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ABSTRACT

Ribonuclease P cleaves 5 ’'-precursor sequences from
pre-tRNAs. All cellular RNase P holoenzymes contain
homologous RNA elements; the eucaryal RNase P RNA,
in contrast to the bacterial RNA, is catalytically inactive
in the absence of the protein component(s). To under-
stand the function of eucaryal RNase P RNA, knowledge
of its structure is needed. Considerable effort has been
devoted to comparative studies of the structure of this
RNA from diverse organisms, including eucaryotes,
primarily fungi, but also a limited set of vertebrates. The
substantial differences in the sequences and structures
of the vertebrate RNAs from those of other organisms
have made it difficult to align the vertebrate sequences,
thus limiting comparative studies. To expand our
understanding of the structure of diverse RNase P
RNAs, we have isolated by PCR and sequenced 13
partial RNase P RNA genes from 11 additional vertebrate
taxa representing most extant major vertebrate lineages.
Based on a recently proposed structure of the core
elements of RNase P RNA, we aligned the sequences
and propose a minimum consensus secondary structure
for the vertebrate RNase P RNA.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos*

The global structure of the bacterial type of RNase P RNA is
increasingly well-characterized and there is considerable
information on the archaeal counterpart; however, less is known
about the eucaryotic version of the RNA. Accumulation of
sequences for comparative structure analysis of the eucaryal
RNase P RNA has focused mainly on yegs). Animal RNAs
for comparison have so far been represented by those from only
three types of animals: mammals, one frog and ondistD).
Thus, the diversity of sequences available for comparative
structure analysis has been insufficient to specify a sequence
alignment and a basal structure for the vertebrate RNase P RNA.

To expand the diversity of vertebrate sequences available for
comparison, we determined 13 partial sequences of RNase P
RNAs from 11 of the main vertebrate lineages. We used PCR to
isolate the main portions of the RNase P RNA genes from five
frogs @Ascaphus trugiAlytes obstetricanBufo bufe Discoglossus
jeanneaeand Pelobates cultripgs two salamandersEqsatina
eschscholtziiand Euproctus aspéy two lizards Phrynosoma
douglasiandUta stansburiang one snakel@chesis mufgand
one fish Oncorhynchusp.). Although previously examined, the
corresponding partial genes fréttomo sapiens<enopus laevis
andDanio rerioalso were obtained by PCR and re-examined. We
aligned the sequences consistently with the proposed universally
conserved core of the RNA (4), and inferred a minimum-consensus
secondary structure model of the vertebrate RNase P RNA.

Ribonuclease P (RNase P) is the ubiquitous endonuclease tMATERIALS AND METHODS
carries out maturation of the Bnd of tRNA (see 1 and 2 for DNA isolation

reviews). All cellular versions of RNase P from each of the three

domains of life—Bacteria, Eucarya and Archaea—are ribonucle®NA from frogs and salamanders was extracted as described
proteins, consisting of one RNA and at least one protein. The RN#eviously (11). For the three reptiles, 20 mg of frozen tissue from
component of bacterial RNase P is catalytically active in theach species was incubated overnight a€56 1 ml of 100 mM
absence of proteim vitro (3), but the archaeal and eucaryalEDTA, 10 mM Tris—HCI (pH 8), 10 mM NacCl, 1% SDS, 8 mg
RNase P RNAs are not independently active. Although RNasedihiothreitol and 2 mg proteinase K, and DNA was purified by
RNAs from diverse organisms exhibit extensive variation iphenol-chloroform extraction(12). Genomic DNAs were
sequence and structure, all contain five universally conservedecipitated from 0.3 M NaCl with 2.5 vol ethanol and
regions(4) that are considered to reflect similar core structure iresuspended in 2q@ of 10 mM Tris—HCI (pH 8) and 1 mM

the RNAs and possibly homologous function. EDTA. In the case dfl.sapiensDNA was isolated from 80l of
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whole blood treated with heparin (20 U/ml) as described earliguk-A (7) (po#ions 331-301), 25 cycles (2 min at°@ 1 min
(13). Salmon testis DNA was purchased from Sigma. at 50C, 45 s at 72C); U.stansburiana primers Euk-Z1
(positions 1-24) and Euk-&) (postions 328-298), 25 cycles
(2 min at 92C, 1 min at 49C, 45 s at 72C).
In case of sequence ambiguities or heterogeneity, the PCR

Each 10Qul PCR reaction contained 8 UTqDNA polymerase reaction was repeated under the same conditions, except that
(Promega), 100 ng of each primer (below), 300 g genomic DN .5 U of Pfu DNA polymerase (Stratagene) and PCR buffer

0.2 mM of each dNTP, 1.5 mM MggI50 mM KCI, 10 mM  (Stratagene) were used.

Tris—HCI (pH 9 at 25C) and 0.1% Triton X-100. All PCR .

reactions started with an initial denaturation step for 2 min ¢!oning of PCR products

94°C, followed by 20-25 amplification cycles (below), and apCR fragments were cloned directly using the p@EM/ector
final extension step for 10 min at “&2. To avoid non-specific  System (Promega), the TA ClonidKit (Invitrogen) or the
PCR products, we chose the highest annealing temperature tigpO TA Cloning Kit (Invitrogen), following the protocols
resulted in PCR fragments of the expected size. PCR prOdUgﬁjvided by the manufacturers. PCR products derived Bfam
were visualized by agarose gel electrophoresis. In case of IqQWNA polymerase were blunt-end ligated into pGEMf(+)
yield or if more than one PCR product was obtained, a fragme@éctor for 1 h at 37C in 10l containing 50 ng oEcoRV
(Eb pl) of agarose containing the desired DNA fragments wagigested pGEMS5Zf(+), 70 ng of PCR product, 1 Weiss U T4
excised from the gel and used in a second PCR amplification. ThA ligase (Promega) andxl ligase buffer (Promega). In the
following primers (nucleotide positions correspond to the individua¢ase of the pGERIT Vector and pGEMS5Zf(+) vector, each
RNase P RNA) and cycle profiles (denaturation-primer annealingigation reaction was purified over a Chromabond-100 TE spin
extension) were used for the respective takkevis primers  column (Clontech) prior to the transformatiorEstherichia coli
XEN-F (positions 1-33,'AGATGTGGAGGGAAGCTCAG-  DH5a by electroporation with aB.coli Pulser Transformation

TGCTGAGGCTACA-3) and XEN-R (positions 273-241;6T-  Apparatus (Bio-Rad). Preparation of #eoli DH5a cells and
CAGCCATTGAGCTTGAATGTGCCAGCTGTGG-3 20 cycles  electroporation were performed as descride) using 20 ng of
(2minat92C, 45 s at 72C). The profile for reamplification was recombinant plasmid DNA per 5@l of cell suspension.

20 cycles (1 min at 9Z, 45 s at 67C, 30 s at 72C); D.rerio,  Recombinants were selected by blue/white color of colonies.
primers Euk-Z1 (positions 6—30,-6CGGAAGGAAGCTCA-

ATGTTATGCTAGCTCACAC-3), 25 cycles (1.5 min at 92, o ) ) )

45 s at55C, 45 s at 72C). Reamplification was performed under Plasmid isolation was performed using the QIAgteplasmid

the same conditions, except the annealing temperature #@;s 50Kit (Qiagen). Recombinant plasmid DNA (200 ng) was sequenced
H.sapiensprimers Euk-D2 (positions 4-36:6GGCGGAGGG- by cycle sequencing (24 cycles: 30 s &tOGL5 s at 45C, 4 min
AAGCTCATCAGTGGGGCCACGAG-3 and HeLa-A (positions &t 60°C) with AmpliTacPFS (Perkin Elmer) using 20 ng primer T7
336-304, 5GCGGAGGAGAGTGGTCTGAATTGGGTTATG- (5-GTAATACGACTCACTATAGGG-3) and primer M13-rev
AGG-3), 25 cycles (2 min at 9Z, 45 s at 72C); Oncorhynchus ~ (5-AGGAAACAGCTATGA-3') or primer SP6 (SATTTAGGT-

sp., primers Euk-D (7) (pitisns 126, 5GGGCGGAGGGAAG- GACACTATAG-3). Sequences were analyzed on an ABI 377 or
CTCATCAGTGGGG-3 and Euk-A (7) (pdtions 308—278 and ABI 373A automated DNA sequencer (Applied Biosystems)
312-282, 5CGGAATTCCGGAGAGTGGTCTGAATTGGG- according to the manufacturer’s protocols. Sequences were
TT-3), 20 cycles (1.5 min at 9E, 45 s at 50C, 1 min at 72C).  deposited in GenBank under the accession numbers AF004373
Reamplification was performed under the same condition§A-truei) AF004374  Q.obstetricans AF044737  B.bufg,
Atruej primers Euk-Z1 (positions 1-24) and EuK?A (podtions ~ AF004372  D.jeannea AF004375 E.aspe), AF044328
320-290), 25 cycles (2 min at92, 1 minat47C, 45sat72c).  (E.eschscholtyij AF004376 I.mutg, AF044326 (.mutawith
Reamplification was performed under the same condition§}sertion), AF004377@ncorhynchussp.), AF044331@ncor-
except the annealing temperature was$Gi9A.obstetricans  hynchussp. with deletion), AF004371P€ultripe, AF044327
primers Euk-Z1 (positions 1_24) and Euk.(}x) (poiions (P.douglag, AF044325 U.Stansbur|anmnd AF044330>(|aeV|3
280-310), 25 cycles (2 min at92, 1 min at 49C, 45 s at 72C); . )

B.bufq primers Euk-Z1 (positions 1-24) and EuK# (postions ~ Sequence alignment, design of secondary structure and
391-361), 25 cycles (2 min at92, 1 min at48C, 45sat72C); ~ covariation

D.jeanneag primers Euk-Z1 (positions 1-24) and Euk-A (7) o available RNase P RNA se

Al . . quences from vertebrates were
(positions 406-376), 25 cycles (2 min af@21 min at 48C,  ajigned manually using the GDE sequence editor (Ijy@rative

45 s at 72C); E.aspey primers Euk-Z1 (positions 1-24) and gnasis of the secondary structures by covariation was performed
Euk-A (7) (pogtions 303-273), 25 cycles (2 min at®2 1 min 5 described earlier (16-18). The nomenclature of structural

at48C, 45 s at 72C). Reamplification was performed under thegjements in eucaryal RNase P follows that described for bacterial
same conditionsE.eschscholtzii primers Euk-Z1 (positions Rnase P RNA (4.19).

1-24) and Euk-A7) (postions 326—296), 25 cycles (2 min at

92°C, 1 min at 50C, 45 s at 72C); L.muta primers Euk-Z1 RESULTS

(positions 1-24) and Euk-A7) (postions 330-300 and

348-318), 25 cycles (2 min at92, 1 min at49C, 45s at 72C);  As detailed in Materials and Methods, we amplified, cloned and
P.cultripes primers Euk-D2 (positions 1-33) and Euk-A (7) sequenced 13 partidi§5% of full-length) RNase P RNA genes
(positions 310-280), 25 cycles (2 min af@21 min at 49C, from 11 animals, more than doubling the previously known
45 s at 72C); P.douglasi primers Euk-Z1 (positions 1-24) and number of vertebrate sequences for this RNA and substantially

PCR amplification of RNase P RNA genes



Nucleic Acids Research, 1998, Vol. 26, No. 13335

shows a minimum-consensus structure of the vertebrate RNase P

Danio rerio 10,* J . A

] 2 RNA and examples of variable structural elements in the RNAs
Oncorhynchus sp. analyzed. As is the case with other eucaryal RNase P RNAs,
Euproctus asper* regions homologous to the bacterial and archaeal helices P5 and

_ . P15/16(19,23) are not present in the vertebrate RNAs. Helices

Ensatina eschscholtzii P3b, P7, P8, P9, P10 and P19 were supported by covariation in
Ascaphus truel " » at least 2 bp. Length variations in the RNA seem to occur mainly
Discoglossus jeanneae™ | & in helix P12 (63 nt irP.cultripesto 143 nt inD.jeannag. The

. % extent of variation is sufficient that the sequences that constitute this
Alytes obstetricans > helix are not necessarily clear homologs except for their position in
Pelobates cultripes 3 the core structure. Consequently, sequences corresponding to helix

P12 are omitted from the alignment in Figure 2. Substantial
. variation in structure and sequence length in helix P12 also is
Buto bufo extensive among the bacterial and archaeal RNase P RNAs. Less

Xenopus laevis 9;"

Figures 3 and 4 is revised from the previous prop@bato
accommodate the bulged U residue as seen in the bacterial and
archaeal versions of the RNA. This requires the assumption of a
_ _ _ _ _ o G/A pair adjacent to the universally present bulged U residue
Figure 1. Diagrammatic representation of phylogenetic relationships of instead of the G/C pair norma”y seen in the bacterial or archaeal

vertebrates with available RNase P RNA sequences. Relationships are based A hich beli is iustified intain the ali f
morphological and molecular characters among extant vertebrates (22,29]. S, which we believe s justiied to maintain the alignment o

Taxa were chosen for this study (text) to span a broad extent of vertebratthe CR sequences. All CR sequences examined are identical to the
lineages and thereby delineate the core secondary structure of vertebrate RNaspfoposed consensus sequen@s except CR I AGNNA),

RNA. References to previously determined sequences are shown as superscrigishich shows some variation. In the case of hothutaRNase
Asterisks indicate sequences determined or confirmed in this study. P RNAs, CR Il is ACCAA, and i truei andP.cultripesCR ||

is AUCAA. Independent PCR reactions gave the same results.
&:ovariations in the sequence set additionally indicate a 1 bp

expanding the breadth of vertebrate diversity sampled f . ; .
copmparat?ve analysis of the RNA. Figure 1tyillustra?es th&Xtension on helix P10/11 compared to previously proposed
ctures (4)Kigs 3 and 4).

phylogenetic distribution of vertebrate RNase P RNA sequencé u
currently available for comparative analysis following this study. gwe detected two types of RNase P RNA genes from three of the
As described below, two types of RNase P RNA genes we rtebrates: in two out of_mne clon.els for ﬂ)acorhynchusp.
observed foBncorhynchusp. and..muta Based on the sizes of RIVA we observed a deletion of positions 117-120 in P9. We also
PCR-products and those of known full-length RNAs, the probabfiScovered a triple-repeat of positions 187-193 in three out of
sizes for the examined RNase P RNAs range from 3@ase) 5 clo_nes for the.mutagene. Th|s_ resultsinan exten3|on_of helix
to 406 nt D jeanneak Taxa represented by the newly determined’ 12 in that type of RNA. Minor RNAs were designated
sequences are especially informative for structural comparisofficornynchussp. 2 and..muta2, respectively. These variant
because they include members of almost all lineages of vertebrapdaes of RNase P genes were all detected in independent PCR
(20-22). Multiple sampling within some of the clades focuses o TPlifications, and presumably represent genomic diversity in

major phylogenetic splits within these groups. An alignment of/IEI€S Or sequence repeats.

known vertebrate RNase P RNA sequences, based on secon Q_e plig”Shed RNaffse P dRII\IAhsequenc?fé;j’api_ens(S) and
structure, is shown in Figure 2 and available in the RNase 2 eri0 (10) were confirmed. In the case of Kievissequence

database (http:/JWBrown.mbio.ncsu.edu/RNaseP/ ). 9), a few ambiguities were clarified. The detail of the recently

The structures of the vertebrate RNase P RNAs conform to t%gposed secondary structure of helix P3 of human and zebrafish
general eucaryotic model (4) and were consistétht numerous ase P RNA (4) wagiusted (Fig. 2).

covariations in the amplified regions of the genes. One example of

the derived secondary structures of vertebrate RNase P RNA, WithhsCUSSION

a bacterial version of the RNA for comparison, is shown in Figure 3.

PCR primers used were complementary to sequences nearitle 5 Earlier proposed secondary structures for vertebrate RNase P
3 ends of the full-length RNA, so the corresponding newhRNAs (4,7,10) were based on considiera of only a few
determined sequences are not available for comparative analysissémuences. To provide further examples for comparison, we
the cases of helices P2, P3a and P4 (Fig. 3), only one of the paichdse organisms to cover a broad phylogenetic diversity (Fig. 1)
sequences represented primer-binding regions, so the comp@éd identified 13 additional, partial RNase P RNA sequences
mentary sequence was obtained. Although these sequences viwm 11 vertebrates using PCR with primers that allowed for the
excluded from comparative considerations, they allow reasonaldetermination of the sequencel85% of the molecules. We are
inference of the corresponding complementarities and hencenfident that all the PCR products represent RNase P RNA
reconstruction of the full-length structures (not shown). Figure denes because of the presence of the conserved regions and th

Homo sapiens 8t g extensive variation is seen in helix P3 (38 rEiasperto 51 nt
;:;h:::;:::;:;e;., g in A.obstetricansand D.jeannea and in helix P19 (12 nt in

> X.laevisto 35 nt inA.obstetricangndD.jeanneag
Rattus norvegicus 7 « The vertebrate RNAs display all of the conserved regions (CR
Lachesis muta * ) I-V, Fig. 4) that contain universally conserved residues in RNase
ot . 3 P. The proposed structure of the eucaryal helix P4 shown in

a stansburiana ':_|
Lﬂ,

Phrynosoma douglasi *
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p1 CRI¥2 P3a P3b P3b CR\p3a P4

1T ! r 1 | 1 I 1 1 1 r
Hum AUGGGCGGAGGGAAGCUCAUCAGUGGGGCCACGAGCU-AAGUG- -~~~ CGUCCUGU-----— CACUCCACUCCCAUGUCCCUUGGGAAGGUCUGAGACUAGG
Mou AGUGGGCGGAGGAAGCUCAUCAGCGGGGCCACGUGCU-GAGUG-----~ CUCGU----~--~-~ CACUC--UUCGGC- - -CCCU-GGGARGGUCUGAGACUNGG
Dis ----gcggaaggaagcucacuguagaggUUACAUACU-GAGUGCGUCA-AUUCUG-UGAUGUCACUU- CAUUAUUC -CCUCCGGGAAGGUCUGAGACAAGA
Aly ----gcggaaggaagcucacuguagaggUCAUGUACG-GAGUGCGUCA-CAACUG-UGAUGUCACUC - CAUUAAUU- ~CCUCCGGGAAGGUCUGAGACAGGA
Buf ----gcggaaggaagcucacuguagaggUCACGUGCU-GAGUGCGUCA-CGCUUG-UGAUGUCAUCU- CUAUCCCA- -CCUCCGGGAAGGUCUGAGACAGGA
Lac- ----gcggaaggaagcucacuguagaggCCACUAGCUUGGGUG------ UCUAU------~~ CACCC-UACUUCCG--CCUCUGGGAAGGUCUGAGGGAAGG
Lac ----gcggaaggaagcucacuguagaggCCACUAGCUUGGGUG------UCUAU-- —--CACCC~UACUUCCG--CCUGUGGGAAGGUCUGAGGGAAGG

Uta ----gcggaaggaagcucacuguagaggUCACUCGCU-GGGUG-- UCUUGAU- - -CACCC- CCGUUGCUA-CCUUGGGGAAGGUCUGAGAGAAGG
Phr ----gcggaaggaagcucacuguagaggUCACGCGCU-GGGUG-----UAUCGAU-~ --CACCC~UCCUUGCUA-CCUUUGGGAAGGUCUGAGAGAAGG
Ens ----gcggaaggaagcucacuguagaggUCAUGUGCC-GAGUA- -~~~ -CAUUUGU-- —--UACUC-- -UCUCA- - -CCUUGGGGAAGGUCUGAGACAAGA
Eup ----gcggaaggaagcucacuguagaggCUACAUGCA-GAGUG-----CAUAUGU~ --CACUC- - -AAGUA- - -CCUUGGGGAAGGUCUGAGACAGGA
Zeb AGUAGCGGAAGGAAGCUCACUGUAGAGGUUACCCACU-GAGUG-----~-CUCGU--- --CACUC--GCCAACA--CCUCGGGGAARGGUCUGAGACAGGA
Xen AGAUGUGGAGGGAAGCUCAGUGCUGAGGCUACAGACA-GAGUG-- CUGGGGGU- - -CACUCAGUGAGUGUG- ACUCAGGGAAGGUCUGAGAUUAGA
Pel agauguggagggaagcucagugcugaggCUACAACCU-GAGUG----- CAUUUGU------- CACUC-UCAUACAUU-CCUCAGGGAAGGUCUGAGAUUAGA
Sal --gggcggagggaagcucaucaguggggUCACAUGUA-GGGUG------ CUUGU---—---—- CACUC-AACCAAUCA-CCUUGGGGAAGGUCUGAGACAAGA
sal --gggcggagggaagcucaucaguggggUCACAUGCA-GGGUG------CUUGU-- ~-CACUC-AACCAAUCA-CCUUGGGGAAGGUCUGAGACAAGA
Asc ----gcggaaggaagcucacuguagaggCUACUUGCU-GGGUG CUGUUGU-----—-- UACUCUAUCAACCAG-CCUUGGGGAAGGUCUGAGAUAAGA
CRI
P12 REGION

P7 P8 P8 P9 P9 P10/11 RiZ REGION P10/11 P7

1 [ 1 | T 1 | H 1 T T 1
Hum GCCAGAGGC-GGCCCUAACAGGGCUCUCCCUGAGCUUCAGGGAG-GUGAGUUCCCAGAGAACGGG- 86 nts --UUGGAACA-GACUCACGGCCAG
Mou GCCUCCCGC-GGCCCUAACCGGGCUCUCCCC-GAGC--GGGGAG-GUGAGUUCCCAGAGAGCAGG- 71 nts --UUGGAACA-GACUCACGGCCAG

Dis GCCAAUAGC-CGCCCUUACAGGGCGUCACUU-GAGC--GGGUGA-GUGAGUCCCCAGCAACCCCAC 144 nts --UUGGAAGU-GGCUCUCGGCUGG
Aly GCCAUUAGC-UGCCCUCACAGGGCGUCACCU-GAGU--GGGUGA-GUGAGUCCCCAGCAACCCCAC 143 nts --UUGGAAGU-GGCUCACGGCUGG
Buf GCCCCUCGC-CGCCCUCACAGGGCGUCACCUGAUVAUTCGGGUGA-GUGAGCCCCCAGCARCCCAC- 146 nts --UUGGAAGU-GACUCACGGCUGG
Lac GCCAAAUUGCCGCCCUAGCAGGGUGCCACCUU-CUG-AAGGUGGGGUGAGUUCCCACCAAUGUGGG 88 nts AUUUGGGAAU-GACUCACGGCUGG
Lac GCCAAAUUGCCGCCCUAGCAGGGUGCCACCUU-CUG-AAGGUGGAGUGAGUUCCCACCAAUGUGGG 103 nts AUUUGAGAAU-GACUUACGGCUGA
Uta GCCAAGUGU-CGUCCUAGCAGGGCGCCAUCUU-AGG-AAGGUGG-GUGAGUUCCCAGCARUAUGGA 88 nts -UUUGGGAAU-GACUCACGGCCGG
Phr GCCAAGUGU-CGCCUUAGCAGGGCGCCAUCUU~AGG-AAGGUGG-GUGAGUUCCCAGCARUAGGGG 90 nts GCUUGGGAAU-GACUCACGGCCGG
Ens GCCGUUUC--UGUCCUUGCAGGACAUCUUCCG-AGC-CGGGAGA-GCGAGCUCCCAGACACUCGGU 88 nts -AUUGGAAGU-GGCUUGUGGCUAG
Eup GCCGGUAAU-UGCCCCAGCAGGGCAUCCCCU-GAAA--AGGGGA-GCGAGCUCCCAGAGACCCGGG 69 nts -AUUGGAAGU-GGCUCGCGGCUGG
Zeb GCCACUCGC-UGUCCUAGCAGGACAUCAUC - - UGAAU--GAUGA -GCGAGUGCACAGAARAUCGGG 76 nts --UUGGAAA--CACUCGCGGCUGG

Xen GCCCCUUGC-UGCUCUCACAGGGCAUCACUU~GGAUG-AAGUGA-GUGGGUACUCAGAAAGCUUG- 78 nts —--UUGGCAC--UGCCCACAGCUGG
Pel GCCAUCUAU-UGUCUUAACAAGGCAUUGCUUG-GUU-UGAGCAA-AUGAGUUACCAUCARACCUU- 68 nts ~UUUGGARAGUGACUCAUGACUAG
Sal GCCAAUCAC-UUCCCUAGCAGGGUAUCACCUG-AUC-UGGGUGA-GUGAGUGCACAGAGAAUAUGA 78 nts --UUGGARAA - -CACUCAUGGCUGG
Sal GCCAAUCAC-UUCCCUAGCAGGGUAUCAC---CUGAU---GUGA-GUGAGUGCACAGAGAAUAUGA 78 nts --UUGGAAA - -CACUCAUGGCUGG
Asc GCCACUUGU-UGCCUUCACAAGGCAUUGCUUG- GUG-UAAGCAA -GUGAGUUCCCAUCARAGAUG- - 79 nts ---UGGAAAU-GACUCACGGCUGG
| I— | I—
CRII CRIII
P2 P19 P19 P4
1
T T al T 1
Hum CGAAG---UGAGUUCAAUGGC-UGAGGUGAGGUACCCC------ GCA-—~—= ==~ GGGGACCUCAU--AACCCAAUUCAGACUACUCUCCUCCGCCCAUU--
Mou CAGUG---CGAGUUCAAUGGC-UGAGGUGAGGCACCU-===~—— CCC---—-———-- GGGCCUCAU-~AACCCAAUUCA

Dis CUGUA---UGAGUCCAAUGGC-UGAGGUGGGGCAGCUGCACG--GGA---UGUGUGCGCGCCCCAU--aacccaauucagaccacuguccggaauuccg---
Aly CUGUG-~-UUAGUCCAAUGGC-UGAGGUGGAGCAGCUGCACG- - GGA- - -UGUGUGCGCGCCCCAU-~aacccaauucagaccacucuccggaauuceg---

Buf CUUAC---UGAGUCCAAUGGC-UGAGGCGAGGCAGC-------—

Lac CAGCUU--UGAGUACAAUGGGAAGAGGUGAAG----
Lac CAGCUU--UGAGUACAAUGGGAAGAGGUGAAGC-
Uta CAACGU--UGAGUACAAUGGGCAGAGGUGGAGC--
Phr CAACGU-~-UGAGUACARUGGGCAGAGGUGAAGC--~
Ens CAUGGCACUGAGUCCAAUGGA-UGAGGUGAGGC-
Eup CACUCCCCUGAGUGCARAUGGC-UGAGGUGAGG--
Zeb CGAA----UGAGUGCGAUGUG-UGAGCUAGCA-~
Xen CACAUU--CAAGCUCAAUGGC-UGAGAGG-----

Pel CAAAUU--CAAGUUCAAUUGC-UGAGAGGAAGU-----------
Sal CAUA----UGAGUUUAAUGUG-UGAGUUGGAG-----------

Sal CAUA----UGAGUGCAAUGUG-UGAGUUGGAG--

Asc CAUGUU--CAAGCUCAAUGAC-UGAGGGGAAGC~-~------

| —|

---GCUUCAU--aacccaauucagaccacucuccggaauuccyg---
--GCUUCAUAUaacccaauucagaccacucuccggaauuccg=-—
~--GCUUCAU--aacccaauucagaccacucuccggaauuccg---
--GCUUCAU--aacccaauucagaccacucuccggaauuccg---
GCCUCAU--aacccaauucagaccacucuccggaauuccg---
-CCUCAU--aacccaauucagaccacucuccggaaunuccg--—-
AUGCUAG--AACCCAAUUCAGACUACUCUCCCUCCGCUCA---
—————— CCN-CAACCCAAUUCAGACUACUUUUUUUCCACAUUUCA
-ACCUUCCU--aacccaauucagaccacucuccggaauuccg---
---CUCCAG--aacccaauucagaccacucuccggaauuccyg---
-CUCCAG--aacccaauucagaccacucuccggaauuccg---

--------- GCUUCCU--aacccaauucagaccacucuccggaauuccg---

e u—|

Figure 2. Alignment of RNase P RNAs including 16 partial sequences investigated or confirmed in this study. Brackets above theraligatadmlices in the
corresponding RNA structures. Sequences derived from PCR primers are in lower case letters. Regions that could notitie @igfitehee are in italics. Bold
letters in brackets below the alignment indicate universally conserved nucleotides that define the conserved regionsH{E€Rgdiénces in the variable region
P12 could not be aligned so were omitted from the alignment and represented by the total number of nucleotides. Abbeeatiohksapieny8,*); Mou, Mus
musculug7); Dis, D.jeanneagAly, A.obstretricansBuf, B.bufo (*); Lac, L.muta(*); Uta, U.stansburiana*); Phr, Pdouglasi(*); Ens, E.eschscholtzi{*); Eup,
E.asper(*); Zeb,D.rerio (10,*); Xen,X.laevis(9,*); Pel,P.cultripes(*); Sal,Onchorhynchusp. (¥); Asc A.truei (*). (Asterisks indicate organisms for which sequences
were determined or confirmed by this study.)

consistency of the sequences with the proposed secondarespite the fact that the vertebrate RNAs lack some structural
structures based on entire sequences previously reported. Hiements present in the catalytically active bacterial RNA, the
vertebrate RNase P RNAs conform to the generalized eucarysw sequences offer no new clues as to why the eucaryal RNase
RNase P secondary structure (4). Although the CR elements @RNAs are catalytically inactive without the protein components
are present in all vertebrate RNase P RNAs, the second positimfithe native holoenzyme. For instance, the eucaryal RNAs lack
of CRIlI (AGNNA) seems to be variable and should, therefore, ithe bacterial helix P15/16, an internal loop of which interacts with
this group be defined as ANNNA. the 3-terminal CCA of pre-tRNA (24,25). On the other hand,
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Figure 3. Comparison of proposed secondary structures of RNase P RIR&slb{bacterial) andD.rerio (vertebrate). The nomenclature for the structural elements

of D.rerio RNase P RNA is based on putatively homologous bacterial counterparts (4,19). Homologs to the bacterial helices P54PB1B1B1B1P17 and P18

are not identifiable in the RNase P RNAdferio or other vertebrates. In contrast, the region of P3 is more complex in vertebrate and other eucaryotic RNase F
RNAs than in the bacterial version. Watson—Crick base pairs are indicated by dashes, and G/U base pairs by dots. @diyesbadiagd pairs confirmed by covariation
among the vertebrate RNAs. The structure of helix P12 dbieeio RNA shown is based on results with the computer program Mfold (30) and is not confirmed by
covariation. Highlighted bases are universally conserved components of conserved regions (CRs) in all RNase P RNAs.

some structural elements of eucaryal RNase P RNA are moreThe numbers of gene copies for RNase P RNA that occur in the
complex than their bacterial and archaeal counterparts. Tlgenomes of the vertebrates for which sequences have been
eucaryal helix P3, for instance, consists of two short helices (P8atermined are not known. Multiple homologs of RNase P RNA
and P3b) connected by an internal loop (Fig. 4). In contrast, grenes have been detected in genomic DNA of mouse, rat, rabbit
Bacteria and Archaea helix P3 is manifested as a single helix afid human (26). Three genes analyzed from mouse are truncated
variable length. It was speculated earli{d) based on their within CRIV and therefore do not contain full length RNase P
approximately equivalent positions in tertiary structure models d&®NA genes. Although the corresponding RNAs were detected
the bacterial RNAs, that the P3 internal loop in the eucaryoti@6), it ems unlikely that these truncated genes code for
version of RNase P RNA may compensate for the loss of tHianctional RNase P RNAs. Some sequence degeneracies were
bacterial P15/16 loop that participates in binding tRNA. Theletected in the present study in multiple PCR reactions. Twenty
newly determined sequences are consistent with this idea in thparcent of the RNase P RNA genes obtained @oicorhynchus
lack of the bacterial helix P15/16 and content of the compound Psh. show a deletion of positions 117-120 in the region of P9. In the
Helix P19 is present in all vertebrate RNase P RNAs examinadse ofL.mutg 20% of the RNase P RNA genes obtained have a
so far. In contrast, it is sometimes absent from bacterial aridple repeat of nucleotides 187-193 in P12. Those types of repeats
archaeal RNAs. The function of helix P19, if any, is not knownalso have been discovered recently in helix P12 of several
Commonly, however, the terminal loops of such ephemeralyanobacterial RNase P RNAs (27). Such sequence idiosyncrasies
helices dock elsewhere in the RNA to bolster the superstructure (18)ight indicate the occurrence of more than one gene-copy for
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Figure 4. Variation in vertebrate RNase P RNA secondary structure. The proposed minimum consensus secondary structure for vesteBr&NARNashown

in the center. The nomenclature for the structure is based on putatively homologous bacterial counterparts (4,19). §xftéeestrypciures for P3, P12 and P19
from the organisms identified illustrate size and structural variation among vertebrate RNase P RNAs. Structures fos PdBitlelimecause of sequence length
variation cannot be aligned for detection of covariations, are based on results using the computer program Mfold (30yitkdtasep@irs are indicated by dashes,
and G/U base pairs by dots. Gray lines indicate regions that bind PCR primers. Highlighted bases are universally coossrivedlr&dilase P RNAs.

RNase P RNA in these vertebrates or represent two allelesdCallipela californicg and two hawksButeo magnirostiand
Appropriate Southern hybridization studies have not been conductédnotrichia atricapilla tested), and from turtle Clemmys
to determine copy-numbers and organization of these genes.

marmorataandChelonia mydasgested), presumably because of
Partial or complete RNase P RNA sequences from mammafsjmer-incompatibility. Since birds are derived from deeply
reptiles, amphibia and fish provide broad representation of thigithin the reptiles, however, we believe that the available
RNA among vertebrates. We were not able to obtain theequences broadly represent the vertebrate RNase P RNA as
corresponding gene from bird (two chickeBsllus domesticus summarized in the proposed minimum consensus secondary
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structure (Fig. 3). Although these findings significantly advanc&0 EderP.S., Srinivasan,A., Fishman,M.C. and Altman,S. (I0%ipl. Chem
our understanding of the structure of the vertebrate RNase P 271 21031-21036.

RNA, we note that the vertebrate RNA does not necessari
represent that of animals in general; most animals (>95%) are

invertebrate§28). Therefore, further perspiee on the evolution

Miller,S.A., Dykes,D.D. and Polesky,H.F. (1988)cleic Acids Resl6, 215.
Sambrook,J., Fritsch,E.F. and Maniatis, T. (1988ecular Cloning:

A Laboratory ManualCold Spring Harbor Laboratory Press,

Cold Spring Harbor, NY.

of animal RNase P will require comparison of the RNase P RNAS Kawasaki,E.S. (1990) In Innis,M.A., Gelfand,D.H., Sminsky,J.J. and
from more deeply divergent lineages of animals than represented White,T.J. (eds)PCR Protocols: A Guide to Methodad Applications.

by vertebrates.
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