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INTRODUCTION
Ribonuclease P (RNase P) is the site-specific endoribonuclease
that cleaves leader sequences from pre-tRNAs (see 1, 2 for
reviews). Cleavage by RNase P absolutely requires divalent
cation, preferably Mg+ + (3), and produces 3'-hydroxyl and
5'-phosphate ends (4). Although RNase P is thought to be present
in all living cells, the enzyme is best understood in the bacteria
Escherichia coli and Bacillus subtilis. In these organisms, RNase
P is composed of two subunits, a large (ca. 400 nucleotides) RNA
encoded by the rnpB gene (5,6) and a small protein (119 amino
acids) encoded by the rnpA gene (7). Although bacterial RNase
P functions as a ribonucleoprotein in vivo, the RNA alone is an
accurate and efficient catalyst under the appropriate conditions
in vitro (8). Bacterial RNase P RNA is the only naturally
occurring RNA which is known to act catalytically in the sense
that each RNA molecule cleaves many substrate molecules.
The purpose of this article is to present the aligned sequences

of the currently available bacterial RNA and protein components
of RNase P, and to provide an overview of RNase P structure
in all organisms. For the purposes of this discussion, the
nomenclature for the deepest phylogenetic branches proposed by
Woese et al. (9) has been adopted: 'Bacteria' refers to organisms
previously known as eubacteria, 'Archaea' to the archaebacteria,
and 'Eucarya' to the eucaryotic nuclear lineage. We use the term
'homology' in it's strictest sense: homologous sequences are of
common ancestry and function.

RNase P in Bacteria
The RNA component of bacterial RNase P varies in size among
known examples from ca. 338 to ca. 444 nucleotides in length
(the lengths are approximate because the mature 5' and 3' ends
of most RNase P RNAs have not been precisely determined).
The sequences of RNase P RNA-encoding genes currently are
available from five of the eleven major phylogenetic branches
(10) of Bacteria: purple bacteria and relatives (including E. coli)
(11-16), Gram positive bacteria (including B. subtilis) (13,17),
cyanobacteria (18), deinococci and relatives (including 7hermus)
(19-21), and Thermotogales (19,20). All of these RNAs have
been shown to be catalytically active in vitro (12). A secondary
structure for bacterial RNase P RNA has been proposed on the
basis of comparative analyses of these sequences (Figure 1)
(12,13,19). The RNase P RNA sequences from representatives
of different bacterial groups are highly diverse in sequence (only

35-55% identical), yet the basic secondary structures of the
RNAs are strikingly similar. Most of the structural variation,
except in the case of the Bacillus RNA, is length-variation in
helical regions of the molecule (22). The Bacillus structures are
significantly altered with respect to the remaining RNase P RNAs;
several large insertions and deletions have occurred in otherwise
conservative regions of the molecule. It has been hypothesized
that at least one of the novel insertions in the Bacillus sequences
may compensate structurally for the loss of a long-range pairing
elsewhere in the secondary structure (19). Nevertheless, the
phylogenetically preserved regions of the molecule constitute a
'core' structure (Figure 1), a synthetic version of which is
catalytically active in vitro (23).
The protein component of bacterial RNase P is less understood.

RNase P protein gene sequences are available from only two
species of purple bacteria and three species of Gram positive
bacteria (7,24-27). Although important in vivo, the protein
component can be supplanted in vitro by high salt concentrations
(8,28). In the holoenzyme, the role of the protein may be as an
electrostatic 'screen', allowing the highly negatively charged
RNA enzyme-substrate complex to fold into the catalytic
conformation under physiological (low salt) conditions (29). The
abundance of charged residues in RNase P proteins is similar
to that of many ribosomal proteins, to which RNase P protein,
in a loose sense, may be analogous.

RNase P in Eucarya
The structure of RNase P from eucaryotic nuclei has been
examined only in animals (Xenopus and human) (30,31) and
fungi (budding and fission yeasts) (32-34). This is a relatively
limited sampling of eucaryal diversity (35). These enzymes,
like those of the bacteria, function as ribonucleoprotein com-
plexes. Sensitivity of the enzymes to micrococcal nuclease
indicates that the RNAs are essential components, yet none of
the isolated RNAs has been shown to be catalytically active. No
convincing similarity between the bacterial and eucaryal RNase
P RNAs has been identified (but see reference 36). The variability
of the RNA sequences within the few eucarya so far examined
is sufficiently great that the secondary structures of these RNAs
have yet to be determined; it is not yet clear that these RNAs
in fact are homologous with each other, or to the RNase P RNAs
of bacteria.
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RNase P in organelles
It might be expected that the RNase P of mitochondria and
chloroplasts would resemble that of their bacterial ancestors, as

do the components of the translational machinery. The expected
similarity is not yet apparent, however. Several mitochondrial
RNase Ps have been shown to contain essential RNA and protein
components, but the yeast RNA is best-characterized (37,38).
That RNA is a product of the mitochondrial genome, whereas
the protein component is derived from the nucleus (38). The RNA
is not catalytically active in the absence of protein (37,38). The
RNA components vary widely in size (from 140nt to at least
490nt) and they are very low in G+C content (ca. 23% G+C),
as is the mitochondrial genome (39,40). The extremely high
A+U content of these RNAs complicates the analysis of their
structure because homologous sequences cannot be clearly
identified. Consequently, the use of comparative analysis for
identifying secondary structure has been limited. Because of the
low sequence complexity, it seems unlikely that the RNA alone
contains all the information required for its correct folding.
Nonetheless, the few blocks of G+C-containing sequences in
the mitochondrial RNase P RNA resemble the most highly
conserved sequences in the bacterial RNAs (40). Although the
mitochondrial RNase Ps are inactivated by treatment with
micrococcal nuclease (37,38), the enzyme from S. cerevisiae
mitochondria does not require intact RNase P RNA for activity.
The RNA is fragmented during purification and some fragments
appear to be entirely absent from purified, active enzyme (41).

consensus coreEscherichia
coli

The RNase P of chloroplasts may be unique in the lack of an
RNA component. An RNA has not been found in the chloroplast
RNase P, nor is the enzyme activity sensitive to treatment with
micrococcal nuclease (42). The lack of an RNA component also
is suggested by the low density of the enzyme, about that of
protein-alone, in Cs2SO4 bouyant-density gradients. Moreover,
computer (see below) and Southern hybridization (18) searches
have failed to identify sequences resembling the bacterial RNase
P RNA in the chloroplast genome. If confirmed, the apparent
lack of an RNA component in chloroplast RNase P would be
surprising; the RNase P of Anacystis nidulans, a cyanobacterium
(to which chloroplasts are specifically related), contains a
conventional bacterial-type, catalytic RNA (18). Moreover, the
RNase P of Sulfolobus (see below) also has the qualities of
resistance to nuclease-digestion and low density, suggesting the
absence of RNA, yet it nonetheless contains an RNA element
(43,44).

RNase P in Archaea
The RNase P holoenzymes of the thermophile Sulfolobus and
of the extremely halophilic Archaea differ significantly in
biochemical properties. The enzyme from Sulfolobus is resistant
to micrococcal nuclease treatment and of low density (43,44),
whereas the RNase P from Haloferax volcanii is sensitive to
nuclease and dense in Cs2SO4 gradients (45,46). Nonetheless,
both enzymes contain RNA components with striking sequence
and secondary structure similarities to the bacterial RNase P

Bacillus
subtills

.

aoA a. 0..O
AC C. 9
a a

O

I C
o

a.
C

Co. C.Ia .

9Z@@9;c@C&&a

Figure 1. Secondary structure of RNase P RNA. Secondary structures of the RNase P RNAs of E. coli and B. subtilis, and a consensus core structure, are based
on phylogenetic comparisons (12,13,19). The helices formed from nucleotides 66-74/353-360 and 82 -85/276-279 (E. coli numbering) complete two pseudoknots
in the secondary structures. Absolutely conserved nucleotides in bacterial RNase P RNAs are shown in the consensus structure in upper case; nucleotides which
are not invariant, but are conserved in at least 90% of the available sequences, are shown in lower case. Nucleotides which are less than 90% conserved are shown
with filled circles (0). Nucleotides which are not present in all sequences, but are absent in less than 10% of the available sequences, are indicated with hollow
circles (0); those which are absent in greater than 10% of the sequences are not shown. Base-pairings for which phylogenetic evidence exists are indicated by
heavy black bars.
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GUUCUUAACGW-CGGGUAAUC-GCUGCAG-AU---------------CUUGA--------------- A-UC-UGUAGAGGAAAGUCCAUGCUCGCACGG I
GUUAAUCAUGCU-CGGGUAAUC-GCUGCGG-CCG------------ GUUU--------------- CG-GC-CGUAGAGGAAAGUCCAUGCUCGCACGG I
UGAAAUAACGWU-CAGGUAAUC-GCUGCAU-C---------------- AUUU------------------ GA-UGLAGAGGAAAGUCCAUGCUCGCACGG I
AUGCAGGAAAUG-CGGGUAGCC-GCUGCCG-CAAUCGU----------CUCG----------GCGA-UUGGC-GGUAGAGGAAAGUCCAGGCUCGCCCAA
---GAAAGGAGGCGAGGCAGUU-GCGGCUC-AGGC------------- UUCG-------------GU-UAUG-GGCUGAGGAAAGUCCGGGCUCCCAA--
---CGAGCCGGG-CGGGCGGCC-GCGUGGG-GGUC------------ UUCG-------------GA-C-CU-CCCCGAGGAACGUCCGGG-CUCCAC--
---GGAGAGGGG-UAGGUGGUC-GCGGGGA-CGCA------------ CACU-------------CG-C-GUWCCCCGAGGAAAGUCCGGA-CUCU----
---GGAGAGGAG-CAGGCGGUC-GCGGGGG-CGCA------------- CACC------------UG-C-GCUUCCCGAGGAAAGUCCGGA-CUCU----
---CAGGAUAGG-GGUGCGGUC-GCGCCCG-GGGG------------ACUUCC------------CC-C-CU-GGGUGAGGAAAGUCCGGG-CACCAU--
---CGGGACGAG-GGCGCGGUC-GCGCCGA-GGG-------------CCGAAC----------- CC-C-UC-GGGUGAGGAAAGUCCGGG-CACCAU--
---GCGGGGAAA-CUCCUGGUC-GCGCCUGAGCCGCU-----------WUUU----------GGUG-G-AC-AGGUGAGGAAAGUCCGGG-CACCGC--
- --CCAGUCGGC-CGGAUGGCC-GCUCUCC-GUCAUCG-UCCCCGGG-CCACCCCCGAUGGAC--C-GU-CG-GGGGGAGGAAAGUCCGGG-CUCCAC- -,
---GGAGUCGGA-CGGAUCGUC-GCCGCGG-GG -------------- GCAA---------------C-UC-CGGGGAGGAAAGUCCGGG-CUCCAA--
---GGAGUGGGC-CAGGCGACC-GCCGCGG-A--------------- GCAA------------------ UC-CGGGGAGGAAAGUCCGGG-CUCCAU--
---GGAGUCGGC-CAGACAGUC-GCUUCCG-UC-------------- CUGGU-------------- G-AC-GGGGGAGGAAAGUCCGGG-CUCCAU--
---AAAGCAGGC-CAGGCAACC-GCUGCCU-GCACC------------ GCAA-----------GG-UG-CA-GGGGGAGGAAAGUCCGGA-CUCCAC--
---CCAGWUGGC-CGGGCAGCC-GCGCCW-ACCAAUG-UC------- GAAA------- GAC----GG-UA-AGGUGAGGAAAGUCCGGG-CUCCAC--
---AGAGUCGAU-UGGACAGUC-GCUGCCC-UCUAU------------ GAAA---M--------AULUAG-GG-GGGGGAGGAAAGUCCGGG-CUCCAU--
---GGAGUUGAC-CAGACAGUC-GCCGCUU-CAUUGCCGUCCUC----UUCG-----GGGGAGACAGAU-GG-AGGGGAGGAAAGUCCGGG-CUCCAU--
---GAAGCUGAC-CAGACAGUC-GCCGCUU-CGUCGUCGUCCUCC---UUCG----GGGGGAGACGGGC-GG-AGGGGAGGAAAGUCCGGG-CUCCAU--
---GAAGCUGAC-CAGACAGUC-GCCGCUU-CGUCGUCGUCCUCC---UUCG- ---GGGGGAGACGGGC-GG-AGGGGAGGAAAGUCCGGG-CUCCAU- -
---GAAGCUGAC-CAGACAGUC -GCCGCUU-CGUCGUCGUCCU- - ---UCG------ GGGAGACGGGC-GG-AGGGGAGGAAAGUCCGGG-CUCCAU--
- --GAAGCUGAC-CAGACAGUC -GCCGCUU-CGUCGUCGUCCUC------UUCG- ----GGGGAGACGGGC-GG-AGGGGAGGAAAGUCCGGG-CUCCAU- -
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UGCUGAGAUGCCCGUAGUGUUCG-UGCCUAGCGAAGUCAUAAGCUAGGGCA-GUCU -------------------- UUAG -------------------A
UGCUGAGAUGCCCGUIAGUGUUCG-UGCCLUAGCGAAUCCAUAAGCUAGGGCA-GCCUGGC ----------------- UUCG----------------GCUG
UGCUCAGAUGCCCGUAGUGUUCG-UGCCUAGUGAAAAAAUAAGCUAGGGCA-GCUUGGCU-----------------UALA----------------GCUU
-GCUGAGAUGCWUGGAGUGUUCG-UACCUGGC--GCAA----GCCAGGGCAAGUGAGGC ----------------- GCAA---------------- GCCU
------------AAGACC-AGACUUGCU-GGG--UAACG---CCC-AGUGC-GG--------------------- GUGA-------------------
-------------AGAGC-AGGG-UGGU-GGC-- UAACG---GCC-ACCCG-GG--------------------- GUGA-------------------
-------------GGAGC-GGGG-UGCC-GGG--UAACG---CCC-GGGAG-GG---------------------- GUGA-------------------
-------------GGAGC-GGGG-UGCC-GGG--UAACG---CCC-GGGAG-GG--------------------- GUGA--------------------
-------------AGGGC-AGGG-UGCC-AGC--UAACG---GCU-GGGCG-GG--------------------- GCAA-------------------
--------------AGGGC-AGGG-UGCC-AGG--UAACG---CCU-GGGCG-GG---------------------- GUAA -------------------
--------------AGGGCAAGGA-UGCC-AGC--UAACG---GCU-GGUCG-GCGAGUCGAGCGCCCGCCUGAGCGCCGAGGGCAGGCGGAAAGCGGCGA
------------GGGAAC-ACGG-UGCC-GGG--UAACG---CCC-GGCGG-GG--------------------- GCGA-------------------
-------------AGGGC-AGAA-CGCU-GGA--UAACA---UCC-AGGGA-GG---------------------- GCAA-------------------
-------------AGGGC-AAGG-CGCC-GGU--UAACG---GCC-GGGGG-GC----------------------GUGA--------------------
-------------AGGGC-AGGG-UGCC-AGG--UAACG---CCU-GGGGG-GC----------------------GAGA--------------------
-------------AGGGC-AGGG-UGWU-GGC--UAACA---GCC-AUCCA-CG----------------------GCAA--------------------
------------GGAAAU-ACGG-UGCC-GGA--UAACG---UCC-GGCGG-GG----------------------GCGA--------------------
-------------AGGGC-GAAG-UGCC-AGG--UAAUG---CCU-GGGGG-GC----------------------GUGA--------------------
-------------AGGGC-AGGG-UGCC-AGG--UAACG---CCU-GGGAG-GC----------------------GCAA--------------------
-------------AGGGC-AAGG-UGCC-AGG--UAACG---CCU-GGGGG-GU---------------------GUCACA-------------------
-------------AGGGC-AAGG-UGCC-AGG--UAACG---CCU-GGGGG-GU---------------------GUCACA-------------------
-------------AGGGC-AGGG-UGCC-AGG--UAACG---CCU-GGGGG-G-----------------------GAAA--------------------
-------------AGGGC-AGGG-UGCC-AGG--UAACG---CCU-GGGGG-G-----------------------GAAA--------------------
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GGCUCACGGCAGGAAAA--AAGCCUACGUCU---UCGGAUAUGGCU-GAGUAUCCUUGAAAGUGCCACAGUGACGA-AG-UCU-CA-------CUA----
GGCUGACGGC-GGGGAAA-GAACCUACGUCCGGCUGGGAUAUGGUUCGAUUACCC-UGAAAGUGCCACAGUGACGG-AG-CUC-UA-------AGG----
AGCUGACGGC-GGGAAAAACCACCUAAGUCU---UUGGAUAUGGUC-GAGUAUCC-UGAAAGUGCCACAGUGACGA-AG-CUU-UG-------CUG----
CGCUGACGGC-GUGGAAA-GGGCUCUCU----------CUGAGGCCCGAGUACGC-UGAAAGUGCCACAGAAACGU-AG-CUU-UU-------CUG----
-CCGUGAGGA-------------------------------------------------GAGUGCCACAGAAA-CA-UA-CCG-CCGAUGG-CCUG----
-CCCGCGGGA-------------------------------------------------CAGUGCCACAGAAAACA-GA-CCG-CCGG----GGAC----
-CCCU-CGGA-------------------------------------------------CAGGGCCAUAGAGAAGAAGA-CCG-CC-------C------
-CCCU-CGGA-------------------------------------------------CAGGGCCAUAGAGAAGAAGA-CCG-CC-------C------
-CCCGACGGA-------------------------------------------------AAGUGCCACAGAGAAGA-GA-CCG-CCAGCG-GCCGGGG--
-CCCGACGGA-------------------------------------------------AAGUGCCACAGAGAAGA-GA-CCG-CCAGCG-GCCGGGG--
AGCCGAAGGA-------------------------------------------------CAGUGCCACAGAAACCA-GA-CCG-CCACC--CCAC-ACAG
-CCCUAGGGA-------------------------------------------------AAGUGCCACAGAGAGCA-AA-CCG-CC------GGCC-----
-CCUC-CGGA-------------------------------------------------CAGCGCCACAGAAAGCA-AA-CCG-CC------CGGC-----
-GCCU#ACGGA-------------------------------------------------AAGUGCCACAGAAMUA-UA-CCG-CCAA----GCGC----
-GUCCACGGA-------------------------------------------------AAGUGCCGCAGAAAAGA-UA-CCG-CCGAC-CCCGUC----
-CGUGCGGAA-------------------------------------------------UAGGGCCACAGAGACGA-GU-CUUGCCG----CCGGG----
-CCCCAGGGA-------------------------------------------------AAGUGCCACAGAGAGCA-AA-CCG-CC------AUGC-----
-GCCUACGGA-------------------------------------------------AAGUGCCACAGAAAAUA--A-CCG-CCUAA---GCAC----
-GCCUACGAC-------------------------------------------------UAGUGCAACAGAGAGCA-AA-CCG-CCGAUGGCCCGC----
-GCCCACGAC-------------------------------------------------CAGUGCAACAGAGAGCA-AA-CCG-CCGAUGGCCCGC----
-GCCCACGAC-------------------------------------------------CAGUGCAACAGAGAGCA-AA-CCG-CCGAUGGCCCGC----
--CCCACGAC-------------------------------------------------CAGUGCAACAGAGAGCA-AA-CCG-CCGAUGGCCCAC----
--CCCACGAC-------------------------------------------------CAGUGCAACAGAGAGCA-AA-CCG-CCGAUGGCCCGC----
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--GAAA---- UGG-------UGA--GAGUGGAA-------------------------------------------- CGCGGUAAACCCCUCGAGCG
--GAAA----- CCU---L---UAG--AGGUGGAA--------------------------------------------- CGCGGUAAACCCCACGAGCG
- -GAAA ----- CAG -------CAA--AGGUGGAA--------------------------------------------- CGCGGUAAACCCCACGAGCG
--GCGA------ CAG -------AAA--AGAUGGAA--------------------------------------------- CGCGGUAAACCCUGCGAGCG
- -CUUG------CAG-GCA-CAGGUAAGGGlJGCAAGGGUGCGGUAAGAGCGCACCAGCAACAUC-GAGA-GG-UGU-UGGCUCGGUAAACCCCGGUUGGG
--CUCG------GUC-C--UC-GGUAAGGGUGAAACGGUGGUGUAAGAGACCACCAGCGCCUGAGGCGACUC-AGG-CGGCUAGGUAAACCCCACUCGGA
-GAUGA --------G------- GGCAAGGGUGGAACGGUGGGGUAAGAGCCCACCAGCGUCGGG-GCAA-CC-CGG-CGGCUUGGCAACCCCCACCUGGA
-GUUGA --------G-------GGCAAGGGUGGAACGGUGGGGUAAGAGCCCACCAGCGUCGGG-GCAA-CC-CGG-CGGCUUGGCAACCCCCACCUGGA
- -CUU- - - --CCCCG-GUGCG-GGCAAGGGUGAAACGGUGGGGUAAGAGCCCACCGCCUGGCCUGGCAACAG-GCUGGGGCACGGCAAACCCCACCCGGU
--CUUC----CCCCG-GUGCG-GGCAAGGGUGAAACGGCGGGGUAAGAGCCCACCGCCUGGCCUGGCAACAG-GCCGGGGCACGGCAAACCCCACCCGGU
rfrrfrr.r.ri.rr.r.m inrnff n1irArr1 lIAA Af.r.iIrAArA.Arr CArr CJIIrrrCGGGAGACCG-GGA-GCGUICUkGGUCAACCCCAUCCGGU
-LUAUAC------ GGC-C-----GGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCCUGCCCGGCAACGG-GGA-GGGCAUGGUAAACCCCACCGGGA
--CUCG----- GCC-G----- GGUAAGGGUGAAACGGUGGUGUAAGAGACCACCAGAUGCCGUGGUGACAC-GGC-AUGCUCGGCAUACCCCGUUCGGA
--GUAA----- GCG-C---- GGUAAGGGUGAAAAGGUGCGGUAAGAGCGCACC-GCAUUUCCGGUAACGG-AAA-UGGCAGGGAAAACCCCGCCUGGA
--CUCG-----GAC-GGG--AGGUAAGGGUGAAAUGGUGCGGUAAGAGCGCACC-GCGCUGGUGGCAACAU-CAG-UGGCAGGGUAAACCCCACCCGGA
--UUCG------ CCC-GGC---GGGAAGGGUGAAA-------------------------------------------- CGCGGUAACCUCCACCUGGA
--CUU------ GCA-U-----GGUAAGGGUGAAAGGGUGGGGUAAGAGCCCACC-GCGCCGCUGGUGACAG-UGG-UGGCAAGGUAAACCCCACCGGGA
--UUCG----- GUG-C----CGGUAAGGGUGAAAAGGUGCGGUAAGAGCGCACC-GCACGACUGGCAACAGUUCG-UGGCUAGGUAMCCCCACUUGGA
--GCAA----- GCG-GGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCGCGGCUGGCAACAGUUCG-UGGCACGGUAMCUCCACCCGGA
--GCAA----- GCG-GGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCGCGGCUGGUAACAGUCCG-CGGCACGGUAAACUCCACCCGGA
--GCAA----- GCG-GGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCGCGGCUGGUAACAGUCCG-CGGCACGGUAAACUCCACCCGGA
--GUAA----- GUG-GGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCGCGGCUGGUAACAGUCCG-UGGCACGGUAAACUCCACCCGGA
--GCAA----- GCG-GGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACC-GCGCGGCUGGLUAACAGUCCG-UGGCACGGUAAACUCCACCCGGA
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A-GA AACCCAAAU----------------UUU----------------------------------------------------------------- Bsu
A-GAAACCCAAAU------------G--------GA----------------------------------------------------------------- Bsu
A-GA AACCCAAAC--------------------AA----------------------------------------------------------------- Bne
A-GA AACCCAAAU----------------U------------------------------------------------------------------- Bbr
AGCAAGGUGG-----------------------AG-GGACA-----AC---------------------- GGU--UGG UCUUUUACC---------UGUU Ani
G-CAAGGUCAAGAGGGGACACCCCGGUGUCCGUGC-GCGGAUGUUCGA- ----------------GGGC-UGCUC---GCCC------GAGUCCG Sbi
G-CAAGGCCAAGC-------------------A--GGGGG------U---------------------- UGGGUUGCUC-CCCCUAUU-------CCCC Tne
G-CAAGGCCAAGC--------------------A--GGGGG ------ U---------------------- UGGGUCGCUC-CCCCUAUU-------CCCC Tmo
G-CAAGGCCCGAU--------------------AG-GCAGG-----AA---------------------- GGGCUUGCCC--GGCCCGUUAGAA--CCUG Taq
G-CAAGGCCCGGU--------------------AG-GCAGG-----GA---------------------- GGGCUUGCCC--GGCCCGAGAGAA--CCUG Tth
G-CAAGACCCGAC-------------------- CGUGCGGC-----GA---------------------- GGGC-GGCCC---GCCC-GUUUGA--GCCG Dra
G-CAAGAUCGAAU-------------------- AG-GGACGG--CAC--GCCCCGGUUUUCCGGGGC-A-AGCGGCGUUU--CCGCGCC-----GCCGUC Rru
G-CAAGACCAAAU--------------------AG-GGAAGG---------------------------- CGGCCGGCCC--GGCCGAA-----GCCUUC Dde
G-CAAGACCAAAU------------------- AG-GCGUGC---GAU---------------------- ACCGUGGCCC--GCGGU--------GCACG Tfe
G-CAAGACCAAAU-------------------- AG-GGGAAC----UC---GCGGCUUCGACCGC---AGCGCGCGGCCC--GCGCGU-------GUUCC Cvi
G-CAAUCCCAAAU--------------------AG-GCAGGC---GAU----------------------GGA GCGGCCC--GCUGA--------GUCUG Aeu
G-CAAGACCGAAU-------------------- AG-GGAUGA--CACGGGGCGGGCGAAAGCCUGUUCACAGCCG-GUUW-CCGGGCCC-----GUCAUC Atu
G-CAAGACCAAAU------------------- AG-GGUUCC----AA---------------------- GGCGUGGCCC--GCGCU--------GGAAC Pfl
G-CAAGGCCAAAU--------------------AG-GGGUUC--ACAU---------------------- GGLACGGCCC--GUACU--------GAACC Sma
G-CAAGGCCAAAU--------------------AG-GGGUUC--AUAA---------------------- GGLACGGCCC--GUACU--------GAACC Eag
G-CAAGGCCAAAU--------------------AG-GGGUUC--AUAA---------------------- GGUACGGCCC--GUACU--------GAACC Kpn
G-CAAGGCCAAAU--------------------AG-GGGUUC--AUAA---------------------- GGUACGGCCC--GUACU--------GAACC Sty
G-CAAGGCCAAAU--------------------AG-GGGUUC--AUAA---------------------- GGUACGGCCC--GUACU--------GAACC Eco
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-UGG--UA-G-GGGAACCUUCU GAAUUCAACGA-GAGAAGACAGAA ---UGCU- -- -UUCUGAAL)AGAUGAWLLGCGCU-GAGUACG
-UGG--UA-G-GGGCACCUUCCCGAAGGAAAUGAACGGA-GGGAAGGACAGGC-GGC-GCAU-GCAGCCUGUAGAUAGAUGAUUACCGCCG-GAGUACGA
-UGG- -UA-G-GGGAACUGUCUCAAAGGAAUCUAACGGA-GAGACGGACGGUU -AC--AUGC --GUAAUCGUAGAUAGAUGAUUACCGCCU-GAGUACGA
-UGG --UA-G-GGGAACCGUCCUGAAGGAAUCAAACGGAAGGGACGGAUGGUA -UC --UUCG --GAUGCCAUAGAUAGAUGGCUACCGCUCUUGGUGCGA
CCGUUUAUGG-ACCGCU---------------------------- AGAGGUG-GCUAGUAAUAGCCAUCCCAGAGAGAUAACAGCCCUCUGUC-----
CGGG--UA-G-ACCGCA---------------------------- CGAGGCC-GGCGGCAACGCCGGCCCUAGAUGGAUGGCCGUCGCCCCGACGACC-
CGGG--UU-G-GCCGCU---------------------------- UGAGGUG-UGCGGUAACGCACACCCCAGAUUGAUGACCACCCA -----------
CGGG--UU-G-GCCGCU-----------------------------UGAGGUG-UGCGGUAACGCACACCCCAGAWUGAUGACCGCCCA-----------
CGGG--AUGG-GCCGCU---------------------------- UGAGGCC-GGUGGCGACACCGGUCCCAGAGAGAUGACCGCGUA -----------
CGGG--AUGG-GCCGCU---------------------------- UGAGGCC-GGUGGCGACACCGGUCCCAGAGAGAUGACCGCGGA----------
CCAG--GAUG-GUCGCU---------------------------- CGAGGCGUCCUGGCAACAGGCGUCCCAGACAGAUGAUCAGGCUGCCCUGGGG--
CGGG--UA-GUAUCGCG-----------------------------CGAGGCG-UCCGGUAACGGGCGUCCCAGAUGAAUGGCCAUCCCCGUCGUCGCGU
CGGG--UA-G-GUUGCU---------------------------- UGAGGGU-GUGGGCAACCGCACUCCUAGAGGAAUGACGGUCACACGCGG----
CGGG--UA-G-GUUGCU---------------------------- GGAGCCU-GUGCGUAAGUGCAGGCCUAGAGGAAUGGUCGUCCA----------
CGGG--UA-G-GUCGCU---------------------------- AGAGGCG-UGCGGCGACGCACGUCCCAGAUGAAUGACUGUCCA----------
CGGG--UA-G-GGAGCU---------------------------- GGAGCCG-GCUGGUAACAGCCGGCCUAGAGGAAUGGUUGUCACGCACCGUUUGC
CGGG--UG-G-GUUGCG---------------------------- AGAGGCG-GCAUGCAAAUGCCGUCCCAGAUGAAUGGCUGCCACGUUCCGG ----
CGGG--UA-G-GUUGCU -----------------------------AAAGAUG-UCCAGUGAUGGCCAUCGUAGACGAAUGACUGWCA----------
CGGG--UA-G-GCUGCU---------------------------- UGAGCCA-GUGAGCGAUUGCUGGCCUAGAGGAAUGACUGUCCA -----------
CGGG--UA-G-GCUGCU---------------------------- UGAGCCA-GUGAGCGAUUGCUGGCCLAGAUGAAUGACUGUCCA----------
CGGG--UA-G-GCUGCU-----------------------------UGAGCCA-GUGAGCGAUUGCUGGCCU)AGAUGAAUGACUGUCCA-----------
CGGG--UA-G-GCUGCU---------------------------- UGAGCCA-GUGAGCGAUUGCUGGCCUAGAUGAAUGACUGUCCA----------
CGGG--UA-G-GCUGCU-----------------------------UGAGCCA-GUGAGCGAWUGCUGGCCUAGAUGAAUGACUGUCCA----------
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GGUGAU-GAGCCGUUUGCAGUACGAUGG-AACAAAACAUGGCWUACAGAACGULUAGACCACUU
GGCGCA-AAGCCGCWGCAGUACGAAGG-UACAGAACAUGGCWAAUAGAGCAUGAUUAACGUG
GAWA--AAAUCGUUUGCAGUACAAAGG-UACAAAACAUGGCWUUACGAACGUUGUUGAMCA
GGGAUACGUCCCGCWUGCAGCACGGGAGAGACAGAACCUGGCWAAUAGCAUWCCUGCUGGAU
-U----WC-------------GACAGAG-AACAGAACCCGGCWAUU GUCCUGCUWCCCUC--
-----GCGA---------GGUCCCGGG-GACAGAACCCGGCGUACAGCCCGACUCGUCUG- -
---------------------------C-GACAGAAUCCGGCWUA-UACCCCUCUCCCGUG--
---------------------------C-GACAGAAUCCGGCUUA-UGCUCCUCUCCCGUG--
--------------------------- A-AACAGAACCCGGCUUACGCCCUAUCCUGGGGA--
--------------------------- A-AACAGAACCCGGCWUACGCCUCGUCCCGGAGG--
-----GAGA-------- CCCCGGAGCA-GACAGAACCCGGCWACCGUUUCCCCGUGCCA--
CCC--UUGC---GGGAUACGGCCGGCGUGGACAGAACCCGGCWACAGGCCGUCUGGCGGU--
-----GCAA----------- CCGUGUG-GACAGAACCCGGCUUACAGUCCGACUCCCGCA--
--------------------------- C-GACAGAACCCGGCWAUCGGCCCACUCCAAW--
---------------------------C-GACAGAACCCGGCUUAUCGGCCGACUCCCUUC--
C----GCAA----- GGCGGGCGGGGCG-CACAGAAUCCGGCWALCGGCCUGCUUUGCW--
---GUCAAA---------- CCGGGGCCAUACAGAACCCGGCWACAGGCCAACUGGCGAA--
---------------------------A-GACAGAACCCGGCUUAUAGAUCGACUCUCCAC--
---------------------------C-GACAGAACCCGGCUUACCGGUCAACUCCCUC---
---------------------------C-GACAGAACCCGGCWAUCGGUCAGUUUCACCU--
---------------------------C-GACAGAACCCGGCUUAUCGGUCAGUUUCACCU--
---------------------------C-GACAGAACCCGGCUUAUCGGUCAGWUCACCU--
---------------------------C-GACAGAACCCGGCUUAUCGGUCAGUUUCACCU--
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Figure 2. Bacterial RNase P RNA nucleotide sequence alignment. RNase P RNA sequences are from Bacillus subtilis (Bsu) (17), Bacillus stearothennophilus (Bst)
(13), Bacillus megaterium (Bme) (13), Bacillus brevis (Bbr) (13), Anacystis nidulans (An,) (18), Streptomyces bikiniensis (Sbi) (19), Thermotoga neapolitana (Tne)
(20), Thermotoga maritima (Tma) (19), Thermus aquaticus (Taq) (20), Thermus thermophilus (Tth) (21), Deinococcus radiodurans (Dra) (19), Rhodospirillum rubrum
(Rru) (12), Desulfovibrio desulfuiricans (Dde) (12), Thiobacillusferrooxidans (Tfe) (16), Chromatiuw vinosum (Cvi) (12), Alcaligenes eutrophus (Aeu) (12), Agrobacterium
tumefaciens (Atu) (12), Pseudomonasfluorescens (Pfl) (13), Serratia miarcescens (Sma) (14), Erwinia agglomerulans (Eag) (14), Klebsiella pneumoniae (Kpn) (14),
Salmonella typhimurium (Sty) (11), and Escherichia coli (Eco) (15). The alignment is numbered at the top; numbers based on the E.coli RNA are indicated with
carets (^) below the Eco sequence.
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Eco MVKLAFPJ LPLLTPSQFTFVFQQPQ AGTPQITILGWLNSLG---------IP IGLTVAI NV AHI Eco
Pmi MVKLAFP EIL LLTPKMFNFVFQQPQ ASSPiEVTILG QNELG---------WP IGLTIA NVIAH Pmi
Sbi - - - -MLPT IN L MIFE FATAV MGM AG PLLVVMMLSGATIPWAPGESAPPT AGFVVS- 3AVGGAVV Sbi
Mlu - - - -MLPIS IVSv TPAEFIMLG TGT AG TVVVSVATDPnQT STSPSAPSP AGFVVS- AAVGNAVT Mlu
Bsu --MSHLIISN 3L *NE FQuVF HGTSVANRQFVL----YTLDQPENrEJ----L VGLSVS3 -IGNAVM Bsu
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SFfL-- QILPAMPFVVVA --GVADL N ALS ALE W NC -LAGS- Eco
YFIL-- QPQLPAMmFVVLV--GVAEL N QLTiVLGW C --LAQlS Ai
ILVC b - LSALPPGSLVV-V ALPGAG DA MAQLA pLU ALQ 3- --- LLGGGTS-- Sbi
VVAEQM LPPLi1LPVLVQV ALPAAA EA YALL 'TVGALG ALIPMLPAASIE A Mlu
AFLE -E M- EYIIIA --PASQLTYT SLQXLFM SSL--YIHISSSI- Bsu

Figure 3. Bacterial RNase P protein amino acid sequence alignment. RNase P protein sequences, deduced from gene sequences, are from Escherichia coli (Eco)
(7), Proteus mirabilis (Pmi) (27), Streptomyces bikiniensis (Sbi) (25), Micrococcus luteus (Mlu) (24), and Bacillus subtilis (Bsu) (26). Alignment gaps added to maximize
sequence similarity are shown as dashes (-). Basic amino acid residues (histidine, lysine, and arginine) are enclosed by black squares; acidic residues (aspartic
acid and glutamic acid) are enclosed by white squares. The alignment is numbered at the top.

RNAs. In contrast to the bacterial RNA, however, the archaeal
RNase P RNAs apparently are not catalytically active when
isolated from the holoenzyme. The resistance of the Sulfolobus
RNase P to nuclease digestion apparently results from
inaccessibility of the RNA in the holoenzyme (44); such masking
of the RNA also could be in part responsible for the low density
of the enzyme in Cs2SO4 gradients, if cesium cations were

somehow excluded from binding to the RNA.

SEQUENCE ALIGNMENTS

The RNA components of the available bacterial RNase P RNA
sequences are aligned on the basis of their secondary structures,
which are in turn based on phylogenetic comparisons (Figure 2).
Parsimonious reconstruction of the evolutionary path of the RNA

sequence and structure has been used to align portions of the
molecule that cannot be aligned solely on the basis of structure.
The alignment of nucleotides within regions 21-60, 260-290,
and 343-344 (except in the case of the purple bacteria and
relatives) is ambiguous because of the extreme variability in length
(even presence) and sequence. These regions have therefore been
aligned, somewhat arbitrarily, from the proximal to distal end,
along the lengths of their continuous helices. Base-paired
nucleotides are assigned homologous positions in the alignment
in every case.

Because homologies of nucleotides in the bacterial,
mitochondrial and eucaryal RNAs cannot yet be assigned, the
latter sequences are not included in the alignment. Portions of
the archaeal RNase P RNAs are strikingly similar to those of
the bacteria; however, large regions of the Haloferax and
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Sulfolobus RNAs cannot be aligned with each other, or to the
bacterial RNAs. These RNAs, therefore, also are not included
in the alignment.
The structure of the bacterial RNase P protein has not been

investigated beyond determination of gene sequences. The
alignment of the presumptive amino acid sequences is, therefore,
based only on maximized sequence similarity. The UWGCG
BESTFIT and GAP programs (47) were used to generate the
multiple alignments, by iterative pair-wise alignments, which then
were compressed manually into a more contiguous alignment
(Figure 3).
A fundamental difference between the alignments of the RNA

and protein subunit sequences that we present must be
emphasized; the RNA alignment is based on homology (common
ancestry) of sequences, whereas the protein alignment is based
on similarity.

SEARCH FOR RNASE P SEQUENCES IN CHLORO-
PLAST GENOMES
We have searched the complete chloroplast genome sequences
of rice (48), tobacco (49), liverwort (50), and Epiphagus (51),
in an attempt to identify bacterial-like RNase P RNA- or protein-
encoding sequences. Short, redundant, consensus sequence
'probes' were identified from alignments of the bacterial
sequences. In the case of the RNA alignment, the sequences from
the enterobacteria were represented only by E. coli and those
of the thermotogales only by T. maritima, so that closely related
sequences would not monopolize the consensus. Because the
dramatic structural changes of the Bacillus RNase P RNAs appear
unique to this group (22), these sequences were likewise omitted
from the alignment used in the construction of consensus RNA
probes. The UWGCG WORDSEARCH, FASTA, and TFASTA
programs (47) were used to search the chloroplast genomes for
similarity to the probe sequences. Regions of similarity to the
probes were compiled with respect to their relative orientation
and sequential order (relative to the bacterial sequence consensus)
and by dot-matrix ('dot plot') analysis. No sequences within the
chloroplast genome with the potential to encode bacterial-like
RNase P RNA or protein subunits were identified. This does not,
of course, discount the possibility that bacterial-like RNase P
exists in the chloroplast. It is possible that bacterial-like RNase
P RNA and protein subunits could be encoded by the nuclear
genome and imported into the organelle, or could be so divergent
from their bacterial counterparts that they could not be identified
on the basis of sequence similarity. Nevertheless, these results
strengthen the suggestion (42) that the chloroplast RNase P does
not seem to contain a bacterial-like RNA component.
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