as the corresponding tem-
plates. These two PCR products, each with a 19-nt
overlap, were annealed and extended, and the extended
product digested with BamHI and ligated to StuI- and
BamHI-digested pBT7 (58) to obtain pBT7-pre-
tRNAGln-UAU-Mja RPR. Second, to change the linker
sequence from 50-UAU-30 to 50-AAU-30, we employed
PCR-based mutagenesis. We designed primers ptGln-
AAU-M F and ptGln-linker-M R (Supplementary Table
S1) to flank the linker nucleotides and having 50 extensions
to replace the linker sequence. The primers are oriented
outward to ensure amplification of the entire pBT7-pre-
tRNAGln-UAU-Mja RPR plasmid with the new linker
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sequence. The resulting PCR product was circularized by
ligation with T4 DNA ligase and transformed into Eco
DH5a. Transformants were then screened to identify
those harboring the desired mutation, which were subse-
quently confirmed by DNA sequencing.

Construction of mutant derivatives of Synechocystis sp.
PCC6803 pre-tRNAGln

The genes encoding various mutant derivatives of
Synechocystis pre-tRNAGln (Figure 3) were cloned using
a PCR-based strategy. The entire coding sequence was
generated either from fill-in of an annealed pair of
primers (Supplementary Table S2) designed to have an
overlapping complement or through PCR-based mutagen-
esis with pT7-Gln (57) serving as the template. In some
cases (where cloning into pUC19 was involved), the
forward primer included the T7 RNA polymerase
promoter sequence and a BamHI site, while in others
the forward primer was designed for cloning as a
blunt-ended fragment into StuI-digested pBT7 (58). In
all cases, the reverse primer included either a HindIII or
an EcoRI site for subcloning and a BstNI site for
linearizing the template for subsequent run-off transcrip-
tion. All cloned sequences were confirmed by DNA
sequencing before further use.

In vitro transcription of RNAs used in this study

All RNAs used in this study were generated by T7 RNA
polymerase-mediated run-off transcription. In the case of
pre-tRNAGln and its derivatives, appropriate plasmid
DNAs digested with BstNI served as the template. Eco
and Pyrococcus furiosus (Pfu) RPRs were generated
from FokI-digested pJA20 and EcoRI-digested pBT7-
PfuRPR, respectively (20,59). For the self-cleaving pre-
tRNAGln-AAU-Mja RPR, the template for transcription
was generated by PCR using the high-fidelity Phusion
DNA polymerase (New England Biolabs) with
pBT7-pre-tRNAGln-AAU-Mja RPR as the template, and
50-TAATACGACTCACTATAGGTTAATCAATGGGG
TGTAG-30 (forward) and 50-CTATTTCGGCTTGCACC
CC-30 (reverse) as primers. Note that the forward primer
includes the T7 RNA polymerase promoter (underlined
sequence). These RNAs were subjected to extensive
dialysis to remove unincorporated nucleotide triphos-
phates and their concentrations determined based on the
absorbance at 260 nm and respective extinction coefficient.

To obtain radiolabeled RNAs, the appropriate tran-
scripts were either 50-labeled with [g-32P]-ATP and T4
polynucleotide kinase or internally labeled by including
[a-32P]-ATP in the in vitro transcription reaction. All
labeled transcripts were then gel-purified using denaturing
gel electrophoresis.

Purification of bacterial and archaeal RPPs

Recombinant versions of Eco, Mja and Pfu RPPs were
obtained after overexpression in Eco and subsequent puri-
fication as described previously (16,20,59,60).

Partial purification of Arabidopsis thaliana (Ath) nuclear
RNase P

Arabidopsis cultured suspension cells were grown at room
temperature under continuous fluorescent white light
(60mmol/m2/s) in Gamborg B5 medium (Caisson
Laboratories, Inc.) supplemented with 1.1mg/l
2,4-dichlorophenoxy acetic acid and 0.5 g/l 2-(N-
morpholino)ethanesulfonic acid. Seven-day-old cells were
harvested by filtering through two layers of Miracloth and
immediately stored at �80�C until subsequent use to
prepare a whole cell extract. Ion-exchange chromatog-
raphy of a clarified crude lysate using sequential SP-,
DEAE- and Q-Sepharose (GE Healthcare) yielded a
400-fold purified native, nuclear RNase P. Active fractions
at each step were identified with pre-tRNA processing
assays using tobacco chloroplast pre-tRNAGly as the sub-
strate. A detailed protocol will be published elsewhere
(Lai, L. B. and Gopalan, V., manuscript in preparation).

RNase P assays

General. Pre-tRNA cleavage assays were performed in a
thermal cycler and the reactions terminated using one
assay-volume of stop dye [10M urea, 1mM EDTA,
0.05% (w/v) xylene cyanol, 0.05% (w/v) bromophenol
blue, 20% (v/v) phenol]. The reaction products were
then subjected to denaturing PAGE using either 10% or
20% (w/v) polyacrylamide/7 M urea gel electrophoresis,
respectively, depending on whether the resolving length
was 40 cm (e.g. Figures 1 and 4) or 18 cm (for the kinetic
data shown in Figure 2).

Reconstitution of bacterial and archaeal RNase P. While
Eco RNase P was reconstituted using 15 nM RPR
and 150 nM RPP, Pfu and Mja RNase P were assembled
from 20 to 40 nM RPR and a 5- or 10-fold excess amount
of recombinant RPP21�RPP29+POP5�RPP30. The
buffers and methods employed for assembly are described
in detail elsewhere (16,20,59,60). For the self-cleavage re-
actions with pre-tRNAGln-Mja RPR, we followed the pro-
cedure described previously for pre-tRNATyr-Mja RPR
(19,61); typically, it involved assembling 50 nM of the
self-cleaving construct and 500 nM of the RPPs.

Cleavage assays. To compare the trans cleavage of
pre-tRNAGln by Pfu RNase P with the cis cleavage that
occurs during processing of pre-tRNAGln-Mja RPR
(Figure 1c), we employed single-turnover assays with Pfu
RNase P. Two 2 nM of 50-labeled pre-tRNAGln was
incubated at 55�C with either 15 mM Pfu RPR alone or
200 nM Pfu RPR reconstituted with 2 mM RPPs (Figure
1c, lanes 1–5). The times of incubation were 9 h for the
reactions with Pfu RPR and Pfu RPR+RPP21�RPP29,
30min for Pfu RPR+POP5�RPP30 and 10min for Pfu
RPR+4 RPPs.
For calculating the rate of self-cleavage of pre-

tRNAGln-Mja RPR with and without RPPs, we largely
followed the experimental approach outlined in Chen
et al. (61) for pre-tRNATyr-Mja RPR. Some modifications
were necessary to ensure robust cleavage and to reduce
aggregation-related problems. Through empirical testing,
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we arrived at the optimal conditions suitable for a biphasic
set-up: a pre-incubation that permits RPR assembly with
RPPs while minimizing self-processing, and a cleavage
reaction that is initiated by switching to conditions that
engender maximal activity. The conditions for self-
cleavage of pre-tRNATyr-Mja RPR with and without
POP5�RPP30 were the same as in Chen et al. (60).
While the first assembly phase of pre-tRNAGln-Mja
RPR+RPP21�RPP29 was unchanged from Chen et al.
(61) the cleavage reaction was performed in 200mM
instead of 100mM Mg(OAc)2. For the reaction with all
four RPPs, both phases were performed in 50mM MES,
pH 6 instead of pH 5.4, and the assembly was carried out
in 25mM Ca(OAc)2 instead of 1mM Mg(OAc)2.
To assess the extent of mis-cleavage of pre-tRNAGln

and its mutant derivatives, we performed assays under
multiple-turnover conditions (Figure 4). Either a
reconstituted (Eco, Pfu and Mja) or a partially purified
native (Ath) RNase P variant was added to 500 nM
pre-tRNAGln (wild-type or a mutant derivative), a trace
amount of which was internally labeled. Incubations were
performed at 37�C for Eco/Ath RNase P and 55�C for
Mja/Pfu RNase P. We chose incubation periods that
allowed nearly two-thirds cleavage of the substrate since
our goal was to ascertain the amount of correctly and
aberrantly cleaved products (and not their initial velocities
of formation). The assay reactions contained 10mM
HEPES (pH 7.5 at 23�C), 10mM Mg(OAc)2, 400mM
NH4(OAc) and 5%(v/v) glycerol for Eco RNase P;
50mM Tris–HCl (pH 8 at 23�C), 30mM MgCl2,
800mM NH4(OAc) for Pfu and Mja RNase P; and
20mM Tris–HCl (pH 8 at 23�C), 5mM MgCl2 for Ath
RNase P.

Data analysis. The RNase P reaction contents separated
by denaturing PAGE were visualized by phosphorimaging
(Typhoon, GE Healthcare) and quantitated with
ImageQuant (GE Healthcare) to determine the amount
of correctly (PC0

) and aberrantly (PM+1
) cleaved products.

These data were then used to calculate FC0
and kobs for

pre-tRNAGln processing; FC0
is the fraction of cleavage at

the correct site relative to the total cleavage [PC0
/

(PC0
+PM+1

)].
According to the parallel pathways mechanism in

Scheme 1, formation of both PC0
and PM+1

should
exhibit the same time dependence; therefore, FC0

[PC0
/

(PC0
+PM+1

)] should remain constant throughout the time
course. Also, while kobs= kC0

+kM+1
, the ratio of the two

products reflects the overall kinetics of each path (i.e. PC0
/

PM+1
= kC0

/kM+1
). To obtain the kobs values for

self-cleavage of pre-tRNAGln-Mja RPR in the absence
and presence of RPPs, we fit either PC0

or PM+1
depending

on which afforded the higher signal-to-noise ratio (i.e. PC0

for the reaction with four RPPs and PM+1
for the remain-

der, Figure 2). For example, in the RPR alone reaction, we
first obtained kobs by non-linear least squares fitting
[PM+1

]t=AmpM+1
�(1� e�kobs�t) using Kaleidagraph

software (Synergy). This kobs was in turn used to obtain
AmpC0

via [PC0
]t=AmpC0

�(1� e�kobs�t). For each time
course being studied, the PC0

/(PC0
+PM+1

) values were in-
dividually computed at each time point and then averaged
to determine the FC0

. The apparent rate constants for
correct (kC0

) and aberrant cleavage (kM+1
) were then

obtained from kC0
=kobs�FC0

and kM+1
=kobs�(1�FC0

).
Three independent time courses were analyzed to obtain

a measure of standard deviation for kobs, kC0
, kM+1 and

FC0
(Table 2); only a representative time course is shown

in Figure 2. The standard errors for the best-fit values of
kobs did not exceed 13% (RPR alone), 14% (RPR+
RPP21�RPP29), 10% (RPR+POP5�RPP30) and 17%
(RPR+4 RPPs); the correlation coefficient was always
�0.98. AmpM+1

and AmpC0
were used to obtain the

Amptotal for each of the self-cleavage reactions. Note
that the Amptotal values are �90% for all reactions
except those with RPR+4 RPPs, where a fraction of the
RPR appears to have assembled into unproductive/partial
RNP complexes resulting in a one-third lower amplitude
(RPR, 93±7; RPR+RPP21�RPP29, 86±3;
RPR+POP5�RPP30, 96±1; RPR+4 RPPs, 61±2).

RESULTS

Overall approach and rationale

Most bacterial pre-tRNAs possess a U�1 and G+1C+72

pair (62,63), and changing the N�1 or N+1N+72 nucleotide
identity affects substrate ground-state binding, rate of
pre-tRNA processing, and cleavage-site selection by bac-
terial RNase P (30,31,64–69). However, there are natural
deviations from such a consensus and these pre-tRNAs
are often mis-cleaved by bacterial RNase P, presumably
due to mis-docking in the active site (Figure 1a). For
example, bacterial pre-tRNAGln, which has a U�1 and
U+1A+72, is cleaved by Eco RNase P correctly at C0

(between U�1 and U+1) and incorrectly at M+1 (between
U+1 and G+2) (65). Considering the interaction between
U�1 in a typical pre-tRNA and A248 of the Eco (bacterial)
RPR that is important for substrate positioning and
cleavage (Figure 1a, left panel) (30), the presence of U+1

and G+2 in pre-tRNAGln probably engenders an inter-
action between U+1 in pre-tRNAGln and A248 in the
RPR, thereby shifting the cleavage site from C0 to M+1

(Figure 1a, right panel) (65). Because cleavage at M+1 by
Eco RNase P occurs at only 15% to 25% frequency, the
U+1–A248 interaction is only one of several determinants
that dictate the choice of cleavage site (30,32). The single
bacterial RPP, which enhances the RPR’s affinity for
pre-tRNA/catalytically relevant Mg2+ and the rate of
pre-tRNA cleavage (25,69–71), was reported to not

Scheme 1. E–S refers to pre-tRNAGln-Mja RPR with or without RPPs,
and ES is the substrate-docked state.
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influence the extent of mis-cleavage of pre-tRNAGln (65).
Similarly, both Eco and Tth RPRs mis-cleave a human
pre-tRNAGly (C�1, a non-consensus substrate) with
�20% frequency regardless of the presence of their
cognate RPP (37). We postulated that if the multiple
archaeal (and eukaryal) RPPs provide additional
substrate-recognition determinants (72) that guide the
RPR’s cleavage-site selection, they might engender pro-
gressive and even possibly synergistic changes in the
cognate RPR’s ability to cleave at the correct site of a
non-consensus substrate. Prior to embarking on such an
investigation, we first sought to examine the N�1 and N+1

identity variations in all tRNAs.
Although undertaken before (30), for an up-to-date

analysis of the phylogenetic variation in the N�1 and
N+1 identity, we examined the genomic tRNA database
(62). We found that U�1 and G+1 is the predominantly
favored identity in all three domains of life (Table 1),
although the preference for N�1 is not as pronounced in
Archaea and Eukarya. There are several instances when
both the U�1 and G+1 substrate-recognition determinants
are absent in all life forms, motivating an examination of
how departure from the consensus with regard to recog-
nition determinants is dealt with by bacterial/archaeal/
eukaryal RNase P.

We chose to use a cyanobacterial pre-tRNAGln (A�1
and U+1A+72, Figure 1b) (57) as a reporter for our
studies comparing the influence of N�1 and N+1 identity
on cleavage fidelity of RNase P from all three domains of
life. While there are many non-consensus variants, our
choice of this pre-tRNAGln as a model was based in part
on the following distribution of pre-tRNAs with A�1 and
U+1: Bacteria, 430 cases from a total of 34 782; Archaea, 1
from a total of 2497; Eukarya, 808 from a total of 37 988.
Two points of note: first, the total number of archaeal
tRNAs in the database is only a fraction of those
reported for the bacterial/eukaryal counterparts; second,
this compilation does not make assumptions on expres-
sion/function.

By exploiting our ability to assemble the archaeal
RNase P holoenzyme step-wise from recombinant
subunits (16–20), we quantitated the contribution of indi-
vidual subsets of archaeal RPPs on cleavage-site selection
and rate of processing of pre-tRNAGln by the cognate
RPR. Moreover, by introducing structural alterations in
pre-tRNAGln, we sought to further accentuate its
mis-cleavage by bacterial RNase P and examined if such
deviations from the native fold might somehow be
tolerated by the archaeal and eukaryal variants.

The two archaeal RPP binary complexes differentially
affect the RPR’s processing fidelity and rate

We first investigated cleavage of pre-tRNAGln by Pfu
RNase P and determined the fraction of cleavage at the
correct site relative to the total cleavage: FC0

= PC0
/

(PC0
+PM+1

); PC0
is the product generated from cleavage

at C0 (between N�1 and N+1) and PM+1
is that from

miscleavage at M+1 (between N+1 and N+2). Pfu RPR
alone predominantly miscleaves pre-tRNAGln and
exhibits an FC0

=0.11±0.03; with addition of either
Pfu RPP21�RPP29 or POP5�RPP30, FC0

increases to
�0.57±0.03 or 0.59±0.01, respectively, and further to
0.92±0.01 when both complexes are present (Figure 1c,
lanes 1–5). This cumulative effect of RPP21�RPP29 and
POP5�RPP30 has not been reported before in any
multi-protein RNase P complex. It is notable that the
trend persists with some pre-tRNAGln mutant derivatives
that we tested (data not shown). These results contrast
with FC0

being invariant during cleavage of select
non-consensus pre-tRNAs by the Eco RPR both in the
presence and absence of the RPP (37,65).
While the trans cleavage assays (under single-turnover

conditions) reported above for Pfu RNase P provided
qualitative insights on the role of RPPs, we sought to de-
termine the apparent rates of correct and aberrant
cleavage of pre-tRNAGln by an archaeal RPR with and
without RPPs. By performing a titration of the enzyme
over trace amounts of a consensus pre-tRNA substrate,
we previously determined the maximal rate (kobs) under
saturating conditions of an archaeal RPR with and
without RPPs (16). A similar approach with the
non-consensus substrate pre-tRNAGln and Pfu RNase P
was not possible due to the poor RPR cleavage rates at
low E:S ratios and the attendant inability to accurately
determine kobs by fitting rate versus [E]. To circumvent
this problem, we employed a cis construct that exhibits
rate-limiting cleavage (19), and permits a comparison of
RPR rates with and without RPPs in the context of
uniform substrate binding. We appreciate that substrate
interactions may have different thermodynamic or kinetic
contributions in the cis context compared to trans
cleavage. However, our previous studies on archaeal
RNase P variants have revealed that inferences on
roles of RPPs drawn from cis and trans cleavage studies
mirror each other (16,19) and thereby lend merit to
employment of the cis construct where technical advan-
tages favor its use.
We exploited a design similar to the self-cleaving

pre-tRNATyr-S3-Mja RPR, which we had optimized

Table 1. Phylogenetic variation of the N�1 and N+1 identity in pre-tRNAs

Domain Total tRNAs Percent of tRNAs with indicated nucleotide identity

A�1 C�1 G�1 U�1 A+1 C+1 G+1 U+1

Bacteria 34 782 19 19 8 54 4 9 81 7
Archaea 2497 26 18 13 43 8 2 90 �0.25
Eukarya 37 988 31 17 11 41 5 2 76 16
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earlier with regard to spacer length (3 nt, S3) and site of
tethering, and whose rate-determining cleavage step we
had extensively characterized both in the absence and
presence of RPPs (19). For the study here, we swapped
pre-tRNATyr with pre-tRNAGln and replaced the
50-UAU-30 spacer in pre-tRNATyr-S3-Mja RPR with a
50-AAU-30 spacer to obtain pre-tRNAGln-S3-Mja RPR.
This change was introduced to prevent possible base
pairing between A�1 and U+73 in the case of the original
UAU spacer. For simplicity, we will refer to the new con-
struct as pre-tRNAGln-Mja RPR (Figure 1b). Since the
success of this strategy depends on pre-tRNA anchoring
in the cis construct mimicking the trans scenario, the site
of pre-tRNA tethering is critical. Our choice in
pre-tRNAGln-Mja RPR was based on several findings on
bacterial RNase P including a recent crystal structure of
the RNase P holoenzyme-tRNA complex (36), which
reveals base pairing of the 30-RCC in the pre-tRNA and
the L15 loop in the bacterial RPR. Therefore, we
conjugated the 30-end of pre-tRNAGln to the L15
loop-equivalent in the Mja RPR (Figure 1b). Control ex-
periments described below validate this choice.
To verify that the trend observed during cis cleavage

with Mja RNase P indeed parallels trans cleavage reac-
tions catalyzed by Pfu RNase P, we examined cleavage
of pre-tRNAGln-Mja RPR in the absence and presence of
RPPs using a single time-point measurement (Figure 1c,
lanes 6–10). While pre-tRNAGln-Mja RPR displayed
FC0

=0.14, POP5�RPP30 and RPP21�RPP29 independ-
ently increased FC0

to �0.4 and together to �0.8. This
trend was further confirmed using time-course experi-
ments which yielded FC0

values of 0.18±0.01 (�RPPs),

0.47±0.02 (+RPP21�RPP29), 0.43±0.01 (+POP5�
RPP30), and 0.84±0.03 (+ both complexes) (Table 2
and Figure 2). We also found that Mja RPR assembled
with Mja RPP21�RPP29+POP5�RPP30 displays FC0

=
0.8–0.9 during trans cleavage of pre-tRNAGln (data not
shown). Collectively, these data allay concerns about an
artificial bias in cleavage-site selection arising from use of
the cis-cleaving pre-tRNAGln-Mja RPR in lieu of a trans
cleavage reaction. These data also reveal that the two
broad classes of euryarchaeal RNase P [type A (e.g. Pfu)
and M (e.g. Mja)] (12,73) behave in a similar fashion
despite the fact that only the type A RPRs support
pre-tRNA cleavage in the absence of RPPs.

The time-course analyses of the self-cleavage of pre-
tRNAGln-Mja RPR in the absence and presence of RPPs
also allowed us to calculate the apparent rates of forma-
tion of correct and mis-cleaved products (kC0

and kM+1
).

For data analysis, we employed the approach typically
used to analyze first-order parallel reactions (29,31,
33,69). Here, kobs for self-processing of pre-tRNAGln-
Mja RPR is the sum of the rates of formation of PC0

and PM+1
. Our proposed kinetic framework (Scheme 1)

for this self-cleavage parallels that for trans cleavage by
bacterial RNase P, which was formulated based on the
growing experimental evidence supporting an initial en-
counter complex (E+S !ES) that undergoes a conform-
ational change to ES* to optimally position the pre-tRNA
and catalytic Mg2+ for efficient cleavage (74–77). During
self-cleavage, the initial binding step of the trans reaction
is replaced with a substrate-docking step (E� S !ESC0

and E� S !ESM+1
, where ESC0

and ESM+1
are two

distinct docked states that result in different products)

Figure 2. Effect of Mja RPPs on cleavage-site selection and the rate of self-cleavage of pre-tRNAGln-Mja RPR. Time courses depicting
self-processing of pre-tRNAGln-Mja RPR with and without RPPs at the correct (C0; circles) and the mis-cleaved (M+1; squares) site. The mean
and standard deviation values reported in Table 2 were calculated from three independent experiments, a representative of which is shown here.
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(Scheme 1). Thus, kobs cumulatively depends on the equi-
librium constants for the docking steps and the rates of
chemical cleavage of ESC0

and ESM+1
. With kobs and FC0

in
hand, we could calculate both kC0

and kM+1
(see ‘Materials

and Methods’ section for details).
The disappearance of pre-tRNAGln-Mja RPR indeed

followed first-order kinetics both in the absence and
presence of RPPs (Figure 2). These assays were performed
at pH 6 and 55�C; the lower pH helped to slow down the
reaction to enable manual determination of the rates of
cleavage. We summarize the key observations regarding
how addition of RPPs to the RPR increased the rate and
favored correct cleavage. First, there was a �2625-fold
increase in kobs upon addition of the both RPP complexes
to the RPR, with �625-fold due to addition of
POP5�RPP30 alone (Table 2). Second, while kC0

is only
one-fifth of kM+1

during self-cleavage of pre-tRNAGln-Mja
RPR, addition of RPPs to this cis construct progressively
and substantively increased the bias toward C0. Although
both binary RPPs independently normalize the rates of
correct and mis-cleavage, their effect on kC0

and kM+1

differs significantly (Table 2). RPP21�RPP29 increased
kC0

by 3-fold and decreased kM+1
by one-fourth, while

POP5�RPP30 increased kC0
and kM+1

by 1570 - and
450-fold, respectively. In the presence of both complexes,
kC0

and kM+1
increased by 11 140 - and 480-fold, respect-

ively, reflecting a synergistic effect of the four RPPs select-
ively on the rate and fidelity of correct cleavage. The
RPP-mediated preferential shift toward C0 is illustrated
by kC0

/kM+1
=0.2 for the cis construct-alone reaction,

0.8–0.9 upon addition of either binary RPP, and 5.2 in
the presence of four RPPs (Table 2).
Based on an in-depth study of mis-cleavage that

occurred upon disrupting interactions between bacterial
RNase P and the consensus nucleobase and 20-hydroxyl
at N�1 of the pre-tRNA, Zahler et al. (31) demonstrated
lower affinity and cooperativity of Mg2+ binding for the
mis-cleavage path relative to the correct cleavage. We
sought to examine this possibility during cleavage of
pre-tRNAGln-Mja RPR. Decreasing the Mg2+ concentra-
tion from 100 to 25mM in the assay did not affect the FC0

of pre-tRNAGln-Mja RPR+POP5�RPP30, but it did pre-
dictably lower the rates for both the correct and aberrant
cleavage (data not shown). While it is conceivable that the
FC0

value might change at even lower Mg2+ concentra-
tions, the weak activity at <25mM Mg2+ for the RNP
assembled with POP5�RPP30 precluded such
experiments.

The significance of N+1N+72 for pre-tRNA cleavage-site
selection decreases from bacterial> archaeal> eukaryal
RNase P

Given the effect of archaeal RPPs on the RPR’s process-
ing fidelity of pre-tRNAGln, we sought to compare an
RNase P holoenzyme from each domain of life with
regard to cleavage-site selection of non-consensus sub-
strates. We used Eco, Pfu and Ath RNase P as bacterial,
archaeal and eukaryal representatives, respectively, to
compare the fidelity of processing of pre-tRNAGln and
its mutant derivatives (Figure 3). Eco and Pfu RNase P

Table 2. Effect of Mja RPPs on the rate of cleavage and cleavage-site selection of pre-tRNAGln-Mja RPR at 55�C at pH 6a

pre-tRNAGln-Mja RPR kobs/min kC0
/min kM+1

/min kC0
/kM+1

FC0

Alone 0.004±0.0004 0.0007±0.0001 0.0031±0.0003 0.2 0.18±0.01
+ RPP21�RPP29 0.004±0.0001 0.0021±0.0001 0.0023±0.0001 0.9 0.47±0.02
+ POP5�RPP30 2.5±0.1 1.1±0.03 1.4±0.07 0.8 0.43±0.01
+ Both complexes 10.5±0.8 7.8±1.3 1.5±0.5 5.2 0.84±0.03

pre-tRNATyr-Mja RPR kobs/minb

Alone 0.2 ±0.04
+ RPP21�RPP29 0.24±0.04
+ POP5�RPP30 20.5±0.32
+ Both complexes 21.7±0.16

pre-tRNATyr-Mja RPR versus
pre-tRNAGln-Mja RPR

kobs,pre-tRNA
Tyr/

kC0
,pre-tRNA

Gln c

Alone 286
+ RPP21�RPP29 114
+ POP5�RPP30 19
+ Both complexes 2.8

aSee ‘Materials and Methods’ section for a description of how kobs, kC0
, kM+1

and FC0
were calculated. All assays were performed under optimal

conditions for each catalytic entity.
bThese data for pre-tRNATyr

�Mja RPR experiments are recalculated from Table 1 of reference (19). In this earlier publication, the rates reported for
a self-cleaving pre-tRNATyr

�Mja RPR were at pH 5.4 and not pH 5.1 as was documented. To facilitate comparison of the pre-tRNAGln
�Mja RPR

and pre-tRNATyr
�Mja RPR cleavage experiments, the rates observed at pH 5.4 with pre-tRNATyr

�Mja RPR were multiplied by 4 to obtain rates
that would have been observed at pH 6 should they have been manually measurable. We demonstrated previously a linear relationship between log
kobs and pH (19).
cThe relative activity was obtained by dividing the kobs of pre-tRNATyr-Mja RPR by the apparent rate of correct cleavage (kC0

) of pre-tRNAGln-Mja
RPR.
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holoenzymes were assembled in vitro from recombinant
constituents purified using established methods
(16,20,59,60). Ath RNase P was isolated from 7-day-old
cultured suspension cells using sequential ion-exchange
chromatography to yield a 400-fold purified preparation
(data not shown; Lai, L. B. and Gopalan, V., unpublished
results). Although studies on yeast and human nuclear
RNase P show that the holoenzyme is made up of an
RPR and 9 to 10 RPPs, there is still some uncertainty
about the make-up of plant nuclear RNase P.
Computational searches have uncovered plant homologs
for a few of the known eukaryotic RPPs (78), but the
identity of the plant nuclear RPR has proven elusive.
Based on micrococcal nuclease and proteinase K sensitiv-
ity, however, plant nuclear RNase P (from monocots and
dicots) appears to function as an RNP complex (79–81).
This finding contrasts with the plant organellar version (2)
whose catalytic activity is attributable to a single polypep-
tide [see also (82)]. For the purpose of this study, it suffices

to state that the partially purified nuclear Ath RNase P
used herein is an RNP complex likely resembling human/
yeast nuclear RNase P, albeit of unknown composition.

To understand the influence of the pre-tRNA N�1 and
N+1 identity on cleavage-site selection by Eco, Pfu and Ath
RNase P, we studied the processing of pre-tRNAGln under
multiple-turnover conditions. Eco, Pfu and Ath RNase P
cleaved wild-type pre-tRNAGln with FC0

of 0.73±0.05,
0.81±0.03 and 1, respectively (Figure 4). Since most
pre-tRNAs contain G+1, we substituted U+1A+72 in pre-
tRNAGln with G+1C+72 to generate pre-tRNAGlnU-G
(Figure 3). While this substrate resulted in modestly
higher cleavage at C0 and a �3-fold increase in overall
cleavage rate for Eco RNase P (Figure 4; data not
shown), some mis-cleavage remains (FC0

=0.82±0.05),
consistent with the idea that multiple determinants
dictate cleavage-site selection (30,32).

Consensus tertiary structure of pre-tRNAGln is more
important for fidelity of cleavage by bacterial RNase P
but not the archaeal or eukaryal variants

Upon deletion of the D-stem, increased mis-cleavage of
Tth pre-tRNAGly by Eco RPR both in the presence and
absence of RPP (wild-type, 3%; mutant, �20%) was
observed (37). To determine if there are differences in
the relative importance of structural elements in the
pre-tRNA for cleavage-site selection by the RNA- and
protein-rich RNase P variants, we examined the fidelity
of cleavage of three stem–loop deletion derivatives of
pre-tRNAGln: �D, �AC and �T (Figure 3). �D and
�AC were cleaved by Eco RNase P with FC0

of
0.35±0.05 and 0.15±0.03, respectively, compared to
0.73±0.05 observed with the wild-type (Figure 4). In
contrast, Pfu and Ath RNase P cleaved �D and �AC
with FC0

of �0.8 and 1, respectively, nearly identical to
their cleavage of wild-type pre-tRNAGln. Interestingly,
RNase P from all three domains of life failed to cleave
�T, an observation reminiscent of previous reports on the
importance of the TSL for bacterial and eukaryal RNase
P recognition (37,38).

The L-shaped tertiary structure of the tRNA is depend-
ent on the interaction between the D and T�C loops.
In fact, the importance of this interaction for tertiary struc-
ture is borne out both by the high sequence conservation of
the loops and the structural compensation observed in
some tRNAs to ensure preservation of the overall fold
(63,83). It is therefore not unexpected that functional
groups made available by the architecture of the D-T�C
loop interaction are exploited for a productive interaction
with RNase P (32,33,84). As interactions between the TSL
in the pre-tRNA and the TBS in the bacterial RPR do
influence cleavage-site selection (32), we speculated that
substrate recognition might be affected if the local TSL
structure is altered, for example, by disrupting the canon-
ical D-T�C loop interaction. Therefore, we extended the D
stem in pre-tRNAGln by 1–6 bp (D+ variants; Figure 3),
and tested these mutant derivatives for correct and
aberrant cleavage. Akin to the results with
pre-tRNAGln�D, all the D+ variants were cleaved by
Eco RNase P with FC0

of 0.2–0.3 (Figure 4), while Pfu

Figure 3. Schematic depicting pre-tRNAGln and its mutant derivatives
used in this study.
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and Ath RNase P cleaved with FC0
of �0.8 and 1,

respectively.
We performed various control experiments to verify

that the dissimilarity in cleavage-site selection between
bacterial and archaeal/eukaryal RNase P was mainly
due to their structural/functional variability. First, to
eliminate differences in assay conditions as a possible
reason for disparities in fidelity of processing (Figure 4),
we tested Eco RNase P at 55�C and in 30mM Mg2+, con-
ditions employed for assaying in vitro assembled Pfu
RNase P. At these conditions, the mis-cleavage trend of
Eco RNase P is largely unchanged compared to assays
performed at 37�C and 10mM Mg2+, which are optimal
for Eco RNase P (not shown). The reciprocal experiment
wherein Pfu RNase P is tested under conditions optimal

for Eco RNase P could not be performed since the in vitro
reconstituted Pfu RNase P shows poor activity at 37�C
and 10mM Mg2+. Second, to ensure that the observations
with Pfu RNase P are not restricted to type A archaeal
RNase P, we examined cleavage of the different
pre-tRNAGln derivatives by in vitro reconstituted RNase
P from Mja (19), a type M RNase P. The cleavage-site
selection exhibited byMja RNase P mirrored its Pfu coun-
terpart (not shown). Finally, despite the robust biochem-
ical reconstitution of archaeal RNase P, the possibility
remained that our observed cleavage-site bias toward C0

with in vitro reconstituted archaeal RNase P (Figure 4)
could differ from that of native archaeal RNase P. The
availability of partially purified RNase P from
Methanococcus maripaludis (17) allowed us to dispel this

Figure 4. Comparison of correct and aberrant cleavage of pre-tRNAGln and its mutant derivatives by different RNase P holoenzymes.
Representative assay gels depicting the cleavages by (a) Eco, (b) Pfu and (c) Ath RNase P. All lanes are from the same gel but they have
been reordered for better illustration; a thin white line between lanes indicates such reshuffling. FC0

values, indicating the fraction of cleavage at
the correct site relative to the total cleavage [PC0

/(PC0
+PM+1

)] are listed at the bottom of each panel and were obtained by quantitation of the correct
and mis-cleaved products. Mean and standard deviation values were calculated from three independent experiments. ND, not detectable. The lane
labels are as specified in Figure 3 with Gln indicating the wild-type pre-tRNAGln. M, the ladder obtained from alkaline hydrolysis of pre-tRNAGln.
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concern—this native holoenzyme preparation processed
pre-tRNAGln and its derivatives with FC0

=0.8 to 0.9,
consistent with our findings on Pfu and Mja RNase P
assembled in vitro using the respective RPR+4 RPPs
(Figure 4; data not shown). Thus, the contribution to
fidelity of archaeal RPPs other than RPP21�RPP29 and
POP5�RPP30 in the native enzyme (17,85) has to be small
given that FC0

=0.8 to 0.9 even in the presence of only
these four RPPs.

DISCUSSION

Archaeal RPPs synergistically influence the RPR’s
cleavage-site selection and rate of processing of
pre-tRNAGln

The synergistic effect of the archaeal RPPs on the cognate
RPR’s rate and fidelity of processing of pre-tRNAGln

(Figure 2 and Table 2) could be rationalized by the inter-
action of RPP binary complexes with different parts of the
pre-tRNA either directly or through the RPR. Archaeal
RPRs, like their bacterial counterparts, can be demarcated
into a specificity (S) domain that binds the pre-tRNA’s
TSL, and a catalytic (C) domain that cleaves the
pre-tRNA; moreover, RPP21�RPP29 and POP5�RPP30
footprint on the S and C domains, respectively (19,86).
In the context of these specific interactions with the
RPR, we contend that cleavage-site selection is influenced
by (i) RPP21�RPP29 interacting with the TSL region, and
(ii) POP5�RPP30 with sequence/structures near the
cleavage site (e.g. the 50-leader) in the pre-tRNA. Several
observations support this idea. First, a recent study
examining Pfu RPR-mediated cleavages of model sub-
strates, with either an intact T loop or a GAAA tetraloop,
revealed that the Pfu RPR’s S domain could recognize the
TSL in these model substrates only in the presence of
RPP21�RPP29 (87). Second, given the striking similarity
in the tertiary structures of archaeal (and possibly
eukaryal) POP5 and bacterial RPP (88,89), and the
ability of the bacterial RPP to recognize the 50-leader of
the pre-tRNA (25–27), it is likely that POP5 plays a
similar role. Lastly, a gel-shift analysis demonstrated
that of the seven recombinant human RPPs tested, only
RPP21 and RPP14 (a paralog of POP5) bound
pre-tRNATyr in a specific manner (90), although the sites
of interaction in the pre-tRNA were not mapped.
We stress that inter-domain cooperation in RNase P

catalysis is critical for the synergy observed with the two
RPP complexes. The ability of RPP21�RPP29 to position
an atypical pre-tRNA optimally in the S domain must
somehow enable efficient and correct cleavage by the C
domain complexed with POP5�RPP30. The distinct func-
tions of the two RPR domains, with or without
their associated RPPs, make inter-domain crosstalk ob-
ligatory. The recent finding of an S-domain mutation in
the TBS of Eco RPR that changes the nature and rate of
mis-cleavage of a model substrate (by the C domain) re-
inforces this idea of inter-domain cooperation in
cleavage-site selection (91).
The above structural perspective helps inform a kinetic

model to understand how archaeal RPPs increase FC0
by

their ability to selectively favor the rate of correct cleavage
(kC0

) relative to mis-cleavage (kM+1
). Such preferential in-

creases in kC0
might result either from favorably affecting

substrate docking for correct cleavage [by changing KC0
,

the equilibrium constant for E – S  ! ESC0
, or through

enhancing the rate of cleavage at C0 (by changing either
Kconf, the equilibrium constant for ES ! ES*, or kc that
dictates ES* ! E+P; the latter is not considered for
reasons discussed elsewhere (16,19,70)]. In fact, since
binding/docking and cleavage are coupled (Scheme 1), a
synergistic increase in the rate of correct cleavage of a
non-consensus pre-tRNA would be expected in the
presence of both RPP complexes if each RPP pair select-
ively contributed to KC0

or Kconf, a premise supported by
previous studies (16,19).

Our earlier single-turnover kinetic studies involving cis
and trans cleavage of a consensus pre-tRNA revealed
that while RPP21�RPP29 promotes substrate binding
by 16-fold through a decrease in KS (the dissociation
constant for ES formation), POP5�RPP30 increases the
archaeal RPR’s cleavage rate by �100-fold probably by
enhancing Kconf (16,19). In a related vein, we believe that
RPP21�RPP29 favorably influences KC0

at the expense of
KM+1

and thereby increases kC0
/kM+1

during self-cleavage
of pre-tRNAGln-Mja RPR. The ability of POP5�RPP30
to increase the rate of pre-tRNAGln-Mja RPR cleavage
at C0 (1570-fold) and M+1 (450-fold) is presumably due
to its promoting ES* formation for both correct cleavage
and mis-cleavage (ESC0

 
! ES*C0

and ESM+1

 
! ES*M+1

;
Table 2), albeit preferentially for ES*C0

thus accounting
for the increase in kC0

/kM+1
. Hence, the synergistic

increase in the correct cleavage that we observed in
the presence of both RPP complexes must reflect their
collective ability to favor formation of both ESC0

and
ES*C0

, and the cumulative gains from affecting both
concomitantly.

POP5�RPP30 normalizes the rate of processing of
consensus and non-consensus pre-tRNAs

Our studies uncovered the ability of POP5�RPP30 to
increase the archaeal RPR’s cleavage rate of the non-
consensus pre-tRNAGln to that observed with pre-
tRNATyr, a consensus representative. The rate of
self-processing of pre-tRNAGln-Mja RPR alone (at C0)
is 286-fold slower than that for pre-tRNATyr-Mja RPR
(Table 2). However, when both RPP complexes are
present, the rates of self-processing by these two conju-
gates differ only by 2.8-fold. This remarkable narrowing
of the difference in rates is largely due to the 1570-fold
increase in kC0

facilitated by POP5�RPP30 (Table 2).
These findings mirror the observation that bacterial RPP
normalizes the cognate RPR’s rate of cleavage of different
pre-tRNAs by altering its energetic contributions to sub-
strate binding and enhancing the rate of RPR-mediated
cleavage (25,69,70). To better understand this functional
convergent evolution, it would be instructive to compare
the mechanisms used by archaeal POP5 and bacterial RPP
to equalize the processing rates of different pre-tRNAs by
their cognate RPRs.
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Similarities and differences in substrate recognition by
RNase P from the three domains of life

All three RNase P variants recognize and cleave
pre-tRNAGln with deleted D or AC stem but not a T
stem. Such recognition features noted before for bacterial
and eukaryal RNase P (with other pre-tRNAs) can now
be extended to archaeal RNase P. The indispensable
nature of the TSL for pre-tRNA recognition by RNase
P in all three domains of life may be attributable to the
coevolution of RNase P and pre-tRNAs. RNase
P-mediated 50-maturation of pre-tRNAs has been sug-
gested to precede 30-maturation and intron splicing
(1,92). Since RNase P processes all pre-tRNAs, some rec-
ognition motifs must be universally conserved in all of
them. If an intron is present, it is typically located in the
anticodon loop of pre-tRNAs (1), occasionally in the D
and variable loops, and seldom in the T loop (93). Thus, if
RNase P evolved to recognize a largely invariant module
in all pre-tRNAs, then the rarely disrupted TSL seems a
good choice.

Our results suggest that despite thematic parallels, bac-
terial RNase P is more reliant on the native tertiary struc-
ture of atypical pre-tRNAs such as pre-tRNAGln for
correct cleavage compared to archaeal and eukaryal
RNase P. This assertion is borne out by results from
previous studies (31,32,43,65) and also by our observation
that when the native tertiary structure of pre-tRNAGln is
perturbed (e.g. pre-tRNAGlnD+ variants, Figure 3), the
mis-cleavage at M+1 is enhanced from �30% to 70%
(with FC0

decreasing from 0.7 to 0.3; Figure 4). The
ability of protein-rich archaeal and eukaryal RNase P,
in contrast to their bacterial cousins, to process
pre-tRNAGln and its mutant derivatives with FC0

=0.8
to 1 reflects their high fidelity even when dealing with
non-native pre-tRNA structures and indicates an unex-
pected tolerance to structural deviations from the
pre-tRNA consensus.

Protein-rich RNase P confers more flexibility in
substrate-recognition?

In a primordial RNA world setting, if the RPR processed
only a few ncRNAs and pre-tRNAs (extant or earlier
versions), maintaining a common suite of recognition de-
terminants would not have imposed significant evolution-
ary constraints. However, sequence drift would have been
inevitable given the recombinogenic potential of tRNA-
encoding genes (92,94) and the subsequent functional spe-
cialization of tRNAs. Thus, strict adherence to the RPR’s
recognition determinants would have been difficult. It has
been suggested that association of the bacterial RPR with
an RPP likely provided a countermeasure to alleviate
possible recognition/catalytic defects in the RPR caused
by sequence variation in pre-tRNAs (25,69,70). Since
nucleotide identities at �1 and +1 positions in tRNAs
(Table 1) are not as conserved in eukarya as in bacteria,
eukaryal RPPs, with unique RNA-binding motifs and a
combinatorial capability to fulfill a minimum threshold of
contacts, might permit equally efficient binding/cleavage
of multiple pre-tRNAs or related RNAs that share few
common determinants (not only at N�1 and N+1/N+72

but elsewhere in the substrate). For example, two human
ncRNAs, the 7-kb MALAT1 that is up-regulated in many
cancers and the 20-kb Men b involved in the formation of
paraspeckles, have a tRNA-like structure, albeit lacking
consensus structural elements, and are processed by
human RNase P (50,51). Our finding that archaeal and
eukaryal RNase P cleave with high fidelity even those sub-
strates that deviate significantly from the pre-tRNA con-
sensus sequence/fold suggests that the multiple archaeal
and eukaryal RPPs could promote functional versatility
while retaining both speed and accuracy (6,72,95).
With the endonucleolytic activity residing in the RPR,

association with multiple RPPs might have facilitated re-
modeling the archaeal/eukaryal RPR’s active site to
enable a broader role for protein-rich RNase P in process-
ing and turnover of RNAs that lack tRNA motifs. The
ability of yeast RNase P to cleave certain short-lived
ncRNAs, mRNAs, and artificial ssRNAs suggests accom-
modation of a broad range of substrates with little resem-
blance to pre-tRNAs (52–56). Functional diversification
through partial alterations in the subunit composition of
an RNP is also exemplified by yeast/human RNase MRP,
an RNase P-related endonuclease involved in maturation
of rRNAs and turnover of select mRNAs (96–98). RNase
MRP contains an RNA subunit that is structurally related
to the RPR and up to 10 protein subunits, of which eight
are shared with RNase P. A SELEX-based approach
revealed that yeast RNase MRP displays broad substrate
specificity in vitro including cleavage of ssRNAs (99);
although this trait is shared with RNase P, the two
enzymes use different recognition determinants during
cleavage of ssRNAs. These observations collectively
support the premise that increased protein content in
these related catalytic RNPs might underlie their function-
al plasticity, echoing the key inference from this study.
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