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Abstract: RNase P, a ribozyme-based ribonucleoprotein (RNP) complex that catalyzes tRNA
5’-maturation, is ubiquitous in all domains of life, but the evolution of its protein components (RNase
P proteins, RPPs) is not well understood. Archaeal RPPs may provide clues on how the complex
evolved from an ancient ribozyme to an RNP with multiple archaeal and eukaryotic (homologous)
RPPs, which are unrelated to the single bacterial RPP. Here, we analyzed the sequence and structure
of archaeal RPPs from over 600 available genomes. All five RPPs are found in eight archaeal phyla,
suggesting that these RPPs arose early in archaeal evolutionary history. The putative ancestral
genomic loci of archaeal RPPs include genes encoding several members of ribosome, exosome, and
proteasome complexes, which may indicate coevolution/coordinate regulation of RNase P with
other core cellular machineries. Despite being ancient, RPPs generally lack sequence conservation
compared to other universal proteins. By analyzing the relative frequency of residues at every position
in the context of the high-resolution structures of each of the RPPs (either alone or as functional binary
complexes), we suggest residues for mutational analysis that may help uncover structure-function
relationships in RPPs.
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1. Introduction

RNase P, a ubiquitous endonuclease responsible for tRNA 5’ maturation in all three domains
of life [1-7], functions as one of two distinct scaffolds: either a ribozyme-based ribonucleoprotein
(RNP) or an RNA-free, proteinaceous form [4,8,9]; here, we focus on the RNP. The diversity of RNase
P RNP variants is exemplified by the association of a single catalytic RNase P RNA (RPR) with one,
(up to) five, and (up to) ten RNase P protein (RPP) subunits in Bacteria, Archaea, and Eukarya (nuclear
isoform), respectively. Where examined, all subunits in these RNPs were found essential for cellular
viability [10-13].

Archaeal and eukaryotic cells share many key components of their replication, transcription, and
translation machineries [14]. This relationship includes the RPPs [4,15] and other translation-related
systems, including snoRNP-dependent modifications and tRNA intron processing [16]. It has also been
suggested that this deep evolutionary relationship is evidence of eukaryogenesis from archaea [17].
Given that archaeal RPPs are homologous to some eukaryotic RPPs and that both suites are unrelated
to the bacterial one [18,19], archaeal RNase P has been used as a tractable experimental model for
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biochemical and structural studies designed to uncover the basis for functional dependence of RNase P
on multiple RPPs [20-36]. To gain some insight into possible predecessors that eventually led to the
higher protein:RNA ratio in archaeal and eukaryotic RNase P, we examined the large number of
archaeal genomes now available and used the resulting inventory of archaeal RPPs to analyze the
evolution and structure of the protein subunits of archaeal RNase P.

Isolation and characterization of eukaryotic native nuclear RNase P motivated studies of archaeal
RNase P. Yeast (Saccharomyces cerevisiae) and human nuclear RNase P comprise an RPR (~100 kDa)
plus nine and ten RPPs (~15 to 100 kDa), respectively [5,6,10,37,38]. The human RPPs are called POP1,
POP5, RPP14, RPP20, RPP21, RPP25, RPP29, RPP30, RPP38, and RPP40, with RPP40 lacking a homolog
in yeast. Using polyclonal antisera individually raised against Methanothermobacter thermautotrophicus
(Mth) RPP21, RPP29, POP5, and RPP30, which were first identified based on the corresponding
yeast/human homologs, tRNA 5’ maturation activity was immunoprecipitated from a partially
purified Mth RNase P preparation [19]. This finding inspired us and others to pursue biochemical
reconstitutions of Mth, Pyrococcus furiosus (Pfu), Pyrococcus horikoshii (Pho), Methanocaldococcus jannaschii
(Mja), and Methanococcus maripaludis (Mma) RNase P [22,24-27,35,36,39].

Our in vitro reconstitution studies revealed that the four archaeal RPPs function as two binary
complexes: RPP21eRPP29 and POP5eRPP30 [22,25,26]. However, we found that Pfu RNase P
assembled from RPR + RPP21eRPP29 + POP5eRPP30 was less active and displayed a lower
temperature optimum than the native enzyme [26]. Extending a report that the ribosomal protein L7Ae,
which exhibits ~25% sequence identity to human RPP38 [37], increases the temperature optimum
of in vitro assembled Pho RNase P [39], we subsequently validated L7Ae as a bona fide RPP [35].
Specifically, we showed that L7Ae associates with Mma RNase P in vivo by analyzing purified native
enzyme fractions with L7Ae-specific antibodies; inclusion of L7Ae also enhanced the kcat/Km of
the RPR + four RPPs by 360-fold [35]. Recently, we showed that Pfu L7Ae, as expected from its
RNA-binding determinants, binds in the vicinity of predicted kink (K)-turn motifs in the Pfu RPR [40].

The last common ancestor of archaeal and eukaryotic RNase P appears to have consisted of
one RPR and five different RPPs, including L7Ae. The less complex one, RPR: one RPP bacterial
variant raises the question of whether “intermediate” forms of archaeal/eukaryotic RNase P with
fewer RPPs than the extant set exist at the root of the archaeal tree. We report here that this scenario is
unlikely based on our analysis of a large collection of archaeal genomes, and we also provide additional
insights on the evolution and structure of archaeal RNase P.

2. Results

2.1. Inventory of Archaeal RPPs

We examined 678 archaeal genomes available from the National Center for Biotechnology
Information (NCBI) and Integrated Microbial Genomes (IMG) databases. This set includes members
of Euryarchaeota (446 genomes), Crenarchaeota (119 genomes), Thaumarchaeota (60 genomes),
Nanoarchaeota (10 genomes), and newly recognized phyla Bathyarchaeota, Nanohaloarchaeota,
Diapherotrites, Aenigmarchaeota, Parvarchaeota, Lokiarchaeota, and Korarchaeota (21 genomes)
(Table S1). Our analysis utilized previously annotated RPPs from the UniProt database, as well as
those identified in the IMG database by their matches to COG, Pfam [41], or KO domain patterns.

Prior to searching for RPPs, we first removed redundancies. The genomes from the NCBI database
included several incomplete assemblies as well as multiple copies of genomes from well-studied
archaeal species and subspecies. For example, the data set contained 95 Methanosarcina genomes,
of which 68 were only assembled at the scaffold or contig level. We kept only one assembly for
each genus, giving preference to the complete assembly wherever possible, and removed genomes
without genus or species assignments (e.g., Crenarchaeote SCGC AAA261-C22) This process led to a
non-redundant set of 127 genomes (83 Euryarchaeota, 21 Crenarchaeota, 14 Thaumarchaeota, and nine
from other phyla), on which BLAST and Pfam searches for RPPs were performed. All five RPPs were



Biomolecules 2016, 6, 22 30f13

found in one or more members of Euryarchaeota, Crenarchaeota, Thaumarchaeota, Nanoarchaeota,
Bathyarchaeota, Nanohaloarchaeota, Diapherotrites, and Lokiarchaeota (Tables S1 and S2), which
suggests that the entire set was likely present in the common ancestor of all archaea. This observation
is further confirmed by analyzing putative ancestral genomic loci (see Section 2.2 below).

2.2. Conservation of the Genomic Neighborhoods of Archaeal RPPs

By comparing their current neighborhoods in the non-redundant set of 127 genomes, putative
ancestral loci for the RPP genes were identified (Figure 1). RPP29 belongs to a sizeable operon
containing small and large subunit ribosomal proteins, as was observed previously [13]. This operon is
also conserved in bacteria, albeit lacking RPP29 and elF [13,42]. Our analysis, which used a much larger
collection of archaeal genomes than any previous study, also confirms an earlier finding that POP5
and RPP30 are adjacent to one another in an operon (Figure 1) that includes genes for the proteasome
and exosome [43,44], which are absent in bacteria. In the case of RPP21 (not shown), we found that its
gene immediately precedes that encoding yhbY (also an RNA-binding protein), which are both then
followed in some instances by ribosomal proteins; there is currently no evidence, however, that RPP21
and yhbY are co-transcribed. The genomic association of archaeal L7Ae and S28e, which has been
noted previously [42], reflects coordination between members of the translation machinery.
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Figure 1. Putative ancestral loci of genes encoding RPPs. (A) RPP29 (B) POP5eRPP30.

Among the putative RPP-containing ancestral loci, the one with RPP29 is conserved to
the highest extent in the archaeal genomes examined. We also note that some archaeal orders
(e.g., Desulfurococcales) display complete or near-complete preservation of all RPP-containing
ancestral loci while other orders (e.g., Thermoproteales) have fragmented or completely absent loci.
Dynamic rearrangements of these clusters are surprising, given the essential nature of the proteins in
these loci. Despite these genomic alterations, however, the nexus between RNase P, ribosome, exosome,
and proteasome does appear to hold across the large collection of archaea examined.

2.3. Structure-Function Analyses of Archaeal RPPs

RPP structures fall within common nucleic acid-binding protein families: a zinc ribbon (RPP21), an
Sm-like fold (RPP29), an RRM-like fold (POP5), and a TIM barrel (RPP30) [20,21,23,27-32,34]. Moreover,
high-resolution structures of the two binary RPP complexes (RPP21eRPP29 and POP5eRPP30) identify
the protein—protein interface [23,28,29,45] while high-resolution structures of L7Ae bound to RNA
ligands identify the RN A—protein interface [46-56]. The insights below, derived from sequence and
motif analyses, provide a basis for future mutagenesis efforts to help establish structure-function
relationships in RPPs.

Our initial goal was to generate sequence alignments for each of the five RPPs. First, we identified
genomes that encode RPP21, RPP29, POP5, and RPP30. The list of genomes was again filtered to
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remove duplicates and to obtain a final set with each RPP having less than 80% sequence identity with
its nearest sequence neighbor (see Supplementary). To the resultant collection, we manually added Pho
and Bathyarchaeota archaeon BA1 (or strain BA2 in the case of L7Ae, as it was not detected in the draft
genome sequence of strain BA1) to yield a final set of 71 genomes (Table S3), which was then used to
generate sequence alignments and logo maps (Figure S1). An arbitrary cut-off of 80% identity (except
for RPP30, where 75% was used) in the final alignments was used to highlight conserved residues and
dissect their possible functional significance based on the high-resolution structures of the RPPs, either
alone or as binary complexes: the NMR solution structure of Pfu RPP21eRPP29 (Figure 2; [28]) and the
crystal structures of Pho POP5eRPP30 (Figure 3; [23]) and Pfu L7Ae (Figure 4; [55]).

In addition, we used RPP21, RPP29, POP5, and RPP30 from the set of 71 genomes as well as
their homologs from Saccharomyces cerevisiae [10], Dictyostelium discoideum [57-59], Xenopus laevis, and
Homo sapiens [38] as input for the web-based Multiple EM for Motif Elicitation (MEME) sequence
analysis tool [60,61] to uncover ungapped motifs common to archaeal and eukaryotic RPPs; L7Ae
was excluded from MEME profiling given the extensive structural studies and previous analyses
(see 47 and references therein). The MEME search parameters used for each RPP family were zero to
eight motifs of 10-30 amino acids long. We integrated this information along with insights from Pfam
alignments when considering the significance of conserved residues (Table 54).

2.3.1. RPP21

The zinc ribbon in the C-terminal domain of RPP21 is a motif found in other nucleic acid-binding
proteins (20,30) and comprises a B-hairpin and four invariant cysteine residues (C63, C66, C92, and
C95). Indeed, C63S/C66S and C925/C95S are functionally defective as assessed by reconstitution
assays of Pho RNase P (34). G73 and G96 are located in loops and likely ensure that the (3-hairpin of the
zinc ribbon motif folds correctly to enable zinc coordination by C63, C66, C92, and C95. Additionally
conserved are R79 and R100, which are located in an electropositive surface (Figure 3C) and are likely
involved in interactions with either the RPR or the pre-tRNA. Guided by the finding that human RPP21
binds pre-tRNA [62], we previously proposed that this positively charged surface in archaeal RPP21
similarly mediates interactions with the pre-tRNA substrate [28]. Although mutating these arginines
does, in fact, lead to a 2-fold (R79A) and a near-complete loss (R100A) of Pho RNase P activity (34),
the basis for the decrease in activity has not been investigated. In addition to RNA binding assays,
introduction of affinity cleavage agents [40] at or near R79 and R100 would help uncover whether the
ligand for RPP21 is the RPR or the pre-tRNA.

MEME analysis indicates that three out of eight possible motifs among archaeal RPP21 are
shared between eukaryotes and archaea. Two of these motifs are located in tandem and include the
four cysteines and two arginines [C(x)2C(x)¢G(x)sR and C(x),C(x)4R], indicating the broad functional
importance of the zinc-ribbon motif. Pfam’s seed alignment of 291 archaeal and eukaryotic RPP21
homologs (pfam04032) confirms near-universal conservation of both cysteine motifs but not of the
arginines; the latter residues are substituted with lysine at high frequency. A recent study that
examined an alignment of eukaryotic RPP21 homologs also observed conservation of these cysteine
motifs, though the motif sequences were slightly different [8].

2.3.2. RPP29

The most prominent feature of RPP29 is a twisted barrel of seven antiparallel 3-strands [21,30-32],
whose conformation is maintained by a hydrophobic core (L48, L51, V55, V70) and by highly conserved
glycines in the intervening loops (G50, G65, G110) and strand S2 (G68) [30]. Further stabilizing the
structure of the twisted barrel of 3-strands is the intramolecular salt bridge formed between universally
conserved residues E73 and K91 (Figure S1A) [21,30]. The loop connecting strands 52 and S3 includes
conserved residue T74, which likely participates in RNA-protein interactions through hydrogen
bonding with either the RPR or pre-tRNA; in fact, the E73-K91 interaction may help position both T74
and F96 for RNA binding.
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Of the three motifs that MEME detected as conserved between archaeal and eukaryotic RPP29,
one includes G68, E73, and T74 while another covers K91 and F96, implicating these residues and their
associated interactions as significant for both archaeal and eukaryotic RNase P function. Pfam’s
seed alignment of 233 archaeal and eukaryotic RPP29 homologs (pfam01868) also confirms the
near-universal conservation of the GX4ET motif and, to some extent, the KXsF arrangement.

2.3.3. RPP21eRPP29

Because RPP21 functions together with RPP29, it is not unexpected that a large surface in RPP21 is
devoted to interactions with RPP29. Two long N-terminal «-helices are held together by hydrophobic
interactions that include Al14, V40, and a pocket formed in part by L21 (universally conserved), Y39,
and A43 (Figure S2B) [20,34]. These conserved residues, along with others in the helical domain (E16,
R17, and A25), likely play important roles in stabilizing a RPP21 structure that favors interactions
with RPP29. In fact, some of the largest backbone amide chemical shift perturbations in RPP21
that were observed by NMR [28] upon RPP29 binding belong to residues clustered in this helical
bundle, including L.21 and A25, which are conserved in both archaeal and eukaryotic RPP21 [8,28].
Additionally, a Pfu RPP21 A14V mutant was found to bind RPP29 three times weaker than the
wild-type RPP21, and no new amide signals, in contrast with the wildtype, were observed upon binary
complex formation [28]. This result indicates that an A14V mutation interferes with the ability of
RPP21 to undergo binding-mediated folding.

Pfu RPP29 N Pfu RPP21

E
Pfu RPP21 a1 u2 u3
Y
19 29 39 49 Sl.) 6(.) 79
MAKYNEKKEKKRIAKERIDILFSLAERVFPYSPELAKRYVELALLVQOKAKVKIPRKWKRRYCKKCHAFL
S 52

[
VPGINARVRLRQKRMPHIVVKCLECGHIMRYPYIKEIKKRRKEKMEY

Pfu RPP29 B1 H2 B3 s1 $2
0 2 9 9 52 9 79
MWRNSEERENRTSGREQGSYQEIIGRTWIFRGAHRGEVNKKNIVWHELTIGLKVRVVNSTHPGYVGIEGYV
52 s3 54 ss s6) 57 4
o ——— —- -
89 920 109 119 129
IDETRNMLVIAGENKVWKVPKDVCIFEFETWDGTKIKISGEKLVGRPEMRLKKRWRK

Figure 2. Highly conserved residues and protein—protein interactions in Pfu RPP21 and RPP29.
(A) Tertiary structure of the Pfu RPP21eRPP29 binary complex (PDB: 2KI7 [28]). All positions with
>80% identity from the alignment of 71 representative archaeal RPP21 and RPP29 sequences are
highlighted; (B) Zinc-ribbon motif in RPP21 that is universally conserved; (C) Electrostatic potential
map of the surface of the RPP21eRPP29 complex; the orientation is identical to that in panel A;
(D) Protein—protein interactions previously identified [28]: I71 in RPP29 and Y39 in RPP21 participate
in a hydrophobic interaction while E47 in RPP29 and R17 in RPP21 appear to form an intermolecular
salt bridge; (E) Location of conserved residues (underlined and using the same color scheme as in (A))
and secondary structure elements in the sequences of RPP21 and RPP29.
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Residues E16 and R17 in RPP21 form prominent intermolecular salt bridges with residues H46 and
E47 in RPP29, respectively (the latter interaction is shown in Figure 2D). Additionally, the side-chain
hydroxyl of Y39 in RPP21 participates in a polar contact with the backbone carbonyl of 171 in RPP29
(Figure 2D). Since RPP21 mutants R17A and Y39A showed a three-fold decrease in activity compared
to wild-type Pho RNase P [34], these protein—protein interactions are clearly crucial for function of the
binary complex. While R38 in RPP21 also forms an intermolecular salt bridge with D72 in RPP29, these
two residues did not meet the 80% threshold that we used. Additionally, this intermolecular contact is
not universally conserved even within archaea and is entirely absent in eukaryotes. In fact, there are
structural differences in RPP29 between even closely related organisms like Pfu and Pho. Nevertheless,
such differences only heighten the importance of the few conserved positions between archaea and
eukaryotes (e.g., R17, L21, A25, and Y39 in RPP21) for strong protein—protein interactions.

2.3.4. POP5

Despite weak sequence homology, archaeal POP5 is structurally similar to the bacterial RPP [23,27].
In both instances, 3-strands form a central cleft, which in the bacterial RPP is believed to engage
the 5 leader of the pre-tRNA substrate through stacking (Phe or Tyr) and electrostatic (Arg/Lys)
interactions [63,64]. Highly conserved residues Y18, R71, S103, and T105 may help POP5 accomplish
a similar role. Moreover, depending on the curvature of the 5 leader of the pre-tRNA, it is possible
that R17 in POP5 could participate in contacts with the phosphate backbone. Unlike in the bacterial
RPP, the putative binding pocket in POP5 is partially obscured by helix H4; however, 5103 and T105
in the immediately preceding loop may serve as a hinge to displace the helix, thereby enabling the
interaction of cleft residues Y18 and R71 with the 5’ leader of pre-tRNA [27]. The conservation of G104
may reflect steric considerations related to RNA binding.

MEME analysis indicates that while only two out of eight possible motifs are shared between
archaeal and eukaryotic POP5, the two motifs include R71 as well as S103, G104, and T105. Moreover,
a Pfam seed alignment of 220 archaeal and eukaryotic POP5 sequences (pfam01900) also identifies R17,
Y18, R71, 5103, G104, and T105 as near-universally conserved.

2.3.5. RPP30

Of the RPPs examined, RPP30 shows the least conservation—only five out of 212 residues in Pho
RPP30 meet the 80% sequence identity threshold, but this number increases to 11 when we use a 75%
threshold. Upon mutation in Pho RNase P, R90A and R176A exhibit two- and three-fold decreases
in activity, respectively, indicating their importance for function [33]. However, the large distance
between R90 and R176 in the tertiary structure makes it somewhat unlikely that they interact with the
same RNA ligand. Additional studies are clearly needed to address this aspect.

MEME analysis indicates that while only one out of eight possible motifs is conserved between
archaeal and eukaryotic RPP30, this motif includes R176 and G189. An alignment of 40 archaeal and
eukaryotic RPP30 sequences in Pfam (pfam01876) confirms the conservation of R176.

2.3.6. POP5eRPP30

Although both the crystal structure of Pho POP5eRPP30 (Figure 3) and an NMR study of Pfu
POP5eRPP30 reveal hydrophobic contacts between POP5 and RPP30 [23,45], the suite of interactions
that dictates this interface shows weak conservation (below 50% identity). Thus, variability in the
POP5-RPP30 interface across archaeal species seems likely.



Biomolecules 2016, 6, 22 7 of 13
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Pho RPP30
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Pho POP5 s1 > H1 H2 52 > S 3
10 29 30 40 50 60 70
MMRKLKTLPPTLRDKNRYIAFEIISDGDFTKDEVKELIWKSSLEVLGETGTAIVKPWLIKFDPNTKTGIV
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E ANLLRFMMKAWKLVEKYRVRRFLTSSAéEKWDV YPRﬁLISLGVVI MEIPQAKASIéMYPEIILKRiKY

Figure 3. Highly conserved residues in Pho POP5 and RPP30. (A) Tertiary structure of the Pho
POP5eRPP30 binary complex (PDB: 2CZV [23]). All positions with >80% or >75% identity from the
alignment of 71 representative archaeal POP5 and RPP30 sequences, respectively, are highlighted;
(B) Electrostatic potential map of the surface of the POP5eRPP30 complex; the orientation is identical
to that in panel A; (C) Location of conserved residues (underlined and using the same color scheme as
in (A)) and secondary structure elements in the sequences of POP5 and RPP30.

2.3.7.L7Ae

L7Ae belongs to a family of proteins that specifically recognizes and binds K-turns, which are
widespread RNA structural motifs that cause an axial bend in RNA helices. The standard K-turn
configuration consists of a 5’ canonical (C) helix with Watson-Crick base pairs, a three-nucleotide bulge,
and a 3/ non-canonical (NC) helix with two consecutive trans sugar-edgeeHoogsteen sheared Ge A
base pairs (see Figure 4C, inset). L7Ae, comprised of a central four-stranded 3-sheet surrounded by
five a-helices, docks in the major groove and stabilizes the K-turn. NMR and crystallographic studies
of L7Ae (and its homologs), both alone and bound to K-turn-containing RNA ligands (including rRNA,
C/D or H/ACA snoRNAs), highlight the specific recognition of K-turns by highly conserved regions
in L7Ae [46,47,50,51,54-56]. A universally conserved NEXXK motif in H2 utilizes side-chain and
backbone contacts to hydrogen bond to G1b and G2n in the NC helix of the K-turn (Figure 4C). Mutating
the GeA base pairs results in loss of L7Ae binding and RNP assembly [48,52] while collectively
mutating the key residues of the NEXXK motif results in loss of function [35]. Moreover, R46 and V95
(conserved >97%) in L7Ae also play a role in RNA recognition (Figure 4C; [40,46,47,56]).
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Pfu L7TAe

180°

D
Pfu L7Ae H1 S1 H2 52 H3 H4
19 2(.) 3(.) 49 59 69 79
MMAKPSYVKFEVPKELAEKALQAVEIARDTGKIRKGTNETTKAVERGQAKLVIIAEDVDPEEIVAHLPPL
H4 S3 H5 S54 H6
80 90 100 110 120

CEEKEIPYIYVPSKKELGAAAGIEVAAASVAITEPGKARDLVEE IAMKVKELMK

Figure 4. Highly conserved residues and RN A-protein interactions in Pfu L7Ae. (A) Tertiary structure
of Pfu L7Ae [PDB: 3NVI [55]]. All positions with >80% identity from the alignment of 71 representative
archaeal L7Ae sequences are highlighted; (B) Electrostatic potential map of the surface of Pfu L7Ae;
the orientations are identical to those in panel A; (C) Binding interface between Pfu L7Ae and a box
C/D RNA [PDB: 3NVI [55]]. Residues involved in interactions with the RNA ligand are highlighted.
Inset shows a standard K-turn motif with its canonical (C) and non-canonical (NC) helices [49];
the two sheared GeA base pairs as well as the three-nucleotide bulge have been color-coded in both
the inset and the main panel; (D) Location of conserved residues (underlined and using the same color
scheme as in (A)) and secondary structure elements in the sequence of L7Ae.

2.3.8. General Remarks

Our sequence analyses identified residues conserved in only archaea (Table S54) as well as those
conserved in both archaeal and eukaryotic RPPs (not shown). These conserved positions may be
critical for (i) maintaining RPP structure; (ii) enabling protein—protein interactions to form binary
RPP complexes; (iii) mediating RPP-RPR contacts; and (iv) promoting pre-tRNA binding. Where
possible, we have parsed such contributions (see above). Despite some preliminary mutagenesis
results, pre-tRNA /RPR binding and pre-tRNA cleavage assays are needed to gain insights into which
of the four roles are fulfilled by specific residues in the RPPs. Conserved arginines and lysines, which
are expected to contribute to RPR/pre-tRNA binding, are obvious prospects as targets for mutagenesis.
Other residues, such as those in the putative RN A-binding cleft of POP5 (Y17, R71, S103, T105), also
warrant a closer look.
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An unexpectedly large number of glycines are highly conserved in the RPPs. The ability of glycine
to adopt a wide range of ¢ and 1 angles makes it well suited for turns where other residues with
side chains are less favored. For example, G47 in POP5 is universally conserved, likely due to its key
role in facilitating the sharp turn between «-helices H1 and H2 (Figure 3A). In some other instances,
however, it appears that the absence of a side chain may prove necessary to allow for RNA binding to
neighboring residues, as exemplified by G104 in POP5. These postulates are testable.

3. Discussion

3.1. Divergence of Bacterial and Archaeal RNase P

Given the structural and functional similarities of the RPR in all three domains of life [3,18,65],
it is likely that an RPR was present in the last universal common ancestor or progenote. Our analysis
here suggests that the archaeal RPR became associated with five RPPs at a very early stage. Since
the bacterial RNase P uses a single RPP to facilitate RPR catalysis in contrast to its multi-RPP
archaeal/eukaryotic relatives, it appears that these numerous RNP variants of RNase P reflect a
plasticity in the make-up of RNase P while retaining the ability to accomplish the same function
(i.e., convergent evolution). This claim is supported by the finding that, while dissimilar in amino acid
sequence, POP5 and the bacterial RPP share a similar tertiary fold [23,27].

Consistent with our postulate above, we predict that new variants of archaeal RNase P will
be uncovered as additional phyla in unique niches are studied. Indeed, in our analyses, we found
instances where the genes for some but not all RPPs are present (e.g., Thermoplasma acidophilum,
Nanoarchaeota Nstl). It is difficult to conclude whether these instances reflect a smaller suite of
RPPs or if the “missing” RPPs have diverged extensively, thereby escaping detection by sequence
similarity searches. However, at least in a few cases, the change in RPP number may reflect a
corresponding change in the RPR. For example, the RPR, which typically comprises a specificity and
a catalytic domain, is somewhat smaller in Thermoproteaceae (phylum Crenarchaeota) due to an
abbreviated specificity domain [66]. Thermoproteaceae also lack RPP21 [66], a finding consistent with
our observation that RPP21eRPP29 binds to the RPR’s specificity domain and increases its apparent
substrate affinity by 16-fold [22,25,26,28]. In the case of Nst1, a parasitic nanoarchaeon, the RPR is also
smaller, and POP5 appears to be absent (only RPP21, RPP29, RPP30, and L7Ae were identified) [67].
Since POP5eRPP30 binds to the RPR’s catalytic domain and enhances the RPR’s rate of cleavage by
60-fold [22,25,26,28], it is possible that the catalytic domain in the NstI RPR has undergone remodeling.
Once these computationally predicted thematic variations in the make-up of archaeal RNase P are
experimentally validated, it would be beneficial to investigate whether such rewiring of the RNase P
holoenzyme (through changes to the RPR and/or RPPs) reflects either coevolutionary adaptations
to a specific suite of substrates (pre-tRNAs or otherwise) and or the need to network with other
macromolecular assemblies.

3.2. Coordinate Regulation of RNase P and Other Cellular Machineries

The presence of L7Ae in archaeal RNase P, snoRNPs, and the ribosome, which are all
macromolecular machines involved in some aspect of translation, suggests coordinate regulation
of these complexes. The expectation for such crosstalk is heightened by the presence of RPP29 in an
operon encoding ribosomal proteins. In fact, this appears to be a recurring theme in all three domains
of life: bacterial RPP is co-transcribed with the ribosomal protein L34, and yeast RNase P has been
implicated in the processing of antisense RNAs from genes that encode ribosomal proteins [68,69]. The
exact mechanism by which RNase P activity is coupled to expression of ribosomal proteins and other
central cellular machineries offers prospects for future studies.
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4. Conclusions

Based on our analysis of an extensive collection of archaeal genomes, we propose that the last
common ancestor of archaeal and eukaryotic RNase P consisted of one RPR and five RPPs-RPP21,
RPP29, POP5, RPP30, and L7Ae. Moreover, by examining sequence conservation in the context
of the high-resolution structures, we recommend residues for mutational analysis to help uncover
structure-function relationships in these RPPs.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2218-273X/6/2/22/s1.

Acknowledgments: We thank Lien Lai (Ohio State University) for valuable comments on the manuscript and
Eric Danhart (Ohio State University) for assistance in generating electrostatic potential maps, and we gratefully
acknowledge research support from the National Science Foundation (MCB-0843543 to Venkat Gopalan and
MCB-0620005 to Charles J. Daniels).

Author Contributions: All authors contributed to the initial planning of the project. Manoj P. Samanta searched for
RPPs in all available archaeal genomes and determined their genomic neighborhoods. Charles J. Daniels identified
unique RPPs for conservation analysis and performed the MEME analyses. Stella M. Lai and Venkat Gopalan
examined the sequence-/structure-function relationships. All authors contributed to the writing of the paper, and
Stella M. Lai prepared the figures. Manoj P. Samanta and Venkat Gopalan supervised the project.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsor (NSF) had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in
the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

MEME Multiple EM for Motif Elucidation
NCBI National Center for Biotechnology Information
RPP RNase P protein
RPR RNase P RNA
pre-tRNA precursor tRNA
tRNA transfer RNA
References

1.  Altman, S. A view of RNase P. Mol. Biosyst. 2007, 3, 604-607. [CrossRef] [PubMed]

2. Esakova, O.; Krasilnikov, A.S. Of proteins and RNA: The RNase P/MRP family. RNA 2010, 16, 1725-1747.
[CrossRef] [PubMed]

3. Evans, D.; Marquez, S.M.; Pace, N.R. RNase P: Interface of the RNA and protein worlds. Trends Biochem. Sci.
2006, 31, 333-341. [CrossRef] [PubMed]

4. Lai, L.B.; Vioque, A.; Kirsebom, L.A.; Gopalan, V. Unexpected diversity of RNase P, an ancient tRNA
processing enzyme: Challenges and prospects. FEBS Lett. 2010, 584, 287-296. [CrossRef] [PubMed]

5. Van Eenennaam, H.; Jarrous, N.; van Venrooij, W.J.; Pruijn, G.J. Architecture and function of the human
endonucleases RNase P and RNase MRP. IUBMB Life 2000, 49, 265-272. [CrossRef] [PubMed]

6.  Walker, S.C.; Engelke, D.R. Ribonuclease P: The evolution of an ancient RNA enzyme. Crit Rev. Biochem.
Mol. Biol. 2006, 41, 77-102. [CrossRef] [PubMed]

7. Jarrous, N.; Gopalan, V. Archaeal/eukaryal RNase P: Subunits, functions and RNA diversification.
Nucleic Acids Res. 2010, 38, 7885-7894. [CrossRef] [PubMed]

8.  Lechner, M.; Rossmanith, W.; Hartmann, R.K,; Tholken, C.; Gutmann, B.; Giege, P; Gobert, A. Distribution
of Ribonucleoprotein and Protein-Only RNase P in Eukarya. Mol. Biol. Evol. 2015, 32, 3186-3193. [CrossRef]
[PubMed]

9. Holzmann, J.; Frank, P; Loffler, E.; Bennett, K.L.; Gerner, C.; Rossmanith, W. RNase P without RNA:
Identification and functional reconstitution of the human mitochondrial tRNA processing enzyme. Cell 2008,
135, 462-474. [CrossRef] [PubMed]


http://dx.doi.org/10.1039/b707850c
http://www.ncbi.nlm.nih.gov/pubmed/17700860
http://dx.doi.org/10.1261/rna.2214510
http://www.ncbi.nlm.nih.gov/pubmed/20627997
http://dx.doi.org/10.1016/j.tibs.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16679018
http://dx.doi.org/10.1016/j.febslet.2009.11.048
http://www.ncbi.nlm.nih.gov/pubmed/19931535
http://dx.doi.org/10.1080/15216540050033113
http://www.ncbi.nlm.nih.gov/pubmed/10995027
http://dx.doi.org/10.1080/10409230600602634
http://www.ncbi.nlm.nih.gov/pubmed/16595295
http://dx.doi.org/10.1093/nar/gkq701
http://www.ncbi.nlm.nih.gov/pubmed/20716516
http://dx.doi.org/10.1093/molbev/msv187
http://www.ncbi.nlm.nih.gov/pubmed/26341299
http://dx.doi.org/10.1016/j.cell.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18984158

Biomolecules 2016, 6, 22 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chamberlain, J.R.; Lee, Y.; Lane, W.S.; Engelke, D.R. Purification and characterization of the nuclear RNase P
holoenzyme complex reveals extensive subunit overlap with RNase MRP. Genes Dev. 1998, 12, 1678-1690.
[CrossRef] [PubMed]

Gossringer, M.; Kretschmer-Kazemi Far, R.; Hartmann, R.K. Analysis of RNase P protein (rnpA) expression
in Bacillus subtilis utilizing strains with suppressible rnpA expression. J. Bacteriol. 2006, 188, 6816—-6823.
[CrossRef] [PubMed]

Schedl, P; Primakoff, P. Mutants of Escherichia coli thermosensitive for the synthesis of transfer RNA.
Proc. Natl. Acad. Sci. USA 1973, 70, 2091-2095. [CrossRef] [PubMed]

Hartmann, E.; Hartmann, R.K. The enigma of ribonuclease P evolution. Trends Genet. 2003, 19, 561-569.
[CrossRef] [PubMed]

Brochier-Armanet, C.; Forterre, P.; Gribaldo, S. Phylogeny and evolution of the Archaea: One hundred
genomes later. Curr. Opin. Microbiol. 2011, 14, 274-281. [CrossRef] [PubMed]

Lai, L.B.; Cho, I.-M.; Chen, W.-Y.; Gopalan, V. Ribonuclease P.; Liu, F.,, Altman, S., Eds.; Springer Verlag:
New York, NY, USA, 2010; pp. 153-172.

Randau, L. Evolution of small guide RNA genes in hyperthermophilic archaea. Ann. N. Y. Acad. Sci. 2015,
1341, 188-193. [CrossRef] [PubMed]

Koonin, E.V. Origin of eukaryotes from within archaea, archaeal eukaryome and bursts of gene gain:
Eukaryogenesis just made easier? Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015. [CrossRef] [PubMed]

Hall, T.A.; Brown, ].W. The ribonuclease P family. Methods Enzymol. 2001, 341, 56-77. [PubMed]

Hall, T.A.; Brown, ].W. Archaeal RNase P has multiple protein subunits homologous to eukaryotic nuclear
RNase P proteins. RNA 2002, 8, 296-306. [CrossRef] [PubMed]

Amero, C.D.; Boomershine, W.P.,; Xu, Y.; Foster, M. Solution structure of Pyrococcus furiosus RPP21,
a component of the archaeal RNase P holoenzyme, and interactions with its RPP29 protein partner.
Biochemistry 2008, 47, 11704-11710. [CrossRef] [PubMed]

Boomershine, W.P.; McElroy, C.A ; Tsai, H.Y.; Wilson, R.C.; Gopalan, V.; Foster, M.P. Structure of Mth11/Mth
Rpp29, an essential protein subunit of archaeal and eukaryotic RNase P. Proc. Natl. Acad. Sci. USA 2003, 100,
15398-15403. [CrossRef] [PubMed]

Chen, W.Y,; Pulukkunat, D.K.; Cho, .M.; Tsai, H.Y.; Gopalan, V. Dissecting functional cooperation among
protein subunits in archaeal RNase P, a catalytic ribonucleoprotein complex. Nucleic Acids Res. 2010, 38,
8316-8327. [CrossRef] [PubMed]

Kawano, S.; Nakashima, T.; Kakuta, Y.; Tanaka, I.; Kimura, M. Crystal structure of protein Ph1481p in
complex with protein Ph1877p of archaeal RNase P from Pyrococcus horikoshii OT3: Implication of dimer
formation of the holoenzyme. J. Mol. Biol. 2006, 357, 583-591. [CrossRef] [PubMed]

Kouzuma, Y.; Mizoguchi, M.; Takagi, H.; Fukuhara, H.; Tsukamoto, M.; Numata, T.; Kimura, M.
Reconstitution of archaeal ribonuclease P from RNA and four protein components. Biochem. Biophys.
Res. Commun. 2003, 306, 666—673. [CrossRef]

Pulukkunat, D.K.; Gopalan, V. Studies on Methanocaldococcus jannaschii RNase P reveal insights into the
roles of RNA and protein cofactors in RNase P catalysis. Nucleic Acids Res. 2008, 36, 4172—-4180. [CrossRef]
[PubMed]

Tsai, H.Y.; Pulukkunat, D.K.; Woznick, WK.; Gopalan, V. Functional reconstitution and characterization of
Pyrococcus furiosus RNase P. Proc. Natl. Acad. Sci. USA 2006, 103, 16147-16152. [CrossRef] [PubMed]
Wilson, R.C.; Bohlen, C.J.; Foster, M.P; Bell, C.E. Structure of Pfu Pop5, an archaeal RNase P protein.
Proc. Natl. Acad. Sci. USA 2006, 103, 873-878. [CrossRef] [PubMed]

Xu, Y,; Amero, C.D.; Pulukkunat, D.K.; Gopalan, V.; Foster, M.P. Solution structure of an archaeal RNase P
binary protein complex: Formation of the 30-kDa complex between Pyrococcus furiosus RPP21 and RPP29 is
accompanied by coupled protein folding and highlights critical features for protein-protein and protein-RNA
interactions. J. Mol. Biol. 2009, 393, 1043-1055. [PubMed]

Honda, T.; Kakuta, Y.; Kimura, K.; Saho, J.; Kimura, M. Structure of an archaeal homolog of the human
protein complex Rpp21-Rpp29 that is a key core component for the assembly of active ribonuclease P.
J. Mol. Biol. 2008, 384, 652-662. [CrossRef] [PubMed]

Numata, T.; Ishimatsu, I.; Kakuta, Y.; Tanaka, I.; Kimura, M. Crystal structure of archaeal ribonuclease P
protein Ph1771p from Pyrococcus horikoshii OT3: An archaeal homolog of eukaryotic ribonuclease P protein
Rpp29. RNA 2004, 10, 1423-1432. [CrossRef] [PubMed]


http://dx.doi.org/10.1101/gad.12.11.1678
http://www.ncbi.nlm.nih.gov/pubmed/9620854
http://dx.doi.org/10.1128/JB.00756-06
http://www.ncbi.nlm.nih.gov/pubmed/16980484
http://dx.doi.org/10.1073/pnas.70.7.2091
http://www.ncbi.nlm.nih.gov/pubmed/4579013
http://dx.doi.org/10.1016/j.tig.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14550630
http://dx.doi.org/10.1016/j.mib.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21632276
http://dx.doi.org/10.1111/nyas.12643
http://www.ncbi.nlm.nih.gov/pubmed/25585508
http://dx.doi.org/10.1098/rstb.2014.0333
http://www.ncbi.nlm.nih.gov/pubmed/26323764
http://www.ncbi.nlm.nih.gov/pubmed/11582805
http://dx.doi.org/10.1017/S1355838202028492
http://www.ncbi.nlm.nih.gov/pubmed/12003490
http://dx.doi.org/10.1021/bi8015982
http://www.ncbi.nlm.nih.gov/pubmed/18922021
http://dx.doi.org/10.1073/pnas.2535887100
http://www.ncbi.nlm.nih.gov/pubmed/14673079
http://dx.doi.org/10.1093/nar/gkq668
http://www.ncbi.nlm.nih.gov/pubmed/20705647
http://dx.doi.org/10.1016/j.jmb.2005.12.086
http://www.ncbi.nlm.nih.gov/pubmed/16430919
http://dx.doi.org/10.1016/S0006-291X(03)01034-9
http://dx.doi.org/10.1093/nar/gkn360
http://www.ncbi.nlm.nih.gov/pubmed/18558617
http://dx.doi.org/10.1073/pnas.0608000103
http://www.ncbi.nlm.nih.gov/pubmed/17053064
http://dx.doi.org/10.1073/pnas.0508004103
http://www.ncbi.nlm.nih.gov/pubmed/16418270
http://www.ncbi.nlm.nih.gov/pubmed/19733182
http://dx.doi.org/10.1016/j.jmb.2008.09.056
http://www.ncbi.nlm.nih.gov/pubmed/18929577
http://dx.doi.org/10.1261/rna.7560904
http://www.ncbi.nlm.nih.gov/pubmed/15317976

Biomolecules 2016, 6, 22 12 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Sidote, D.J.; Heideker, J.; Hoffman, D.W. Crystal structure of archaeal ribonuclease P protein aRpp29 from
Archaeoglobus fulgidus. Biochemistry 2004, 43, 14128-14138. [CrossRef] [PubMed]

Sidote, D.J.; Hoffman, D.W. NMR structure of an archaeal homologue of ribonuclease P protein Rpp29.
Biochemistry 2003, 42, 13541-13550. [CrossRef] [PubMed]

Takagi, H.; Watanabe, M.; Kakuta, Y.; Kamachi, R.; Numata, T.; Tanaka, I.; Kimura, M. Crystal structure
of the ribonuclease P protein Ph1877p from hyperthermophilic archaeon Pyrococcus horikoshii OT3.
Biochem. Biophys. Res. Commun. 2004, 319, 787-794. [CrossRef] [PubMed]

Kakuta, Y.; Ishimatsu, I.; Numata, T.; Kimura, K.; Yao, M.; Tanaka, I.; Kimura, M. Crystal structure of a
ribonuclease P protein Ph1601p from Pyrococcus horikoshii OT3: An archaeal homologue of human nuclear
ribonuclease P protein Rpp21. Biochemistry 2005, 44, 12086-12093. [CrossRef] [PubMed]

Cho, LM,; Lai, L.B.; Susanti, D.; Mukhopadhyay, B.; Gopalan, V. Ribosomal protein L7Ae is a subunit of
archaeal RNase P. Proc. Natl. Acad. Sci. USA 2010, 107, 14573-14578. [CrossRef] [PubMed]

Chen, W.Y,; Xu, Y.; Cho, LM.; Oruganti, S.V.; Foster, M.P.; Gopalan, V. Cooperative RNP Assembly:
Complementary Rescue of Structural Defects by Protein and RNA Subunits of Archaeal RNase P. J. Mol. Biol.
2011, 411, 368-383. [CrossRef] [PubMed]

Eder, PS.; Kekuda, R.; Stolc, V.; Altman, S. Characterization of two scleroderma autoimmune antigens that
copurify with human ribonuclease P. Proc. Natl. Acad. Sci. USA 1997, 94, 1101-1106. [CrossRef] [PubMed]
Jarrous, N. Human ribonuclease P: Subunits, function, and intranuclear localization. RNA 2002, 8, 1-7.
[CrossRef] [PubMed]

Fukuhara, H.; Kifusa, M.; Watanabe, M.; Terada, A.; Honda, T.; Numata, T.; Kakuta, Y.; Kimura, M. A fifth
protein subunit Ph1496p elevates the optimum temperature for the ribonuclease P activity from Pyrococcus
horikoshii OT3. Biochem. Biophys. Res. Commun. 2006, 343, 956-964. [CrossRef] [PubMed]

Lai, S.M.; Lai, L.B.; Foster, M.P.; Gopalan, V. The L7Ae protein binds to two kink-turns in the Pyrococcus
furiosus RNase P RNA. Nucleic Acids Res. 2014, 42, 13328-13338. [CrossRef] [PubMed]

Finn, R.D.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Mistry, J.; Mitchell, A.L.; Potter, S.C.; Punta, M.; Qureshi, M.;
Sangrador-Vegas, A.; et al. The Pfam protein families database: Towards a more sustainable future.
Nucleic Acids Res. 2016, 44, D279-D285. [CrossRef] [PubMed]

Wang, J.; Dasgupta, I.; Fox, G.E. Many nonuniversal archaeal ribosomal proteins are found in conserved
gene clusters. Archaea 2009, 2, 241-251. [CrossRef] [PubMed]

Gil, M.A.; Sherwood, K.E.; Maupin-Furlow, ].A. Transcriptional linkage of Haloferax volcanii proteasomal
genes with non-proteasomal gene neighbours including RNase P, MOSC domain and SAM-methyltransferase
homologues. Microbiology 2007, 153, 3009-3022. [CrossRef] [PubMed]

Koonin, E.V.; Wolf, Y.I.; Aravind, L. Prediction of the archaeal exosome and its connections with the
proteasome and the translation and transcription machineries by a comparative-genomic approach.
Genome Res. 2001, 11, 240-252. [CrossRef] [PubMed]

Crowe, B.L.; Bohlen, C.J.; Wilson, R.C.; Gopalan, V.; Foster, M.P. Assembly of the complex between archaeal
RNase P proteins RPP30 and Pop5. Archaea 2011. [CrossRef] [PubMed]

Hamma, T.; Ferré-D'Amaré, A.R. Structure of protein L7Ae bound to a K-turn derived from an archaeal box
H/ACA sRNA at 1.8 A resolution. Structure 2004, 12, 893-903. [CrossRef] [PubMed]

Huang, L.; Lilley, D.M.]J. The molecular recognition of kink-turn structure by the L7Ae class of proteins. RNA
2013, 19, 1703-1710. [CrossRef] [PubMed]

Kuhn, J.E; Tran, E.J.; Maxwell, E.S. Archaeal ribosomal protein L7 is a functional homolog of the eukaryotic
15.5 kD /Snu13p snoRNP core protein. Nucleic Acids Res. 2002, 30, 931-941. [CrossRef] [PubMed]

Lilley, D.M. The K-turn motif in riboswitches and other RNA species. Biochim. Biophys. Acta 2014, 1839,
995-1004. [CrossRef] [PubMed]

Moore, T.; Zhang, Y.; Fenley, M.O.; Li, H. Molecular basis of box C/D RNA-protein interactions: Cocrystal
structure of archaeal L7Ae and a box C/D RNA. Structure 2004, 12, 807-818. [CrossRef] [PubMed]
Moschen, T.; Wunderlich, C.; Kreutz, C.; Tollinger, M. NMR resonance assignments of the archaeal ribosomal
protein L7Ae in the apo form and bound to a 25 nt RNA. Biomol. NMR Assign. 2015, 9, 177-180. [CrossRef]
[PubMed]

Rozhdestvensky, T.S.; Tang, T.H.; Tchirkova, I.V.; Brosius, J.; Bachellerie, J.-P.; Hiittenhofer, A. Binding of
L7Ae protein to the K-turn of archaeal snoRNAs: A shared RNA binding motif for C/D and H/ACA box
snoRNAs in Archaea. Nucleic Acids Res. 2003, 31, 869-877. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/bi048578z
http://www.ncbi.nlm.nih.gov/pubmed/15518563
http://dx.doi.org/10.1021/bi030170z
http://www.ncbi.nlm.nih.gov/pubmed/14622001
http://dx.doi.org/10.1016/j.bbrc.2004.05.055
http://www.ncbi.nlm.nih.gov/pubmed/15184052
http://dx.doi.org/10.1021/bi050738z
http://www.ncbi.nlm.nih.gov/pubmed/16142906
http://dx.doi.org/10.1073/pnas.1005556107
http://www.ncbi.nlm.nih.gov/pubmed/20675586
http://dx.doi.org/10.1016/j.jmb.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21683084
http://dx.doi.org/10.1073/pnas.94.4.1101
http://www.ncbi.nlm.nih.gov/pubmed/9037013
http://dx.doi.org/10.1017/S1355838202011184
http://www.ncbi.nlm.nih.gov/pubmed/11871657
http://dx.doi.org/10.1016/j.bbrc.2006.02.192
http://www.ncbi.nlm.nih.gov/pubmed/16574071
http://dx.doi.org/10.1093/nar/gku994
http://www.ncbi.nlm.nih.gov/pubmed/25361963
http://dx.doi.org/10.1093/nar/gkv1344
http://www.ncbi.nlm.nih.gov/pubmed/26673716
http://dx.doi.org/10.1155/2009/971494
http://www.ncbi.nlm.nih.gov/pubmed/19478915
http://dx.doi.org/10.1099/mic.0.2007/008177-0
http://www.ncbi.nlm.nih.gov/pubmed/17768244
http://dx.doi.org/10.1101/gr.162001
http://www.ncbi.nlm.nih.gov/pubmed/11157787
http://dx.doi.org/10.1155/2011/891531
http://www.ncbi.nlm.nih.gov/pubmed/22162665
http://dx.doi.org/10.1016/j.str.2004.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15130481
http://dx.doi.org/10.1261/rna.041517.113
http://www.ncbi.nlm.nih.gov/pubmed/24149842
http://dx.doi.org/10.1093/nar/30.4.931
http://www.ncbi.nlm.nih.gov/pubmed/11842104
http://dx.doi.org/10.1016/j.bbagrm.2014.04.020
http://www.ncbi.nlm.nih.gov/pubmed/24798078
http://dx.doi.org/10.1016/j.str.2004.02.033
http://www.ncbi.nlm.nih.gov/pubmed/15130473
http://dx.doi.org/10.1007/s12104-014-9569-8
http://www.ncbi.nlm.nih.gov/pubmed/25030110
http://dx.doi.org/10.1093/nar/gkg175
http://www.ncbi.nlm.nih.gov/pubmed/12560482

Biomolecules 2016, 6, 22 13 of 13

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Szewczak, L.B.W.; DeGregorio, S.J.; Strobel, S.A; Steitz, J.A. Exclusive interaction of the 15.5 kD protein with
the terminal box C/D motif of a methylation guide snoRNP. Chem. Biol. 2002, 9, 1095-1107. [CrossRef]
Vidovigc, I; Nottrott, S.; Hartmuth, K.; Lithrmann, R.; Ficner, R. Crystal structure of the spliceosomal 15.5 kD
protein bound to a U4 snRNA fragment. Mol. Cell 2000, 6, 1331-1342. [CrossRef]

Xue, S.; Wang, R.; Yang, F.; Terns, RM.; Terns, M.P.; Zhang, X.; Maxwell, E.S.; Li, H. Structural basis
for substrate placement by an archaeal box C/D ribonucleoprotein particle. Mol. Cell 2010, 39, 939-949.
[CrossRef] [PubMed]

Charron, C.; Manival, X.; Cléry, A.; Senty-Ségault, V.; Charpentier, B.; Marmier-Gourrier, N.; Branlant, C.;
Aubry, A. The archaeal sSRNA binding protein L7Ae has a 3D structure very similar to that of its eukaryal
counterpart while having a broader RNA-binding specificity. . Mol. Biol. 2004, 342, 757-773. [CrossRef]
[PubMed]

Kalavrizioti, D.; Vourekas, A.; Drainas, D. DRpp20 and DRpp40: Two protein subunits involved in
Dictyostelium discoideum ribonuclease P holoenzyme assembly. Gene 2007, 400, 52-59. [CrossRef] [PubMed]
Stamatopoulou, V.; Toumpeki, C.; Tzakos, A.; Vourekas, A.; Drainas, D. Domain architecture of the DRpp29
protein and its interaction with the RNA subunit of Dictyostelium discoideum RNase P. Biochemistry 2010,
49,10714-10727. [CrossRef] [PubMed]

Vourekas, A.; Kalavrizioti, D.; Zarkadis, I.K.; Spyroulias, G.A.; Stathopoulos, C.; Drainas, D. A 40.7 kDa
Rpp30/Rppl homologue is a protein subunit of Dictyostelium discoideum RNase P holoenzyme. Biochimie
2007, 89, 301-310. [CrossRef] [PubMed]

Bailey, T.L.; Elkan, C. The value of prior knowledge in discovering motifs with MEME. Proc. Int. Conf. Intell.
Syst. Mol. Biol. 1995, 3, 21-29. [PubMed]

Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39-W49.
[CrossRef] [PubMed]

Jarrous, N.; Reiner, R.; Wesolowski, D.; Mann, H.; Guerrier-Takada, C.; Altman, S. Function and subnuclear
distribution of Rpp21, a protein subunit of the human ribonucleoprotein ribonuclease P. RNA 2001, 7,
1153-1164. [CrossRef] [PubMed]

Niranjanakumari, S.; Stams, T.; Crary, S.M.; Christianson, D.W.; Fierke, C.A. Protein component of the
ribozyme ribonuclease P alters substrate recognition by directly contacting precursor tRNA. Proc. Natl. Acad.
Sci. USA 1998, 95, 15212-15217. [CrossRef] [PubMed]

Reiter, N.J.; Osterman, A.; Torres-Larios, A.; Swinger, K.K,; Pan, T.; Mondragon, A. Structure of a bacterial
ribonuclease P holoenzyme in complex with tRNA. Nature 2010, 468, 784-789. [CrossRef] [PubMed]
Gopalan, V. Uniformity amid diversity in RNase P. Proc. Natl. Acad. Sci. USA 2007, 104, 2031-2032. [CrossRef]
[PubMed]

Lai, L.B.; Chan, P.P,; Cozen, A.E.; Bernick, D.L.; Brown, ].W.; Gopalan, V.; Lowe, T.M. Discovery of a minimal
form of RNase P in Pyrobaculum. Proc. Natl. Acad. Sci. USA 2010, 107, 22493-22498. [CrossRef] [PubMed]
Podar, M.; Makarova, K.S.; Graham, D.E.; Wolf, Y.I.; Koonin, E.V.; Reysenbach, A.L. Insights into archaeal
evolution and symbiosis from the genomes of a nanoarchaeon and its inferred crenarchaeal host from
Obsidian Pool, Yellowstone National Park. Biol. Direct. 2013. [CrossRef] [PubMed]

Coughlin, D.J.; Pleiss, J.A.; Walker, S.C.; Whitworth, G.B.; Engelke, D.R. Genome-wide search for yeast
RNase P substrates reveals role in maturation of intron-encoded box C/D small nucleolar RNAs. Proc. Natl.
Acad. Sci. USA 2008, 105, 12218-12223. [CrossRef] [PubMed]

Samanta, M.P,; Tongprasit, W.; Sethi, H.; Chin, C.S.; Stolc, V. Global identification of noncoding RNAs in
Saccharomyces cerevisiae by modulating an essential RNA processing pathway. Proc. Natl. Acad. Sci. USA
2006, 103, 4192-4197. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S1074-5521(02)00239-9
http://dx.doi.org/10.1016/S1097-2765(00)00131-3
http://dx.doi.org/10.1016/j.molcel.2010.08.022
http://www.ncbi.nlm.nih.gov/pubmed/20864039
http://dx.doi.org/10.1016/j.jmb.2004.07.046
http://www.ncbi.nlm.nih.gov/pubmed/15342235
http://dx.doi.org/10.1016/j.gene.2007.05.020
http://www.ncbi.nlm.nih.gov/pubmed/17611045
http://dx.doi.org/10.1021/bi101297z
http://www.ncbi.nlm.nih.gov/pubmed/21087028
http://dx.doi.org/10.1016/j.biochi.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17207566
http://www.ncbi.nlm.nih.gov/pubmed/7584439
http://dx.doi.org/10.1093/nar/gkv416
http://www.ncbi.nlm.nih.gov/pubmed/25953851
http://dx.doi.org/10.1017/S1355838201010469
http://www.ncbi.nlm.nih.gov/pubmed/11497433
http://dx.doi.org/10.1073/pnas.95.26.15212
http://www.ncbi.nlm.nih.gov/pubmed/9860948
http://dx.doi.org/10.1038/nature09516
http://www.ncbi.nlm.nih.gov/pubmed/21076397
http://dx.doi.org/10.1073/pnas.0611193104
http://www.ncbi.nlm.nih.gov/pubmed/17287341
http://dx.doi.org/10.1073/pnas.1013969107
http://www.ncbi.nlm.nih.gov/pubmed/21135215
http://dx.doi.org/10.1186/1745-6150-8-9
http://www.ncbi.nlm.nih.gov/pubmed/23607440
http://dx.doi.org/10.1073/pnas.0801906105
http://www.ncbi.nlm.nih.gov/pubmed/18713869
http://dx.doi.org/10.1073/pnas.0507669103
http://www.ncbi.nlm.nih.gov/pubmed/16537507
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	

	

