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Archaeal RNase P has multiple protein
subunits homologous to eukaryotic
nuclear RNase P proteins
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ABSTRACT

Although archaeal RNase P RNAs are similar in both sequence and structure to those of Bacteria rather than
eukaryotes, and heterologous reconstitution between the Bacillus subtilis RNase P protein and some archaeal RNase
P RNAs has been demonstrated, no archaeal protein sequences with similarity to any known bacterial RNase P
protein subunit have been identified, and the density of Methanothermobacter thermoautotrophicus RNase P in
Cs,S0,4 (1.42 g/mL) is inconsistent with a single small bacterial-like protein subunit. Four hypothetical open reading
frames (MTH11, MTH687, MTH688, and MTH1618) were identified in the genome of M. thermoautotrophicus that have
sequence similarity to four of the nine Saccharomyces cerevisiae RNase P protein subunits: Pop4p, Pop5p, Rpp1p,
and Rpr2p, respectively. Polyclonal antisera generated to recombinant Mth11p, Mth687p, Mth688p, and Mth1618p
each recognized a protein of the predicted molecular weight in western blots of partially purified M. thermoautotrophi-
cus RNase P, and immunoprecipitated RNase P activity from the same partially purified preparation. RNase P in
Archaea is therefore composed of an RNA subunit similar to bacterial RNase P RNA and multiple protein subunits
similar to those in the eukaryotic nucleus.

Keywords: archaebacteria; Methanobacterium thermoautotrophicum strain AH; Methanothermobacter
thermoautotrophicus; ribonuclease P

INTRODUCTION Despite the availability of ~435 bacterial, 40 ar-
chaeal, and 60 eukaryal RNase P RNA sequences, as
well as many bacterial and eukaryotic protein subunits
(Brown, 1999) and extensive biochemical investiga-
tions, RNase P structure and catalysis are not well
understood. The secondary structure of bacterial and
archaeal RNAs are known in detail from phylogenetic
comparative analyses (Brown et al., 1996; Haas et al.,
19964, 1996b; Haas & Brown, 1998; Brown, 1999; Har-
ris et al., 2001). However, the three-dimensional struc-
ture of the RNA has not been determined and the
structure of the holoenzyme is largely unknown. Only
recently has significant information been obtained about
the protein composition of eukaryotic nuclear RNase P
(Eder et al., 1997; Stolc & Altman, 1997; Chamberlain
et al., 1998; Jarrous et al., 1999; van Eenennaam et al.,
1999). The nuclear RNase P holoenzyme has recently
been purified from Saccharomyces cerevisiae and been
shown to contain nine protein subunits, eight of which
are shared with a related enzyme, RNase MRP (Cham-
Reprint requests to: James W. Brown, Department of Microbiology, berlain et al., 1998).
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Ribonuclease P (RNase P) is the ribonucleoprotein en-
zyme responsible for removing the 5’ leader sequence
in the maturation of the acceptor stem of all precursor
tRNA (pre-tRNA) (for review, see Pace & Brown, 1995;
Frank & Pace, 1998; Schon, 1999). The enzyme is
composed of a single RNA and a protein content that
varies among organisms (Pace & Brown, 1995). Under
elevated ionic conditions in vitro, the RNAs from Bac-
teria are catalytic in the absence of protein (Guerrier-
Takada et al., 1983). However, in Eukarya, the proteins
are indispensable for catalysis, and in all organisms
studied both the RNA and protein are essential in vivo
(Pace & Brown, 1995). Although catalytic activity has
not been demonstrated for some archaeal RNase P
RNAs, the RNAs from many show a low level of cata-
lytic activity in vitro under extremely high ionic condi-
tions (Pannucci et al., 1999).
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methanogenic archaeon, has an RNase P RNA com-
ponent that closely resembles its bacterial counter-
parts in both sequence and secondary structure (Brown,
1999; Pannucci et al., 1999; Harris et al., 2001). In-
deed, this RNA is among those of the archaeal RNase
P RNAs that are catalytically proficient in vitro, al-
though the RNA requires extreme ionic conditions (3 M
ammonium acetate, 300 mM MgCl,) and exhibits only
a fraction of the activity of bacterial RNase P RNA
(Pannucci et al., 1999). M. thermoautotrophicus RNase
P RNA has been functionally reconstituted with the Ba-
cillus subtilis RNase P protein in vitro (Pannucci et al.,
1999).

Only two archaeal RNase P holoenzymes have been
characterized previously. The enzyme from Sulfolobus
acidocaldarius, a thermoacidophilic Crenarchaeote, has
a 315-nt RNA that remains after micrococcal nuclease
treatment (LaGrandeur et al., 1993), and has a buoyant
density of 1.27 g/mL in Cs,SO,, similar to that of pro-
tein alone (Darr et al., 1990). Haloferax volcanii, an
extremely halophilic Euryarchaeote, has an RNase P
that is sensitive to micrococcal nuclease and has a
buoyant density of 1.61 g/mL in Cs,SO,, similar to
RNA alone (Lawrence et al., 1987). The H. volcanii
enzyme contains a 435-nt RNA (Nieuwlandt et al., 1991).
Recently, it has been shown that H. volcanii RNase P
RNA transcribed in vitro can be rendered catalytically
active in 4 M ammonium acetate and 300 mM MgCl,
(Pannucci et al., 1999). Catalytic proficiency of the S.
acidocaldarius RNA has not been demonstrated. To
date, no protein subunit of an archaeal RNase P has
been confirmed, despite the availability of the complete
genome sequences of several archaeal species includ-
ing M. thermoautotrophicus (Bult et al., 1996; Klenk
et al.,, 1997; Smith et al., 1997; Kawarabayasi et al.,
1998, 1999; Kawashima et al., 2000; Ng et al., 2000;
Ruepp et al., 2000; Lecompte et al., 2001). The Metha-
nobacteria represent a group roughly intermediate in
evolutionary distance between Sulfolobus and Halof-
erax based on 16S rRNA phylogenetic trees. Because
of the similarity between methanobacterial RNase P
RNAs and those of Bacteria, and the availability of the
full genome sequence from M. thermoautotrophicus, a
computational search utilizing all available RNase P
protein subunit sequences was performed in an at-
tempt to identify likely RNase P protein subunit genes
in the genome of M. thermoautotrophicus.

There is no open reading frame (ORF) in any cur-
rently completed archaeal genome with obvious simi-
larity to a known bacterial RNase P protein subunit.
However, four ORFs were identified in the genome of
M. thermoautotrophicus that encode proteins with sim-
ilarity to the yeast nuclear RNase P protein subunits
Pop4p (the carboxyl half of the protein), Pop5p, Rpp1p,
and Rpr2p. These four ORFs are MTH11, MTH687,
MTH688, and MTH1618, respectively. All four ORFs
have obvious homologs in other archaeal genomes and
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all four have been recently assigned to clusters of or-
thologous groups of proteins (COGs) with their proba-
ble eukaryal homologs (Koonin et al., 2001; Tatusov
et al,, 2001). In this investigation, we demonstrate
that all four of these proteins are subunits of archaeal
RNase P.

RESULTS

The buoyant density of
M. thermoautotrophicus RNase P
in cesium sulfate is 1.42 g/mL

M. thermoautotrophicus cell lysate was passed over
Sepharose CL-4B and peak active fractions were com-
bined and brought to 1.39 g/mL with Cs,SO,. Peak
RNase P activity banded in density gradients (120,000 X
g, 42 h) at 1.42 g/mL (Fig. 1). This density is roughly
intermediate between protein alone (about 1.255 g/mL)
and RNA alone (about 1.645 g/mL; Hamilton, 1971).
This suggests a greater protein content than the single
small protein subunit found in bacterial RNase P, but
less than eukaryotic RNase P (see Discussion).

The Archaea possess apparent homologs
of S. cerevisiae Pop4p, Pop5p, Rpp1p,
and Rpr2p

Although standard BLAST searches with known RNase
P proteins revealed no significant similarity with any
archaeal proteins, a PSI Blast search (Altschul et al.,
1997) using the sequence of the S. cerevisiae RNase
P subunit Pop5p identified M. thermoautotrophicus
ORF MTH687 (E = 4e-30, iteration 2), and Standard
BLAST searches with this sequence revealed obvi-
ous homologs in several other Archaea (Fig. 2). Sim-
ilarity between these archaeal MTH687-like proteins
and Pop5p ranged from 38.8% (Aeropyrum pernix)
and 49.7% (Methanococcus jannaschii), whereas iden-
tity ranged from 16.7% (A. pernix) and 25.7% (Pyro-
coccus abyssi). Similarity of the archaeal homologs
to MTH687 ranged from 41.1% to 64.8% (identity from
21.1% to 39.1%). This observation motivated produc-
tion of antibodies to rMth687p and the biochemical
investigation of its presence in the RNase P holo-
enzyme. A second ORF, MTH688, was identified in
the M. thermoautotrophicus genome that has similar-
ity to the yeast RNase P subunit Rpp1p (E = 8e-52,
PSI-BLAST iteration 2), is found adjacent to MTH687
in an operon, and also has conserved homologs in
the other Archaea (Fig. 3). The proximity of MTH688
to MTH687, their location together in a likely operon,
and the strong PSI-BLAST score with Rpp1p, cou-
pled with biochemical evidence for the presence of
Mth687p in the RNase P enzyme led us to examine
MTH688 as a second possible RNase P protein gene.
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FIGURE 1. Buoyant density of M. thermoautotrophi-
cus RNase P in Cs,SO,4. Sepharose CL-4B-fractionated
RNase P activity from M. thermoautotrophicus (~1 mg
crude material) was subjected to Cs,SO,4 buoyant den-
sity centrifugation for 42 h at 120,000 X g from a ho-
mogeneous starting mixture of 1.39 g/mL. Peak RNase
P activity eluted at 1.42 g/mL. Bulk protein ran at the
top of the gradient (~1.25 g/mL). The peak of RNase P
activity was separated from the peak of ribosomal ma-
terial (1.47 g/mL). Data are normalized as percent of

the maximum signal for each series. Closed diamonds:
RNase P enzyme activity. Closed circles: ribosomal RNA
content determined by electrophoresis in 2% agarose
and ethidium bromide staining. Open squares: relative
protein content (Aggo).
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PSI-BLAST searches also revealed possible homo-
logs in the M. thermoautotrophicus genome of yeast
RNase P subunits Pop4p (MTH11, E = 2e-21, iteration
3) and Rpr2p (MTH1618, E = 3e-19, iteration 2). Both
sequences have apparent homologs in other archaeal
genomes as well (Figs. 4 and 5). The conservation of
these proteins in the Archaea motivated the production
of antisera to the recombinant versions of these proteins.

Mth11p, Mth687p, Mth688p, and Mth1618p
are physically associated with purified
M. thermoautotrophicus RNase P

His-tagged recombinant Mth11p, Mth687p, Mth688p,
and Mth1618p proteins were expressed in Escherichia
coli, purified, and used to generate polyclonal rabbit
anti-sera. In western blots, anti-his-rMTH11, anti-his-
rMTH687, anti-his-rMTH688, and anti-his-rMTH1618
antisera specifically recognized bands of ~13.5, 16,
29.5, and 21.5 kDa, respectively, from glycerol gradient
fractions that demonstrated RNase P activity (Fig. 6).
RNase P activity was 2400-fold purified prior to loading
material onto glycerol gradients. The level of antiserum

signal correlated directly with the level of RNase P ac-
tivity in the glycerol gradient fractions (Fig. 6), except in
the case of anti-his-rMth1618p (the least reactive anti-
serum), in which a protein signal is seen only in the
single most active fraction. The calculated molecular
masses of Mth11p, Mth687p, Mth688p, and Mth1618p
are 10.7, 14.6, 27.7, and 17.0 kDa, respectively. How-
ever, the recombinant proteins run in 12% Tris-glycine
SDS-PAGE gels 15.5, 18, 31.5, and 23.5 kDa, re-
spectively. The size of the histidine tag in the cloned
constructs was 24 amino acids (~2.9 kDa). Each
immune-serum recognized a protein approximately
2 kDa below the apparent molecular mass of its asso-
ciated recombinant positive control, according to com-
parisons to molecular weight standards, suggesting that
this histidine tag adds about 2 kDa when fused to an-
other protein, and each protein migrates roughly 1.5 to
3.5 kDa higher than its predicted molecular weight. Pre-
immune sera recognized neither these bands nor the
recombinant positive controls (not shown). Mth687p
could be detected in cleared lysate from M. thermoau-
totrophicus only by loading so much material into a gel
that clear resolution was not possible (data not shown).
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FIGURE 2. Alignment of eukaryotic nuclear RNase P protein subunit Pop5p with Mth687p and other potential homologs.
Sequences were aligned with ClustalW (Thompson et al., 1994). Identities (black) and similarities (gray) were shaded with
a 60% threshold using the PAM250 scoring matrix. Abbreviations (accession numbers are given in parentheses): Sce:
S. cerevisiae Pop5p (NP_009369); Spo: Schizosaccharomyces pombe probable pre-tRNA/pre-rRNA processing protein
(T41635) (Eukaryotic sequence predicted, but not proven, to be associated with tRNA processing.); Mth: M. thermoau-
totrophicus Mth687p (E69191); Mja: M. jannaschii Mj0494p (Q57917); Pho: Pyrococcus horikoshii Ph1481p (D71023); Pab:
Pyrococcus abyssiPab0467p (F75110); Afu: Archaeoglobus fulgidus Af0489p (NP_069325); Hsp: Halobacterium sp. NRC-1
Vng1279h (AAG19630); Ape: A. pernix Apel1161p (D72586); Sso: S. solfataricus (Cab57564p).

No attempt was made to detect Mth11p, Mth688p, and
Mth1618p proteins in crude cleared lysates.

Affinity-purified anti-rMth11p, rMth687p,
rMth688p, and rMth1618p antibodies
immunoprecipitated RNase P activity from
partially purified M. thermoautotrophicus
RNase P

The association of Mth11p, Mth687p, Mth688p, and
Mth1618p with active RNase P was also assessed
by immunoprecipitating RNase P activity with antibod-
ies affinity purified against each recombinant antigen
and crosslinked to protein A beads. Antibodies against
rMth687p, rMth688p, and rMth1618p efficiently de-
pleted enzyme activity compared to preimmune serum-
coated beads (Fig. 7, lane f.t.). Anti-rMth11p antibody
partially depleted enzyme activity, but not as effi-
ciently as the other antibodies (Fig. 7B, ~21% lower
than for preimmune serum-coated beads).
Substantial RNase P activity eluted from each spe-
cific antibody/bead preparation in 72°C buffer com-
pared to preimmune serum-coated beads (Fig. 7, lanes
el, e2, and e3). RNase P activity was associated di-
rectly with the antigen-purified antibody/protein-A bead
fraction of each immunoprecipitation reaction (Fig. 7,
lane B). Either the physical association of the enzyme
with the bead-bound antibody did not fully disrupt en-

zyme activity, or the assay conditions (60 °C) disrupted
antibody—antigen interactions sufficiently to allow sub-
strate cleavage.

DISCUSSION

Four hypothetical conserved proteins with sequence
similarity to the yeast RNase P protein subunits Pop4p,
Pop5p, Rpp1p, and Rpr2p were identified in genomes
of Archaea. In M. thermoautotrophicus, these pro-
teins (encoded by ORFs MTH11, MTH687, MTH688,
and MTH1618, respectively) were shown by western
analysis and immunoprecipitation to be associated with
the RNase P holoenzyme. None of the four RNase P
proteins has apparent similarity to any known bacte-
rial protein. Although the RNA component of archaeal
RNase P is closely related to those of Bacteria, rather
than Eukarya (Harris et al., 2001), it is not particu-
larly surprising to find eukaryotic-like proteins associ-
ated with an archaeal pre-tRNA-processing enzyme.
Indeed, a large portion of the genes involved in in-
formation processing (e.g., RNA polymerase, TATA-
binding protein, 59 of 61 identified ribosomal proteins)
in M. thermoautotrophicus are more similar to their
eukaryotic homologs than their bacterial homologs
(Smith et al., 1997).

This is the first biochemical demonstration of RNase
P-associated proteins in the Archaea. However, a re-
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FIGURE 3. Alignment of eukaryotic nuclear RNase P protein subunit Rpp1p with Mth688p and other potential homologs.
Sequences were aligned with ClustalW (Thompson et al., 1994). Identities (black) and similarities (gray) were shaded with
a 60% threshold using the PAM250 scoring matrix. Abbreviations (accession numbers are given in parentheses): Hsa:
Homo sapiens Rpp30p (NP_006404); Mmu: Mus musculus RNase P protein p30 (NP_062301) (eukaryotic sequence
predicted, but not proven, to be an RNase P subunit); Spo: S. pombe YDL4_SCHPO (P87120) (eukaryotic sequence
returned by a PSI-BLAST search with Rpp1p, but not demonstrated to be an RNase P subunit); Sce: S. cerevisiae Rpp1p
(NP_011929); Dme: Drosophila melanogaster Cg11606p (AAF51526) (eukaryotic sequence returned by a PSI-BLAST
search with Rpp1p, but not demonstrated to be an RNase P subunit); Mth: M. thermoautotrophicus Mth688p (F69191); Mja:
M. jannaschii Mj1139p (2128689); Pho: P. horikoshii Ph1877p (H71200); Pab: P. abyssi Pab1136p (F75024); Ape: A. pernix
Ape1450p (BAAB0448); Afu: A. fulgidus Af2317p (NP_071142).

cent computational investigation predicted indepen-
dently that MTH687 and MTH688 and their homologs
in the other Archaea might encode RNase P subunits.
It also suggested a functional (and possibly physical)
association of RNase P with components of a complex
homologous to the eukaryotic exosome, on the basis
of their genomic localization in a large (15 gene) op-
eron containing candidate open reading frames for sub-
units of an exosome, proteasome, DNA-directed RNA
polymerase, and the U3 ribonucleoprotein, as well as
two ribosomal proteins (Koonin et al., 2001). MTH687
and MTH688 were not found adjacent to each other in
other archaeal genomes, except that of Sulfolobus sol-
fataricus (Koonin et al., 2001). These ORFs and their
eukaryotic homologs have been assigned to COGs
1369 and 1603, respectively (Koonin et al., 2001).
MTH11 and MTH1618, and their archaeal homologs,
have more recently been assigned by the NCBI with
Pop4p and Rpr2p to COGs 1588 and 2023, respec-
tively, based upon the conservation of specific se-
quence elements (Tatusov et al., 2001).

MTH11 (the homolog of POP4) is located in a very
large operon composed primarily of ribosomal protein
subunits (Smith et al., 1997). The location of this ORF
with ribosomal protein genes is conserved in the other
Archaea as well, with the exception of S. solfataricus

and Thermoplasma volcanium, in which a homolog of
this ORF has not been identified. MTH1618 is located
in a likely operon with 11 other open reading frames
that include ORFs similar to four ribosomal proteins,
the signal recognition particle GTPase, a sensory trans-
ducing regulatory protein, a possible protein folding
chaperone, eukaryotic translation initiation factor 6
(EIF6), a possible ATPase-containing subunit of tRNA
methyltransferase, a KH-domain-containing RNA bind-
ing protein, and an unidentified conserved protein.
MTH1618 is homologous to the gene encoding the only
known RNase P protein subunitin S. cerevisiae RNase
P, Rpr2p, that is not also found in RNase MRP (Cham-
berlain et al., 1998). The homolog of MTH1618 is con-
tained in a similar operon only in A. pernix. However,
large parts of this gene cluster appear to be maintained
throughout the Archaea, similar to the conservation of
the operon containing MTH687 and MTH688 (Koonin
et al., 2001).

The Cs,S0O, density of 1.42 g/mL (Fig. 1) suggests
that M. thermoautotrophicus RNase P is approximately
50% protein. Using the specific volumes in Cs,SO, for
RNA and protein of 0.608 and 0.797 mL/g, respectively
(Hamilton, 1971), the M. thermoautotrophicus RNase P
holoenzyme should contain approximately 98 kDa of
protein. A similar calculation based on the known small



Archaeal RNase P proteins 301
HSQ ======mmm e e MKSVIYHALSQKEANDSDVQPSGAQRAEAFVRAFLKRS TPRMSPQAREDQLORKAVVLEY FTRHKRKEKKKKAKGLSAR 79
DG == == o e e e e e e MEHATSELREFISDLVIPHQRCNVNINPDHITMLEG---TKIKKQHSRKRRAHKSSTLSRR 58
Cel --- MSKDVRIGEPGESTSRGGGDRLGVLHLEKNVTSHFKRKSKKTEKT 45
Sce MDRTQTFIKDCLFTKCLEDPEKPFNENRFQDTLLLLPTDGGLTSRLQRQQRKSKLNLDNLQKVSQLESADKQLEKRDYQRINKNSKIALREYINNCKKNTKKCLKLAYEN 110
PO mm e e e e e e e e e e e e e e e e e e e e 1
L e T e 1
Mja  mmmm oo e m———— 1
Mva - 1
Afu e e 1
PhO  —mm o 1
BaD  — == m 1
VO —mmm o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ————— 1
AP — 1
HSp ——mm—m oo e - 1
o 1
Mha —-m - oo 1
Hsa QRRELR-------—-- LFDIKPEQQRYSLFLPLHELWKQYIRDLCSGLKP---—--~ DTOPOMIO; 1] C TKE- 171
Dme EYAALG-========= LNTLPTKQMKYEEALPLHHLWKGYVREHLELREGDEVPQVHDARYDEFS CSLE GKD- 157
Cel NLTRGR------—--- LTEDDKKAFKFADIVPMNTDWQKYFRERLG-—~-=-==-==~ NHFSSTKIEK' QE- 134
Sce KITDKEDLLHYIEEKHPTIYESLPQYVDFVPMYKELWINYIKELLNITKN----- LKTFNGS[ALL: I SQ VKGN 215
S I e e e MVRFKSRYLLFEVLYPEAKEFFD--——---==--— YP-TIPSDSS[TTTS I[TR KVASS PNTSTG 74
Mth ==meee e e e ———— P I NUREMDD- 48
Mja —mmm e - PH MLVIEKED- 48
MUS  m e e e e e MKFSQ] R LVIEKNN- 48
e T MRGRIG Lﬁﬁ MTEK- 51
Pho ——--—————mmm MRRNSKERKNRATRRSQGSYQEIIGRTWIFRG---—--- AHRGRVIT IVIRGD-- 83
Pab —---—————mmm MRRNGKERKDRTSGGSQRPYQEIVGRTWIFRG---——-- SHRGRV|TK! GD-- 83
WO e e e e e D --MIYjIS-EF T ¥4 ITRGT- 43
BPE e ] O KGRRPSHRR RILTLE- 53
HSP === = = e e e e e e e e e e e e MTTITPE iy TAS- 50
HA —mmm oo o MBLIT PE! C; D [LUTILEGAD- 49
Mha — oo oo oo MTTIITPE RTVVLRTAS- 50
Hsa FIS RESR
Dme MEF' JiRP:IR
cel RLF REATR
Sce -DDDDSALRY. REEER
Spo IKKAELAAL
Mth RPIIRM
Mia R
Mva R
Afu RII
Pho R
Pab
Tvo F'

Ape R
Hsp iy
Hma ML
Mha LTPEAAAPDNGVGTAFKPAGGETRQT TGESVAYY

FIGURE 4. Alignment of eukaryotic nuclear RNase P protein subunit Pop4p with Mth11p and other potential homologs. Se-
quences were aligned with ClustalW (Thompson et al., 1994). Identities (black) and similarities (gray) were shaded with a
60% threshold using the PAM250 scoring matrix. Abbreviations (accession numbers are given in parentheses): Hsa: H. sapi-
ens Pop4p (CAB39167); Dme: D. melanogaster Cg8038p (AAF50498)(eukaryotic sequence returned by a PSI-BLAST search
with Pop4p, but not demonstrated to be an RNase P subunit); Cel: Caenorhabditis elegans C15C6.4 (CAB02730) (eukaryotic
sequence returned by a PSI-BLAST search with Pop4p, but not demonstrated to be an RNase P subunit); Sce: S. cerevisiae
Pop4p (P38336); Spo: S. pombe probable pre-tRNA/pre-rRNA processing protein (T41635)(eukaryotic sequence predicted,
but not proven, to be associated with tRNA processing); Mth: M. thermoautotrophicus Mth11p (AAB84512); Mja: M. jan-
naschii Mjo464p (H64357); Mva: Methanococcus vannielii YRP2_METVA (P14022); Afu: A. fulgidus Af1917p (AAB89336);
Pho: P. horikoshiiPh1771p (BAA30886); Pab: P. abyssiPab2126p (CAB49255); Tvo: T. volcanium Tvg0337218p (NC_002689);
Ape: A. pernix Ape0362p (BAA79317); Hsp: Halobacterium sp. NRC-1 Vng1699c (AAG19944); Hma: Haloarcula marismor-
tui YROP_HALMA (P22527); Mha: Halobacterium halobium YROP_HALHA (024785).

ribosomal subunit components in M. thermoautotrophi-
cus predicts the density in Cs,SO, should be 1.44 g/mL,
in very good agreement with the observed density of
bulk ribosomal material of 1.47 g/mL (Fig. 1). The cal-
culated molecular weights for the four RNase P pro-
teins sum to 70 kDa, suggesting that there may be
additional unidentified subunits, or that the stoichiom-
etry of all subunits is not one per holoenzyme. In ad-
dition, it is not known whether all of the four identified
RNase P proteins are essential for catalytic activity; the
technology is not yet available to test this genetically in
this organism, and reconstitution of activity from recom-
binant proteins and RNA has not yet been accom-
plished (data not shown). We are currently attempting
to purify this enzyme to homogeneity to identify any
additional RNase P subunits (see Andrews et al., 2001).

The bacterial RNase P protein facilitates substrate
binding and product release (Reich et al., 1988) and
alters the substrate specificity of the enzyme (Peck-
Miller & Altman, 1991; Liu & Altman, 1994). It has been
shown that the protein component of B. subtilis RNase
P increases the affinity of the holoenzyme for substrate
compared to product by making direct contacts to the
5’ leader of pre-tRNA (Crary et al., 1998; Kurz et al,,
1998; Loria et al., 1998; Niranjanakumari et al., 1998).
Although the RNA subunit of M. thermoautotrophicus
RNase P is capable of some catalysis in vitro in high
ionic conditions, the protein complement of this en-
zyme enhances the affinity for substrate by at least
1000-fold; the K, of the RNA alone is at least 40 uM
(Pannucci et al., 1999), whereas the holoenzyme has
a K, of 34.5 + 3.4 nM (Andrews et al.,, 2001). This
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FIGURE 5. Alignment of eukaryotic nuclear RNase P protein subunit Rpr2p with Mth1618p and other potential homologs.
Sequences were aligned with ClustalW (Thompson et al., 1994). Identities (black) and similarities (gray) were shaded with
a 60% threshold using the PAM250 scoring matrix. Abbreviations (accession numbers are given in parentheses): Hsa:
H. sapiens unnamed protein product (BAB15433) (eukaryotic sequence returned by a PSI-BLAST search with Rpr2p, but
not demonstrated to be an RNase P subunit; a human homolog of yeast Rpr2p has not been identified to date); Mmu:
M. musculus putative (BAB22353) (eukaryotic sequence returned by a PSI-BLAST search with Rpr2p, but not demonstrated
to be an RNase P subunit); Sce: S. cerevisiae Rpr2p (NP_012280); Spo: S. pombe SPBC1105.16¢ (T39293)(eukaryotic
sequence returned by a PSI-BLAST search with Rpr2p, but not demonstrated to be an RNase P subunit); Mth:
M. thermoautotrophicus Mth1618p (B69083); Mja: M. jannaschii Mj0962p (Q58372); Pho: P. horikoshii Ph1601p
(A71039); Pab: P. abyssi Pab0385p (E75175); Afu: A. fulgidus Af0109p (NP_068950); Hsp: Halobacterium sp. NRC-1
Vng0599c (AAG19111).
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FIGURE 6. Mth11p, Mth687p, Mth688p, and Mth1618p copurify with RNase P activity. Aliquots of the indicated fractions of
glycerol gradients loaded with 2,400-fold purified M. thermoautotrophicus RNase P were probed with a 1:1000 dilution of the
appropriate specific antiserum. In each blot, recombinant hisqo-tagged recombinant protein (~50—-150 ng) was run as a
positive control. For each, another blot was probed with a 1:1,000 dilution of preimmune serum, which did not detect any
proteins (not shown). The level of RNase P activity in each gradient fraction is shown in the graph below the western blot.
A: Anti-his-rMth687p detected a band of ~16 kDa. B: top: Anti-his-rMth1618p detected a band of ~21.5 kDa. bottom:
Anti-his-rMth11p detected a band of ~13.5 kDa. C: Anti-his-Mth688p detected a band of ~29.5 kDa. Each native band
detected in fractions displaying enzyme activity migrated approximately 2 kDa smaller than its associated positive control.
The predicted molecular weight of the his-tag is 2.9 kDa. In A (anti-Mth687p), a faint doublet running near the top of the gel
was also seen to correlate with RNase P activity. The nature of this band has not been determined, although it is not detected
by preimmune serum (not shown).
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FIGURE 7. Immunoprecipitation of RNase P activity with affinity-
purified antibody against recombinant M. thermoautotrophicus pro-
teins. Antigen-specific affinity-purified antibodies against recombinant
his1o-tagged Mth11p, Mth687p, Mth688p, and Mth1618p were used
to immunoprecipitate RNase P activity from a partially purified M.
thermoautotrophicus RNase P preparation. Partially purified RNase
P was subjected to protein-A agarose beads coated with preimmune
serum or affinity-purified antibodies against his-rMth11p (A), his-
rMth687p (B), his-rMth688p (C), or his-rMth1618p (D). Columns were
washed three times, then eluted three times in preheated 72 °C buffer.
Fractions were assayed for RNase P activity in 2-min (flow-through)
or 6.5-min (beads and elutions) RNase P activity assays with B.
subtilis pre-tRNA*P_ All assays were performed in triplicate. The first
lane of each triplicate is shown. Abbreviations: f.t.: flow-through (super-
natant from the binding reaction); B: beads; e1, e2, €3: heat elutions
1, 2, and 3, respectively.

difference is apparently the result of stabilization of
the superstructure of the RNA (Pannucci et al., 1999)
as well as presumably by direct interaction with the
substrate.

The conservation of the four archaeal proteins in the
nuclear enzyme implies that they are particularly im-
portant in the function of RNase P in these organisms.
In yeast, the homolog of Mth11p (Pop4p) has been
shown in three-hybrid analysis to interact with the nu-
clear RNase P RNA (F. Houser-Scott & D.R. Engelke,
pers. comm.). The human homologs of Mth11p (Rpp29p)
and Mth1618p (Rpp21p) have been implicated in sub-
strate binding (Jarrous et al., 2001), and these two pro-
teins as well as the homolog of Mth688p (Rpp30p)
apparently bind to the human nuclear RNase P RNA
(Jiang et al., 2001). On the other hand, it seems un-
likely that these proteins, in the nucleus, function pri-
marily in nuclear or nucleolar localization. (Although
the amino-terminal sequences of Pop4p that are not
present in the archaeal proteins are not excluded on
this account.) It also seems unlikely that these proteins
are involved in recognition of the substrate T-loop (car-
ried out by P8/9 in Bacteria, and so presumably in

303

Archaea) or 3’-NCCA (carried out by L15 in Bacteria,
and so presumably in Archaea). Instead, these proteins
are probably involved in leader recognition and stabil-
ization of the RNase P RNA or enzyme:substrate su-
perstructure (by analogy to the bacterial protein), or
other functions required in Archaea and the nucleus
but not in Bacteria.

The sequences and secondary structures of archaeal
RNase P RNAs are similar to those of Bacteria (Harris
et al., 2001). With the exceptions of the RNase P RNAs
of Bacillus and relatives (type B), Thermomicrobium
(type C), and Methanococcus and relatives (type M),
RNase P RNAs from both domains fall into a common
structure class, type A (Haas et al., 1994). The RNA
subunit of most of the type A archaeal RNase P RNAs
tested are, like those of Bacteria, capable of catalysis
in vitro in the absence of protein, and can be reconsti-
tuted with the B. subtilis protein to create catalytically
proficient chimeric holoenzymes (Pannucci et al., 1999).
Eukaryal RNase P RNAs are distinct (type E) from
those of Bacteria and Archaea. This implies that the
type A RNA is the ancestral form of the RNA (Fig. 8)

Archaea

Eukarya
& Bacteria

Archaea

Protein

Eukarya
v Bacteria

FIGURE 8. Placement of the large evolutionary changes in RNase
P RNA structure and protein type in evolutionary history. The phy-
logenetic tree is a representation based on small-subunit ribosomal
RNA phylogenetic analysis from Olsen (1987). A large star is placed
in the midpoint of branch in which the large evolutionary change has
taken place in the RNA subunit (above) and the protein composition
(below). The branches including the apparently primitive forms of
each are thin; branches distal to large evolutionary shift are heavy,
indicating the “innovative” form of the subunit. Small stars in the RNA
tree indicate the smaller changes that resulted, independently, in the
generation of the types B, C, and M RNase P RNAs.
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that underwent a substantial innovative change in the
common specific ancestry of the Eukarya. We have
shown here that protein subunits of archaeal RNase P
are homologous to eukaryal RNase P subunits, rather
than those of Bacteria. This implies that the eukaryal/
archaeal type (POP-type) proteins may be the ances-
tral type of RNase P proteins, and the bacterial (rnpA
type) proteins are the result of an innovative evolution-
ary change. This is counter to the commonly held belief
that the bacterial RNase P, with its minimal “accessory”
protein, represents a primitive state, not far removed
from the “RNA world.” This belief is not entirely incon-
sistent with our observations, but it demands that the
root of the evolutionary tree be more distal along the
bacterial-specific branch than is the location of the evo-
lutionary change in protein composition along this same
branch, a highly constrained scenario. If the three phy-
logenetic domains emerged more or less indepen-
dently from a last common ancestral population (Woese,
1998), our data suggest that the RNA-centric nature of
bacterial RNase P is a recent innovation, not entirely a
remnant of an “RNA World.”

MATERIALS AND METHODS

RNase P cleavage assays

Two-nanomolar substrate (~2 nCi 32P-GTP-labeled Bacillus
subtilis pre-tRNA*SP) was incubated with enzyme samples in
10-uL reactions of 50 mM Tris-Cl, pH 8, 10 mM MgCl,, 500 mM
ammonium acetate at 60 °C (optimal conditions for M. ther-
moautotrophicus RNase P with this substrate). Reaction prod-
ucts were analyzed by electrophoresis in 12% acrylamide,
8 M urea gels, exposing the gels to a phosphorimager screen,
and quantitating band volumes with ImageQuant 1.0 (Molec-
ular Dynamics).

Determination of buoyant density in Cs,SO,

M. thermoautotrophicus cell paste (~7 g) was ground with a
mortar and pestle in liquid nitrogen, suspended in 20 mL
TMGN-100 with 10 ug/mL DNase | (TMG is composed of
50 mM Tris-Cl, pH 7.5, 10 mM MgCl,, 5% glycerol, 0.1 mM
DTT, 0.1 mM PMSF, and N-100 specifies 100 mM NH,4CI)
and centrifuged 16 h at 230,000 X g. The pellet was resus-
pended in 1 mL of TMGN-60 and passed over Sepharose
CL-4B in the same buffer. Peak RNase P fractions were com-
bined and an aliquot containing ~1 mg total protein (BCA
assay, Pierce) was adjusted to 3 mL TMGN-60, 1.39 g/mL
Cs,S0y, (final density), centrifuged at 120,000 X g for 42 h at
4°C, and fractions were assayed for RNase P activity. Den-
sity was determined by weighing 100 L of each fraction.

Cloning and expression of recombinant
Mth11p, Mth687p, Mth688p, and Mth1618p

The MTH11, MTH687, MTH688, and MTH1618 open reading
frames were amplified from genomic DNA and cloned as
in-frame fusions into pET16b (Novagen) to create amino ter-
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minal hisqo-tagged constructs. The recombinant proteins were
expressed in E. coli BL21(DE3) CodonPlus RIL (Stratagene)
and purified with Ni-NTA resin (Qiagen) under denaturing
conditions according to the recommendations of the manu-
facturer. The proteins were further purified to apparent ho-
mogeneity in 12% SDS-PAGE gels.

Generation of antiserum to recombinant
proteins

Approximately 1 mg of rMth687p (in 50 mM Tris, pH 8) was
injected into rabbits in a 50% emulsion of TiterMax Gold ad-
juvant (CytRx Corporation). Two booster injections (1 mg)
were spaced 1 and 2 months after the first challenge. Bleeds
were taken prior to the initial injection and at 1, 2, and 3
months. Approximately 1 mg each of rMth11p, rMth1618p,
and rMth688p were used to generate polyclonal antisera com-
mercially (CoCalico Biologicals, Inc.).

Partial purification of
M. thermoautotrophicus RNase P

M. thermoautotrophicus cell paste (115 g wet weight) was
ground in liquid nitrogen, suspended in 245 mL of TMGN-20
with 10 wg/mL DNase |, and passed twice through a French
press at 20,000 psi (internal pressure), then cleared at 25,000 X
g for 30 min at 4°C. The cleared lysate was dialyzed over-
nightin 4 LTMGN-20 at 4 °C, then loaded onto a 50-mL DEAE-
trisacryl (Sigma) column and washed with 600 mL TMGN-20.
Peak RNase P activity eluted at ~270 mM NH,4Cl in a 20—
500-mM linear gradient. Active fractions were pooled and di-
alyzed overnight in 4 L TMGN-20. The sample was brought to
a density of 1.4 g/mL with Cs,SO,. Samples were centrifuged
at 120,000 X g for 45 h at 8°C (Beckman 70.Ti rotor). Peak
active fractions were combined and centrifuged as before. Ac-
tive fractions were combined, dialyzed overnight in TMGN-20
with 0.025% NP-40, bound to 20 mL of Q-sepharose (Sigma),
and washed with 250 mL TMGN-20 + 0.025% NP-40. RNase
P eluted at ~635 mM NH,Cl in a 250-mL linear gradient of 20—
1000 mM NH4CI in TMG + 0.025% NP-40. Active fractions
were combined. Specific RNase P activity was approximately
2400-fold purified compared to cleared lysate (enzyme activity/
total protein) after Q-sepharose chromatography.

Pooled active fractions were dialyzed overnight in TMGN-
20 + 0.025% NP-40 and aliquots were concentrated ~15-
fold using Amicon Microcon 10-kDa MWCO concentrators
(Millipore). Concentrated aliquots (100 uL) were layered onto
1.9 mL 10-40% glycerol gradients prepared in TMGN-500,
0.025% NP-40, 0.02% SB-12 (Sigma), and centrifuged 7.5 h
at 95,000 X g in a Beckman TLS-55 swinging bucket rotor
(20°C). Gradient fractions were western blotted for detection
of the MTH11, MTH687, MTH688, and MTH1618 proteins
(below).

Western blots for Mth11p, Mth687p,
Mth688p, and Mth1618p

Glycerol gradient fractions (25 wlL) were precipitated with
acetone and samples were separated on SDS-PAGE gels
and transferred to nitrocellulose. One of each blot was probed
with a 1:1000 dilution of the appropriate antiserum and an-



Archaeal RNase P proteins

other with preimmune serum from the same rabbit for 2 h at
room temperature. Blots were washed, probed for 2 h at
room temperature with a 1:15,000 dilution of HRP-conjugated
goat anti-rabbit IgG (Sigma A6154), washed, developed in
Supersignal chemiluminescent reagent (Pierce), and ex-
posed to X-ray film.

Affinity purification of antibodies
from crude antisera

Recombinant Mth11p, Mth687p, Mth688p, and Mth1618p were
expressed in E. coli and purified to apparent homogeneity as
described above. Purified proteins were dialyzed overnight at
4°C in 100 mM NaHCO3, pH 8.3, 500 mM NaCl (a buffer
suitable for coupling to a cyanogen bromide (CNBr)-activated
agarose matrix). Proteins were conjugated to CNBr-activated
agarose (Sigma C-9142) according to the manufacturer’s rec-
ommendations, with the exception that 0.1% SDS was added
to help solubilize the proteins.

Immune serum (700 nlL each) was added to 40—-50 ulL of
recombinant protein column matrix in 500 wL 10 mM Tris,
pH 7.5, 500 mM NaCl, and mixed overnight at 4 °C. Bead/
serum slurries were loaded into columns, washed with 3 mL
10 mM Tris, pH 7.5 (~60 bed volumes), followed by 3 mL
10 mM Tris, pH 7.5, 500 mM NaCl. Antigen-specific antibody
was eluted in five 100-uL elutions of 100 mM glycine, pH 2.5.
Each elution was collected directly into 0.1 vol (10 uL) 1 M
Tris, pH 8, to neutralize the acidic elution buffer.

Immunoprecipitation of RNase P activity
with antigen-specific antibodies

M. thermoautotrophicus RNase P was partially purified as
described above. Eight aliquots of 20 mg each of protein-A
agarose beads (Sigma P-3391) were hydrated in 10 mM Tris,
pH 7.5, 500 mM NaCl. For affinity-purified antibodies, com-
bined elution fractions (described above, ~500 uL each anti-
body) were added to 20 mg protein A beads and slurries were
mixed overnight at 4°C. For preimmune sera, 400 ulL pre-
immune serum were added to 20 mg swollen protein-A aga-
rose and mixed overnight at 4 °C.

Antibody-bound protein-A beads were washed twice with
1 mL of 200 mM sodium borate, pH 9, then resuspended in
1 mL of the same buffer. To crosslink antibody to the protein-A,
5.1 mg dimethyl pimelimidate (Sigma D-8388, 20 mM) were
added to each slurry and mixed for 30 min. Each preparation
was washed with 1 mL 200 mM ethanolamine, pH 8, then sus-
pended in 1 mL 200 mM ethanolamine, pH 8 for 2 h to deac-
tivate the crosslinking reaction. The beads were equilibrated
in 10 mM Tris, pH 8, 500 mM NaCl with three 1.5 mL washes.

The equivalent of 13 mg of protein-A agarose with specific
antibody or preimmune serum antibody were equilibrated
in TMGN-100 and brought up to 400 uL in TMGN-100.
Q-sepharose-purified RNase P (30 nL) was added to each
bead slurry. Slurries were mixed gently overnight at 4°C.
The beads were pelleted in a table-top microcentrifuge and
the supernatant was collected. Beads were washed four
times in 400 uL of TMGN-100 by gentle inversion several
times, and then pelleted as before. Liquid was removed
from the bead suspensions and 20 ulL of 72°C preheated
TMGN-100 were added to each matrix preparation and in-
cubated for 30 s at 72°C. The beads were pelleted and the
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supernatant was removed as elution 1. This heat elution
process was repeated twice more. The binding super-
natants (1:20 dilution) were tested for RNase P activity as
described below in 2-min assays to test for immunodeple-
tion of RNase P activity. Bead fractions and heat elutions
(1:20 dilutions) were assayed as described above for 6.5 min
to test for specific immunoprecipitation and recovery of
RNase P activity. All assays were performed in triplicate.
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