ABSTRACT
HALL, THOMAS A. Archaeal Ribonuclease P has Multiple Protein Subunits
Homologous to Eukaryotic Nuclear Ribonuclease P Subunits (Under the direction of
James W. Brown.)
RNase P removes the 5´ leader from all transfer RNA precursors, and is thus a
required factor for protein synthesis. RNase P consists of a catalytic RNA molecule and
associated protein, the amount of which varies among phylogenetic domains. The ca.
120 kDa RNA component of RNase P from Bacteria is catalytic in vitro in the absence of
its single, small (14 kDa) protein cofactor. RNase P from the eukaryotic nucleus, which
has more protein (nine proteins in yeast) has an RNA that displays no catalytic activity
without its protein.

The Archaea, which resemble the Eukarya more than the Bacteria in

their transcription and translation apparatus, have RNase P RNAs almost identical in
secondary structure to those of Bacteria. However, many of these RNAs display no
catalytic activity in vitro without their proteins, and those that are catalytic require
extraordinarily high concentrations of both monovalent and divalent salts.
Previous characterizations of archaeal RNase P have presented conflicting and
somewhat confusing results. RNase P from Sulfolobus acidocaldarius (Crenarchaea) has
a buoyant density in Cs2SO4 of 1.27 g/ml, an apparent exclusion size of 400 kDa, and is
resistant to micrococcal nuclease. RNase P from Haloferax volcanii (Euryarchaea), has a
density of 1.61 g/ml in Cs2SO4, an apparent exclusion size of 165 kDa, and is sensitive to
micrococcal nuclease. Despite these differences, both of these enzymes have RNAs with
structures similar to the bacterial counterpart.

Methanothermobacter

thermoautotrophicus

(formerly

Methanobacterium

thermoautotrophicum strain ∆H) is a moderately deeply branching methanogen roughly
intermediate in phylogenetic trees between extremes halophiles (e.g. H. volcanii) and the
Crenarchaea (e.g. S. acidocaldarius). It has an RNA that is strikingly similar to bacterial
RNase P RNAs in structure, but requires about 3M monovalent cations and 300 mM
Mg2+ for catalytic activity in vitro without its protein cofactor, and the Km of this
reaction is more than 1000-fold higher than for the holoenzyme. The protein subunit of
RNase P from Bacillus subtilis can reconstitute with the RNase RNA from
Methanobacteria at low ionic strengths.

Despite this observation, there is no open

reading frame in the M. thermoautotrophicus genome with similarity to a bacterial RNase
P subunit, and its RNase P has a buoyant density in Cs2SO4 of 1.42 g/ml, suggesting
more protein than bacterial RNase P. There are, however, four open reading frames
(ORFs) in the genome of M. thermoautotrophicus, MTH11, MTH687, MTH688 and
MTH1618, with recognizable similarity to the four recently identified yeast RNase P
subunits Pop4p, Pop5p, Rpp1p and Rpr2p, respectively, and these ORFs have homologs
in other Archaea. Antibodies generated to the recombinant versions of these proteins
detect all four proteins in western blots of purified M. thermoautotrophicus RNase P, and
can immunoprecipitate RNase P activity when affinity purified against the recombinant
proteins, demonstrating that all four proteins are subunits of archaeal RNase P. Yeast
two hybrid analyses have demonstrated in vivo interactions between MTH688 and
MTH687, which corresponds to findings with both human and yeast nuclear RNase P
proteins in similar two-hybrid tests, and between MTH1618 and MTH11, which
bb

correspond to similar findings with yeast nuclear RNase P subunits.

These results

demonstrate that the archaeal RNase P holoenzyme has protein subunits homologous to
eukaryotic nuclear RNase P, and also suggest that the overall architecture of the enzymes
are likely to be similar.
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PREFACE

The body of this dissertation is organized into five chapters: LITERATURE
REVIEW:

THE RIBONUCLEASE P FAMILY, ARCHAEAL RNase P HAS

MULTIPLE PROTEIN SUBUNITS HOMOLOGOUS TO EUKARYOTIC NUCLEAR
RNase

P

SUBUNITS,

PROTEIN-PROTEIN

INTERACTIONS

BETWEEN

ARCHAEAL RNase P PROTEIN SUBUNITS, RNase P RNAS FROM SOME
ARCHAEA

ARE

CHARACTERIZATION

CATALYTICALLY
OF

RNase

P

ACTIVE,
FROM

and

BIOCHEMICAL

METHANOTHERMOBACTER

THERMOAUTOTROPHICUS. The first chapter is currently in press as a review article
in RIBONUCLEASES, A VOLUME OF METHODS IN ENZYMOLOGY (edited by
Allen W. Nicholson).

The second chapter represents a manuscript that has been

submitted in truncated format to the Proceedings of the National Academy of Sciences USA. The third chapter represents a manuscript formatted for submission to Nucleic
Acids Research. The fourth chapter is a reprint from the Proceedings of the National
Academy of Sciences - USA (1999. Proc. Natl. Acad. Sci. 96:7803-7808). Chapter 4 was
primarily the work of James Pannucci, who is the primary author on the paper. Tom Hall
contributed the heterologous RNase P subunit reconstitution experiments. Contributions
to chapter 4 were also made by Elizabeth Haas and Andrew Andrews. The fifth chapter
describes the partial biochemical characterization of the M. thermoautotrophicus RNase
P holoenzyme. Data excerpts from chapter 5 have been combined with biochemical
characterization data for the Methanococcus jannaschii RNase P holoenzyme from
Andrew Andrews, for a submission to the Journal of Biological Chemistry.

xi

Following the body of the dissertation are three appendices.

Appendix 1

describes the preparation of ER medium for use in a 13 L fermenter for growth of M.
thermoautotrophicus.

Appendix 2 consists of a Nucleic Acids Symposium Series

presentation (1999. Nucl. Acids. Symp. Ser. 41:95-98) describing BioEdit, an
independently developed integrated biological sequence alignment editor for Windows
computer systems that is used by laboratories internationally.

The third appendix

introduces an application developed for organizing and browsing journal article libraries
and automatically creating citation bibliographies which was used to create the
bibliographies for much of this dissertation.

xii

CHAPTER 1. LITERATURE REVIEW: THE RIBONUCLEASE P FAMILY

INTRODUCTION
Although the vast majority of biological processes are catalyzed by protein
enzymes, the synthesis of these proteins is directed by RNA at each step.

The

information directing the sequence of a nascent protein (mRNA), the synthesis machinery
(ribosome) and the molecule that carries individual amino acids and the growing peptide
chain (tRNA) are all composed in full or in part of RNA. Transfer RNAs are initially
transcribed as precursors (pre-tRNA) that are processed at both their 3′ and 5′ ends1. The
enzyme responsible for the 5′ processing of pre-tRNA, ribonuclease P (RNase P, E.C.
3.1.26.5) is itself composed largely of RNA. RNase P cleaves the 5′ leader sequence
from all pre-tRNAs during tRNA maturation. In all bacterial, eukaryotic nuclear, and
archaeal systems in which the composition is known, RNase P is a ribonucleoprotein
complex containing a single RNA and a protein component that varies between
phylogenetic domains.
The most remarkable aspect of RNase P is that the RNA is the catalyst2, and in
contrast to other “ribozymes” (e.g. the group I intron3, the hammerhead4), the catalytic
RNA is not destroyed in the process; it is a true enzyme that processes multiple
substrates. All organisms examined for it contain an RNase P activity, and RNase P
enzymes have been characterized from representatives of all three major phylogenetic
domains (the Bacteria, Eukarya and Archaea5), and from representatives of both
chloroplasts and mitochondria. This discussion is intended as a very general overview to
the diverse set of characterized RNase P enzymes. Several recent, more specialized

reviews have been published discussing RNase P structure and function from a variety of
perspectives6-10.

RNase P Subunit Composition
In Bacteria, RNase P contains a ca. 350-450 nt RNA and a single 13-14 kDa
protein. Bacterial RNase P RNA alone (in all cases studied) is catalytic in vitro without
its protein subunit2.

Eukaryotic and archaeal RNase P enzymes appear to be more

complex. While all eukaryotic nuclear and archaeal RNase P holoenzymes appear to
have a single RNA (300-450 nt), buoyant densities of RNase P holoenzymes from
eukaryotic nuclei, Archaea, mitochondria and plastids (in Cs2SO4 and/or CsCl) suggest
greater and more variable protein compositions than their bacterial counterparts (see
Table I).

In accordance with these observations, ribozyme activity has not been

demonstrated in the absence of protein for any isolated eukaryotic, mitochondrial, or
plastid RNase P RNA. However, a subset of the euryarchaeal branch of the Archaea has
recently been shown to contain RNase P RNAs capable of specific pre-tRNA cleavage in
vitro in the absence of protein, although this activity requires extreme ionic conditions11.
Nuclear RNase P from Saccharomyces cerevisiae has been highly purified and
contains nine protein subunits, all of which have been shown to be essential for RNase P
activity in vivo by genetic analyses12 (Table I). Eight of these subunits are also shared by
RNase MRP, a ribonucleoprotein enzyme found only in eukaryotic nuclei, which
contains an RNA related to RNase P and is involved in rRNA processing13. Interestingly,
none of these proteins contain any common RNA binding motifs, and none have apparent
homologs in Bacteria.

Equally intriguing, even though the full annotations of five
2

archaeal genomes are published, no homologs of bacterial RNase P proteins are obvious
on the basis of sequence, and no genome projects have assigned archaeal RNase P protein
subunits14-18.

A putative homolog of the yeast RNase P subunit Pop5p12 has been

identified in the methanogenic archaeon Methanobacterium thermoautotrophicum ∆H
(hypothetical ORF MTH687) by distant sequence similarity.

Antiserum against the

recombinant archaeal protein immunoprecipitates M. thermoautotrophicum ∆H activity
and indicates copurification of the natural protein with RNase P activity by western blot
(T. A. Hall and J. W. Brown, unpublished data). The buoyant densities of archaeal
RNase P holoenzymes in Cs2SO4 (Table I) suggest a quite variable protein content. The
enzyme from Haloferax volcanii exhibits a density in Cs2SO4 of 1.61 g/ml (near 1.65
g/ml, the density of pure RNA)19, while that of Sulfolobus acidocaldarius is 1.27 g/ml
(near the density of pure protein, 1.2 g/ml)20. M. thermoautotrophicum ∆H (1.42 g/ml, T.
A. Hall and J. W. Brown, unpublished data) and Methanococcus jannaschii (1.39 g/ml,
A. J. Andrews and J. W. Brown, unpublished data) both have buoyant densities
intermediate between RNA and protein, suggesting that protein subunits in addition to the
Pop5p-like protein are likely to be present.

Another hypothetical ORF in the M.

thermoautotrophicum ∆H genome (MTH688) has been suggested to be a distant homolog
of the human RNase P subunit Rpp3821.

Incidentally, MTH687 and MTH688 are

contiguous in the genome, are oriented in the same direction, appear by visual inspection
of the sequence to be part of a cotranscribed operon, and have obvious homologs in all
published archaeal genomes (although not contiguous in those genomes).

3

The RNase P enzymes from eukaryotic organelles present an interesting problem.
Mitochondria and chloroplasts, although clearly related to their bacterial and
cyanobacterial ancestors22, have given up much of their genetic information to the
nucleus. Nuclear gene products with organellar function must be specifically transported
into the appropriate organelle.

Fungal and protist mitochondria typically encode an

RNase P RNA in their genomes23, 24. The human mitochondrial genome does not have a
gene that encodes a recognizable RNase P RNA25. In accordance with this, the RNase P
holoenzyme isolated from HeLa cell mitochondria may not have an associated RNA
cofactor26. Although mitochondria import necessary tRNAs that have been lost from the
mitochondrial genome27, 28, mitochondrial import of an RNA the size of RNase P RNA
(~300 nt) has not yet been demonstrated. However, the protein cofactor of yeast RNase P
(Rpm2p), which is encoded in the nucleus and transported into the mitochondrion29, is
nearly the molecular mass of the mitochondrial RNase P RNA subunit.

There is

conflicting data about the nature of RNase P from human mitochondria. It has been
reported that this enzyme contains an essential RNA that is sensitive to micrococcal
nuclease30, but a more recent study found the enzyme to be insensitive to both
micrococcal nuclease and RNase A pre-treatments, and to resolve in isopycnic Cs2SO4
gradients with bulk protein (1.23 g/ml)26.
RNase P isolated from spinach chloroplast is insensitive to micrococcal nuclease
treatment (100-fold over levels that inactivate E. coli RNase P), fractionates with bulk
protein in CsCl buoyant density gradients (1.28 g/ml), has an apparent size of ~70 kDa
(similar to BSA) in Sephacryl S-200 and S-300 columns, and copurifies with two major
proteins of ~30 and ~50 kDa after tRNA-agarose affinity chromatography31. Taken
4

together, these observations suggest that spinach chloroplast RNase P does not contain an
essential RNA component, but rather is a purely protein-based enzyme. Additionally, the
catalytic mechanism employed by spinach chloroplast RNase P may differ from other
systems described. In contrast to bacterial, yeast, slime mold, and human RNase P
enzymes, spinach chloroplast RNase P does not appear to be severely hampered in
reactivity against a phosphorothiote modification at the scissile bond of a model pretRNA substrate32-35. Like vertebrate mitochondria, plastids of green algae and
multicellular plants have not been demonstrated to encode an RNase P RNA in their
genomes36.
The photosynthetic plastid (cyanelle) from Cyanophora paradoxa contains an
RNase P with a buoyant density in Cs2SO4 similar to eukaryotic RNase P enzymes (1.28
g/ml, Table I)37. The RNA component of this enzyme is very similar in structure to
RNase P RNAs from free-living cyanobacteria, which conform to the A-type bacterial
secondary structure (Figure 1, see below). The buoyant density, however, suggests a
greater protein composition than the Bacteria, similar to the eukaryotic nuclear enzyme.
Activity is sensitive to nuclease treatment, demonstrating the necessity of the RNA
component, but unlike cyanbacterial RNase P RNAs (and all other bacterial
representatives), the RNA is not catalytically proficient in vitro in the absence of
protein38.

The cyanellar genome, as well as the genomes of other plastids and

mitochondria, does not encode a protein with similarity to known RNase P protein
subunits39,

6, 23-25

. Presumably, these gene products are imported into the organelles.

There are three possible scenarios to explain these observations: 1) The original bacterial
RNase P protein genes migrated to the nucleus during organellar evolution, 2) The
5

original bacterial protein genes were lost from the organellar genome and existing nuclear
RNase P proteins are imported and adapted in the organelles, or 3) the original RNase P
protein genes were lost from the organellar genome and non-RNase P protein gene
products were adapted for function in the organellar RNase P complex. Elucidation of
the complex nature of these interesting examples of this ubiquitous enzyme awaits the
full purification of the enzymes and identification of the protein subunit sequences.

RNase P Structure and Function
The majority of understanding about the structure and function of the RNase P
ribozyme has come from studies on the bacterial RNAs, most notably those of of E. coli
and B. subtilis. The bacterial RNA will be referred to for most of the discussion of the
RNA structure and function, and a comparison of common features of the RNAs from the
other phylogenetic domains will be made at the end of this section. A detailed account of
the bacterial RNA structure and reaction mechanism is beyond the scope of this
discussion. Reviews on RNase P enzymes are presented in this volume that describe the
bacterial (L. Kirsebom), yeast (D. R. Engelke), human (S. Altman), and cyanellar (A.
Schön) systems in detail. Note: The above statement refers to reviews published in the
same volume as this literature review, but not reproduced in this dissertation.

General RNA structure
The large size of the RNA subunit of RNase P has hampered structural studies.
The three-dimensional structure of neither the RNA nor the holoenzyme has been
determined experimentally (e.g. by X-ray crystallography or nuclear magnetic
6

resonance). The most successful method for structural studies of large RNAs has proven
to be the comparative analysis of homologous sequences from phylogenetically diverse
organisms40. The three-dimensional structure of an RNA is determined by the spatial
organization of secondary structural elements (double-stranded helices), as well as
various tertiary interactions involving coaxial stacking of helices, long-range base pairs,
base triplets, base-sugar/phospate, sugar/phosphate-sugar/phosphate, base-stacking
interactions, and pseudo-knots41. The evaluation of covarying bases in the sequences of
an RNA from diverse organisms can reveal much of the secondary structure of the RNA,
as well as shedding light on conserved base-base tertiary interactions.
The determination of RNA structure based upon comparative analysis requires a
substantial sequence set, ideally one that evenly represents a phylogenetic distribution of
the organisms from which the sequences were obtained. Early studies identified RNase P
RNA genes based on complementation of mutant bacterial strains deficient in tRNA
processing42-44, or by isolation of RNA species from biochemical purifications of RNase
P holoenzymes or bacterial RNA preparations that contained catalytic RNase P RNA45-53.
Known RNase P RNAs have been used as probes to isolate homologous sequences from
related organisms by hybridization to genomic DNA fragments53, 54. Recently, the ability
to sequence entire microbial and organellar genomes has allowed the identification of
putative genes directly by similarity to known sequences and potential structure. The
majority of RNase P RNA sequences used in defining the structural core of bacterial,
archaeal and eukaryotic RNase P RNA, however, have been obtained relatively recently
by using PCR with primers based upon conserved stretches of sequence, generally the
“P4” region (see Figure 1)55, 56, 57. More than 140 bacterial RNase P RNA sequences and
7

secondary

structures

are

available

http://www.mbio.ncsu.edu/RNaseP/58.

on

the

RNase

P

database

at

On the basis of phylogenetic comparative

analysis, the secondary structures of bacterial and archaeal RNase P RNAs are well
established55,

56, 59, 60

(Figure 1), and substantial progress has been made in the

determination of a general consensus structure for eukaryotic nuclear RNase P RNAs as
well54, 57, 61. Three-dimensional models of the bacterial ribozyme have been proposed and
refined on the basis of comparative data utilizing spatial constraints obtained by
biochemical experiments62-66.
Bacterial RNase P RNAs are subdivided into two distinct structural groups, TypeA and Type-B.

The Type-A group represents the sequences from the majority of

bacterial groups, while type B is represented only by the low G+C gram positive Bacteria
(Figure 1). The refinement of the bacterial RNase P RNA secondary structure to basepair resolution allowed a standard nomenclature to be adopted specifying the general
helices present in all prokaryotic lineages67, designated P1 through P20, and based upon
the Type-A prototype (see Figure 1). Homologous helices (in the strict sense of the
word, meaning derived from a common ancestor) are given the same designation in
differing structures, and helices not present in the Type-A structure are given
intermediate numbers. For example helices P5.1, P10.1 and P15.1 do not exist in the
Type A group, while P13, P14, P16 and P17 do not exist in the B-type lineage (as
homologous regions, though presumably analogous structures fulfill the same
structural/functional role in each group). The two structural groups share a common core
of secondary structure represented by the hypothetical minimal consensus shown in
Figure 1.
8

The conservation of the minimal core structure throughout bacterial phylogeny
suggests that this region is likely to represent the minimal set of structural elements
required for a functional molecule in the bacterial cell. Accessory structures, generally
present as helices that exist in some or most lineages, but absent in others, probably serve
to stabilize the overall global structure of an individual RNA against the tendency for
repulsions of the sugar-phosphate backbone to disrupt the three-dimensional packing of
helices. Helices not present in the minimal core structure tend to be "dispensable" for in
vitro activity, meaning that deletion constructs which remove individual helices retain in
vitro ribozyme activity, although the ribozyme then generally requires elevated ionic
conditions and certain deletions raise the Km of the reaction by orders of magnitude67, 68,
69

. In accordance with these observations, an RNA molecule tailored into a secondary

structure very similar to the minimal consensus RNase P RNA structure (micro-P, based
on the sequence of the Mycoplasmsa fermentans RNase P RNA) exhibits specific pretRNA cleaving activity in vitro, but requires very high ionic conditions (2.5-3 M
monovalent, 300 mM divalent salts), has a lower temperature optimum than the native
molecule, and has reduced substrate affinity (increased Km)70.
Across the full bacterial lineage of known RNase P RNAs, only 40 nt are
absolutely

invariant

in

identity60,

however,

statistical

examination

of

the

variation/conservation71 at each position in an alignment of 145 bacterial RNase P
sequences has revealed a generally high level of overall sequence conservation
throughout the minimum consensus core.60 (Figure 2). The most conserved sequences
encompass and surround the regions that make up the P4 helix (Figure 2). Tertiary
models place the pre-tRNA scissile bond adjacent to the P4 region of RNase P RNA63, 64,
9

66

, and sulfur substitution of phosphate oxygens in the P4 region have directly implicated

this region in the pre-tRNA cleavage reaction72. Several intramolecular tertiary contacts
proposed on the basis of comparative analysis (see Figure 1) and chemical cross-linking
have the effect of folding distal extensions of the RNase P RNA molecule around the P4
helix, the combined effect of which creates a pocket for the substrate that positions the
scissile bond of the pre-tRNA at the ribozyme's proposed active site59, 62, 63, 64, 66, 73.
On the basis of Fe(II)-EDTA protection studies, it has been proposed that RNase
P RNA is composed of two semi-autonomous "folding" domains: the “specificity
domain” (P7 and everything distal to P7 in the E. coli and B. subtilis structures shown in
Figure 1) and the “catalytic domain” (the rest of the molecule)74, 75. Substrate specificity
can be altered, without changing the basic cleavage reaction, by altering the specificity
domain of B. subtilis RNase P RNA76. An E. coli RNase P RNA lacking this entire
domain is not catalytic by itself, but can be reconstituted in vitro with the recombinant E.
coli RNase P protein subunit77, in contrast to micro-P, the activity of which is not
improved by the presence of the protein subunit70. This suggests that this specificity
domain is able to facilitate substrate binding in the ribozyme reaction, but is dispensable
for catalysis, and that the bacterial RNase P protein can compensate to aid in substrate
binding in its absence. Also, the protein component is able to specifically bind the RNA
subunit through contacts not present in the P7-J14/11-P10 region.

RNase P RNA reaction: an RNA enzyme
RNase P RNA from Bacteria represents the only known case of a naturally
occurring RNA that acts as a true enzyme, but only in Bacteria and a subset of the
10

Archaea is there a direct demonstration that the RNA is catalytic. Although it is possible
that protein side-chains could participate in the cleavage reaction, all known RNase P
RNAs contain the conserved P4 region that is implicated in the reaction mechanism, and
it is assumed likely that the RNA serves as the catalytic unit in non-bacterial RNase P
enzymes as well.
RNase P is a phosphodiesterase that catalyzes the hydrolysis of the phosphate
backbone of pre-tRNA at the 5´ leader to leave a mature 5′ terminus. The reaction is
completely dependent upon divalent metals, and Mg2+ is the preferred ion. Although the
RNA is the enzyme, chemical groups in the RNA itself are not known to be involved
directly in the attack on the scissile bond. The reaction mechanism remains unproven,
but there is experimental evidence that it involves a hydroxyl attack on the scissile
phosphate mediated by coordination of water by a magnesium ion that is itself
coordinated by a phosphate at the pre-tRNA cleavage site, and also by oxygens in the
RNase P RNA itself32, 78, 79, 80. Coordination of the 2´ OH on the 5´ side of the cleavage
site is likely, as deoxy-substitution at this site raises the Km 3400-fold for the E. coli
reaction79,

81

. The general mode of catalysis is suspected to be analogous to the two

metal ion scenario for generalized phosphoryl transfer reactions,

which has been

implicated in the cleavage reaction catalyzed by group I introns82,

83

.

Figure 3

summarizes the general cleavage reaction and diagrams a possible transition state of
cleavage at the scissile phosphate bond7. A Hill coefficient of 3.2 was measured for the
E. coli RNA with Mg2+, suggesting that three magnesiums bind cooperatively for
maximal activity81.
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All cells and organelles appear to use RNase P to process all varieties of pretRNA. Eighty six tRNA-encoding genes are present in the E. coli K-12 genome84.
RNase P must recognize the cell's full complement of tRNA precursors, regardless of
sequence variation in those substrates. Accordingly, primary sequence of the substrate
appears to have very little influence on substrate recognition by RNase P, rather the
enzyme recognizes and binds primarily to the three-dimensional surface presented by the
tRNA T-stem, T-loop and acceptor stem (Figure 3). Specific base-pairing interactions
have been implicated only between a conserved "GGU" motif located in the region
joining P15 and P16 (J15/16, see the Type-A structure in Figure 1) and the "RCC" of the
"RCCA" ('R' represents the tRNA "discriminator" base) at the 3' end of the pre-tRNA
acceptor stem. Nucleotides in this region of the RNase P RNA/pre-tRNA complex are
protected from chemical modification85, and alteration or deletion of nucleotides from the
RCCA tail results in an alteration in cleavage site selection86, 87 and an increase in Km88,
89

. The same interaction occurs in the B-type RNA in L15 (Figure 1), which presumably

occupies the same general position in space as the A-type L15/16. The "GGU" motif is
not present in members of the Crenarchaea, some Euryarchaeal varieties, the C. paradoxa
cyanelle, and eukaryotic RNase P RNAs. These varieties of RNase P RNA also tend not
to exhibit catalytic proficiency in vitro. However, cyanobacterial RNase P RNAs and
those of the Chlamydiae also lack the “GGU” motif, and these RNAs exhibit catalytic
activity in vitro in the absence of protein comparable to other bacterial RNase P RNAs.
The RNase P RNA from the C. paradoxa cyanelle is very similar in secondary structure
to those of the cyanobacteria6, yet the cyanobacterial RNase P RNAs are catalytic in vitro
in the absence of protein while the cyanelle RNase P RNA is not. The protein subunit
12

largely alleviates the dependence on the CCA-tail seen with bacterial RNase P RNAs, but
puromycin, a CCA-tRNA analog, inhibits both the holoenzyme reaction and the
ribozyme reaction90. These observations suggest that the interaction of the RCCA tail
with the J15/16 GGU motif, though important, is certainly not the only specific contact
made between RNase P and its substrate.
The T-stem and T-loop domains have been implicated in specific binding of the
substrate to the enzyme RNA. Photo-activated cross-linking experiments and mutational
studies have suggested contacts between the T-stem of pre-tRNA and L8 and P9 within
the "cruciform" of RNase P RNA91,

92, 93

(the cruciform corresponds to the structure

formed by helices P7, P8, P9, P10 and P11 of RNase P RNA, Figure 1). It has been
proposed that the T-stem and loop, along with the acceptor stem, act to position the tRNA
physically within the catalytic groove of RNase P such that the cleavage site is in
proximity with the coordinated catalytic magnesium94.

Role of the protein
The role of the protein component of RNase P is not completely understood. It
was originally suggested that the RNase P protein shields electrostatic repulsions of the
RNA backbone, because the requirement for the protein subunit in the bacterial RNase P
reaction is alleviated by elevated ionic strength95. However, electrostatic shielding is not
the only influence of the protein subunit. For example: 1) The absence of a CCA tail
(used in recognition by the RNA alone) does not have a large effect on the holoenzyme
reaction96, 2) The substrate range of the holoenzyme (also cleaves 4.5S RNA and the
tmRNA precursor) is greater than the RNA alone2, and 3) mature tRNA is a stronger
13

inhibitor of the RNA alone reaction than the holoenzyme reaction95. If electrostatic
shielding were the predominant function of the protein, the above changes would be
expected to exert the same relative effects on the RNA alone as the holoenzyme reaction.
Kinetic, thermodynamic and cross-linking studies with in vitro-reconstituted
Bacillus subtilis RNase P holoenzyme suggest that the bacterial protein subunit has a
more direct role than previously thought. Kinetic and substrate affinity experiments have
demonstrated that the protein subunit, besides slightly enhancing the rate of product
release (<10-fold) and chemical cleavage, creates a 104-fold increase in affinity for pretRNA substrate over mature tRNA product, which helps explain the enhancement in
reaction rate seen with the holoenzyme over the ribozyme reaction97. Deletion mutations
of the pre-tRNA leader sequence, base modification interferences, and direct crosslinking
of 5' leader sequence nucleotides to the B. subtilis RNase P protein subunit suggest a
model where the enhancement in substrate affinity seen in the holoenzyme is due to
direct binding of the protein subunit to the 5' leader of the substrate98, 99, 100. This accords
nicely with the observations that substrates such as 4.5S RNA that do not have a T-stem
and loop, but do have a 5′ single-stranded extension from a helix that can serve as a
cleavage substrate, are substrates of the holoenzyme, but not the RNA alone2.

The

structure of the B. subtilis RNase P protein has recently been determined by X-ray
crystallography101. The protein is composed of an "α-β sandwich", with the general
topology αβββαβα, and contains a rare βαβ cross-over.

The general structure is

strikingly similar to the small subunit ribosomal protein S5 and to elongation factor G.
These observations have led to the hypothesis that the RNase P protein (and possibly the
enzyme in general) may have direct evolutionary links to the translational apparatus101,
14

an attractive idea when one wonders how a system as complex as the information
processing core of even the simplest cell may have evolved from simpler components.

Universal features of RNase P
With the two possible exceptions of plant chloroplast and vertebrate
mitochondrial RNase P enzymes, all known examples of RNase P contain biologically
essential RNA and protein components, and all catalyze the same reaction. The disparate
physical characteristics of holoenzymes from the three different domains of life,
however, may lead one to wonder if the RNase P complexes from different domains are
true homologs or if they are examples of convergent evolution independently evolved to
fulfill similar needs as already diverged branches of life developed more complicated
transcription/translation mechanisms.

Because RNase P from the Eukarya and the

Archaea tend to be refractory to biochemical study compared to the bacterial enzyme,
progress on elucidating the RNA structures, and certainly the holoenzyme composition
and structure, has been much slower. Sufficient sequence data is now in hand, however,
for construction of detailed secondary structures of archaeal RNase P RNAs56, 58. Lower
resolution secondary structure models have been proposed for fungal and vertebrate
RNase P RNAs.
Comparative analysis of archaeal RNase P RNAs has revealed an overall
secondary structure quite similar to the Type-A bacterial consensus (see Figure 4). The
most obvious difference between the archaeal RNase P RNA structures and the bacterial
consensus is the absence of P18. Much more striking than the differences, however, are
the similarities.

The core sequence and structure, including both pseudo-knots, is
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maintained in global secondary structure. A survey of a part of vertebrate diversity57
reveals a structural core with many key elements in common with both the bacterial and
archaeal RNAs (Figure 4). All three consensus core structures contain a P4 region that
exists in a similar context in each structure; the P4 helix is surrounded by helical
elements that, based upon their overall similarity in placement, spacing and shape, are
likely to occupy similar positions in three-dimensional space.

Figure 5 shows a

phylogeny of RNase P RNAs across the three domains that emphasizes their overall
similarity in gross anatomy.
The RNA and protein subunits from many Bacteria are interchangeable both in
vitro and in vivo102. Interestingly, a functional reconstitution of enzymatic activity was
achieved with the RNase P RNA from the C. paradoxa cyanelle and the protein subunit
from a cyanobacterial RNase P (Synechocystis sp. PCC 6803), but not with the RNase P
protein subunit from E. coli103, suggesting that the cyanellar RNase P, which exhibits a
eukaryotic nuclear-like density in Cs2SO4, may have retained a protein of similar
structure and function to the cyanobacterial ancestor from which it was derived. The B.
subtilis RNase P protein subunit is able to combine with the RNase P RNA from at least
two

methanogenic

Archaea,

Methanobacterium

thermoautotrophicum

and

M.

formicicum, to form a catalytic complex at relatively low ionic conditions (100 mM
NH4OAc, 25 mM MgCl2)11.

These observations suggest that, at least over the

phylogenetic boundaries between the Bacteria and Archaea, and between the
cyanobacteria and a primitive plastid, the structural surfaces presented by the presumed
homologous RNA molecules are similar enough that they can interact with the same
protein to form a catalytic complex, even between phylogenetic domains.
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Because a majority of archaeal RNase P RNAs, and all nuclear RNase P RNAs
known, are unable to cleave substrate in vitro without protein subunits, there has of yet
been no definitive proof that it is truly the RNA in these cases that is catalytic. However,
all RNase P enzymes so far studied require magnesium ions for catalysis, and recent
studies34,

35

have demonstrated that eukaryotic nuclear RNase P holoenzymes are

sensitive to phosphorothioate modification at the pre-tRNA cleavage site in the same
manner as bacterial RNase P, evidence that the RNase P RNAs from these two domains
of life are likely to act through a similar (or identical) catalytic mechanism. In light of
the overall structural similarity of known archaeal, bacterial and eukaryal RNase P
RNAs, the dramatically exceptional case is that of the spinach chloroplast RNase P. If it
can be demonstrated that viable RNase P function can be provided biologically by a
protein enzyme (it is not excluded on the basis of any natural principle), then why do we
see that the vast majority of all RNase P enzymes from all major phylogenetic domains
contain an RNA with an immediately recognizable structural core that encompasses the
catalytic domain of the molecule? Why has RNase P maintained itself as an RNA in all
walks of life, when nearly every other known true enzyme function has developed as a
protein-based system?
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Table I

Properties of representative RNase P enzymes which have been

biochemically characterized.
Source

Bacteria
Escherichia coli
Bacillus subtilis

Buoyant
density

1.71a 1.55b
1.7a

Sensitive to Protein subunits
Micrococcal
nuclease

RNA
subunit (nt)

RNA alone References
is catalytic

+
+

14 kDa (rnpA, 119 aa)
14 kDa (119 aa)

377 (rnpB)
401

+
+

e, f, g, h, i, j, k
e, l, m

Eukaryotes
Schizosaccharomyces pombe 1.40b
Saccharomyces cerevisiae
n.d.

+
+

285
369 (RPR1)

-

n, o, p, q
r, s, t, u, v, w

Xenopus laevis
Homo sapiens

1.34b
1.28b

+
+

320
340

-

x
y, z, aa, bb, cc, dd, ee, ff,
gg

Rattus rattus
Dictyostelium discoideum
Tetrahymena thermophila
Tetrahymena pyriformis

1.36b
1.23b
1.42b
n.d.

+
+
+

***
***
***

-

hh
ii
jj
kk

Wheat germ
Veal heart

1.34a
1.33b

+

100 kDa
100.5 kDa (POP1p, 875 aa)
32.9 kDa (POP4p, 279 aa)
32.2 kDa (RPP1p, 293 aa)
22.6 kDa (POP3p, 195 aa)
19.6 kDa (POP5p, 173 aa)
18.2 kDa (POP6p, 158 aa)
16.4 kDa (RPR2p, 144 aa)
15.8 kDa (POP7p/RPP2, 140 aa)
15.5 kDa (POP8p, 133 aa)
***
115 kDa (hPOP1)
40 kDa (Rpp40, 302 aa)
38 kDa (Rpp38, 283 aa)
30 kDa (Rpp30, 268 aa)
29 kDa (Rpp29, 220 aa)
20 kDa (Rpp20, 140 aa)
14 kDa (Rpp14, 124 aa)
25 kDa (Rpp25)c
***
***
***
100 kDac
44 kDac
35 kDac
***
***

***
***

-

ll
j

1.27b
1.61b
1.42b

+
n.d.

***
***
14.5 kDa (MTH687, 124 aa)

315
435
314

+
+

mm, nn
oo, pp
qq, rr, ss, tt

1.39b

n.d.

***

274

-

uu, vv

1.23b
1.28b
1.28a
1.29b

??d

***
105 kDa (RPM2)
***
***

??
490 (RPM1)
--***

Archaea
Sulfolobus acidocaldarius
Haloferax volcanii
Methanobacterium
thermoautotrophicum ∆H
Methanococcus jannaschii
Organelles
H. sapiens mitochondria
S. cerevisiae mitochondria
Spinach chloroplast
Cyanophora paradoxa
cyanelle

+

n.a.
-

ww, xx
yy, zz, aaa, bbb
ccc, ddd
eee, fff

a

Measured in CsCl.
Measured in Cs2SO4.
Copurifies with RNase P activity, but physical association with catalytic complex not yet shown.
d
YES, according to (ww), NO according to (xx).
n.d. not determined.
n.a. not applicable.
*** Element is present, but uncharacterized
--- Element does not appear to be present
+ "yes"
- "no"
b
c

Note: Because this article is a manuscript in press to Methods in Enzymology, this table
has its own list of references, as defined by the instructions to authors, which appears
starting on page 30.
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Figure 1. Secondary structure of bacterial RNase P RNA
Secondary structures of examples of the Type-A (left) and Type-B (right) bacterial
RNase P RNA. The minimum bacterial consensus structure is shown in the center.
Helices are indicated by the designation “P” (paired) and are numbered in the 5′ to 3′
directiona. Capital letters indicate residues that are invariant in the domain Bacteria,
while lower-case letters indicate identities that occur in 90% or more of sequences. Gray
lines and helix labels in the minimal consensus structure indicate structural elements that
are present in all or nearly all of either the Type-A or Type-B structures, but not both.
Helices P4 and P6 are indicated by line segments joining the paired bases. Tertiary
interactions are also indicated by line segments connecting long-range base interactions
and are supported by data in references b, c, and d (Type-A) and references e and f
(Type-B). The “GGU” motif involved in binding the RCCA tail of bacterial pre-tRNA
(see text) is indicated by gray shading in J15/16 (Type-A) or L15 (Type-B). Structures
were adapted from images available from the ribonuclease P databaseg.
Figure 1 references:
a. E. S. Haas, J. W. Brown, C. Pitulle, and N. R. Pace, Proc. Natl. Acad. Sci. USA 91,
2527 (1994).
b. M. E. Harris, J. M. Nolan, A. Malhotra, J. W. Brown, S. C. Harvey, and N. R. Pace,
EMBO J. 13, 3953 (1994).
c. M. E. Harris, A. V. Kazantsev, J.-L. Chen, and N. R. Pace, RNA 3, 561 (1997).
d. J.-L. Chen, J. M. Nolan, M. E. Harris, and N. R. Pace, EMBO J. 17, 1515 (1998).
e. M. A. Tanner and T. R. Cech, RNA 1, 349 (1995).
f. E. S. Haas, A. B. Banta, J. K. Harris, N. R. Pace, and J. W. Brown, Nucleic Acids Res.
24, 4775 (1996).
g. J. W. Brown, Nucleic Acids Res. 27, 314 (1999).
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Figure 2. Conservation of sequence in bacterial RNase P RNA
(represented here by the Type-A group). Nucleotides are colored according to region as
indicated in the figure. The level of conservation through an alignment of 145 Type-A
bacterial RNase P RNA sequences is indicated by the diameters of circles representing
individual nucleotides. Variability was assessed by entropy (Hx) at each alignment
column (Haas and Brown, 1998, and references thereina). A tertiary model (right) is
shown with the pre-tRNA substrate bound in the presumed active site groove containing
P4b. Each ball in the model represents a single nucleotide, and nucleotides are colored by
region and scaled to portray sequence conservation as in the secondary structure image.
The apparent high level of conservation in the distal region of P3 is due to an extended
P3 helix in the Proteobacteria, which phylogenetically biases the level of identity in this
region (most Type-A RNase P RNAs lack these residues).
Figure 2 references:
a. E. S. Haas and J. W. Brown, Nucleic Acids Res. 26, 4093 (1998).
b. C. Massire, L. Jaeger, and E. Westhof, J. Mol. Biol. 279, 773 (1998).
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Figure 3. The RNase P cleavage reaction.
RNase P cleaves the 5′ leader sequence from pre-tRNA during tRNA biosynthesis. A.
Substrate (pre-tRNA) is bound in a cleft formed by the three-dimensional structure of the
RNase P RNA/protein complex. The primary determinants of substrate recognition are
the T-stem, T-loop and acceptor stems of pre-tRNA (three-dimensional structure) and, in
the case of most bacterial RNase P enzymes, the 3′ “RCCA” tail of pre-tRNA (basepairing interaction with J15/16 of Type-A or L15 of Type B RNAs, see Figure 1). The
scissile bond is indicated by a sphere. B. Illustration of a possible transition state
configuration during the cleavage reaction. Magnesium is required in the RNase P
cleavage reaction, and the reaction rate is pH dependenta. Experimental data support the
coordination of a magnesium ion to the pro-Rp oxygen of pre-tRNA at the 5′ side of the
cleavage siteb, c.
Figure 3 references:
a. D. Smith and N. R. Pace, Biochemistry 32, 5273 (1993).
b. J. M. Warnecke, J. P. Fürste, W.-D. Hardt, V. A. Edermann, and R. K. Hartmann,
Proc. Natl. Acad. Sci. USA 93, 8924 (1996).
c. Y. Chen, X. Li, and P. Gegenheimer, Biochemistry 36, 2425 (1997).
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Figure 4. Consensus RNase P secondary structures from the three domains of life
Shown above are consensus RNase P secondary structures from Bacteria (A), Archaea
(B) and Eukarya (C) (represented here only by vertebrates). Segments of the structures
that exist in 100% of the structures are drawn with a solid black line. Segments that exist
in 90% or more (bacteriala) or 80% or more (vertebrateb) of available structures are
drawn with a gray line. The region above P12 in the Archaea and vertebrates is not well
defined and the two slanted lines through a light gray loop at the end of P12 indicate an
arbitrary truncation of the structures at this point. For simplicity, the bacterial consensus
(A) excludes Type-B specific structures (P5.1, P10.1, p15.1, see Figure 1). The archaeal
consensus (B) excludes the Methanococcus spp. and Archaeoglobus fulgidus, which lack
P16, P6 and P8.
Figure 4 references:
a. J. W. Brown, Nucleic Acids Res. 27, 314 (1999).
b. C. Pitulle, M. Garcia-Paris, K. R. Zamudio, and N. R. Pace, Nucleic Acids Res. 26,
3333 (1998).
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Figure 5. Phylogenetic view of representative RNase P RNA structures.
Secondary structures were obtained from the Ribonuclease P databasea. Phylogenetic
groups are represented by the following organisms, clockwise from lower left to lower
right:
Sulfolobus acidocaldarius, Methanobacterium thermoautotrophicum ∆H,
Schizosaccharomyces pombe, Homo sapiens, Chloroflexus auranticus, Thermus
aquaticus, Escherichia coli, Bacillus subtilis, Streptomyces bikiniensis, Anabaena
PCC7120, Chlamydia trachomatis, Planctomyces maris, Treponema pallidum,
Chlorobium limicola, Bacteroides thetaiotaomicron, Thermotoga maritima.
Figure 5 references:
a. J. W. Brown, Nucleic Acids Res. 27, 314 (1999).
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CHAPTER 2. ARCHAEAL RNase P HAS MULTIPLE PROTEIN SUBUNITS
HOMOLOGOUS TO EUKARYOTIC NUCLEAR RNase P SUBUNITS

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 archeal 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 Methanthermobacter
thermoautotrophicus RNase P in Cs2SO4 (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 MTH11, MTH687, MTH688 and
MTH1618 each recognized a protein of the predicted molecular weight in western blots
of partially-purified M. thermoautotrophicus 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.

33

INTRODUCTION
Ribonuclease P (RNase P) is the ribonucleoprotein enzyme responsible for
removing the 5′ leader sequence in the maturation of the acceptor stem of all precursor
tRNA (pre-tRNA) (for reviews, see 1, 2, 3). The enzyme is composed of a single RNA
and a protein content that varies among organisms (1). Under elevated ionic conditions
in vitro, the RNAs from Bacteria are catalytic in the absence of protein. However, in
Eukarya the proteins are indispensable for catalysis, and in all organisms studied both the
RNA and protein are essential in vivo (1). Although catalytic activity has not been
demonstrated for most archaeal RNase P RNAs, the RNAs from a subset of Archaea, the
Methanobacteria, Thermococci, Pyrococci, and the extreme halophiles, show a low level
of catalytic activity in vitro under extremely high ionic conditions (4).
Despite the availability of ca. 435 bacterial, 40 archaeal, and 60 eukaryal RNase P
RNA sequences, as well as many bacterial and eukaryotic protein subunits (5) and
extensive biochemical investigations, RNase P structure and catalysis is not well
understood. The secondary structure of the bacterial and archaeal RNAs are known in
detail from phylogenetic comparative analyses (5-10). However, the three-dimensional
structure 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 (11-15);

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 (13).
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Methanothermobacter

thermoautotrophicus

(formerly

Methanobacterium

thermoautotrophicum strain ∆H, 16), a moderately thermophilic methanogenic archaeon,
has an RNase P RNA component that closely resembles its bacterial counterparts in both
sequence and secondary structure (4-6).

Indeed, this RNA is among the subset of

archaeal RNase P RNAs that are catalytically proficient in vitro, although the RNA
requires extreme ionic conditions (3 M ammonium acetate, 300 mM MgCl2) and exhibits
only a fraction of the activity of bacterial RNase P RNA (4). M. thermoautotrophicus
RNase P RNA has been functionally reconstituted with the B. subtilis RNase P protein in
vitro (4).
Only two archaeal RNase P holoenzymes have been characterized. The enzyme
from Sulfolobus acidocaldarius, a thermoacidophilic Crenarchaeote, has a 315-nt RNA
that remains after micrococcal nuclease treatment (17), and has a buoyant density of 1.27
g/ml in Cs2SO4, similar to that of protein alone (18). 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 Cs2SO4, similar to RNA alone (19). The H.
volcanii enzyme contains a 435-nt RNA (20). Recently, it has been shown that H.
volcanii RNase P RNA transcribed in vitro can be rendered catalytically active in 4M
ammonium acetate and 300 mM MgCl2 (4).

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 including M. thermoautotrophicus (21-29). The
Methanobacteria represent a group roughly intermediate amongst the Archaea between
Sulfolobus and Haloferax based in 16S rRNA phylogenetic trees.

Because of the
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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
attempt to identify likely RNase P protein subunit genes in the genome of M.
thermoautotrophicus.
There is no open reading frame in any currently completed archaeal genome with
obvious similarity to a known bacterial RNase P protein subunit. However, four open
reading frames (ORFs) were identified in the genome of M. thermoautotrophicus with
similarity 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 all four have been recently assigned to Clusters of Orthologous Groups of
Proteins (COGs) with their probable yeast homologs (30, 31). In this investigation, we
demonstrate that all four of these proteins are subunits of archaeal RNase P.

MATERIALS AND METHODS
RNase P cleavage assays
2 nM substrate (ca. 2 nCi
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P-GTP-labeled Bacillus subtilis pre-tRNAAsp) was

incubated with enzyme samples in 10 µl reactions of 50 mM Tris-Cl, pH 8, 10 mM
MgCl2, 500 mM ammonium acetate at 60 °C (near optimal conditions for M.
thermoautotrophicus RNase P with this substrate). For assays incubated longer than 10
minutes, the reactions were covered with mineral oil. Reaction products were analyzed
by electrophoresis in 12% acrylamide, 8M urea gels, exposing the gels to a
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phosphorimager screen, and quantitating band volumes with ImageQuant 1.0 (Molecular
Dynamics).

Determination of buoyant density in Cs2SO4
M. thermoautotrophicus was grown in ER medium (32) in a fermenter at 65°C
under ca. 15 psi H2/CO2 (60%/40%). Cell paste (7 g) was ground with a mortar and
pestle in liquid nitrogen, suspended in 20 ml TMGN-100 with 10 µg/ml DNase I (TMG
is composed of 50 mM Tris-Cl, 10 mM MgCl2, 5% glycerol, pH 7.5, 0.1 mM DTT, 0.1
mM PMSF and N-100 specifies 100 mM NH4Cl) and centrifuged 16 hours at 230,000 x
g. The pellet was resuspended in 1 ml of TMGN-60 and passed over Sepharose CL-4B
in the same buffer. Peak RNase P fractions were combined and an aliquot containing ca.
1 mg total protein (BCA assay, Pierce) was brought up to 3 ml TMGN-60, 1.39 g/ml
Cs2SO4 (final density). The sample was centrifuged at 120,000 x g for 42 hours at 4°C
and fractions were assayed for RNase P activity. Density was determined by weighing
100 µl of each fraction.

Cloning and expression of recombinant MTH11, MTH687, MTH688 and MTH1618
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-terminal His10-tagged constructs. MTH11 was amplified using primers
MTH115´BglII

(GGAAGATCTGATAACCCCCAGGAATATTTTCAGGC)

and

MTH113´BamHI (CGCGGATCCTATGGTTTTCTAAATTTCTTC) and cloned into the
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BamHI site of pET16b.

MTH687 was amplified using primers MTH6875´XhoI

(CCGCTCGAGATGAAGATACTGCCACCAACACTG)

and

CMTH6873´BamHI

(CGGGATCCTCAGTATTTATCTTTCTTGGAAGG) and cloned into the BamHI and
XhoI sites of pET16b.

MTH688 was amplified using primers CMTH6885´XhoI

(CCGCTCGAGTTGATTCCCCAAAGGATTCTG)

and

MTH6883´BamHI

(CGGGATCCTTAACTCTCAGGGAGGAGCC) and cloned into the BamHI and XhoI
sites of pET16b.

MTH1618 was amplified using primers MTH16185´BglII

(GGAAGATCTGAGGAGAGGAAAGAGACCACG)

and

MTH16183´BamHI

(CGCGGATCCTATCTGTCACTCTGGCTTTCCCC) and cloned into the BamHI site of
pET16b.
The recombinant proteins were expressed in E. coli BL21(DE3) CodonPlus RIL
(Stratagene) by induction of an actively growing culture with 1 mM IPTG at an O.D.
(A600) of 0.6. Cells from 1 L of culture were harvested after an additional six hours of
growth and lysed in 20 ml 100 mM NaH2PO4/Na2HPO4, pH 8, 8M urea, 10 mM
imidazole, sonicated briefly to shear DNA, and cleared by centrifugation at 15,000 rpm,
20 min, 4 °C in a Sorvall SS-34 rotor. Cleared lysates were mixed with 2.5 ml (bed
volume) Ni-NTA agarose (Qiagen) pre-equilibrated in lysis buffer and mixed gently at
room temperature 1 hour. Each slurry was loaded into a separate column and washed
once with 25 ml lysis buffer and twice with 25 ml each 100 mM NaH2PO4/Na2HPO4, pH
8, 8M urea, 50 mM imidazole.

Recombinant protein was eluted with 100 mM

NaH2PO4/Na2HPO4, pH 8, 8M urea, 300 mM imidazole, and further purified to apparent
homogeneity in 12% SDS-PAGE gels in 6 mM x 170 mM wells per protein sample.
Narrow strips along each side and through the middle of each gel were removed, stained
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with Coomassie-R250, and used to locate the purified protein in the unstained portion of
each gel. Proteins were electroeluted from excised bands in SnakeSkin 3500 MWCO
membranes (Pierce) at 55 V for 3-10 hours and concentrated to 2-4 ml by bathing dialysis
bags in PEG-8000 powder.

Generation of antiserum to recombinant His-rMTH11, His-rMTH687, HisrMTH688 and His-rMTH1618
Gel-purified proteins in SDS-PAGE buffer (purified as described above) were
dialyzed overnight in 50 mM Tris-Cl, pH 8. The concentration of each purified protein
was determined by Coomassie staining of serial dilutions of purified protein compared to
serial dilutions of known concentrations of molecular weight standards in the same gel.
Approximately 1 mg of rMTH687 (largely insoluble) was injected into rabbits in a 50%
emulsion of TiterMax Gold adjuvant (CytRx Corporation). Two booster injections (1
mg) were spaced one and two months after the first challenge. Bleeds were taken prior to
the intital injection and at one, two and three months. Approximately 1 mg each of
rMTH11, rMTH1618 and rMTH688 were used to generate polyclonal antisera
commercially (CoCalico Biologicals, Inc.).

Partial purification of M. thermoautotrophicus RNase P
M. thermoautotrophicus cell paste (115 g wet weight) was ground in liquid
nitrogen and suspended in 245 ml of TMGN-20 with 10 µg/ml DNase I. The partiallylysed suspension was passed twice through a French Press at 20,000 psi (internal cell
pressure), then cleared at 15,000 x g for 30 min. at 4°C. Cleared lysate was dialyzed
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overnight in 4 L TMGN-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 ca. 270 mM
NH4Cl in a 20-500 mM linear gradient at 0.7 ml/min. Active fractions were pooled and
dialyzed overnight in 4 L TMGN-20. The sample was brought to a density of 1.4 g/ml
with Cs2SO4. Samples were centrifuged at 120,000 x g for 45 hours at 8 °C (Beckman
70.Ti rotor). Peak active fractions were combined and centrifuged as before. Active
fractions were combined, dialyzed overnight in TMGN-20 with 0.025% NP-40, and
bound to 20 ml of Q-sepharose (Sigma). The column was washed with 250 ml TMGN20 + 0.025% NP-40 and eluted with a 250 ml linear gradient of 20 to 1000 mM NH4Cl in
TMG + 0.025% NP-40. Peak RNase P activity eluted at approximately 635 mM NH4Cl.
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. Protein quantitations were performed with a BCA protein quantitation
kit (Pierce).

Enzyme activity assays were performed as described above with the

exception that 20 nM non-radioactive B. subtilis pre-tRNAAsp was used in each reaction.
Pooled active fractions were dialyzed overnight in TMGN-20 + 0.025% NP-40
and aliquots were concentrated ca. 15-fold using Amicon Microcon 10 kDa MWCO
concentrators (Millipore). Concentrated aliquots (100 µl) were layered onto 1.9 ml 1040% glycerol step gradients (30 1% steps) prepared in TMGN-20, 0.025% NP-40, 0.02%
SB-12 (Sigma), and centrifuged 7.5 hours at 95,000 x g in a Beckman TLS-55 swinging
bucket rotor (20°C). Gradients were separated into 19 or 20 fractions by gently pipetting
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the liquid from the top. Gradient fractions were blotted in separate western blots for
detection of the MTH11, MTH687, MTH688 and MTH1618 proteins (below).

Western blots for MTH11, MTH687, MTH688 and MTH1618 in partially purified
M. thermoautotrophicus RNase P
Glycerol gradient fractions (25 µl, prepared as described above), were diluted 1:2
in TMGN-20, and proteins were precipitated with 2 volumes (100 µl) acetone for 2 hours
(MTH687) or overnight (MTH11, MTH688 and MTH1618) at -20°C, then collected by
centrigugation. Samples were separated on duplicate SDS-PAGE gels and transferred to
nitrocellulose. Blots were blocked overnight at 4°C in 5% instant dry milk in TBS (10
mM Tris, 150 mM NaCl, pH 6.5). One of each blot was probed with anti-His-rMTH11,
anti-His-rMTH687, anti-His-rMTH688, or anti-His-rMTH1618 antiserum and the other
with pre-immune serum from the same rabbit. Each blot was probed with a 1:1000 serum
dilution in antibody incubation buffer (TBS with 0.3% Tween-20 and 1% dry milk) for 2
hours at room temperature. Blots were washed twice in 100 ml TBST (TBS with 0.1%
Tween-20, 10 min., room temp) and once in TBS (10 min., room temp.) prior to probing
for 2 hours at room temperature with a 1:15,000 dilution of HRP-conjugated goat antirabbit IgG (Sigma A6154) in antibody incubation buffer. Blots were washed as before
and developed with Supersignal chemiluminescent reagent (Pierce) and exposed to X-ray
film for 5 to 20 seconds.

Apparent molecular masses of recombinant proteins and

antiserum-reactive native proteins from purified RNase P were determined by comparing
their migration distances to a third order polynomial regression of log molecular weight
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vs. migration distance for molecular weight standards between 14.4 and 94 kDa
(Pharmacia 17-0446-01).

Affinity purification of specific anti-rMTH11, anti-rMTH687, anti-rMTH688 and
anti-rMTH1618 antibody from crude antisera
Recombinant MTH11, MTH687, MTH688 and MTH1618 were expressed in E.
coli and purified to apparent homogeneity as described above. Gel-purified proteins in
SDS-PAGE running buffer were dialyzed overnight at 4°C in 100 mM NaHCO3, 500
mM NaCl, pH 8.3 (a buffer suitable for coupling to a cyanogen bromide (CNBr)activated agarose matrix).

All four proteins precipitated in this buffer and were

resolubilized by the addition of 0.1 % SDS to MTH11, MTH688 and MTH1618
suspensions, and 0.2% SDS to the MTH687 preparation. Residual insoluble protein was
removed by centrifugation.
For each protein preparation, 50 mg of CNBr-activated agarose (Sigma C-9142)
were washed seven times over a course of 45 minutes by suspending the beads in 1.5 ml
1 mM HCl (4°C) and letting the beads settle. The beads were then washed twice in 1 ml
ddH2O. Each matrix preparation was washed once quickly in 300 ml 100 mM NaHCO3,
500 mM NaCl, pH 8.3, then dissolved recombinant proteins (1-3 mg each) were
immediately added to the prepared matrix (1.2 ml each) and coupled overnight by mixing
gently at 4°C. Each column was blocked for two hours at room temperature in 1.2 ml
200 mM glycine, pH 8. Columns were washed by five cycles of gentle mixing for 2
minutes at room temperature in 1.2 ml 100 mM NaHCO3, 500 mM NaCl, pH 8.5
followed by mixing for 2 minutes at room temperature in 100 mM sodium acetate, 500
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mM NaCl, pH 4. Beads were equilibrated to pH 7.5 by four cycles of suspension in 10
mM Tris, pH 7.5, letting the beads settle to the bottom by gravity each time.
Immune serum (700 µl each) was added to 40-50 µl of recombinant protein
column matrix in 500 µl 10 mM Tris, 500 mM NaCl, pH 7.5, and mixed gently overnight
at 4°C.

Bead/serum slurries were loaded into disposable drip columns (Pierce no.

29920), washed with 3 ml 10 mM Tris, pH 7.5 (~60 bed volumes), followed by 3 ml 10
mM Tris, 500 mM NaCl, pH 7.5. Antigen-specific antibody was eluted in five 100 µl
elutions of 100 mM glycine, pH 2.5.

Each elution was collected directly into 0.1

volumes (10 µl) 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, 500 mM NaCl at room temperature for 45 minutes.

For affinity-purified

antibodies, combined elution fractions (described above, ~500 µl each antibody) were
added to 20 mg swollen protein A beads and slurries were mixed overnight at 4°C. For
pre-immune sera, 400 µl pre-immune serum were added to 20 mg swollen protein-A
agarose 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 cross-link

antibody to the protein-A, 5.1 mg dimethyl pimelimidate (Sigma D-8388, 20 mM final
concentration) were added to each slurry and rocked at room temperature for 30 minutes.
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Each preparation was washed with 1 ml 200 mM ethanolamine, pH 8, then suspended in
1 ml 200 mM ethanolamine, pH 8 for 2 hours to deactivate the cross-linking reaction.
The beads were equilibrated in 10 mM Tris, 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 µl in
TMGN-100. Q-sepharose-purified RNase P (30 µl) 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
µl of TMGN-100 by gentle inversion several times, then pelleted as before. Liquid was
removed from the bead suspensions and 20 µl of 72 °C pre-heated TMGN-100 were
added to each matrix preparation and incubated for 30 seconds at 72°C.

M.

thermoautotrophicus RNase P activity is unaffected by incubation at this temperature for
at least 30 minutes. The beads were pelleted and the supernatant was removed as elution
1. This heat elution process was repeated twice more. The binding supernatants (1:20
dilution) were tested for RNase P activity as described below in 2 minute assays to test
for immunodepletion of RNase P activity.

Bead fractions and heat elutions (1:20

dilutions) were assayed as described for 6.5 minutes to test for specific
immunoprecipitation and recovery of RNase P activity. All assays were performed in
triplicate.
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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 combined and brought to 1.39 g/ml with Cs2SO4. Peak RNase P
activity eluted from density gradients (120,000 x g, 42 hours) at 1.42 g/ml (Figure 1).
This density is intermediate between protein alone (about 1.25 g/ml) and RNA alone
(about 1.64 g/ml) (33). 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 (34) 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
sequences revealed obvious homologs in several other Archaea (Figure 2). Similarity
between these archaeal MTH687-like proteins and Pop5p ranged from 38.8%
(Aeropyrum pernix) and 49.7% (Methanococcus jannaschii), while identity ranged from
16.7% (A. pernix) and 25.7% (Pyrococcus abysii). Similarity of the archaeal homologs
to MTH687 ranged from 41.1% to 64.8% (identity from 21.1% to 39.1%).

This

observation motivated the production of antibodies to rMTH687 and the biochemical
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investigation of its presence in the RNase P holoenzyme. A second ORF, MTH688, was
identified in the M. thermoautotrophicus genome which has similarity 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 (Figure 3). The proximity
of MTH688 to MTH687, their location together in a likely operon, and the strong PSIBLAST score with Rpp1p, coupled with biochemical evidence for the presence of
MTH687 in the RNase P enzyme led us to examine MTH688 as a second possible RNase
P subunit.
PSI-BLAST

searches

also

revealed

possible

homologs

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 (Figures 4 and 5).

The

conservation of these proteins in the Archaea motivated the production of antisera to the
recombinant versions of these proteins.

MTH11, MTH687, MTH688 and MTH1618 are physically associated with purified
M. thermoautotrophicus RNase P.
His-tagged recombinant MTH11, MTH687, MTH688 and MTH1618 proteins
were expressed in E. coli, purified, and used to generate polyclonal rabbit anti-sera. In
western blots, anti-his-rMTH11, anti-his-rMTH687, anti-his-rMTH688 and anti-hisrMTH1618 antisera specifically recognized bands of ~13.5, 16, 29.5 and 21.5 kDa,
respectively, from glycerol gradient fractions that demonstrated RNase P activity (Figure
6). RNase P activity was 2400-fold purified prior to loading material onto glycerol
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gradients. The level of antiserum signal correlated directly with the level of RNase P
activity in the glycerol gradient fractions (Figure 6). The calculated molecular masses of
MTH11, MTH687, MTH688 and MTH1618 are 10.7, 14.6, 27.7 and 17.0 kDa,
respectively. However, the recombinant proteins run in 12% Tris-glycine SDS-PAGE
gels 15.5, 18, 31.5 and 23.5 kDa, respectively. The size of the histidine tag in the cloned
constructs was 24 amino acids (~2.6 kDa). Each immune-serum recognized a protein
approximately 2 kDa below the apparent molecular mass of its associated recombinant
positive control, according to comparisons to molecular weight standards, suggesting that
this histidine tag adds about 2 kDa when fused to another protein, and each protein
migrates roughly 1.5 to 3.5 kDa higher than its predicted molecular weight. Pre-immune
sera recognized neither these band nor the recombinant positive controls (not shown).
MTH687 could be detected in cleared lysate from M. thermoautotrophicus only by
loading so much material into a gel that clear resolution was not possible (data not
shown). No attempt was made to detect MTH11, MTH688 and MTH1618 proteins in
crude cleared lysates.

Affinity-purified anti-MTH11, MTH687, MTH688 and MTH1618 antibodies
immunoprecipitated RNase P activity from partially purified M.
thermoautotrophicus RNase P
The association of MTH11, MTH687, MTH688 and MTH1618 proteins with
active RNase P was also assessed by immunoprecipitating RNase P activity with
antibodies affinity-purified against each recombinant antigen and cross-linked to protein
A beads. Antibodies against MTH687, MTH688 and MTH1618 efficiently depleted
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enzyme activity compared to pre-immune serum-coated beads (figure 7, lane f.t.). AntiMTH11 antibody partially depleted enzyme activity, but not as efficiently as the other
antibodies (Figure 7 B., ca. 21% lower than for pre-immune serum coated beads).
Substantial RNase P activity eluted from each specific antibody/bead preparation
in 72°C buffer compared to pre-immune serum-coated beads (Figure 7, lanes e1, e2 and
e3). RNase P activity was associated directly with the antigen-purified antibody/proteinA bead fraction of each immunoprecipitation reaction (figure 7, lane B). Either the
physical association of the enzyme with the bead-bound antibody did not fully disrupt
enzyme activity, or the assay conditions (60°C) disrupted antibody-antigen interactions
sufficiently to allow substrate 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 (Figures 2-5). In M. thermoautotrophicus, these proteins (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 have apparent similarity to any known bacterial protein.
Although the RNA component of archaeal RNase P is closely related to the bacterial,
rather than the eukaryotic, RNase P RNA (6), it is not particularly surprising to find
eukaryotic-like proteins associated with an archaeal pre-tRNA-processing enzyme.
Indeed, a large portion of the genes involved in information processing (eg. RNA
polymerase, TATA-binding protein, 59 of 61 identified ribosomal proteins) in M.
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thermoautotrophicus are more similar to their eukaryotic homologs than their bacterial
homologs (22).
This is the first biochemical demonstration of RNase P-associated proteins in the
Archaea. However, a recent computational investigation predicted that MTH687 and
MTH688 and their homologs in the other Archaea might be RNase P subunits. It also
suggested a functional (and possibly physical) association of RNase P with components
of a potential complex homologous to the eukaryotic exosome, on the basis of their
genomic localization in a large (15 gene) operon containing candidate open reading
frames for subunits of an exosome, proteasome, DNA-directed RNA polymerase, and the
U3 ribonucloprotein, as well as two ribosomal proteins (31). The MTH687 and MTH688
ORFs were not found adjacent to each other in other published archaeal genomes.
However, the homologs of these genes do appear to be adjacent in the genome of
Sulfolobus solfataricus (31). These ORFs have been assigned to COGs 1369 and 1603,
respectively (30). Interestingly, although they are still simply labeled as conservered
proteins in the genome annotations, the MTH11 and MTH1618 ORFs have recently been
assigned by the NCBI with Pop4p and Rpr2p to COGs 1588 and 2023, respectively,
based upon the conservation of specific sequence elements (30).
The ORF encoding MTH11 (the homolog of Pop4p) is located in a very large
operon composed primarily of ribosomal protein subunits (22). 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 volcanum, in which a homolog of this
ORF has not been identified. MTH1618 is located in a likely operon with 11 other open
reading frames which include ORFs similar to four ribosomal proteins, the signal
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recognition particle GTPase, a sensory transducing regulatory protein, a possible protein
folding chaperone, eukaryotic translation initiation factor 6 (EIF6), a possible ATPasecontaining subunit of tRNA methyltransferase, a KH-domain-containing RNA binding
protein, and an unidentified conserved protein (Figure 8).
Eight of the nine protein subunits in the yeast nuclear RNase P appear to be
shared with the related enzyme, RNase MRP. MTH1618 is homologous to the only
known RNase P protein subunit unique to RNase P, Rpr2p (13).

The homolog of

MTH1618 is contained in a similar operon only in A. pernix (which is, interestingly, a
crenarchaeote, whereas M. thermoautotrophicus is a euryarchaeote). However, parts of
this gene cluster appear to be maintained throughout the Archaea (see Figure 8), similar
to the operon containing MTH687 and MTH688 (31).
The Cs2SO4 density of 1.42 g/ml, which is intermediate between RNA alone and
protein alone (figure 1) suggests that M. thermoautotrophicus RNase P may be 50% or
more protein. For example, the M. thermoautotrophicus 16S RNA has an approximate
mass of 473 kDa, while there are 24 ORFs labeled in the M. thermoautotrophicus
genome as small subunit ribosomal proteins (22) which total 393 kDa in their predicted
masses. Using the specific volumes in Cs2SO4 for RNA and protein of 0.608 and 0.797
ml/g, respectively (33), for the 30S ribosomal particle in M. thermoautotrophicus, it
might be expected that the specific volume in Cs2SO4 would be Pp(0.797) + PR(0.608) =
0.69 ml/g, or a density of 1.45 g/ml. We observe a density for bulk ribosomal material of
1.47 g/ml (figure 1). Based upon this type of estimation, it might be expected that the M.
thermoautotrophicus RNase P holoenzyme will have about 98 kDa of protein.

The
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calculated molecular weights for the four open reading frames sum to 70 kDa, suggesting
that there are additional subunits.
In the eukaryotic nucleus, RNase P appears to be localized in the nucleolus (3537). We have found that M. thermoautotrophicus RNase P co-purifies with ribosomal
material over sepharose CL-4B, through DEAE-trisacryl, high-speed ultracentrifugation
(230,000 x g) and precipitates at the same concentration of PEG-6000 (10-12%, data not
shown), although these species do separate in Cs2SO4 buoyant density gradients (Figure
1). Archaeal fibrillarin homologs and snoRNAs have been described (40, 41), and all
completed archaeal genomes also contain a homolog of the M. thermoautotrophicus
Prp31-like ORF (Nop56/58) within three ORFs of fibrillarin, with the exception of
Thermoplasma acidophilum (21-29). Perhaps the Archaea have a nucleolar region akin
to that found in the eukaryotic nucleus, and RNase P is associated with a larger complex
within this region.
The relative contributions of the RNA and protein components to eukaryotic
nuclear RNase P function are not understood. The bacterial protein has been suggested to
facilitate substrate binding and product release (40) and to alter the substrate specificity
of the enzyme (41, 43). 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 (43-45). 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 enzyme enhances the affinity for substrate by
at least 1000-fold; the Km of the RNA alone is at least 40 µM (4), while the holoenzyme
has a Km of ca. 34.5 + 3.4 nM (unpublished data).
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M. thermoautotrophicus RNase P presents an interesting paradox. The sequence
and secondary structure of the M. thermoautotrophicus RNase P RNA is very similar to
those of Bacteria (4-8). The RNA subunit by itself is capable of catalysis in vitro, and
can act together with the B. subtilis protein to catalyze the correct specific cleavage under
near physiological ionic conditions (4), even though M. thermoautotrophicus does not
contain a gene recognizably similar to any bacterial RNase P protein gene. We have
shown that the protein subunits are homologous to eukaryotic nuclear RNase P subunits,
rather than those of Bacteria. Archaeal RNase P seems to be a primitive version of this
enzyme, with components resembling both bacterial and eukaryotic counterparts. The Atype (bacterial) RNA is therefore probably the more primitive structure, and the
eukaryotic RNase P RNA is more derived. On the other hand, the single small, "simple"
protein in the bacterial RNase P enzyme is a modern, rather than primitive, feature of the
enzyme. This interpretation would suggest that the RNA-centric nature of bacterial
RNase P is a recent innovation, not entirely a remnant of an "RNA World".
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Figure 1. Buoyant density of M. thermoautotrophicus ∆H RNase P in Cs2SO4.
Sepharose CL-4B-fractionated RNase P activity from M. thermoautotrophicus (~ 1 mg
crude material) was subjected to Cs2SO4 buoyant density centrifugation for 42 hours at
120,000 x g from a homogeneous 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 (<1.3 g/ml). The peak of
RNase P activity was separated from the bulk of ribosomal material (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
(A280).
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Figure 2. Alignment of eukaryotic nuclear RNase P protein subunit Pop5p with
MTH687 and other potential homologs.
Sequences were aligned with ClustalW (47). Identities (black) and similarities (gray)
were shaded with a 60% threshold using the PAM250 scoring matrix. Abbreviations:
Sce: S. cerevisiae Pop5p (NP_009369); Spo: Schizosaccharomyces pombe probable pretRNA/pre-rRNA processing protein (T41635)a; Mth: M. thermoautotrophicus MTH687
(E69191); Mja: M. jannaschii MJ0494 (Q57917); Pho: Pyrococcus horikoshii PH1481
(D71023); Pab: Pyrococcus abyssi PAB0467 (F75110); Afu: Archaeoglobus fulgidus
AF0489 (NP_069325); Hsp: Halobacterium sp. NRC-1 Vng1279h (AAG19630); Ape: A.
pernix APE1161 (D72586); Sso: S. solfataricus (CAB57564). Accession numbers are
given in parentheses. aEukaryotic sequence predicted, but not proven, to be associated
with tRNA processing.
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Figure 3. Alignment of eukaryotic nuclear RNase P protein subunit Rpp1p with
MTH688 and other potential homologs.
Sequences were aligned with ClustalW (47). Identities (black) and similarities (gray)
were shaded with a 60% threshold using the PAM250 scoring matrix. Abbreviations:
Hsa: Homo sapiens RPP30 (NP_006404); Mmu: Mus musculus RNase P protein p30
(NP_062301)a; Spo: S. pombe YDL4_SCHPO (P87120)b; Sce: S. cerevisiae Rpp1p
(NP_011929); Dme: Drosophila melanogaster CG11606 (AAF51526)b; Mth: M.
thermoautotrophicus MTH688 (F69191); Mja: M. jannaschii 1139 (2128689); Pho: P.
horikoshii PH1877 (H71200); Pab: P. abyssi PAB1136 (F75024); Ape: A. pernix
APE1450 (BAA80448); Afu: A. fulgidus AF2317 (NP_071142). Accession numbers are
given in parentheses. aEukaryotic sequence predicted, but not proven, to be an RNase P
subunit. bEukaryotic sequence returned by a PSI-BLAST search with Rpp1p, but not
demonstrated to be an RNase P subunit.
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Figure 4. Alignment of eukaryotic nuclear RNase P protein subunit Pop4p with
MTH11 and other potential homologs.
Sequences were aligned with ClustalW (47). Identities (black) and similarities (gray)
were shaded with a 60% threshold using the PAM250 scoring matrix. Abbreviations:
Hsa: H. sapiens Pop4p (CAB39167); Dme: D. melanogaster CG8038 (AAF50498)a;
Cel: Caenorhabditis elegans C15C6.4 (CAB02730)a; Sce: S. cerevisiae Pop4p (P38336);
Spo: S. pombe probable pre-tRNA/pre-rRNA processing protein (T41635)b; Mth: M.
thermoautotrophicus MTH11 (AAB84512); Mja: M. jannaschii MJ0464 (H64357); Mva:
Methanococcus vannielii YRP2_METVA (P14022);
Afu: A. fulgidus AF1917
(AAB89336); Pho: P. horikoshii PH1771 (BAA30886); Pab: P. abysii PAB2126
(CAB49255); Tvo: T. volcanum TVG0337218 (NC_002689); Ape: A. pernix APE0362
(BAA79317); Hsp: Halobacterium sp. NRC-1 Vng1699c (AAG19944); Hma:
Haloarcula marismortui YROP_HALMA (P22527); Mha: Halobacterium halobium
YROP_HALHA (O24785). Accession numbers are given in parentheses. aEukaryotic
sequence returned by a PSI-BLAST search with Pop4p, but not demonstrated to be an
RNase P subunit. bEukaryotic sequence predicted, but not proven, to be associated with
tRNA processing.
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Figure 5. Alignment of eukaryotic nuclear RNase P protein subunit Rpr2p with
MTH1618 and other potential homologs.
Sequences were aligned with ClustalW (47). Identities (black) and similarities (gray)
were shaded with a 60% threshold using the PAM250 scoring matrix. Abbreviations:
Hsa: H. sapiens unnamed protein product (BAB15433)a, b; Mmu: M. musculus putative
(BAB22353)a; Sce: S. cerevisiae Rpr2p (NP_012280); Spo: S. pombe SPBC1105.16c
(T39293)a; Mth: M. thermoautotrophicus MTH1618 (B69083); Mja: M. jannaschii
MJ0962 (Q58372); Pho: P. horikoshii PH1601 (A71039); Pab: P. abyssi PAB0385
(E75175); Afu: A. fulgidus AF0109 (NP_068950); Hsp: Halobacterium sp. NRC-1
Vng0599c (AAG19111). Accession numbers are given in parentheses. aEukaryotic
sequence returned by a PSI-BLAST search with Rpr2p, but not demonstrated to be an
RNase P subunit. bA human homolog of yeast Rpr2p has not been identified to date.
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Figure 6. MTH11, MTH687, MTH688 and MTH1618 copurify with RNase P
activity.
Aliquots of the indicated fractions of glycerol gradients loaded with 2400-fold purified
M. thermoautotrophicus ∆H RNase P were probed with a 1:1000 dilution of the
appropriate antiserum. In each blot, recombinant His10-tagged recombinant protein (~50150 ng) was run as a positive control. For each, another blot was probed with a 1:1000
dilution of pre-immune 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-rMTH687 detected a band of ~16 kDa. B. top: Anti-his-rMTH1618
detected a band of ~21.5 kDa. B. bottom: Anti-his-rMTH11 detected a band of ~13.5
kDa. C. Anti-his-MTH688 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-MTH687), 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 pre-immune serum (not shown).
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Figure 7. Immunoprecipitation of RNase P activity with affinity-purified antibody
against recombinant M. thermoautotrophicus proteins.
Antigen-specific affinity-purified antibodies against recombinant his10-tagged MTH11,
MTH687, MTH688 and MTH1618 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, pre-immune serum or
affinity-purified antibodies against A. his-rMTH11, B. his-rMTH687, C. his-rMTH688 or
D. his-r-MTH1618. Columns were washed three times, then eluted with three elutions in
pre-heated 72 °C buffer. Fractions were assayed for RNase P activity in 2 minute (flowthrough) or 6.5 minute (beads and elutions) RNase P activity assays with B. subtilis pretRNAAsp. All assays were performed in triplicate. The first lane of each triplicate is
shown. Abbreviations: f.t. = flow-through (supernatent from the binding reaction), B =
beads, e1, e2, e3 = heat elutions 1, 2 and 3, respectively.
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Figure 8. M. thermoautotrophicus genomic region from 1476200 to 1482800 showing
a probable large operon containing MTH1618.
The predicted open reading frames from MTH1608 to MTH1618 are shown to scale with
their orientations indicated (18). These ORFs appear to make up a single polycistronic
operon, based upon likely transcription promoters, terminators and ribosome binding sites
(33, 34).
The tentative assignments of the open reading frames from M.
thermoautotrophicus ∆H are indicated above each arrow as assigned in the Clusters of
Orthologous Groups (COG) database (30). Parts of this genomic region appear to be
maintained throughout the Archaea, but the Rpr2p homolog is found clustered in this
operon only in M. thermoautotrophicus (a euryarchaeote) and Aeropyrum pernix (a
crenarchaeote). Abbreviations: Mth: Methanobacterium thermoautotrophicus ∆H; Ape:
Aeropyrum pernix; Afu: Archaeoglobus fulgidus; Mja: Methanococcus jannaschii; Pho:
Pyrococcus horikoshii; Tac: Thermoplasma acidophilum; Hsp: Halobacterium sp. NRC1. Each ORF is labeled by its gene name in the associated annotated genome. In the case
of gene names that coincide with ORF numbers (most of the ORFs shown), the
organism’s letter designation and any prefix zeros were left off (eg., 49 in Mja =
MJ0049). Homologous ORFs are shaded with the same color. MTH1618 and its
homologs are shaded black. The diagonal lines through MTH1607 indicate that the true
scale of that ORF was truncated.
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CHAPTER 3. PROTEIN-PROTEIN INTERACTIONS BETWEEN
ARCHAEAL RNase P PROTEIN SUBUNITS

ABSTRACT
A yeast two hybrid test was employed to examine potential protein-protein
interactions between the recently identified RNase P protein subunits MTH11, MTH687,
MTH688 and MTH1618 from the archaeon Methanothermobacter thermoautotrophicus.
Protein-protein interactions between MTH688 and MTH687, and between MTH1618 and
MTH11, were confirmed by HIS3 and LacZ reporter expression.

INTRODUCTION
Ribonuclease P is a ubiquitous RNA processing enzyme required in the
maturation of all pre-tRNA species as a prerequisite to protein synthesis (1-3). RNase P
removes the 5´ leader sequence from tRNA precursors in a magnesium-dependent
endonucleolytic reaction, leaving 5´ phosphate and 3´ hydroxyl groups (3). An RNase P
activity has been found in all cells or intracellular organelles examined which contain
their own ribosomal machinery. In virtually every instance, the enzyme is composed of a
single RNA and a protein component that varies by phylogenetic domain (1). It is well
established that the catalytic center of RNase P is RNA. The RNase P RNA by itself
from all Bacteria and some Archaea is catalytic in vitro in the absence of protein (4, 5),
and there is strong evidence that the RNA is the catalytic subunit in other RNase P
systems as well, although the RNA component of eukaryotic nuclear RNase P has not
been shown to be enzymatic in the absence of the RNase P protein component (6- 8).
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In all Bacteria examined, RNase P contains an RNA about 95-140 kDa (300-450
nt) and single small protein of ca. 13-17 kDa. In the eukaryotic nucleus, the enzyme is
appreciably more complex, comprising nine protein subunits in Saccharomyces
cerevisiae (9) and at least seven proteins in humans (10-15). Bacterial, eukaryotic and
archaeal RNase P RNAs all share a common set of elements thought to participate in a
universally-conserved catalytic core (16-18). Outside this core of the structure, bacterial
and eukaryotic RNase P RNAs appear to be more divergent than bacterial and archaeal
RNase P RNAs (18). However, archaeal and bacterial RNase P RNAs are extremely
similar in secondary structure (19). Despite the similarity of the archaeal and bacterial
RNase P RNAs, archaeal RNase P contains at least four protein subunits which are
homologous to subunits of eukaryotic nuclear RNase P, and archaeal genomes do not
contain an open reading frame encoding an obvious homolog of any bacterial RNase P
protein (20).
Although eukaryotic and archaeal RNase P protein subunits have been identified,
the organization of the subunits in the holoenzyme complex is unknown in both cases.
Even in Bacteria, the architecture of the RNase P holoenzyme has not been determined,
although the structures of the Bacillus subtilis and Staphylococcus aureus RNase P
protein subunits have been solved (21, 22) and predictive models have been produced for
the three dimensional structure of the bacterial RNA subunit (23, 24). Bacterial RNase P
holoenzyme activity is easily reconstituted in vitro by simply mixing protein and RNA
subunits together (4, 25, 26). However, reconstitution of neither eukaryotic nuclear nor
archaeal RNase P activity from purified components has been reported, and neither
specific RNA-protein nor protein-protein interactions between purified eukaryotic or
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archaeal RNase P subunits have been demonstrated.

Recently, a yeast two hybrid

analysis has suggested several potential protein-protein interactions between protein
subunits of human RNase P (27). In this investigation, we report the analysis of potential
protein-protein interactions between the four identified subunits of RNase P from the
archaeon Methanothermobacter thermoautotrophicus: MTH11, MTH687, MTH688 and
MTH1618 (20). We observe interactions between MTH1618 and MTH11, and between
and MTH688 and MTH687 in yeast two-hybrid assays.

MATERIALS AND METHODS
Construction of two hybrid expression plasmids
The MTH11, MTH687, MTH688 and MTH1618

open reading frames were

amplified from genomic M. thermoautotrophicus DNA using the following primers:
MTH11: YHS115´SmaI, TCCCCCGGGATAACCCCCAGGAATATTTTCAGGC and
YMTH113´XhoI,
YHS6875´SmaI,
YMTH6873´XhoI,

CCGCTCGAGCTATGGTTTTCTAAATTTCTTC;

MTH687:

TCCCCCGGGTAAGATACTGCCACCAACACTG

and

CCGCTCGAGTCAGTATTTATCTTTCTTGGAAGG;

MTH688:

YHS6885´SmaI, TCCCCCGGGTATTCCCCAAAGGATTCTG and MTH6883´XhoI,
CCGCTCGAGTTAACTCTCAGGGAGGAGCC;

MTH1618:

CGGGATATCGAGGAGAGGAAAGAGACCACG
CCGCTCGAGCTATCTGTCACTCTGGCTTTCCCC.

and

YHS16185´EcoRV,
YMTH16183´XhoI,

The PCR products were each

cloned into the SmaI and SalI sites of the pLexA (pBTM116) “bait” plasmid (28) as
carboxy-terminal in-frame fusions to the LexA DNA binding domain. The same PCR
products were cloned into the SmaI and XhoI sites of the pACT2 “target” plasmid
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(Clontech, Inc.) as carboxy-terminal in-frame fusions to the GAL4 transcriptional
activator domain.

Yeast two-hybrid analysis of all combinations of MTH11, MTH687, MTH688 and
MTH1618
Double transformations of yeast strain L40 (29) were performed as described for
lithium acetate-aided transformation (30) with the following modifications. 0.5 to 1.25
µg of each plasmid were used with 25 µg sheared and boiled salmon sperm DNA as a
carrier, and the heat shock step was at 42°C for 20 minutes. The genotype of the L40
yeast strain is Mata his3D200 trp-1901 leu2-3,112 ade LYS::(lexAop)4-HIS3
URA3::(lexAop)8-lacZ GAL4 (29). The pACT2 plasmid contains a LEU2 marker and
pLexA contains a TRP1 marker. All combinations of MTH11, MTH687, MTH688 and
MTH1618 in pLexA and pACT2 were tested. Each of the four M. thermoautotrophicus
protein genes in pACT2 cotransformed with empty pLexA, each M. thermoautotrophicus
gene in pLexA cotransformed with empty pACT2 and empty pLexA cotransformed with
empty pACT2 served as negative controls. A positive control was provided by doubletransformation with murine Ras in pLexA and murine Rip51 in pVP16.

Double-

transformants were plated directly to synthetic medium with 2% glucose (SD) –Trp -Ura
-Leu -Lys (SD -WULK) medium and grown at 30°C until colonies appeared.
Two colonies from each of the transformation plates were screened first for
growth in the absence of histidine. Each colony was suspended in 20 µl of ddH2O and 3
µl was streaked onto SD -WULK and also onto SD –WULK -His (SD -WULKH)
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containing 0, 1, 5, or 10 mM 3-amino 1,2,4 triazole (3-AT, Sigma) to help reduce the
effects of very weak HIS3 expression. The entire experiment up to this point was done
twice consecutively starting with a separate starter culture of L40 yeast and separate
preparations of all plasmid constructs, with the exclusion of the 1 mM 3-AT plates.
Plates were incubated at 30°C for 3 to 5 days. Results obtained were similar for the two
runs. To test for β-galactosidase expression, two colonies of each test and one colony
from each control were streaked onto SD –Trp -Ura -Leu (SD -WUL) X-gal plates (see
below) and incubated at 30°C.

Confirmation of positive interactions on –His + 20 mM 3-AT and X-gal plates
Three colonies of pACT2-MTH1618/pLexA-MTH11, pACT2-MTH11/pLexAMTH1618, pACT2-MTH688/pLexA-MTH687 and pACT2-MTH687/pLexA-MTH688
that grew on SD –WULKH + 10 mM 3-AT were suspended in 50 µl ddH20 and 4 µl were
streaked onto SD –WULK plates and incubated at 30ºC to grow single colonies in the
absence of strong selection for HIS3 expression. The same was done with three colonies
each from pACT2/pLexA-MTH11, pACT2-MTH11/pLexA, pACT2/pLexA-MTH1618,
pACT2-MTH1618/pLexA, pACT2/pLexA-MTH687, pACT2-MTH687/pLexA, pACT2MTH688/pLexA and pACT2/pLexA-MTH688 which had grown on SD –WULK. A
single colony was diluted into 100 µl of ddH20 and 4 µl of 2-fold serial dilutions were
spotted onto SD –WULK, WULKH + 0, 5, 10 and 20 mM 3-AT, and SD –WUL X-gal
(see below). Plates were incubated at 30°C and photographed when growth reached a
reasonable size.
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Yeast X-gal medium
Synthetic X-gal plates (kindly provided by W. David Dotson) consisted of: 0.6%
yeast nitrogen base, 2% agar, 2% glucose, 20 µg/ml adenine sulfate, 20 µg/ml arginine,
20 µg/ml methionine, 30 µg/ml isoleucine, 30 µg/ml lysine, 50 µg/ml phenylalanine, 100
µg/ml glutamic acid, 100 µg/ml aspartic acid, 150 µg/ml valine, 200 µg/ml threonine,
400 µg/ml serine, 100 mM KH2PO4, 0.2% mM (NH4)2SO4, 0.42% KOH, 200 µg/ml
MgSO4·7H2O, 800 ng/ml FeCl3·6H2O, 400 ng/ml viamin B1, 20 ng/ml biotin, 400 ng/ml
pantothenic acid, 2 µg/ml inositol, 400 ng/ml pyridoxine, and 80 µg/ml X-gal (5-bromo4-chloro-3-indolyl-β-D galactoside).

RESULTS
Growth on defined medium without histidine, and with up to 10 mM 3-AT, was
clearly supported in cells transformed with pACT2-MTH688/pLexA-MTH687 or pACT2MTH687/pLexA-MTH688 (Figure 1 C and D), suggesting that these proteins interact
when produced together in vivo. Growth of cells containing pACT2-MTH1618/pLexAMTH11 was also supported well up to 10 mM 3-AT (Figure 1, B). Individual colonies
grew well in double transformants of pACT2-MTH11/pLexA-MTH1618 up to the
highest level of 3-AT inhibitor (Figure 1 D), but in every case tested, only scattered
colonies grew. This growth pattern differed from both controls (Figure 2) and the other
experimentals on 10 mM 3-AT, where growth tended to be generally inhibited, and weak
HIS3 induction appeared to lead to a faint, diffuse growth (see Figure 2 B). There was a
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small amount of growth evident at 10 mM 3-AT where pLexA-MTH11 was present with
any of MTH11, MTH687, MTH688 or MTH1618 in pACT2 (Figure 1), but not with
empty pACT2 (Figure 2 A). However, when streaked on X-Gal plates, weak LacZ
expression was evident only in pACT2-MTH688/pLexA-MTH11 (not shown), leading us
to discount the HIS3 expression as likely weak induction by the MTH11 protein itself
bound to a LexA promoter binding peptide. Likewise, the MTH687 protein by itself
appeared able to induce weak LacZ expression (not shown, slightly evident in Figure 4
B), but did not support growth on 10 mM 3-AT in any combination other than pACT2MTH688, where induction of both HIS3 and LacZ were very strong (Figures 1, 2, 3 B and
4 B).
When dilutions of colonies containing pACT2-MTH688/pLexA-MTH687,
pACT2-MTH687/pLexA-MTH688,

pACT2-MTH1618/pLexA-MTH11

or

pACT2-

MTH11/pLexA-MTH1618 were spotted on defined medium without histidine and
containing up to 20 mM 3-AT (the highest 3-AT concentration tested), plaques grew up
within 2 to 4 days, whereas cells containing the open reading frames in either vector in
combination with the other empty vector did not grow at this inhibitor concentration
(Figure 3). LacZ was clearly induced compared to controls for these combinations as
well (Figure 4). The interactions did not appear to be of the same strength in both
orientations of pACT2/pLexA.

The pACT2-MTH688/pLexA-MTH687 interaction

appeared stronger than the reverse (Figure 3 B and 4 B).

Likewise the pACT2-

MTH1618/pLexA-MTH11 interaction was stronger than the reverse combination (Figure
3 A and 4 A).
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DISCUSSION
Despite a wealth of investigation and detailed information about RNase P from all
existing branches of life, much of the nature of this ubiquitous enzyme remains elusive.
Even in Bacteria, where RNase P is best characterized, the overall architechture of the
enzyme remains unknown. Recent data suggest even that bacterial RNase P may exist
functionally as a dimer, despite the long held assumption of a one RNA-one protein
functional enzyme (31). Only recently has the subunit composition of eukaryotic nuclear
RNase P been established, and this is relatively complete only in yeast (9) although many
human nuclear RNase P protein subunits have also been identified (10-15). Archaeal
RNase P protein subunits have only very recently been identified (20)

The close

resemblance of archaeal RNase P RNA secondary structure to that of the bacerial
consensus along with the presence of multiple protein subunits which are homologous to
their eukaryotic nuclear counterparts, suggests that archaeal RNase P may represent an
historic image of the subunit composition of the ancestral condition of RNase P.
A recent two-hybrid screen has suggested the in vivo interaction of human nuclear
RNase P protein subunits Rpp30 and Rpp14 (27). Although no yeast homolog for Rpp14
has been positively identified, a recent comparative genomics investigation by the NCBI
not only corroborated the apparent homology between the archaeal and yeast nuclear
RNase P protein subunits MTH687 and Pop5p, respectively, but also suggested that
human Rpp14 and yeast Pop5p are homologs and grouped them together with MTH687
and its archaeal homologs into a single COG ("clusters of orthologous groups") family
(32). MTH688 is the apparent archeael homolog of human Rpp30 and yeast Rpp1p, and
interacts with MTH687 in our yeast two hybrid system in both orientations of “bait and
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target”. Furthermore, the corresponding interaction was also seen using the identical
vector system and reporter strain used here with Rpp1p in pACT2 and Pop5p in pLexA
(F. Scott and D.R. Engelke, personal communication). An optimal global alignment of
the Pop5p and Rpp14 sequences suggests 16% identity and 36% similarity (Blosum62
matrix, gap initiation penalty=8, gap extension penalty=2). The identity between Pop5p
and MTH687 aligned with the same parameters is 21%, but the similarity is about the
same (34%).
Our data also suggest an interaction between MTH1618 and MTH11.

The

corresponding proteins from S. cerevisiae nuclear RNase P, Rpr2p and Pop4p
respectively, were also observed to interact in the same two-hybrid system, although in
the case of the yeast proteins the interaction was only seen with Pop4p in the pACT2
plasmid and Rpr2p in the pLexA plasmid (F. Scott and D.R. Engelke, personal
communication). In contrast, in our tests the stronger interaction was with MTH1618
(similar to Rpr2p) in the pACT2 plasmid and MTH11 (similar to the C-terminus of
Pop4p) in the pLexA plasmid. With the proteins in the reverse orientation, the interaction
appears weaker. When grown on 10 mM 3-AT, only a few colonies grew, but the
colonies that grew did so fairly well (see Figure 1, A). This phenomenon was observed
in both independent tests using newly competent yeast cells and separate plasmid
preparations. When colonies that grew on 10 mM 3-AT were regrown and spotted on XGal, they tested positive for β-galactosidase (Figure 1 A). However, when 32 random
colonies of pACT2-MTH11/pLexA-MTH1618 transformants were streaked onto X-gal
plates, only 31% of the colonies appeared to be β-galactosidase positive (not shown).
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In the same yeast two-hybrid system with S. cerevisiae RNase P subunits, several
other interactions were observed, including interactions between Pop4p/Pop5p,
Pop4p/Rpp1p and Rpr2p with itself (F. Scott and D.R. Engelke, personal
communication). We did not observe the analagous interaction of MTH1618 with itself.
However, we did observe potential weaker interactions between MTH688/MTH11,
MTH687/MTH11, and between MTH11 and itself (Figure 1), although we consider these
tentative possibilities in contrast to the strong interactions between MTH688/MTH687
and MTH1618/MTH11. In the yeast system, Pop4p was seen to interact with many of
the other RNase P subunits (F. Scott and D.R. Engelke, personal communication).
However, MTH11 correspond to only roughly half of the Pop4p sequence (20). We also
tested every combination of M. thermoautotrophicus construct in both pACT2 and
pLexA in cotransformations with each of the nine S. cerevisiae RNase P subunits in both
plasmids, but no evidence for intracellular cross-interactions between any of these
proteins was observed (not shown). A summary of possible protein-protein interactions
within the archaeal RNase P holoenzyme is shown in Figure 5.
No archaeal RNase P has yet been purified to homogeneity.

Four RNase P

protein subunits were identified in M. thermoautotrophicus by their copurification with
enzyme activity, and the ability of antigen-purified antibodies against each recombinant
protein to immunoprecipate RNase P activity (20). However, there are likely to be other
protein subunits in archaeal RNase P. A more complete understanding of the subunit
composition and intermolecular interactions will be required to begin to model the
architecture of the archaeal RNase P complex.

Based upon the identity of protein

subunits that appear to be homologous to those from the eukaryotic nucleus, and the
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correlation between the first and only existing information about potential protein-protein
contacts in eukaryotic and archaeal RNase P complexes, it seems likely that the enzyme
from the Eukarya and Archaea are assembled in a similar manner. In light of the overall
similarity of the archaeal RNase P RNA structures to those of the bacterial version of the
enzyme (19), it will be interesting to one day compare the three-dimensional architecture
of RNase P from the three major domains of life.
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Figure 1. Selection of double transformants for HIS3 expression
Yeast cells transformed with all combinations of MTH11, MTH687, MTH688 and
MTH1618 in pACT2 and pLexA two-hybrid vectors were streaked onto synthetic
medium lacking histidine and containing up to 10 mM 3-AT histidine pathway inhibitor.
The growth of colonies at 10 mM 3-AT suggests a protein-protein interaction between
the protein fused to the LexA binding domain (encoded by pLexA) and the protein fused
to GAL4 transcriptional activator domain (encoded by pACT2). Plates are organized in
groups according to the gene fused in the pACT2 plasmid as indicated above each group.
The first plate in each group contains histidine and is a control to verifiy relatively even
streaking of the plates. The next three plates in each group lack histidine and contain 0, 5
and 10 mM 3-AT, respectively. Each selection was done in duplicate.
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Figure 2. Selection of double transformants for HIS3 expression: Controls
As a control for the results shown in figure 1, yeast cells transformed with MTH11,
MTH687, MTH688 and MTH1618 in pACT2 and an empty pLexA vector, cells
transformed with MTH11, MTH687, MTH688 and MTH1618 in pLexA and an empty
pACT2 vector, cells transformed with empty pACT2 and empty pLexA, or cells
transformed with vP16-Rip51/pLexA-Ras (a positive control) were streaked onto
synthetic medium lacking histidine and containing up to 10 mM 3-AT histidine pathway
inhibitor. Organization of the plates is the same as shown in figure 1.
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Figure 3. Confirmation of protein-protein interactions at 20 mM 3-AT
Yeast colonies transformed with the indicated constructs were suspended in 50 µl ddH2O
and 4 µl were spotted onto synthetic medium with or without histidine and containing up
to 20 mM 3-AT. Shown above are synthetic medium with histidine (left, a control for
yeast viability) and medium without histidine and containing 20 mM 3-AT (right). The
labels on the left indicate the constructs transformed into each representative. The gene
name on the left of the slash ('/') refers to the gene in pACT2, the gene name on the right
indicates the gene in pLexA. The letter 'E' indicates the empty vector. In the case of
Rip51/Ras (the positive control), Rip51 is in the pVP16 vector. A. Growth on 20 mM 3AT suggests an in vivo interaction between MTH1618 and MTH11. B. Growth on 20
mM 3-AT suggests an in vivo interaction between MTH688 and MTH687.
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Figure 4. Confirmation of protein-protein interactions on X-Gal medium
Yeast colonies transformed with the indicated constructs were suspended in 50 µl ddH2O
and 4 µl were spotted onto synthetic medium containing 80 µg/ml X-Gal (see "Materials
and Methods"). The labels on the left indicate the constructs transformed into each
representative. The gene name on the left of the slash ('/') refers to the gene in pACT2,
the gene name on the right indicates the gene in pLexA. The letter 'E' indicates the empty
vector. In the case of Rip51/Ras (the positive control), Rip51 is in the pVP16 vector. A.
Expression of β-galactosidase suggests an in vivo interaction between MTH1618 and
MTH11. B. Expression of β-galactosidase suggests an in vivo interaction between
MTH688 and MTH687.
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Figure 5. Potential protein-protein interactions within archaeal RNase P
Potential protein-protein interactions between subunits of M. thermoautotrophicus RNase
P according to the data in figure 1. Protein subunits are represented as spheres and are
drawn to scale, assuming a roughly globular shape and similar density for each protein,
using the relationship V = 4/3πr3, and assuming the calculated molecular weights of 10.7
kDa (MTH11), 14.6 kDa (MTH687), 27.7 kDa (MTH688), and 17.0 kDa (MTH1618).
Strong interactions are indicated by black arrows. The weak, but demostratable,
interaction between MTH11 and MTH1618 with the combination pACT2MTH11/pLexA-MTH1618 is indicated with a gray arrow. Potential, but very weak,
interactions between MTH688/MTH11, MTH687/MTH11 and MTH11/MTH11 are
indicated by gray, dashed arrows. The direction of the arrow indicates the vectors the
genes are cloned into: pACT2
pLexA.
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CHAPTER 4. RNase P RNAs FROM SOME ARCHAEA ARE
CATALYTICALLY ACTIVE

This chapter is included directly as a reprint from the Proceedings of the National
Academy of Sciences - USA, 1999, volume 96, issue 14, pages 7803-7808. This paper
is primarily the work of James Pannucci. As explained in the Preface to this dissertation,
I (Tom Hall) contributed the heterologous enzyme reconstitution experiments shown in
figure 6.
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CHAPTER 5. BIOCHEMICAL CHARACTERIZATION OF RNase P
FROM METHANOTHERMOBACTER THERMOAUTOTROPHICUS

INTRODUCTION
Methanothermobacter

thermoautotrophicus

(recently

renamed

from

Methanobacterium thermoautotrophicum ∆H, 1) is a thermophilic methanogenic
archaeon. M. thermoautotrophicus is an autotrophic strict anaerobe that grows optimally
at 65ºC and derives its energy from the reduction of CO2 (HCO3-, more accurately) to
CH4, its nitrogen primarily from NH3, its sulfur from H2S and elemental sulfur, and its
carbon from CO2 (2). This archaeon was recently shown to be among a subset of the
Archaea which posses an RNase P RNA capable of specific of catalytic activity in vitro
without the protein component (3, see chapter 4), but this activity requires extreme ionic
conditions (2+ M ammonium acetate and 300+ mM MgCl2) and the Km of the in vitro
reaction is so high (with an unmodified transcript of B. subtilis pre-tRNAAsp) that it is
problematic to measure in vitro (greater than 40 µM, see chapter 4, figure 3).
When the secondary structures of RNase P from E. coli and M.
thermoautotrophicus are compared (Figure 1), it is difficult to imagine why one (E. coli)
demonstrates such efficient ribozyme activity in vitro while the other (M.
thermoautotrophicus) is nearly dead.

Despite the observation that several archaeal

RNase P RNAs demonstrate weak ribozyme activity, many more representatives of
archaeal RNase P still appear to contain RNA that is completely dependent upon protein
for catalytic activity. These RNA structures are very similar to the bacterial consensus as
well (see the domain consensus structures, Chapter 1, Figure 4). The major difference
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between the M. thermoautotrophicus RNase P RNA and that of E. coli appears to be the
absence of 'P18' in M. thermoautotrophicus. At the time of submission of Chapter 1 for
publication, there had not yet been phylogenetic comparative evidence for the 'P17'
region in M. thermoautotrophicus (hence Figures 1 and 4 in Chapter 1), but even this has
been demonstrated recently (4, Figure 1). When a the E. coli 'P18' was added to a cloned
M. thermoautotrophicus RNase P RNA and modified to support a key tertiary interaction
between 'L18' and 'P8' (Figure 1), virtually no effect on catalytic proficiency was
observed, except that the activity level actually appeared to go down slightly (4).
Despite the very similar, indeed nearly identical, secondary structures of archaeal
RNase P RNAs and those of bacteria, and the fact that some (although not all) RNase Ps
are demonstrable ribozymes in vitro (3, Chapter 4), at least three clear differences remain
between the bacterial and archaeal RNase Ps. First, regardless of any ribozyme activity
observed for archaeal RNase P RNAs, the archaeal ribozyme is "defective" in that the
activity level appears to be very low and the Km very high. Second, a common feature
among most of the archaeal RNase P secondary structures is that, although they are
nearly dead ringers for the bacterial consensus structure, the major differences (but not all
differences) tend to lie in elements missing from the archaeal structures. Third, in three
of the four archaeal RNase P holoenzymes studied, it seems that there is a greater protein
content in the archaeal holoenzyme than the bacterial enzyme (5-7, and A. Andrews & T.
Hall, unpublished observations), and it now seems that the protein component is actually
related to eukaryotic nuclear, rather than bacterial, RNase P proteins (7, see Chapter 2).
The major purpose of this dissertation was to identify the protein content of the
RNase P holoenzyme from an archaeon to forward the study of the evolution of this
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enzyme, and to provide the subject matter to initiate an understanding of how the protein
subunits contribute to the structure and function of RNase P in the Archaea.

The

observation that the archaeal RNase P RNA is so similar to the bacterial RNA, but the
proteins are recognizably similar to eukaryotic subunits (and both the protein component
and RNA are very divergent between the Bacteria and Eukarya), suggests that the
archaeal RNase P holoenzyme resembles most closely the ancestral state of the enzyme.
Archaeal RNase P may lend itself well to both acting as a simplified model for the more
complex eukaryotic enzyme, and allow the analysis of the evolution and universal
biochemical characteristics of RNase P in general.
In the course of this study, it was necessary to define a purification scheme for M.
thermoautotrophicus RNase P as well as define some limited optimized reaction
parameters for the future study and characterization of this enzyme.

Purification to

homogeneity has not yet been achieved, and a full biochemical characterization has yet to
be completed. However, several insights into the biochemical nature of this enzyme, and
a practical course for the purification and study of this enzyme and its protein subunits, as
well as a large contribution to the purification and subunit identification of RNase P from
Methanococcus jannaschii have been achieved.
The rationale for focussing upon M. thermoautotrophicus for an RNase P
characterization was as follows. First, the genome has been sequenced (8), and we have
more genetic information at our disposal than we would for most other organisms. This
is particularly important in the case of an archaeon, where a genetic system of
transformation and selection for recombinant manipulations has not been defined.
Second, M. thermoautotrophicus RNase P RNA is within the subset of archaeal RNase P
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with a slightly catalytic RNA subunit (3, Chapter 4).

Third, the position of M.

thermoautotrophicus within the phylogeny of the Archaea is moderately deeply
branching with a position roughly intermediate between the only two organisms for
which a partial characterization of the RNase P holoenzyme has been published (5, 6, see
Figure 2): Sulfolobus acidocaldarius and Haloferax volcanii.

RNase P from S.

acidocaldiarus, a thermoacidophilic Crenarchaeote, has a buoyant density of 1.27 g/ml in
Cs2SO4, similar to that of protein alone, and has an RNase P RNA which is protected
from micrococcal nuclease treatment.

H. 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 Cs2SO4, similar to RNA alone. The H. volcanii RNase P
RNA transcribed in vitro is slightly catalytically active in 4M ammonium acetate and 300
mM MgCl2 (3, Chapter 4).

Catalytic activity with RNase P RNA from the S.

acidocaldarius has not been demonstrated. This chapter describes the partial purification
of the M. thermoautotrophicus RNase P holoenzyme as well as a limited biochemical
characterization of this holoenzyme.

MATERIALS AND METHODS
Growth of M. thermoautotrophicus
M. thermoautotrophicus was grown anaerobically in ER medium (9) in a 13 liter
fermenter at 65°C under ca. 15 psi H2/CO2 (60%/40%). Nine consecutive fermenter runs
were executed to grow a total of ca 140 g of M. thermoautotrophicus cell paste (wet
weight) which was stored at -80ºC. The recipe for ER medium preparation in the
fermenter as used in this study is given for reference purposes in Appendix 1.
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Determination of the buoyant density of M. thermoautotrophicum in Cs2SO4.
M. thermoautotrophicus RNase P was partially purified and subjected to Cs2SO4
density centrifugation as described in Chapter 2.

Partial purification of M. thermoautotrophicus RNase P for biochemical
characterizations
M. thermoautotrophicus cell paste (14 g wet weight) was ground in liquid
nitrogen with a mortar and pestle and suspended in 30 ml of TMGN-100 with 10 µg/ml
DNase I. The suspension was passed once through a French Press, then cleared at 15,000
x g for 20 min. at 4 °C. Cleared lysate was brought to 1.4 g/ml with Cs2SO4 for buoyant
density centrifugation. Gradients were centrifuged at 120,000 x g for 42 hours at 4 °C
(Beckman 70.Ti rotor). Peak active fractions were combined and centrifuged as before.
Active fractions were combined, dialyzed overnight in TMGN-20, and bound to 10 ml
DEAE-trisacryl (Sigma). The column was washed with 100 ml TMGN-20 and eluted
with a 100 ml gradient of 100 to 500 mM NH4Cl in TMG.

Active fractions were

combined. RNase P RNA was approximately 600-fold purified relative to total protein,
on the basis of quantitative northern hybridization and protein quantitation with a BCA
kit (Pierce).
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Northern blot verification that purified pre-tRNA cleaving activity was actually
RNase P
RNase P was fractionated as described in the section "Temperature preference
determination for M. thermoautotrophicus RNase P" of "Materials and Methods". A 3 ml
Cs2SO4 gradient with a homogeneous starting density of 1.4 g/ml in TMGN-60 and
incorporating 0.8 ml of sepharose-fractionated material was centrifuged for 50 hours at
150,000 x g, 4ºC, in a Beckman TLA100.3 rotor. Fractions (~155 µl each) through a 22
G needle inserted into the bottom of the tube. Equal volumes (2 µl) of each fraction was
assayed for pre-tRNA cleaving activity using 2 nM 32P-labeled B. subtilis pre-tRNAAsp as
substrate. After determining the region of peak activity, a northern blot was performed
using 10 µl each of fractions 3 through 16. Fractions were electrophoresed in 6%
acrylamide with 8M urea, then transferred to a Hybond-N nylon membrane (Amersham)
overnight by capillary action in TAE. RNA was cross-linked to the membrane with 120
mJ/cm2 UV light.

Membrane blocking, probing, washing, and developing were

performed as described below in "Quantitation of M. thermoautotrophicus RNase P
concentration" in "Materials and Methods". The probe used was 5.9 million cpm of 32Plabeled in vitro-transcribed antisense M. thermoautotrophicus RNase P RNA transcribed
from a clone in pBluescript (pBS-KS+-MtDH).

Determination of NH4+ and Mg2+ optima for M. thermoautotrophicus RNase P
Six serial dilutions of 6X concentrated stocks of ammonium acetate and MgCl2
were prepared in 50 mM Tris, pH 8 to test 25 mM to 1600 mM (wide range) or 300 mM
to 1600 mM (narrower range) ammonium acetate and 5 mM to 320 mM (wide range) or 1
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mM to 32 mM (narrower range) MgCl2 (1X concentrations). A 6X stock of in vitrotranscribed B. subtilis pre-tRNAAsp substrate was also prepared to contain a final 1X
concentration of 1.8 nM

32

P-labeled substrate and 20 nM unlabeled substrate. Equal

volumes of these stocks were combined to prepare 36 2X salt/buffer/substrate stocks. A
2X enzyme stock of 230-fold purified M. thermoautotrophicus RNase P was prepared in
50 mM Tris, pH 8 plus 0.05% NP-40 (to limit loss of enzyme on the walls of the storage
tube) for a final enzyme concentration of 22.5 pM. Reactions (4 µl each) were prepared
by mixing 2 µl of enzyme master mix with 2 µl of the appropriate salt master mix,
covered with mineral oil, and incubated 60 minutes at 60°C.

Reactions were

electrophoresed in 8% acrylamide with 8M urea, exposed to a phosphorimager screen,
and fraction of substrate cleaved was quantified using ImageQuant 1.0 (Molecular
Dynamics).

Temperature preference determination for M. thermoautotrophicus RNase P
M. thermoautotrophicus Cell paste (7 g) was ground with a mortar and pestle in
liquid nitrogen, suspended in 20 ml TMGN-100 with 10 µg/ml DNase I (TMG is
composed of 50 mM Tris-Cl, 10 mM MgCl2, 5% glycerol, pH 7.5, 0.1 mM DTT, 0.1 mM
PMSF) and N-100 specifies 100 mM NH4Cl) and centrifuged overnight at 230,000 x g.
The pellet was resuspended in 1 ml of TMGN-60 and passed over Sepharose CL-4B in
the same buffer. Peak RNase P fractions were combined. RNase P activity was assayed
from 30° to 80° C in 10 µl reactions containing 100 mM ammonium acetate, 25 mM
MgCl2, 50 mM Tris, pH 8, with 2 nM

32

P-labeled in vitro-transcribed B. subtilis pre-
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tRNAAsp. As a control, identical reactions were run simultaneously without enzyme.
Reactions were incubated for 20 minutes.

Quantitation of M. thermoautotrophicus RNase P concentration
RNase P RNA concentration was estimated by quantitative northern blot. An
RNase P RNA standard was transcribed in vitro from pGEM-MthRNA provided by
Daniel Williams and constructed to provide a T7 polymerase run-off transcript that
matches the mapped ends of the native M. thermoautotrophicus RNase P RNA (3).
Serial dilutions of the RNA standard were electrophoresed in 8% acrylamide with 8M
urea next to samples of partially-purified M. thermoautotrophicus RNase P at varying
dilutions. RNA was transferred to a Hybond-N nylon (Amersham) and cross-linked at
120 mJ/cm2. Blots were blocked 2 hours at 65 °C and probed O/N at 65°C using an in
vitro-transcribed antisense M. thermoautotrophicus RNase P RNA probe (1 to 5 million
cpm total in 10 ml) which was partially-hydrolyzed in sodium bicarbonate, pH 9.
Blocking and probing were done in 1X Denhardt's solution with 20 mM NaH2PO4 (pH
6.5), 1 mM DTT, 5X SCC and 100 mg/ml polyA . Blots were washed 2X for 5 minutes
at room temperature and 2X for 20 minutes at 65 °C in SSC with 0.1% SDS, exposed to a
phosphorimager screen and hybridized signal was quantitated with ImageQuant 1.0
(Molecular Dynamics). RNase P concentration was estimated by comparing hybridized
signals to a linear regression of signals obtained for the dilution of standards, assuming a
stoichiometry of one RNase P RNA per functional RNase P holoenzyme molecule.
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Determination of apparent Km and Kcat of M. thermoautotrophicus with in vitrotranscribed B. subtilis pre-tRNAAsp substrate
Approximately 600-fold purified M. thermoautotrophicus RNase P (108 pM) was
incubated in 15 µl reactions with 5 to 129 nM in vitro-transcribed B. subtilis pre-tRNAAsp
for five minutes in 50 mM Tris, pH 8, 500 mM ammonium acetate, 10 mM MgCl2. The
substrate in each reaction was composed of unlabeled transcript along with 15000 cpm
32

P-labeled substrate. Reactions were electrophoresed in 12% acrylamide with 8 M urea,

exposed to a phosphorimager screen and fraction of substrate cleaved was quantified with
ImageQuant 1.0 (Molecular Dynamics). Reaction rates were determined as (fraction
cleaved x substrate concentration) / (5 minutes) and were expressed as nM/min. Km was
estimated from a Lineweaver-Burke plot (1/reaction rate vs. 1/[substrate]) as -1/Xi, where
Xi is the X intercept of the Lineweaver-Burke plot.

Kcat was estimated from the

maximum reaction rate (Vmax) determined by the inverse of the Y-intercept of the
Lineweaver-Burke plot, assuming a stoichiometry of one RNase P RNA per holoenzyme
molecule and that the RNase P RNA concentration in each reaction (108 pM) reflects the
same concentration of active RNase P holoenzyme.

The entire experiment was

performed in triplicate. Km and Kcat were estimated as the average calculations for the
three experimental sets + the standard deviation.

Estimation of the hydrodynamic volume of M. thermoautotrophicus RNase P
To estimate the hydrodynamic volume of the M. thermoautotrophicus RNase P
holoenzyme, 2400-fold purified RNase P (30 µl, concentration not quantified) was passed
over a 47 x 1 cm sepharose CL-6B column calibrated with molecular weight markers
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ranging from 29 kDa to 669 kDa (Sigma W-GF-1000). Column matrix (40 ml bed
volume) was equilibrated in TMGN-50, dispersed into 500 ml of the same buffer, and the
"fines" were poured off after allowing the majority of matrix to settle by gravity. A 1 x
47 cm column was poured by dispersing the matrix evenly in a large volume of TMGN20 (~500 ml) and draining the column at 0.25 ml/min. 100 µl of a mixture of 2 mg/ml
phenol red and blue dextran (2,000,000 average MW) in TMGN-20 were loaded onto the
column and run through at 0.056 ml/min to calculate the void and retentate volumes. The
void volume was estimated as the leading peak of blue dextran elution. The following
molecular weight markers, each in a total volume of 100 µl in TMGN-20, were run
through the column separately at 0.056 ml/min to calibrate the column:

bovine

thyroglobulin (669 kDa, 4 mg/ml), horse spleen apoferritin (443 kDa, 2 mg/ml), sweet
potato β-amylase (200 kDa, 2 mg/ml), yeast alcohol dehydrogenase (150 kDa, 2 mg/ml),
bovine serum albumin (BSA, 66 kDa, 5 mg/ml), bovine erythrocyte carbonic anhydrase
(29 kDa, 2 mg/ml). After calibrating the column with the six markers, 30 ml of RNase P
preparation (stored in TMGN-20), diluted with 70 µl in TMGN-20 (total volume of 100
µl), were run through the column at 0.056 ml/min. In all column runs, 80 fractions of
were collected at 8 min/fraction (450 µl/fraction). The apparent hydrodynamic size of
RNase P was estimated by comparing Ve/Vo (ratio of the elution volume to the void
volume) to a standard curve of Ve/Vo vs. log(molecular weight) for the markers. All
columns were run at 4ºC.
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RESULTS
Density of M. thermoautotrophicus RNase P in Cs2SO4
The density of M. thermoautotrophicus RNase P in Cs2SO4 was measured at
approximately 1.42 g/ml (Chapter 2, Figure 1).

The significance of this finding is

discussed in Chapter 2.

Partial purification of M. thermoautotrophicus RNase P
M. thermoautotrophicus RNase P was purified as described in "Materials and
Methods" in Chapter 2.

The assessment of purity from that purification was not

presented in that manuscript submission, as it was outside the intended scope of the
paper, and instead it is presented here. RNase P activity was assessed as described above
for final purification fractions through the step of Q-sepharose anion-exchange
chromatography (Figure 3 A). Protein concentrations in each fraction were determined
using a BCA kit (Figure 3 B). The purification state of RNase P before glycerol gradient
centrifugation (Chapter 2), was 2413-fold (Table 1). In the purification described in
chapter 2, the RNase P activity peak eluted from the DEAE-trisacryl step was divided in
half. Each half of this peak was subjected to identical purification steps, as described in
chapter 2. The apparently cleaner of the two fractions was used in protein subunit
verification, and is reported in Table 1. Purification in the other half was assessed by the
same methods, and was estimated at about 1600-fold (data not shown).
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Verification that purified native pre-tRNA cleaving activity is RNase P
Fractions from a Cs2SO4 gradient which spanned the peak of pre-tRNA
processing activity were northern blotted in equal amounts using

32

P-labeled antisense

RNase P RNA as a probe. RNase P activity specifically correlated with the presence of
the RNase P RNA which has been established on the basis of sequence and has also
recently been determined to possess ribozyme activity in vitro (Figure 4).

Measurements of concentration of partially-purified M. thermoautotrophicus RNase
P for biochemical characterizations
RNase P concentration was measured by quantitative northern blot as described
above in three separate experiments. All measurements assumed a stoichiometry of one
RNase P RNA per holoenzyme and assumed all molecules of RNase P RNA were
complexed in an active holoenzyme. The sample used for the determination of salt and
temperature optima was approximately 4.5 nM (not shown). The sample used for Km
and Kcat determinations was quantitated in two separate experiments and was
approximately 6.5 nM (not shown).

Ammonium acetate and MgCl2 optima for M. thermoautotrophicus RNase P
Ammonium acetate concentrations ranging from 25 mM to 1600 mM and MgCl2
concentrations from 5mM to 320 mM were tested to determine an approximate combined
optimum for both salts. As shown in Figure 5 A, peak RNase P activity showed a very
intense spike at ~700 mM ammonium acetate and 5 mM MgCl2. At low ammonium
acetate concentrations (<300 mM), increasing MgCl2 concentrations stimulated small
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amounts of activity.

However, at 700 mM ammonium acetate, activity was much

stronger than at any MgCl2 concentration when ammonium acetate concentrations were
lower, and at 700 mM ammonium acetate, MgCl2 concentrations above 5 mM actually
inhibited activity (Figure 5 A). When narrower ranges of ammonium acetate and MgCl2
concentrations were tested (300 to 1600 mM and 1 to 32 mM, respectively), the highest
peak of activity appeared at about 800 mM ammonium acetate and 4 mM MgCl2 (Figure
5 B).

Temperature optimum for M. thermoautotrophicus RNase P
A temperature range from 30ºC to 80ºC was tested (Figure 6).

M.

thermoautotrophicus lives optimally at ca. 65ºC, and a preliminary test for temperature
optimization (not shown) showed little or no activity below 30ºC, so lower temperatures
were not considered here. The model substrate we use (in vitro-transcribed B. subtilis
pre-tRNAAsp) begins to degrade rapidly at temperatures above 60ºC (Figure 6), so
determination of the true temperature optimum for this enzyme was not possible with this
substrate. Figure 6 suggests, however, that this optimum is in excess of 80ºC. The
optimum temperature for this model enzyme-substrate system was determined to be
approximately 60ºC, mainly because of substrate stability (Figure 6), and subsequent
analyses of enzyme activity have generally been performed at 60ºC.

Determination of Km, Kcat and Kcat/Km for M. thermoautotrophicus RNase P
A B. subtilis pre-tRNAAsp substrate concentration range 5 to 129 nM (4 to 128 nM
unlabeled substrate with 1 nM

32

P-labeled substrate in each reaction) was tested in
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triplicate for cleavage rate by 108 pM partially-purified M. thermoautotrophicus RNase P
in 5 minute assays. Because of the difficulty in reproduction of enzyme activity at
optimal salt concentrations (as shown in Figure 4 A, there is a huge spike in activity at
the salt optima), Km was determined at 500 mM ammonium acetate, 10 mM MgCl2,
where enzyme activity is both high and quantitatively reproducible. At the optimal salt
concentration, enzyme dilutions become so high that errors in activity quantitation
become somewhat high.

It is possible that the enzyme aggregates to some degree,

making even distribution of a highly diluted sample difficult. A Lineweaver-Burke plot
(1/enzymatic rate vs. 1/substrate concentration), suggests a Km of approximately 34.5 +
3.4 nM (standard deviation) (Figure 7). The Y-intercept suggests a Vmax of 5.7 + 0.47
nM•min-1 (Figure 7). Kcat was estimated at 52.6 + 4.3 min-1, and Kcat/Km (catalytic
efficiency) was estimated at 2.54 + 0.042 x 107 s-1 M-1 (Figure 7).

Estimation of the hydrodynamic volume of M. thermoautotrophicus RNase P
Molecular weight markers ranging from 29 kDa to 669 kDa were used to calibrate
a 48 x 1 cm sepharose CL-6B size-exclusion column. Markers eluted at Ve/Vo ranging
from 1.12 to 1.96 (Figure 8). The leading peak of RNase P activity eluted at a Ve/Vo
between 1.16 and 1.24.

M. thermoautotrophicus RNase P displayed an estimated

hydrodynamic size between 451 and 639 kDa (Figure 8). This is larger than expected,
given a ca. 94 kDa RNA and buoyant density of 1.42 g/ml in Cs2SO4. It is also larger
than other reported size estimates for RNase P holoenzymes, other than that from the
Aspergillus nidulans nucleus (580 kDa, 10) and mitochondrion (440 kDa, 11), and S.
pombe (450 kDa, 12), suggesting that it may aggregate under the column conditions.
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DISCUSSION
Four protein subunits of archaeal RNase P have been identified (chapter 2), and
possible interactions between pairs of these proteins have been suggested (chapter 3).
However, the buoyant density in Cs2SO4 (1.42 g/ml, figure 1, chapter 2) suggest that the
M. thermoautotrophicus RNase holoenzyme is about 50% protein, and may contain on
the order of 100 kDa or so protein. The four identified proteins sum to only 70 kDa.
Yeast nuclear RNase P comprises nine proteins subunits and one RNA, is about 70%
protein, and has a total mass of 400 kDa (13). The RNase P from M. jannaschii has a
buoyant density of 1.39 g/ml in Cs2SO4 (A. Andrews, personal communication),
suggesting that it is on the order of 59% protein. Based on this observation, it may be
predicted that the size of the enzyme would be 80 kDa (the size of the RNA)/ 0.41
(%RNA) = 195 kDa. However, the estimated size in sepharose CL-4B is about 400 kDa
(A. Andrews, personal communication).
It seems likely that the measured size of 450 to 640 kDa is an over-estimate of the
size of M. thermoautotrophicus RNase P, and that this enzyme may simply aggregate to
some degree under the buffer conditions used (or it has an extended structure that causes
it to migrate quickly through this matrix). When tested in sepharose CL-4B in TMGN-50
against the same molecular weight markers run in the same column run with RNase P, the
estimated size was close to 1.5 mDa, which is clearly not accurate, but also suggests the
enzyme might aggregate under the conditions used (not shown).
The Km of M. thermoautotrophicus is similar to other RNase P enzymes tested
with B. subtilis pre-tRNAAsp (10 to 100 nM, 14), but is nearly an order of magnitude
lower than that measured for S. acidocaldarius (250 nM, 5). S. cerevisiae nuclear RNase
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P exhibits a similar Km (55 nM, 15). The Kcat/Km of S. cerevisiae nuclear RNase P of
2.4 x 107 M-1s-1 (15) is nearly identical to our measurement of 2.54 + 0.042 x 107 M-1s-1.
Judging from the Km of natively-purified RNase P compared to in vitro-transcribed
RNase P RNA alone, the protein component of M. thermoautotrophicus RNase P
decreases the Km on the order of 1000-fold or more (34 nM for the holoenzyme
compared to >40 µM for the RNA alone [3, see chapter 4]). This is not an entirely valid
comparison, however, as the holoenzyme Km was measured in 500 mM ammonium
acetate, 10 mM MgCl2 at 60ºC (conditions under which the RNA alone is not even
active), and the RNA alone reactions were done in 3 M ammonium acetate, 300 mM
MgCl2 at 45ºC (conditions under which the holoenzyme shows little or no activity).
Other typical examples of Km values for RNase P holoenzyme purified natively are 200
nM for B. subtilis (16, ), 42 nM for E. coli (17, 18), 240 nM for Dictyostelium discoideum
(19), 160 nM for Tetrahymena thermophilum (20), and 40 nM for the A. nidulans
mitochondrion (11). Values between 11 nM and 34 nM have also been reported for the
E. coli RNase P holoenzyme (21, 22).
M. thermoautotrophicus displays a unique phenomenon with its monovalent and
divalent ionic preference (Figure 5 A). At low ammonium acetate concentrations (<300
mM), increasing MgCl2 up to 300 mM stimulates activity. Above 300 mM ammonium
acetate, increasing MgCl2 actually becomes inhibitory, and there is a very strong
optimum at rather high ammonium acetate concentrations (800 mM) and low MgCl2 (210 mM, figure 5 B). Other examples of RNase P tend to prefer monovalent salts around
100 mM For example, the ionic optima for S. acidocaldarius are 7.5 mM MgCl2 and ~40
mM NH4+, with increasing monovalent salt concentrations actually inhibiting the reaction
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(5), B. subtilis RNase P prefers ~100 mM NH4 and 60 mM MgCl2 (23), and Thermotoga
maritima prefers 100-400 mM NH4+ and <10 mM MgCl2 (24). This phenomenon may
be related to running these reactions at 60ºC, close to the denaturation point for the
substrate (figure 6). The higher monovalent salt concentration may also help stabilize the
enzyme-substrate interaction at this elevated temperature.
A more detailed biochemical characterization of M. thermoautotrophicus RNase P
awaits the full purification of this enzyme and identification of remaining subunits. It
will be interesting to discover what specific contribution these proteins make to this
RNA-based reaction. The question has previously been posed "Why is RNase P made of
RNA?" (25). One could take that question one step further and ask why RNA is so
intimately involved in every integral step in protein synthesis.

RNA carries the

information to encode a protein. This message itself is in many cases processed
(sometimes even "edited") in RNA-dependent reactions. It is RNA that delivers the
amino acids to the protein synthesis reaction, tRNAs whose precursors are themselves
processed by RNA (e.g., RNase P). It now seems that the ribosomal RNA itself is
actually performing the peptidal transferase reaction that builds the protein (26, 27). The
ribosomal RNAs themselves are processed in part by RNA enzymes (e.g., RNase MRP,
28, 29). What has become puzzling about archaeal RNase P is no longer that it is an
RNA enzyme, but that despite its ribozyme nature, it is loaded with protein much like the
eukaryotic version of the enzyme. If the RNA is catalytic without protein (albeit only in
high salt), and activity at low ionic strength can be reconstituted with a single bacterial
RNase P protein, then what is all the protein in the holoenzyme for?
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protein ug/ml
units of activity/ml
specific activity
fold purification

a

cesium round 1b cesium round 2b

Q-sepharose

Lysate

DEAE-trisacryl

15654.57

9702.43

1078.57

434.22

206.73

17306.67

31180.00

137653.33

244006.67

551706.67

1.11

3.22

127.63

561.94

2668.73

2.91

115.44

508.30

2413.97

--

.
Table I. Purification state of M. thermoautotrophicus RNase P
RNase P activity and total protein concentration in the indicated purification fractions
were assessed as described in "Materials and Methods" and Figure 3. Fold purification
was calculated as the ratio of specific activity ("units" of activity divided by total protein
concentration) of each purification fraction to the specific activity in the cleared lysate.
a

The unit used here is defined as the amount of enzyme required to process 1 nmol of
substrate (in vitro-transcribed B. subtilis pre-tRNAAsp) in 1 minute at 60ºC in 500 mM
ammonium acetate, 10 mM MgCl2, 50 mM Tris, pH 8.
b

"Cesium round 1" and "Cesium round 2" refers to the first and second cesium sulfate
density centrifugation steps, respectively. Two round of density centrifugation were
performed because an unusually large amount of material was fractionated through the
first round. As this method appeared to be the best method immediately available for
separating RNase P from ribosomal material, Cs2SO4 centrifugation was used as an early
step with relatively crude material.
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Figure 1. Secondary structure of E. coli RNase P RNA compared to a revised
structure of M. thermoautotrophicus RNase P RNA
The secondary structures of E. coli (left, 30) and M. thermoautotrophicus (right, 4)
contain very similar helical elements in the core domain (everything from "P11" and
below, as the structures are illustrated above). The most noticeable differences are the
proposed tertiary contacts between L18 and L14 and the stem of P8 (L = "loop", L14 is
the loop terminating P14). The placement of the E. coli P18 helix into the M.
thermoautotrophicus RNA, however, did not enhance the ribozyme (RNA alone) activity
of this RNA in vitro (4).
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Figure 2. Phylogeny of representative Archaea based upon 16S rRNA sequences.
Sulfolobus, Haloferax and M. thermoautotrophicum are shown highlighted to illustrate
their distribution across archaeal phylogeny. S. acidocaldarius and H. volcanii RNase Ps
have been partially characterized and exhibit disparate biochemical characteristics. The
tree was generated from aligned sequences obtained from the Ribosomal RNA Database
(31) using the fastDNAml program (32) and TreeView (33).
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Figure 3. Enzyme activity in M. thermoautotrophicus RNase P purification fractions
A. Activity of enzyme fractions in 15 minute RNase P cleavage assays at 60ºC, 500 mM
ammonium acetate, 10 mM MgCl2, 50 mM Tris, pH 8, with 10 nM B. subtilis pretRNAAsp. For the assessment of purification state (Table 1), the dilution that resulted in a
percent cleavage range most closely suggestive of steady-state turnover (<50-70 %, but
>10% because of difficulty in accurate quantitation at the very low percent range). The
fold-purification assessment in Table 1 is actually likely to be somewhat underestimated,
as the best available activity range for the most highly purified fraction (Q-sepharose)
was probably out of steady-state turnover range (meaning that more activity was actually
present than indicated in this graph). B. Protein concentrations in purification fractions
determined by BCA assay (Pierce Chemical Co.) of 2-fold serial dilutions of samples
from 1:2 to 1:32 compared to a standard curve of BSA from 50 µg/ml to 2 mg/ml.
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Figure 4. Correlation of specific native pre-tRNA processing activity with RNase P
RNA through Cs2SO4 density centrifugation
Cs2SO4 gradient fractions were assayed for pre-tRNA cleaving activity against B. subtilis
pre-tRNAAsp. Apparent RNase P activity in gradient fractions was compared to level of
specific M. thermoautotrophicus RNase P RNA by northern blot, using 32P-labeled M.
thermoautotrophicus RNase P RNA as a probe. RNase P RNA levels correlated directly
with pre-tRNA-processing activity, verifying that we were indeed purifying RNase P, and
not a coincidental cellular RNase activity.
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Figure 5. Ionic optima for M. thermoautotrophicus RNase P
A. RNase P activity over a wide range of concentrations of ammonium acetate (25 to
1600 mM) and MgCl2 (5 to 320 mM) at 60ºC for one hour. B. RNase P activity over one
hour at 60ºC at ammonium acetate concentrations from 300 to 1600 mM and MgCl2
concentrations from 1 to 32 mM. The optimum combination appears to be about 800
mM ammonium acetate and 2-8 mM MgCl2. In both A. and B., 22.5 pM of RNase P
(assessed by the RNase P RNA concentration and assuming a stoichiometry of 1 RNA
per active holoenzyme) and 21 nM substrate (1 nM 32P-labeled and 20 nM unlabeled)
were used.
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Figure 6. Temperature optimum for M. thermoautotrophicus RNase P
2 nM 32P-labeled B. subtilis pre-tRNAAsp was incubated with 1 ml of a partially purified
preparation of M. thermoautotrophicus RNase P for 20 minutes at the indicated
temperature in 100 mM ammonium acetate, 25 mM MgCl2, 50 mM Tris, pH 8. An
identical reaction was incubated at each temperature containing everything except the
enzyme to assess the effects of temperature upon the stability of the substrate. Where %
cleavage is reported, the cleavage was determined by quantifying the ratio of (5′ leader
sequence + mature tRNA) divided by (5′ leader sequence + mature tRNA + pre-tRNA).
The percentage of pre-tRNA remaining in the negative controls was assessed by the ratio
of cpm in the pre-tRNA band of each temperature point to cpm in the pre-tRNA band at
the 30ºC temperature point.
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Kcat/Km = 2.54 + 0.042 x 107

Figure 7. Km determination for M. thermoautotrophicus RNase P
M. thermoautotrophicus RNase P (108 pM) was incubated for 5 minutes with a mixture
of unlabeled and 32P-labeled B. subtilis pre-tRNAAsp ranging in concentration from 5 nM
to 129 nM. Incubation time was 5 minutes at 60ºC. Km was determined from a
Lineweaver Burke plot as -1/X-intercept. Vmax was determined as 1/Y-intercept. Kcat
was calculated as Vmax divided by enzyme concentration.
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Figure 8. Hydrodynamic size estimation for M. thermoautotrophicus RNase P
M. thermoautotrophicus RNase P activity, purified approximately 1600-fold (see
"Materials and Methods", was run through a sepharose CL-6B column (48 x 1 cm). The
elution volume was compared to that of six commercial molecular weight markers
ranging from 29 kDa (carbonic anhydrase) to 669 kDa (thyroglobulin). RNase P eluted
between 450 and 640 kDa.
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Appendix I. ER medium for growth of autotrophic methanogens, including
Methanothermobacter thermoautotrophicus (Methanobacterium
thermoautotrophicum) in the 13 L fermenter.

For 13 liter of ER medium in the New Brunswick 13 L fermenter:
1. Connect a 60:40% (v/v) H2:CO2 gas cylinder to the fermenter with the gas line
running through an oxygen scrubber.
2. Mix the following in a 4 L flask:
2 L ddH2O
35.1 g NH4Cl
65 g NaHCO3
16.25 g Na2CO3
32.5 g sodium acetate
26 ml fresh 0.5% FeSO4
650 ml mineral solution I
650 ml mineral solution II
130 ml trace minerals solution
130 ml vitamins solution
130 ml rezazurin solution
2. Pour contents into the top of the fermenter and and fill the fermenter to the 13 L mark
with ddH2O.
3. With the gas off turn the steam on to the fermenter, close the release valves, and set
the temperature to 121 ºC for sterilization. As the medium initially heats, periodically
release pressure in short bursts to allow release of dissolved air.
4. Keeping an eye on the internal pressure of the fermenter, after the medium
temperature reaches 121 ºC, allow the medium to sit at that temperature for 20 to 30
minutes. Do not let the pressure exceed 15-20 psi.
5. When sterilization is done, set the fermenter set temperature to 65 ºC and allow the
medium to cool to that temperature.
6. Turn the gas on to a minimal flow rate, turn on the mixer propellar, and bubble gas
through the medium. Try to regulate the head pressure at approximately 15-20 psi.
7. Add reducing agent to the medium -- 130 ml of reductant for a 13 L load.
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8. Allow gas to continue bubbling through the medium until the medium becomes clear
(no pink color remaining).
9. Once the medium is clear, it may be inoculated with M. thermoautotrophicus starter
culture, ideally in log-phase growth. Pressurize one or more 20 ml or 250 ml bottle
cultures and allow the bottle pressure to inject the starter culture into the top of the
fermenter through a sterile 2-way valve with 18 G needles on both sides.
10. Grow cultures for 2 or more days, until visibly turbid, with a minimal gas flow rate
set at about 15-20 psi on the regulator. Each day the fermenter is operated, it should be
replenished with sodium sulfide replenisher solution to replenish sulfur that is lost
through the formation and off-gassing of H2S during the fermenter run.
CAUTION: H2S produced in a fermenter run is very toxic!
Mineral solution I (per liter)
6 g K2HPO4
Mineral solution II (pre liter)
6 g KH2PO4
6 g (NH4)2SO4
12 g NaCl
2.6 g MgSO4•7H2O
0.16 g CaCl2
Trace minerals (per liter)
24 mg Na2SeO3
100 mg CoCl2
24 mg Na2MoO4•2H2O
24 mg NiCl2•6H2O
10 ml concentrated HCl
(CAUTION: Sodium selenite is highly toxic!)
Vitamin solution (per liter)
2 mg biotin
2 mg folic acid
10 mg pyridoxine HCl
5 mg thiamine HCl
5 mg riboflavin
5 mg nicotinic acid
5 mg DL-Ca pantothenate
100 µg vitamin B12
5 mg PABA
5 mg lipoic acid (DL-6, 8-thiotic acid)
Filter sterlize the vitamin solution (do not autoclave)
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resazurin solution
2 pellets per 88 ml ddH2O
Reducing agent (preparation of 400 ml)
1. Boil and cool 400 ml ddH20.
2. Add 5 g cysteine-HCl.
3. Adjust pH to 12 with NaOH pellets.
4. Add 5 g Na2S•9H2O.
5. Divide into 15 ml serum bottles, fill each about half full.
6. Purge bottles with N2 and plug with stoppers and aluminum crimp caps.
7. Autoclave 15 minutes to sterilize.
Fermenter replenisher
10-20 % sodium sulfide in water
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Appendix II. BioEdit: A User-Friendly Biological Sequence Alignment Editor and
Analysis Package for Windows 95/98/NT/2000.

ABSTRACT
BioEdit is a user-friendly sequence alignment editor and analysis package that is
offered free of charge for Windows 95/98/NT/2000 systems. BioEdit is a full-featured
nucleic acid/protein alignment editor that offers several modes of easy hand-alignment,
split-window views, user-defined colors, information-based shading, auto-integration with
ClustalW (1), local/internet BLAST (2), restriction-mapping, annotatable plasmid-drawing,
box-shading with full color-capability, several built-in analysis options, and a graphical
interface for configuring further interfaces to automatically run external analysis programs.
BioEdit is also customizable to user preferences with user-defined menu shortcuts and
correct handling of all fonts. Among the built-in analyses offered are a set of RNA
comparative analysis tools including covariation (3, 4), potential-pairings (3, 4) and mutual
information (5) analysis. BioEdit offers the tools required to create and manipulate an
alignment, run comparative analyses from the edit window, and view and analyze the data
through interactive 2-D graphical matrix plots, area plots, and a rich-text editor. The
following note describes a rough sample analysis of the secondary structure of bacterial
RNase P RNA (excluding the high G+C Gram-Positive group) by mutual information
probing. An initial scanning of mutual information data via the graphical analysis tools
reveals all major helices that exist in the E. coli structure (6, 8).
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INTRODUCTION
Biological sequence data is becoming available at a quickly increasing rate. It is
now commonplace for researchers to analyze biological sequences and sequence
alignments on a daily basis. Lagging behind the availability of sequence data, however, is
software available to academic researchers for manipulating, formatting and analyzing that
data in a convenient manner on their own desktop computers. Particularly lacking in this
area is comprehensive software for PC-compatible computers (barring packages that cost
$500+ per user license). BioEdit offers a user-friendly interface with wide variety of
features, including comparative analysis tools for probing RNA secondary structure (using
methods developed by Robin Gutell, 3, 5).

SAMPLE ANALYSIS
Described herein is an example of a mutual information analysis of ribonuclease P
RNA from Bacteria. Mutual information refers to the amount of information shared by two
positions in an alignment. It is a measure of the degree to which the residues at two
positions in an alignment are not independent of each other (5). A high degree of mutual
information suggests a high degree of interdependence and may be a sign that two bases
interact. Combined with an analysis such as “potential pairings” (3, 4), this is a method for
quickly identifying probable base pairs for constructing a secondary structure model of an
RNA.

Mutual information (M(x,y)) describes concerted variation between positions.

M(x,y) is implemented as described in Gutell, 1992 (5). Briefly, M(x,y) = H(x) + H(y) –
H(xy). H(x) referes to the “entropy” (variability) of position x. H(x) = Σfbx*ln(fbx), H(y) =
Σfby*ln(fby) and H(xy) = Σfbxby*ln(fbxby), where fbx and fby refer to the frequencies of each
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base b at positions x and y, respectively, and fbxfby is the frequency of each base
combination at positional pair x,y. In addition to M(x,y), BioEdit also calculates R1(x,y)
and R2(x,y) (for a description, see 5).
The most important starting point for phylogenetic comparative analysis is the
alignment of homologous positions (4). The starting alignment for this sample analysis
was the 145 sequences from the bacterial type A RNase P RNA alignment from the RNase
P Database (7, http://www.mbio.ncsu.edu/RNaseP/). The BioEdit alignment window (Fig
1) offers functions to select and drag blocks of residues, dynamically grab and drag
residues (residues slide in real-time with the mouse), insert or delete gaps in or around a
sequence, and/or edit on screen or in an single-sequence edit box (Fig 2).
Prior to running a mutual information analysis, user preferences are set (Fig 3).
Here, the mutual information preferences have been set to generate an M(x, y) matrix as
well as a list of the top 5% of M(x,y), values for each position (P-best), with associated
R1(x,y) and R2(x,y) values (5, 8). Escherichia coli is specified as the “sequence mask”
(positions existing in the E. coli are analyzed). E. coli is also specified as the “numbering
mask” (data are referred to by E. coli positions).

The matrix is set to be opened

automatically in the matrix plotter (fig 4, 5). The matrix plotter will plot any twodimensional numerical matrix that is tab- or comma-delimited and has a top row and left
column containing positional numbers. Positional numbers (not absolute row or column)
are retained and reported in the plotter. For example, a part of an RNA may be analyzed
using the full sequence as the numbering mask. The true positions in the RNA are then
reported for convenient reference to an existing sequence and/or structure.
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After running an M(x,y) analysis, the output is opened in the matrix plotter (Fig 4 ).
Probable helices are seen as strings of high information running perpendicular to the
diagonal. Helices labeled in Figure 4 are shown in the E. coli RNase P RNA secondary
structure in Figure 5. The data examiner may be used to view the data interactively with
the mouse (Fig. 4). Also, a point may be selected on the plot with the mouse, and the X, Y
position and data value are displayed on the control bar. The threshold scrollers may be
used to set low or high thresholds. Any point below the low threshold is shaded as
“0.0000” (background), while any point above the high threshold is shaded light blue. The
zoom function allows zooming in from 25% to 800% (max depends on original size,
actually). Figure 6 shows a zoomed view with the low threshold set to bring out helices P8,
P9, P12, P13 and P14. The plotted image may be saved to disk or copied to the clipboard
as a bitmap.
Individual rows of matrix data may be quickly scanned for high scoring pairs by
area plots (Fig 7). A position may be selected on the matrix, and the area plot will reflect
the currently selected row. Likewise, when the rows are scanned via area plots, the current
selection on the matrix is updated accordingly. The data for any pair may be viewed by
clicking the mouse over the corresponding peak on the plot. Figure 7 shows a base triple
interaction where nucleotide 316 from L18 interacts with base-pair 94/104 of P8 (8, 9).
The area plot may also be zoomed. A detailed summary of information may be obtained
for any pair from the alignment window using the “mutual information examiner” (Fig. 8,
concept stolen directly from J.W. Brown, 4). The examiner may also also be directed to
reflect the positional numbering of a mask sequence. A printable, copyable text summary
may be obtained from this window as well.
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GENERAL DESCRIPTION OF THE PROGRAM
In addition to simple comparative analysis tools, BioEdit offers a diversity of
simple sequence manipulation and analysis tools for both nucleic acids and proteins, and
for both alignments and single sequences. Sequence alignments may be shaded according
to user preferences and with a choice of similarity tables to produce print-quality metafile
figures suitable for pasting directly into a manuscript or onto a slide background for
presentation. BioEdit reads and writes several formats, retains GenBank field data, and
offers its own binary file format for fast read and write of very large files (the 6205sequence prokaryotic 16S rRNA alignment will open and save in only a few seconds once
converted to BioEdit format). BioEdit also auto-links to your web browser with its own
bookmarks. Included NCBI BLAST tools allow for local database creation and searching,
or internet-based BLAST searches via a BLAST 3.0 client or the WWW. For more
information, see http://www.mbio.ncsu.edu/RNaseP/info/programs/BIOEDIT/bioedit.html.

SYSTEM REQUIREMENTS
BioEdit runs on Windows 95/98/NT/2000 systems (or on a very fast Macintosh
running Virtual PC, but then a little slowly). Any i486+ with Win95+ should run BioEdit,
but a Pentium 166+ (or equivalent) with 32 Mb+ of memory is recommended. The full
install takes about 15 Mb of disk space.
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PROGRAM AVAILABILITY
BioEdit is currently offered free of charge to anyone anywhere by anonymous
download. Installation requires agreement with license and disclaimer terms (presented
before installation).

BioEdit fully installs itself and no confusing configuration or

accessory systems are required of the user. BioEdit may be obtained from the RNase P
database:

http://www.mbio.ncsu.edu/RNaseP/info/programs/BIOEDIT/bioedit.html.

Documentation (in Adobe Acrobat format) may be obtained from the same location.
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Figure 1. The basic BioEdit alignment window.

Shown above is the a split window view of the bacterial RNase P RNA sample file that is
distributed with the BioEdit installation from
http://www.mbio.ncsu.edu/RNaseP/info/programs/BIOEDIT/bioedit.html. On the left, the
residue coloring is according to the RNA structure pairing mask.
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Figure 2. The single sequence editing window
Sequences may be opened for editing in this window by double clicking their titles in the
main document window (figure 1). If there is GenBank data associated with the
sequence, the data can be accessed by pressing the red "down" arrow.
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Figure 3. The BioEdit Preferences interface.
Shown above is the preferences interface for the mutual information analysis preferences.
To change preferences for other pogram options, press the tabs at the top of the dialog.
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Figure 4. Mutual information plot of the type A bacterial RNase P
A plot of Mutual information for an alignment of bacterial RNase P RNA sequences is
displayed showing the positions of the 18 helices found in (Fig. 5). Helix labels have
been added only to illustrate the structure compared to Figure 5. BioEdit does not add
helix labels.
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Figure 5. Secondary structure of E. coli RNase P RNA
Compare the helix location to the labeled arrays of visible mutual information values in
figure 4..
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Figure 6. View of data plotter zoomed to 300%
The low threshold is set to 0.4912. The mouse is pointing to position 163, 154, which
displays an M(x,y) value of 1.2063.
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Figure 7. An area plot of matrix row 316 from an M(x,y) matrix.
E. coli was the positional and numbering mask. A base triple interaction be seen between
nucleotide 316 and base-pair 93/105. This base pair previously been proven by an indepth comparative analysis (8) and intra-molecular chemical cross-linking.
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Figure 8. Summary of data for positional pair 96, 102
Pressing the button labeled "Text->" causes a formatted text summary to be displayed in
the text editor.
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Recent additions to BioEdit
Several additions were made to BioEdit since the initial writing of this note, most in
response to user requests. They include (but are not limited to) the following (in reverse
chronological order):

1. An RNA structure mask may be used to automatically color positions in an alignment
according to whether they conform to Watson-Crick, Wobble (G•U), or mismatch
pairs (with user-defined coloring options).
2. Phylogenetic trees (in Phylip format) may be read directly in BioEdit, trees may be
incorporated directly into a project (up to 50 trees per alignment file), and nodes may
be symmetrically flipped with mouse clicks. Distance information is utilized, and
trees without distance information (e.g. parsimony trees) are scaled to the window
size. Labels on trees may be edited dynamically. Tree viewer supports printing.
3. One alignment can be appended on to the end of another.
4. When hand-aligning, columns may be anchored to protect aligned regions.
5. The "Mutual Information Examiner" was updated to handle running lists of positions.
6. User-defined color tables may be saved, imported and exported.
7. Sort sequences by subsequence frequencies.
8. User-defined temp and database directories allow the operation of the program on
protected or non-writeable disk space (e.g. a protected server or a CD ROM).
9. The operator is in control of which characters are to be considered valid for
calculations (eg., does a gap "count" or not? Do IUPAC codes "count"? -- this is set
through the graphical preferences dialog).
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10. Sort sequences by title, LOCUS, DEFINITION, ACCESSION, PID/NID,
REFERENCES, COMMENTS and residue frequency in a selected column.
11. Annotate sequences with graphical features, using the standard GenBank FEATURES
tags as the standard for keeping track of annotation "type", but allowing full user
control over feature names, descriptions, colors, shapes and positions. Annotate
sequences manually, semi-automatically, or automatically by allowing BioEdit to
directly access the "FEATURES" information from a GenBank file.
12. Grouping sequences into families, with user-defined coloring of grouped titles and the
option to lock the alignment of grouped sequences to allow synchronized hand
alignment.
13. Lock individual sequences to prevent accidental edits.
14. Edit on screen in "Overwrite" and "Insert" modes.
15. Automatically feed multiple sequences to the BLAST interface for a batch job.
16. Read sequences back verbally through the PC sound system. This can be handy
especially for verifying primer orders when there is nobody around to read the
sequence.
17. View the alignment on-screen in dynamic "conservation plot" mode, meaning that
identities to the "reference" sequence (by default, the first sequence, but can it be
changed) with a user-defined character (a dot by default).
18. Optimally align two sequences using Needleman-Wunch- or Smith and Watermanlike algorithms.
19. Perform dot plots of relatively small (<2000 residue) sequences.
20. Search for user-defined motifs that conform to the Prosite standard.
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21. Merge two alignments through a reference sequence.
22. Extract and export raw ABI data (processed data and raw data) in batch.
23. Plot "helical wheel" diagrams of protein subsequences (allows a manual visual
inspection of propensity for participation of residues in amphipathic helices, for
example).
24. Added hydrophobic moment matrix plots (0-180 degrees) -- this is analogous to the
GCG (Wisconsin Package) program "Moment".
25. Added the option to link output(s) of one accessory to another/other accessory(s)
26. Create alignments or import sequences and/or alignments directly from the clipboard
in any format that BioEdit normally reads from disk.
27. Create shaded alignments in Rich Text format.
28. View, zoom, and edit ABI and SCF chromatograms and export numerical data from
them.
29. Added identity/similarity-based shading in the alignment window
30. Added information-based searching for conserved segments (may be useful for
designing PCR primers or defining motifs)
31. Improved the speed of the matrix plotter 100-fold.

There were also several other additions and many bug fixes.
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APPENDIX III. The Library Organizer: Easy Creation and Organization of
Journal Article Libraries with Built-in PDF Viewing / Indexing, PubMed Browsing
and Dynamic Automation of Referencing / Bibliography Creation in MS Word.

PROGRAM DESCRIPTION
This section describes an integrated application for the creation, organization and
browsing of a journal article library using an application I have developed and made
freely available for Windows 9x/NT/2000 systems.
anonymous

download

from

a

link

provided

This program is available for
at

the

following

web

site:

http://www.mbio.ncsu.edu/RNaseP/info/programs/BIOEDIT/bioedit.html. The program
is distributed as a self-installing archive.

The program was originally developed

specifically for myself, to ease the burden of keeping track of journal articles for
reference when writing. As it was little effort to expand the program and modify it to
make it fairly intuitive and accessible to the general public, I have done so.
Among the key features of this program are the ability to import Medline records
easily from PubMed searches, the ability to index URLs with direct access to the Web via
incorporation of the Internet Explorer ActiveX module, the ability to index Acrobat PDF
files with direct access to reprints through the Acrobat Reader ActiveX module, and the
ability to communicate directly with Microsoft Word97 and Word2000 through OLE
(Object Linking Environment) to automate reference insertion, tracking, and bibliography
creation with user-defined reference formatting when writing a paper. References are
organized in folders with a directory tree structure of unlimited depth. There is a current
limit of 10,000 records per library. A library may be organized by simple drag and drop
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operations between folders. Libraries are fully searchable by authors, title, abstract, date,
label, comments, volume, issue, pages, or PubMed ID.

Full documentation for this

program for the general public is in progress and will consist of searchable, hyperlinked
help in the form of a standard Windows help system. A printable PDF file will be
available shortly thereafter. A brief example of obtaining a reference from PubMed,
adding it to a library, getting and indexing the reprint, inserting a reference into a
working Word document, and creating a bibliography is described below.
After obtaining a reference from the World Wide Web via PubMed, selected
references may be displayed in Medline format by selecting the "Display" option of
"Medline" and pressing the "Text" button in the PubMed WWW browser (figure 1). All
text in the Medline display may be simply copied and imported into a folder within a
library document, as shown in figure 2. To accomplish this, click the right mouse button
the folder to import the references into, then choose "Import Medline Records into Folder
from Clipboard" in the context menu that pops up. An unlimited number of Medline
records may be imported with one operation. The records may also be saved as text and
imported from a file.
A reference record may be viewed by clicking its title in the directory tree with
the left mouse button (figure 3). Figure 3 shows the records displayed in the directory
structure by first author and date. These can also be viewed by article title by choosing
"Edit->Reference Labels->By title". As shown in figure 3, if a Medline record has a
"URL" field associated with it, this will be automatically utilized. The URL field is
displayed in blue type. To access the web site, simply press the button to the left of the
URL (figure 4). The Internet Explorer plug-in is utilized directly, and web pages may be
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accessed directly from within the library program, provided that Internet Explorer 4.0 or
higher is installed on the machine. As shown in figure 4, the URL from a Medline record
often leads directly to a downloadable reprint of the paper, provided that your institution
has an on-line subscription to the journal.

On-line subscriptions are becoming

increasingly popular at University libraries.
If there is a URL directly to the web address of the reference, the Acrobat
Download the Acrobat .pdf file and save it to any location on disk. The path of the file,
relative to the library itself, may be entered in the PDF field. I recommend placing all
pdfs in a single folder as a subfolder relative to the location of the library file, and
indexing reprints by their PubMed ID (PMID), as this is always unique. For example, for
the reference displayed in figure 3, the reprint would be saved to the "pdfs" subdirectory,
and would be named "11266542.pdf". The PDF field (displayed in red type in the
program), would then be written "pdfs\11266542.pdf". Once this is entered into the PDF
field, reprint may be accessed directly by simply clicking the button to the left of the field
(figure 5). The direct viewing of pdf files requires Adobe Acrobat Reader 3.0 or higher.
The ActiveX plug-in is automatically installed with the default installation of Acrobat
Reader.
This program may also be used to track references in a paper using MSWord. To
accomplish this, the program automates certain functions in MSWord remotely. For this
reason, the Word document must be opened from within the library program. To open
and link to a Word document, choose the menu option "File->Open and link to an
MSWord document" (figure 6).

The word file will open in a separate instance of

MSWord (not incorporated as a child window in the library program), and will remain
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completely separate from the library program (closing one does not close the other,
memory is not shared, etc.). However, the library program retains a handle to the
MSWord instance and can control the program remotely. To insert a reference into the
Word document from the library program, right-click the mouse on the reference you
want inserted, then choose "Insert Reference into Current Word File" or "Insert internal
multiple references …" (figure 7). A message is sent to the Word file, and the user is
prompted to verify the location the reference is to be inserted (figure 8 A). The reference
is inserted with a code used internally by the library program (figure 8 B). Once the
paper is completed and all references have been added in this manner, references may be
removed from the paper and paragraphs may be rearranged without having to go through
and manually adjust all of the citations within the body of the paper.
When the paper is finished, simply choose "File->Create Bibliography in linked
Word Document" from within the library program. The initial bibliography (figure 9 A.)
will be formatted according to the user-preference settings in the current citation output
filter (figure 10). Output filters may be designed using any combination of fields, an
formatting (consisting of bold, italic and underlined type) is retained when creating the
bibliography in MSWord. Citations within the paper are reformatted according to usersettings in the export filter (figure 10). Once a bibliography is created, it can be easily
modified with a minimum number of operations within Word (e.g., font size, line
spacing, formatted number lists, etc., figure 9 B.).
This program was written for personal use and is not yet fully documented or
fully modified for intuitive generalized operation by users not familiar with the internal
construction of the program. In its current state, however, it is still quite accessible to the
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average operator, and offers distinct advantages over some commercial packages (such as
EndNote) in its ease of library organizing, browsing and searching, the ability to store
and quickly access article reprints, and, of course, its cost ($0.00). As time permits, in
the future the program will be updated and improved. The goal is to modify it in a way
that allows the easy creation of bibliographies with full formatting options and no fear of
error in citation organizing or formatting.
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Figure 1. A Medline record from PubMed.

Medline records (single or multiple records in a list) may be copied to the clipboard and
imported directly into the library program.
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Figure 2. Importing records into the library program from the clipboard
If there is Medline-formatted text in the clipboard, the records may be imported directly
into any folder by right-clicking the folder in the directory tree and choosing "Import
Medline Records into Folder from Clipboard" from the context menu.
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Figure 3. Viewing a record in a library document
The contents of a reference, including the abstract and links to the World Wide Web and
Acrobat reprint, if they exist, may be viewed by selecting the reference from within the
directory tree. By right-clicking on the title and choosing the appropriate menu option, a
text summary of the reference may be directly obtained and printed if desired.
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Figure 4. Accessing an article's URL directly in the library program
The World Wide Web location for a paper may be viewed directly in the program by
clicking the button to the left of the URL field.
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Figure 5. Viewing a PDF reprint in the library program
A PDF file may be viewed directly from within the library program through the
automated use of the Acrobat Reader ActiveX plug-in. Simply click the button to the left
of the PDF field.
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Figure 6. Opening an MSWord file for use with the library program
When the menu option shown above is chosen, the user may browse to the file on disk to
be used. The program opens an external instance of MSWord (provided that MSWord 97
or 2000 is installed on the computer) and opens the chosen document within it. The
address space for the Word application is separate from the instance of the library
program, and the two work autonomously, but the Word application may be controlled
directly from the library program through the use of OLE (Object Linking Environment).
The library program does not require the presence of MSWord on the machine for its
normal function, but the bibliography creation functions do require MSWord (another
word processor or text editor will not work).
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Figure 7. Inserting a reference into an MSWord document
Right-clicking on a reference in the directory tree allows the insertion of the reference
into the MSWord file currently linked to the library. If "Insert Reference into Current
Word File" is chosen, the insertion will be formatted in the following way: (>ref#1<). If
the other option is chosen, the code is the the same, but the parentheses are not added.
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Figure 8. Reference insertion into the Word file
When a reference is inserted into a Word document, the user is prompted to verify the
correct location of the internal citation (A.). The reference is then inserted with a code
that is used internally by the library program (B.). In the example shown above, the
reference inserted is the fifth one utitlized in the library document. The code is thus
>ref#5<.
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Figure 9. Automated bibliography creation in MSWord
When a bibliography is created in Word, it is formatted according to the user
specifications defined in an export filter (figure 10) (A.), and will appear initially in a
format somewhat like the example shown above (this example was created with the
output filter definition shown in figure 10). It is a relatively simple matter to modify the
formatting to conform to overall formatting requirements for the paper being written (font
size, justification, spacing, etc.) (B.). Care must also be taken to inspect titles for such
formatting details as italicizing genus-species names of organisms, as Medline records do
not incorporate these details and they will probably not be in the reference records.
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Figure 10. Defining a citation output filter
A reference filter is defined by formatting a generalized citation string in the text box at
the top of the dialog, using the tag definitions shown in the lower left of the dialog.
These tags are expected to be used exactly as written on the dialog. Formatting is defined
by formatting the generalized tags as in a word processor. Several options for author
name formatting are available, and there are options for the format of in-paper citations
(by number or by author, year). The bibliography itself may be ordered alphabetically or
by order of citation in the paper. Care must be taken, however, for references in figure
legends, as journals will often expect these to appear in the order they will occur when
the figure is inserted into its proper place in the body of the final paper, but the
manuscript will have these legends at the end. It may be a good idea to put a mock
reference into the projected position of the figure if this occurs to cause the ordering of
the bibliography to be correct, then delete the floating reference from the final draft of the
paper.
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