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RNase P is an essential tRNA-processing enzyme in all domains of
life. We identified an unknown type of protein-only RNase P in the
hyperthermophilic bacterium Aquifex aeolicus: Without an RNA
subunit and the smallest of its kind, the 23-kDa polypeptide com-
prises a metallonuclease domain only. The protein has RNase P
activity in vitro and rescued the growth of Escherichia coli and
Saccharomyces cerevisiae strains with inactivations of their more
complex and larger endogenous ribonucleoprotein RNase P. Ho-
mologs of Aquifex RNase P (HARP) were identified in many Ar-
chaea and some Bacteria, of which all Archaea and most Bacteria
also encode an RNA-based RNase P; activity of both RNase P forms
from the same bacterium or archaeon could be verified in two
selected cases. Bioinformatic analyses suggest that A. aeolicus
and related Aquificaceae likely acquired HARP by horizontal gene
transfer from an archaeon.
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The architectural diversity of RNase P enzymes is unique: In
Bacteria, Archaea, and in the nuclei and organelles of many

Eukarya, RNase P is a complex consisting of a catalytic RNA
subunit and a varying number of proteins (one in Bacteria, at least
four in Archaea, and up to 10 in Eukarya) (1, 2). A different type
of RNase P was discovered more recently in human mitochondria
(3) and, subsequently, in land plants and some protists (4, 5). This
form, termed proteinaceous or protein-only RNase P (PRORP),
lacks any RNA subunit and consists of one or three (animal mi-
tochondria) protein subunit(s); it is found in most branches of the
eukaryotic phylogenetic tree (6).
Bacterial RNase P enzymes identified so far are composed of a

∼400-nt-long catalytic RNA subunit (encoded by rnpB) and a
small protein subunit of ∼14 kDa (encoded by rnpA) (7). How-
ever, no rnpA and rnpB genes were identified in the genome of
Aquifex aeolicus or other Aquificaceae (8–12). The genetic or-
ganization of A. aeolicus tRNAs in tandem clusters and as part of
ribosomal operons and the detection of tRNAs with canonical
mature 5′-ends in total RNA extracts from A. aeolicus implied
the existence of a tRNA 5′-maturation activity (9) that was in-
deed subsequently detected in cell lysates of A. aeolicus (11, 13).
However, to date, the identity and biochemical composition of
RNase P in A. aeolicus has remained enigmatic.

Results and Discussion
Here, we pursued a classical biochemical approach to identify the
RNase P of A. aeolicus. The purification procedure consisted of
three consecutive chromatographic steps: anion exchange, hydro-
phobic interaction, and size exclusion chromatography (AEC,
HIC, and SEC, respectively; Fig. 1A and SI Appendix, Figs. S1–S8).
RNase P activity was assayed at all purification steps. To identify
putative protein components of the enzyme, fractions with low and
high RNase P activity from different purification steps were
comparatively analyzed by step-gradient SDS/PAGE, and protein
bands correlating with activity (Fig. 1B) were subjected to mass
spectrometry. An example is SEC (SI Appendix, Fig. S5) fraction
B4 displaying maximum activity combined with an enrichment of
protein bands 1 and 2 identified as the hypothetical protein
Aq_880 and polynucleotide phosphorylase (PNPase), respectively

(Fig. 1B). Several protein bands correlating less strongly with
RNase P activity were identified as well. The most abundant
proteins in fractions containing highest RNase P activity (SI Ap-
pendix, Figs. S9 and S10), as inferred from mass spectrometry, were
in the order of decreasing peptide representation: (i) Aq_880,
(ii) glutamine synthetase, (iii) ribosomal protein S2, (iv) PNPase,
(v) N utilization substance protein B homolog (NusB), and
(vi) Aq_707 (with similarity to an Escherichia coli tRNA binding
protein of the MnmC family). Furthermore, Aq_880 was the only
protein that was also found in an HIC fraction with low RNase P
activity eluting at 0 M (NH4)2SO4 (SI Appendix, Figs. S3 and S10).
The presence of ribosomal protein S2 combined with a previously
described association of RNase P with 30S ribosomal subunits in
Bacillus subtilis (14) suggested a possible association of A. aeolicus
RNase P with the ribosome, which, however, could not be confirmed
experimentally.
The 22.6-kDa protein Aq_880 was recombinantly expressed in

E. coli and affinity-purified using a C-terminal His tag. Addition of
affinity-purified Aq_880 protein to an active A. aeolicus HIC
fraction not only boosted RNase P activity, but recombinant
Aq_880 alone was able to process the precursor tRNAs specifically
and efficiently at the canonical RNase P cleavage site without re-
quiring any additional components (Fig. 2A). We further analyzed
whether processing by recombinant Aq_880 generates tRNA with
a 5′-phosphate end, as any other previously characterized RNase
P. TLC indeed confirmed a 5′-phosphate at the 5′-terminal G+1
residue of tRNAGly processed by recombinant Aq_880 (Fig. 2 B
and C). A contamination of the recombinant Aq_880 preparation
with endogenous E. coli RNase P was excluded by RT-PCR anal-
ysis and micrococcal nuclease pretreatment (SI Appendix, Figs.
S11 and S12). Since Aq_707 and PNPase (Aq_221) copurified with
RNase P activity and peptides matching Aq_707 and Aq_880 were
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identified in band 6 (Fig. 1B) excised from SDS gels, we tested
whether these recombinantly produced A. aeliocus proteins support
RNase P activity (SI Appendix, Fig. S13). This was done by adding
excess amounts of recombinant Aq_707 or Aq_221 to a HIC0.4
fraction and analyzing processing at a pretRNA concentration of
33 nM (SI Appendix, Fig. S13A). The rationale was that Aq_707 or
Aq_221, if being part of the RNase P enzyme complex and con-
tributing to activity, were likely present in substoichiometric
amounts owing to depletion during purification, such that their
exogenous addition might boost RNase P activity. However, neither
Aq_707 nor PNPase showed intrinsic endonuclease activity nor did
they stimulate the RNase P activity of Aq_880; PNPase caused
some unspecific degradation of the pretRNA and the 5′-leader
cleavage product, which we attribute to its 3′-exonuclease activity
(SI Appendix, Fig. S13A). To further examine the possibility that
Aq_707, identified together with Aq_880 in band 6 (Fig. 1B) by MS
analysis, might support interaction of Aq_880 with pretRNA sub-
strates, we analyzed processing under dilute multiple-turnover
conditions where substrate binding may be rate-limiting, using
1 nM recombinant Aq_880, 5 nM pretRNA, and 1 nM recombi-
nant Aq_707. However, the rate constant of cleavage was essen-
tially identical in the presence and absence of Aq_707 (SI Appendix,
Fig. S13B). These findings argue against a direct interaction of
the two proteins. Band 6 in Fig. 1B migrated between the 130- and
250-kDa marker proteins. Protein monomers of Aq_880 and
Aq_707 have sizes of 23 and 40 kDa, respectively, which left open
the possibility that one or two other macromolecules mediate in-
corporation of the two proteins into a larger complex. However,
MS analysis did not detect any other protein in band 6. Finally,
addition of total RNA prepared from A. aeolicus did not affect the
reaction catalyzed by recombinant Aq_880 (SI Appendix, Fig. S14).
We thus concluded that Aq_880 is the principal constituent of
A. aeolicus RNase P.
The single-turnover kinetic parameters of recombinant Aq_880

in a low-salt buffer with 4.5 mM Mg2+ at 37 °C (Fig. 2D) were
determined as kreact = 1.43 min−1 and KM(sto) = 33 nM, thus
similar to the values previously obtained for protein-only RNase
P (PRORP3) from Arabidopsis thaliana [kreact = 1.7 min−1;
KM(sto) ∼ 5 nM] (15) and similar to activities determined by
others (16). The multiple-turnover kinetic parameters de-
termined under the same conditions at 1 nM enzyme and 5–200

nM substrate were 0.5 min−1 for kcat and 12 nM for Km (Fig. 2E).
The two- to threefold decrease of both parameters relative to
those of the single turnover might be explained by product re-
lease limiting the rate of the multiple-turnover reaction. SEC
indicated that native and recombinant Aq_880 elute as a ∼420-
kDa complex (SI Appendix, Fig. S15), suggesting that the protein
forms homooligomers (e.g., three hexamers or six trimers). This
is in line with a weak band of ∼70 kDa observed for recombinant
Aq_880 in SDS gels in addition to the monomer (∼23 kDa; Fig.
3B and SI Appendix, Fig. S16). Mass spectrometry identified this
additional band at ∼70 kDa as Aq_880 (SI Appendix, Fig. S16),
supporting the notion that Aq_880 has the potential to form
stable homotrimers.
We further investigated the thermostability of recombinant

Aq_880 as the hyperthermophile A. aeolicus naturally thrives at 85–
95 °C. This was done by preincubating recombinant Aq_880 for
10 min at 85 °C before conducting the cleavage assay at 37 °C. The
E. coliRNase P holoenzyme served as a control treated in the same
way. Preincubation at 85 °C preserved the bulk of Aq_880 activity,
but essentially inactivated E. coli RNase P (Fig. 2F, Left). Similar
results were obtained when we used a native HIC0.4 fraction in-
stead of recombinant Aq_880 (Fig. 2F, Right). These findings
confirm the expected thermostability of Aq_880 and do not pro-
vide evidence for substantial differences in thermostabilty between
the native and recombinant Aq_880.
Bioinformatic analyses predicted limited sequence and struc-

ture similarities between Aq_880 and the PIN (PilT N-terminal)
ribonuclease domain. A PIN domain-like fold is also characteristic
for the NYN domains of eukaryotic protein-only RNase P (PRORP)
enzymes, for which a two metal-ion catalytic mechanism with metal
ions coordinated by conserved aspartate residues was proposed (17).
Limited similarity of Aq_880 to the metallonuclease domain of
A. thaliana PRORP isoenzymes was evident from the alignment
of the full-length sequences in SI Appendix, Fig. S17A. This
alignment also suggested sporadic similarity to the PPR RNA
binding and the central domains of PRORPs. Considering that
an N-terminal truncation of 8 of the 11 helices in the PPR do-
main essentially abolished pretRNA-processing activity (17), the
N-proximal part of Aq_880 may exert a corresponding function in
pretRNA binding, although this is unclear at present and has to
be addressed in future studies. The partial alignment of the major
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portion of the PRORP metallonuclease domain with Aq_880 (SI
Appendix, Fig. S17B) suggested that aspartate residues D138, D142,
and D160 of Aq_880 are functionally equivalent to D399, D475,
and D493 in the catalytic center of PRORP1 from A. thaliana (SI
Appendix, Fig. S18). We also considered a role for D144 of Aq_880
(corresponding to Y477 in PRORP1) since this residue, assumed
to be in close proximity to the putative active site, was found to
be strongly conserved (as D or E) in Aq_880 homologs identified
by bioinformatic screens (SI Appendix, Figs. S23 and S24). We
mutated the conserved aspartate residues in Aq_880 individually
to alanines and analyzed activity of the resulting recombinant
Aq_880 variants under single-turnover conditions at 37 °C (SI
Appendix, Figs. S19 and S20). Mutations D138A, D142A, and
D160A essentially abolished activity, while the D144A mutant
was fully active.
Aq_880 (and less efficiently also the D144A variant) was also

able to rescue the growth of the conditionally lethal E. coli RNase
P mutant strain BW (18) (Fig. 3A), demonstrating that the small
protein from A. aeolicus provides sufficient RNase P activity to

support growth of the E. coli host, even if the growth rate was
slower than upon complementation with the homologous RNase
P RNA gene (rnpB). Bacteria harboring an empty plasmid or
expressing the inactive variants D138A, D142A, and D160A were
unable to grow under the same conditions. Western blotting con-
firmed expression of Aq_880 mainly in the soluble protein fraction
of E. coli lysates (Fig. 3B).
Aq_880 was even able to replace the complex RNase P of

Saccharomyces cerevisiae (Fig. 3C), a 400-kDa ribonucleoprotein
(RNP) consisting of one RNA and nine protein subunits. For this
analysis, we employed a previously established plasmid-shuffle
protocol (19). Here, the otherwise lethal deletion of the yeast
RNase P RNA gene RPR1 was rescued by the plasmid-based
expression of A. aeolicus Aq_880, demonstrating that the highly
dissimilar RNase P enzymes are basically exchangeable. The cat-
alytically inactive variant D160A did not give rise to any viable
colonies. Yeast cells dependent on Aq_880 nevertheless grew
considerably slower than the parental wild-type strain, with only a
slight improvement by the D144A variant (Fig. 3C); the deletion of
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the endogenous RPR1 gene (rpr1Δ::kanMX4) and the presence/
absence of plasmid-encoded RPR1 and Aq_880 were verified by
PCR (Fig. 3D). The poor growth contrasts with similar comple-
mentation experiments using eukaryal PRORPs, of which some,
but not all, resulted in strains with wild-type–like growth properties
(19). However, even strains harboring the less effectively com-
plementing A. thaliana PRORP1 grew better than any of the
Aq_880 strains. The slow growth could be due to problems in ex-
pressing sufficient bacterial protein in the eukaryal host, unfavor-
able subcellular localization, differences in substrate recognition
between Aq_880 and yeast nuclear RNase P, or a combination of
them leading to retarded biogenesis of mature tRNAs in general,
or of a subset of tRNAs as observed for A. thaliana PRORP1
complementation in E. coli (20).
Bioinformatic screens identified numerous Aq_880 homologs

in Archaea, few in Bacteria (Fig. 4 and SI Appendix, Figs. S22–
S24 and Table S1), but none in Eukarya. We therefore propose to
name this type of protein-only RNase P “HARP” for Homolog of
Aquifex RNase P. The HARP proteins fall within the PIN_5 group
of a recently published classification of the PIN domain-like su-
perfamily (21). The relatively large group of archaeal organisms
that encode HARP (SI Appendix, Table S1) have in common that
they additionally encode an RNP RNase P. This suggests at least
partially divergent functions of HARP and RNP enzymes in these
Archaea, rather than reflecting evolutionary transition states
where RNP RNase P is about to be replaced by HARP. In the
latter scenario, one would have expected an irregular distribution
of the two RNase P types among these archaeal species. The
group of Bacteria-encoding HARPs was considerably smaller than
the archaeal group (SI Appendix, Table S1). In the Aquificaceae,
which all lack genes for a canonical bacterial RNase P, we iden-
tified homologs of the Archaea-specific RNase P protein subunits
Pop5 and Rpp30, which bind to the catalytic domain of archaeal

RNase P RNA (22). This suggests that the genes for HARP, Pop5,
and Rpp30 were acquired by horizontal gene transfer from Archaea,
in line with bioinformatic evidence that A. aeolicus has acquired
at least 10% of its protein-coding genes by horizontal gene
transfer from archaeal organisms (23). In the genomes of the
Aquificaceae A. aeolicus and Hydrogenobacter thermophilus TK6,
HARP and Pop5 genes are separated by only 12.5 and 3.1 kb,
respectively, which may be evidence for their horizontal co-
transfer. The findings may also suggest a functional link between
HARP and Pop5/Rpp30. Thermodesulfovibrio yellowstonii seems
to represent a situation similar to the Aquificaceae (no RNP
RNase P), although a Pop5 homolog could not be identified (SI
Appendix, Table S1). Remarkably, we identified a few bacteria
that encode both an RNP RNase P and HARP. In these cases,
either Rpp30 or Pop5 is not detectable (SI Appendix, Table S1),
suggesting relaxed constraints to keep Rpp30 and Pop5 when
RNA-based RNase P is expressed. All rnpA genes of this bac-
terial group with assumed dual RNase P activities encode regular
RnpA proteins. Likewise, their rnpB genes encode RNase P
RNAs that largely conform to canonical bacterial type A struc-
tures. This raises the question whether HARP and RNP RNase
P both exert RNase P activity when coexpressed in the same
organism. So far, evidence suggesting that both enzyme types
might have RNase P activity within the same organism was
obtained for one bacterium, Thermodesulfatator indicus, and one
archaeon Methanothermobacter thermautotrophicus. T. indicus
RNase P RNA has RNase P activity in vitro (Table 1), and the
RNase P activity of the M. thermautotrophicus RNP enzyme has
been thoroughly characterized (24–26). The HARP enzymes of both
organisms were active in vitro and able to complement E. coli BW
bacteria in vivo (Table 1 and SI Appendix, Fig. S21).
We finally directed our attention to Archaea associated with

deviations from canonical RNase P processing. The archaeal symbiont

A
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Fig. 3. Complementation of E. coli and yeast RNase P by Aq_880. (A) A. aeolicus Aq_880 is able to functionally replace bacterial RNase P in vivo. E. coli BW
cells transformed with expression plasmids for Aq_880 or its variants D138A, D142A, D144A, and D160A were grown at 37 °C under permissive (in the
presence of arabinose; +ara) or nonpermissive (in the presence of glucose; +glu) conditions. Already after 1 d, cell growth was detectable in E. coli BW cells
containing the expression vector for Aq_880; whereas no complementation was observed with the aspartate to alanine mutants D138A, D142A, and D160A,
weak colony formation was seen with D144A. rnpB: E. coli RNase P as positive control. (−), the empty vector as negative control. (B) Expression and solubility
of Aq_880 variants in E. coli BW. Soluble (s) and insoluble (is) protein fractions from E. coli BW expressing the Aq_880 variants were analyzed by Western
blotting using a polyclonal antiserum to Aq_880. No signal was obtained when E. coli BW was transformed with the empty vector (−) or E. coli rnpB (+),
respectively; molecular mass marker (in kilodaltons) indicated on the left. (C) Aq_880 and its variant D144A rescue growth upon deletion of the yeast nuclear
RNase P RNA gene RPR1. Two colonies each obtained through rescue by Aq_880 or its variant D144A were applied as spots in 10-fold serial dilution to YPD
plates, and the growth of the strains was monitored in parallel to a control (rescue by RPR1). Note the later appearance and smaller colony size of Aq_880 and
D144A strains indicating slow growth. (D) Genotyping of Aq_880 and D144A colonies derived from plasmid shuffle. The analysis of a control (rpr1Δ::kanMX4
[RPR1]) and two complementation isolates each (Aq_880, genotype rpr1Δ::kanMX4 [Aq_880]; D144A, genotype rpr1Δ::kanMX4 [Aq_880D144A]) is shown. The
deletion of RPR1, the integrity of the chromosomal gene disruption, and the presence of Aq_880 were verified by PCR. The part of the gene interrogated by
the genotyping PCR is indicated by a black bar on top of the gene cartoon (RPR1, blue; kanMX4, yellow; Aq_880, magenta; promoter/terminator regions,
gray) to the right of each agarose gel panel.
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Nanoarchaeum equitans lacks RNase P and the need for tRNA 5′-end
maturation is obviated by transcription of leaderless tRNAs (27).
In the archaeon Ignicoccus hospitalis KIN4 I, which is the host for
N. equitans (28), both HARP and RNA-based RNase P compo-
nents were identified (SI Appendix, Table S1), although Pop5 and
Rpp30 homologs were only found upon increasing the e value
from 10−10 to 10−6 in genome searches. Pyrobaculum, Caldivirga,
and Vulcanisaeta species encode shortened RNase P RNAs
lacking the specificity domain (22). This suggested the possibility
that these minimized enzymes have restricted functionality, which
might be compensated by the presence of a HARP enzyme.
However, even when increasing the e value from 10−10 to 10−4 in
genome searches, no HARP candidates could be identified in any
of these Archaea.

Conclusions
We discovered a minimal and RNA-free RNase P in the hyper-
thermophilic bacterium A. aeolicus, which was apparently ac-
quired by horizontal gene transfer from an archaeon. Thus, we
not only solved the last cold case in the RNase P field, but
identified a previously unknown class of RNase P. Homologs
were found in only a few Bacteria but many Archaea. At least for
one archaeon and one bacterium analyzed so far we could pro-
vide evidence that both forms, RNA-based and protein-only
RNase P, catalyze tRNA 5′-end maturation. As these findings
are based on in vitro data and some complementation results in
E. coli (Table 1), future studies will have to clarify if these homologs
indeed function as genuine RNase P enzymes in vivo. Our findings
have revealed yet another face of the unique architectural diversity

of the RNase P enzyme family, comprised of diverse members of
RNA and protein catalysts. RNA-based and protein-only RNase P
enzymes have also been found in Eukarya (6), but appear to be
mutually exclusive there, i.e., in no case they coexist within the same
genetic compartment. With the identification of Bacteria that have
protein- and RNA-based RNase P, we seem to have identified the
kind of evolutionary transition state that was traversed by the
Aquificaceae, which then, at some point in evolution, lost their
“ancient” RNA-based enzyme. The situation in Archaea is evolu-
tionarily and biologically intriguing as well, as the presence of this
protein-based enzyme form seems to be linked to the presence of
an RNA-based RNase P, suggesting that the two enzyme types
functionally complement each other in tRNA processing, or one
may exert another function, unrelated to tRNA processing, in
Archaea. Finally, it will be challenging to understand why the
Aquificaceae acquired and have retained the two archaeal RNase
P RNA binding proteins Pop5 and Rpp30.

Materials and Methods
Growth of Bacterial Strains. A. aeolicus VF5 cell pellets were purchased from
M. Thomm and R. Huber (University of Regensburg, Germany). After growing
for 1 d, cells were harvested as described (29) in the late exponential phase.
E. coli strains were generally grown in liquid or on solid LB medium (10 g of
tryptone, 5 g of yeast extract, 10 g of sodium chloride and, if required, 15 g of
agar-agar per liter) at 37 °C under shaking (220 rpm; warm air incubation
shaker, GFL 3033) in the case of liquid cultures. For the selection of strains
expressing antibiotic resistance genes, growth media were supplemented with
ampicillin (100 μg/mL), kanamycin (50 μg/mL), and/or chloramphenicol (34 μg/mL).
E. coli DH5α was used as the host strain for cloning, E. coli Rosetta (DE3) for
protein expression, and E. coli BW (18) for complementation studies. Liquid
overnight cultures were usually incubated in 2–8 mL of LB medium containing
the appropriate antibiotics and, if required, specific carbon sources.

Purification and Enrichment of RNase P Activity. Purification of A. aeolicus
RNase P by AEC, HIC, and SEC, as well as size exclusion chromatography to
study the oligomeric state of Aq_880, was performed with an ÄKTA basic 10
(GE Healthcare) FPLC system at room temperature. Details are described in
SI Appendix.

Step Gradient SDS/PAGE and Qualitative and Quantitative Mass Spectrometry
Analysis. The procedures are detailed in SI Appendix.

In Vitro Transcription of RNAs, 5′-[32P]-Endlabeling, RNase P Processing Assays.
This was done according to standard protocols (30) detailed in SI Appendix.

Pretreatment with Micrococcal Nuclease. RNase P enzyme solutions were
preincubated with micrococcal nuclease (Thermo Scientific) before addition

Fig. 4. Phylogenetic distribution of HARP. Condensed phylogenetic tree of
HARPs. Bacteria were condensed at order level, Archaea at phylum level.
Bootstrap values are indicated at the branches (inferred from 1,000 repli-
cates). Filled and empty circles indicate the presence or absence, respectively,
of RNase P RNA (RNA subunit), the bacterial RNase P protein (RnpA), or the
archaeal RNase P protein subunits Pop5/Rpp30; half-filled circles indicate
that we identified for (at least some) bacterial species in this order only an
Rpp30 (white/black circles) or Pop5 homolog (black/white circle), but not both.

Table 1. Activity of RNP RNase P and HARP in selected bacteria
and archaea

Organism RNP RNase P in vitro

HARP

in vitro in vivo

Bacteria
E. coli +++ — —

A. aeolicus — +++ +++
T. indicus + ++ +++

Archaeon
M. thermautotrophicus Active* + ++

RNP RNase P (RNA alone and holoenzyme) and HARP in vitro activities
were tested as described in SI Appendix. —, enzyme not present; +(++),
relative enzyme activities in processing assays or relative efficiencies in ge-
netic complementation of strain BW; for example, in RNA-alone reactions,
the kobs of pretRNAGly cleavage was 0.54 min−1 (+++) for E. coli and
0.11 min−1 (+) for T. indicus RNase P RNA; in complementation experiments
(HARP in vivo), +++ was assigned to colony densities roughly corresponding
to those obtained for BW bacteria complemented with aq_880 after over-
night incubation at 37 °C.
*Shown to be active in previous studies (24, 25).
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of substrate and excess amounts of carrier RNA (6S-1 RNA from B. subtilis).
The experimental details can be found in SI Appendix.

Cloning Procedures, Recombinant Protein Expression, and Complementation
Studies in E. coli and Yeast. This was performed by standard procedures;
complementation analyses were carried out as described (18, 19). Experi-
mental details are provided in SI Appendix.

Determination of Single and Multiple Turnover Kinetic Parameters for
pretRNAGly Processing by Aq_880. The experimental details are described in
SI Appendix.

5′-End Group Analysis. 5′-end group analysis of mature tRNAGly derived from
processing of pretRNAGly by Aq_880 was performed as described (31).

Bioinformatic Prediction of RNase P Components. Based on theAq_880 reference
sequence, Aq_880 homologswere searched in two iterations in all bacterial and
archaeal genomes provided at the National Center for Biotechnology In-
formation (NCBI) (download 2015-10-06) using blastp+ at the proteome level
and tblastn+ at the genome level with an e value of 10–10 (32, 33). Similarly,
we used the reference sets provided in ref. 34 for Rpp29 (Pop4) and a self-
assembled set of well-annotated reference sequences for RnpA homolog
searches (the bacterial P protein, also termed C5). The latter comprised se-
quences from Avibacterium, Bibersteinia, Enterobacter, Escherichia, Herba-
spirillum, Mycobacterium, and Serratia. The RNA subunit was predicted using
Infernal (35) with the Rfam v12 models RF00010, RF00011, and RF00373
(bacterial RNase P class A, B, and archaeal RNase P, respectively) (36). In the
case of multiple hits, only the best one was chosen. All results were aligned
using Clustal Omega (37) and manually inspected for likely false positives
(none identified). The alignment of Aq_880 homologs (SI Appendix, Fig. S23)

and the reference sequences/IDs used for the RnpA search can be downloaded
at bioinf.pharmazie.uni-marburg.de/supplements/harp_2016/. Based on
the alignment region 19–253, a WebLogo (SI Appendix, Fig. S24) was gener-
ated (38). An overview of the results is given in SI Appendix, Table S1.

Phylogenetic Tree. The phylogenetic tree of Aq_880 homologs was generated
using all identified sequences (see above) with a RAxML (39) rapid bootstrap
analysis with 1,000 bootstrap runs to search for the best-scoring maximum
likelihood tree with respect to the GTR substitution model and the Gamma
model of rate heterogeneity (40). For the sake of clarity, bacteria were
condensed at order level, archaea at phylum level for Fig. 4. SI Appendix,
Table S1 shows the results in more detail.

Alignment of Aq_880 and A. thaliana PRORP1-3. The alignment of Aq_880 to the
metallonuclease domains of A. thaliana PRORP1-3 was performed in a semi-
automatic manner. The NYN domains were manually aligned based on the
NYN WebLogo provided in ref. 4. The regions upstream and downstream of
the NYN domain were aligned using Clustal Omega (37). NCBI accession codes
were NP_850186 for A. thaliana PRORP1, NP_179256 for PRORP2, and
NP_193921 for PRORP3.
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