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B Abstract Ribonuclease P (RNase P) isan essential endonuclease that acts early
in the tRNA biogenesis pathway. This enzyme catalyzes cleavage of the leader
sequence of precursor tRNASs (pre-tRNAS), generating the mature 5" end of tRNAS.
RNase P activities have been identified in Bacteria, Archaea, and Eucarya, as well as
organelles. Most forms of RNase P are ribonucleoproteins, i.e., they consist of an
essential RNA subunit and protein subunits, although the composition of the enzyme
in mitochondria and chloroplasts is still under debate. The recent purification of the
eukaryotic nuclear RNase P has demonstrated a significantly larger protein content
compared to the bacterial enzyme. Moreover, emerging evidence suggests that the
eukaryotic RNase P has evolved into at least two related nuclear enzymes with
distinct functions, RNase P and RNase MRP. Here we review current information on
RNase P, with emphasis on the composition, structure, and functions of the eukary-
otic nuclear holoenzyme, and its relationship with RNase MRP.
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INTRODUCTION

Ribozyme Activity of RNase P RNA
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The ribonucleoprotein nature of ribonuclease P (RNase P) has been proven for
the holoenzymes in bacteria, archaea, and eukaryotic nuclei. Because the holoen-
zymes for RNase P and its closely related offshoot, RNase MRP, are highly
complex nucleoproteins in eukaryotes (1-5), bacterial RNase P is composed of
alarge RNA subunit, usualy ranging from 350 to 400 nucleotides, and one small
protein subunit that contributes about 10% of the mass of the holoenzyme
[reviewed in (6, 7); see also the RNase P database maintained by JW Brown at
North Carolina State University, http://www.mbio.ncsu.edu/RNaseP/main.html
(8)]. All bacterial RNase P RNAs that have been tested are ribozymes, i.e., they
can recognize and cleave substrates of precursor tRNA (pre-tRNA) in the
absence of the protein subunit under high ionic strength in vitro. However, the
small protein subunit binds near the catalytic core of RNase P RNA and interacts
directly with the pre-tRNA substrates, thus facilitating pre-tRNA recognition and
modulating RNase P RNA structure (9—13). The protein component is essential
for RNase P function in vivo, but it is not known whether this absolute
requirement is caused by these known interactions with substrates and RNase P
RNA, or whether the protein plays additiona roles in the cell.

In contrast to the situation in bacteria, eukaryotic RNase P RNA subunits by
themselves have not yet been shown to cleave pre-tRNA substrates even though
they contain the five most conserved “critical regions’ that are postulated to form
the catalytic center of the bacterial ribozymes (14, 15). One possible reason is an
increased dependence on the more extensive protein content of the eukaryotic
holoenzyme for correct three-dimensional folding of the RNA subunit (16).
However, it is aso possible that essential functions of substrate binding and
catalysis have devolved to the protein subunits.

An intermediate level of protein dependence is found in archaesa. RNA
subunits from some Methanobacteria, Thermococci, Pyrococci, and halobacteria
display traces of catalytic activity under extremely high salt concentrationsin the
absence of protein (17). Recently, it has been shown that the RNase P purified
from Methanothermobacter thermoautotrophicus has at least four proteins that
are apparent homologs of eukaryotic nuclear RNase P protein subunits (Table 1)
(18). The RNase P RNA from this speciesis a ribozyme at very high salt levels,
and the activity can be partially restored at lower salt levels by addition of the
Bacillus subtilis RNase P protein (17). Thislast result is surprising, since neither
the archaeal nor the eukaryotic proteins have any obvious sequence homology to
the small bacterial protein subunits. This suggests that the RNase P protein can
enhance catalytic activity either in a relatively nonspecific fashion or by inter-
acting with the conserved catalytic core of RNase P RNA.
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Functions of RNase P in Bacteria and Eukaryotes

The best-defined function of RNase P is catalysis of the hydrolysis of a specific
phosphodiester bond in pre-tRNAS, leaving a phosphate group at the 5" end of
mature tRNA and a hydroxyl group at the 3’ end of the leader. In bacteria, RNase
P can aso recognize and cleave non-tRNA natural substrates, including the precur-
sors for 4.5S rRNA (19), 10Sa RNA (ak.a. tmRNA) (20), and the polycistronic his
operon mRNA (21). Emerging studies of the bacterial holoenzyme have shown that
the protein subunit interacts directly with the single-stranded leader of substrates,
which enhances the affinity of pretRNA (22, 23) and adlows RNase P to more
efficiently cleave a variety of non-tRNA substrates (12, 24, 25).

In the case of eukaryotic RNase P, pre-tRNAs are the only natural substrates
that have been identified to date. However, the possibility has not been ruled out that
nuclear RNase P cleaves non-tRNA substrates. Indeed, severa pieces of data have
suggested that nuclear RNase P might have a range of substrates. For instance, a
temperature-sensitive mutation in the RNA subunit of yeast RNase P RNA resultsin
accumulation of an unusua 5.8S rRNA species in vivo (26), dthough this accumu-
lation could well be due to indirect effects. Furthermore, purified nuclear RNase P
from Saccharomyces cerevisiae cleaves deproteinized pre-rRNA at a large number
of discrete sites (26) that are not recognized by the bacterial RNase P ribozyme (J.R.
Chamberlain & D.R. Engelke, unpublished observations). In eukaryotes an addi-
tional enzyme, RNase MRP, has aso evolved from RNase P (see below). This
enzyme cleaves pre-rRNA, and possibly other substrates.

Precursor tRNA Substrate Recognition

Since al pre-tRNAs in a cell appear to be processed by RNase P and sequences
surrounding the cleavage site are not well conserved, RNase P must recognize the
common structural elements of pre-tRNA substrates. Previous studies have
shown that the major recognition determinants are localized to the mature
domain of tRNA (7). The use of small model substrates revealed that the TyC
and acceptor stems together form a minimal recognition determinant for the
bacterial ribozyme (7). In contrast, efficient cleavage by eukaryotic RNase P
requires both the TysCl/acceptor stems and at least two of the other three tRNA
domains, i.e., D-, anticodon, and variable arms (27).

In addition to the tertiary structure of the mature tRNA, the 5’ leader, 3’
trailer, and internal 1oops can participate in binding to RNase P in bacteria and
eukaryotes. In the ribozyme-catalyzed reaction, recognition is facilitated by
interactions between a specific internal loop (P15) in the ribozyme and the
3'-CCA sequence that exists in most of the bacterial pre-tRNA transcripts
(reviewed in 7, 27). However, this interaction appears to be less crucia for
substrate recognition by the holoenzyme (28). For the holoenzyme, the protein
subunit of Bacillus subtilis RNase P contains a single-stranded RNA-binding
motif (29, 30) that directly contacts the substrate 5' leader and enhances the
pretRNA affinity (22, 23, 31). Unlike the bacterid pre-tRNAS, eukaryotic pre-
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tRNAs have a polyuridine [poly(U)] stretch as their 3'-trailing sequence and
normally lack an encoded 3'-CCA. The nuclear RNase P RNA subunit aso lacks the
P15 internal loop that would base-pair with the substrate 3'-CCA in the bacteria
enzyme. Interestingly, the 3" end in yeast pre-tRNA still seems to be recognized by
the yeast nuclear RNase P. A tRNA containing single-stranded 3'-trailer sequence
binds to the holoenzyme more strongly than does the mature tRNA (32).

There is some question as to whether recognition of pre-tRNA by the nuclear
RNase P holoenzyme might be controlled in vivo by the structure of the 5" and
3’ ends, or by possible association of the pre-tRNA with other proteins. The 5
leaders of eukaryotic pre-tRNAS are often purine-rich and can form base pairs to
varying degrees with the U-rich 3’ trailer, giving an extension of the amino acyl
stem. When this base pairing in the amino acyl stemisstrong in yeast pre-tRNAS,
an unpaired bulge at the cleavage site is needed to enhance efficient cleavage by
RNase P (33). However, it is not yet clear whether the leader/trailer stem
extension must be fully unwound before cleavage by nuclear RNase P. Nor is it
yet clear whether the pre-tRNA substrates are complexed with one or more
additional proteins asthey are cleaved by nuclear RNase P. Pre-tRNAs and other
RNA polymerase |11 transcripts are thought to associate during transcription with
the La protein antigen (34—36). In yeast it has been shown that nuclear
pre-tRNAs are found associated with the La-like protein Lhplp both before and
after RNase P cleavage (37; S.L. Wolin, personal communications). Lhplp, like
human La antigen, binds primarily to the 3’ poly(U) and would be expected to
denature any structure between the 5'-leader and 3'-trailing sequences. There-
fore, it is possible that inside the cell, La or other bound proteins serve as part of
the pre-tRNA recognition mechanism by RNase P.

Mechanism for the Pre-tRNA Cleavage Reaction

The pre-tRNA cleavage reaction catalyzed by RNase P has been studied in
Bacteria, Archaea, and Eucarya; the best characterized of these is the bacterial
ribozyme reaction. The most likely mechanism for the ribozyme reaction, which
is proposed mainly by analogy with other, better studied reactions, is an Sy2
attack of a solvent nucleophile on the phosphate diester at the scissile bond with
atrigonal bipyramida transition state (38, 39).

The bacterial RNase P reaction consists of three basic steps: (a) pre-tRNA
substrate binding; (b) scissile bond cleavage; and (c) product release. For
bacterial RNase P, the affinity of RNase P for substrate and product is very
dependent on the ionic conditions. However, at optimal salt conditions, the K of
the interaction between the B. subtilis RNase P RNA aone and mature tRNA is
about 3 nM. The addition of the protein component only modestly enhances the
tRNA affinity but increases the pre-tRNA affinity 10*fold (22). Under many
conditions, the steady-state kinetics for pre-tRNA cleavage, catalyzed by either
RNase P RNA alone or the holoenzyme, are dominated by substrate binding and
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product dissociation steps. At low substrate concentrations, k../K, often reflects
the substrate association step, which is nearly diffusion controlled, whereas at
saturating substrate concentrations, tRNA dissociation is the main rate-limiting
step (22, 40). The rate constant of the cleavage step can be measured directly
using transient kinetics or altered solution conditions (low pH or substitution of
Ca?* for Mg?"). The rate constant for the scissile bond cleavage is pH
dependent, increasing at higher pH (7). At pH 7, the rate constant for the cleavage
catalyzed by B. subtilis RNase P RNA is 6 s * (40), and this is only modestly
enhanced (<10-fold) by addition of the protein subunit (22).

Studies of the eukaryotic RNase P reaction have been performed primarily with
partidly purified holoenzymes from nuclei and organelles (32, 41—-44). Initial
characterizations of the purified yeast nuclear RNase P reaction by steady-state
analyses give avaue for K,,, of 9 nM, and avalue for k., of 1.3 s * for cleavage of
a specific yeast pretRNA ™" (32), athough the kinetic parameters vary for different
substrates. The second-order rate constant, k,/K.,,, for the yeast nuclear holoenzyme
is1.3 X 10°M ' s~ L. Thisresult is close to the predicted rate constant for diffusion
(32), which suggests that this is a very efficient enzyme.

Divaent metal ions are important cofactors for the RNase P reaction. The
roles of divalent metal ions in RNase P RNA folding, substrate recognition, and
catalysis of the ribozyme reaction have recently been reviewed (7, 45). Divalent
metal ions enhance the affinity of B. subtilis RNase P RNA with tRNA more than
103fold (46), dthough cross-linking data suggest that RNase P RNA/tRNA associ-
ation under some conditions may occur in the absence of meta ions (7). To date, al
of the data indicate that divalent meta ions, preferably magnesium, are absolutely
required for cleavage catalyzed by RNase P, although the exact functions of these
metal ions have not yet been ducidated. Severa possible metal-binding sites
important for catalysis or substrate binding have been proposed in both the pre-tRNA
substrate and the RNase P RNA by phosphorothioate modification experiments
(reviewed in 45). In the case of yeast nuclear RNase P, studies of the utilization of
metal ions by the holoenzyme revea an even higher specificity for magnesium asthe
divalent metal ion, but the precise role of the divaent cations is currently unknown.
Substitution of divalent cations in the holoenzyme has been difficult to document
owing to irreversible inactivation of the enzyme by prolonged exposure to EDTA
(47). Phosphorothioate substitutions at the cleavage site in pre-tRNA decrease the
cleavage activity of yeast nuclear RNase P in a fashion similar to that seen with
bacteria RNase P, which suggests a smilar mechanism (41, 43).

VARIOUS FORMS OF EUKARYOTIC RNASE P
ACTIVITIES

In eukaryotes the RNase P functions have been partitioned into several different
enzymes. The nuclear enzyme functions have been split into at least two distinct
enzymes, RNase P and RNase MRP (see below). Pre-tRNA processing in
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mitochondria and chloroplasts is carried out by activities that, in most studies,
appear to be distinct from the nuclear holoenzymes. Characterization of RNase
P-like activities from both mitochondria and chloroplasts has identified RNA-
based enzymes to be similar to the nuclear and bacterial forms, as well as purely
protein-based enzymes. The physiological relevance of these activities is cur-
rently under discussion (48-50).

Mitochondrial RNase P

Mitochondrial RNase P activities have been characterized to various extents from
yeasts, plants, vertebrates, and parasitic protozoa (7, 27, 51). The most detailed
information on mitochondrial RNase P to date has been obtained by the studies
of the budding yeast, Saccharomyces cerevisiae. The S. cerevisiae mitochondrial
holoenzyme consists of an essential RNA subunit, Rpm1r (490 nucleotides, but
varies in different strains) that is encoded in the mitochondrial genome, and a
protein subunit, Rpm2p [105 kilodaltons (kDa)] that is encoded by anuclear gene
(52-55). Homologs of Rpm1r have also been identified in a number of yeasts
with significant size variation compared to S. cerevisiae (56, 57), and a phylo-
genetic structure has been proposed for the RNA subunits that conforms to the
bacterial consensus structure [(58); the RNase P database, (8)].

The Rpm2p protein subunit is required for mitochondrial RNase P activity,
athough like the nuclear holoenzyme proteins, it does not show significant
sequence similarity to the bacterial RNase P proteins. Mutant alleles of Rpm2p
cause accumulation of mitochondrial pre-tRNAswith the5" end (54). In addition
to pre-tRNA cleavage, Rpm2p is needed for the processing of the mitochondrial
RNase P RNA subunit (59, 60). Furthermore, a complete deletion of the RPM2
gene prevents fermentative growth of yeast cells (61), which suggests that
Rpm2p has one or more unidentified functions that are essential for life.

The mitochondrial RNase P activities from other species are less well
understood at this point. In the case of human mitochondrial RNase P, early
reports identified an RNase P-ike activity from HelLa cell mitochondrial frac-
tions that appeared to be entirely protein based and to have a mitochondrial-
specific substrate specificity (50, 62—64). On the other hand, an RNase P activity
has recently been partially purified from a human HelLa cell mitochondrial
fraction that contains the same nuclear-encoded H1 RNA as the human nuclear
RNase P (65). Because this enzyme was identified by assays using heterologous
pre-tRNA substrates of a type not cleaved by the protein-based activity, it
remains possible that the H1l-containing enzyme is a contaminant from a
nonmitochondrial cellular compartment. It seems unlikely, though possible, that
human mitochondria have two activities that cleave pre-tRNA. Because neither
enzyme type has yet been shown to play a relevant role in mitochondrial
pre-tRNA biosynthesis, the question of whether the mitochondrial RNase P
activity requires an RNA subunit remains controversial.
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Chloroplast RNase P

The debate over RNase P RNA content in chloroplasts mirrors the discussion for
the human mitochondrial enzymes. Chloroplast RNase P activities have been
isolated from tobacco and spinach chloroplasts (7). Severa lines of evidence
suggest that spinach chloroplast RNase P might be a solely protein enzyme
[reviewed in (7, 66)]: (a) The buoyant density of the enzymein CsCl is1.28 g/ml,
which is coincident with the total chloroplast protein; (b) spinach chloroplast
RNase P activity is insensitive to micrococcal nuclease digestion; and (c) no
RNA is detectable in the most purified enzyme preparations, even using sensitive
assays. Moreover, spinach chloroplast activity seemsto have a different cleavage
mechanism than that of bacterial RNase P ribozyme (42), although the reaction
isstill very efficient. Spinach chloroplast RNase P binds to a substrate pre-tRNA
with a K, of 16 nM (42). Substitution of the pro-Rp nonbridging oxygen with
sulfur at the scissile bond of pre-tRNA dramatically decreases the activity of
bacterial ribozyme, but the activity of spinach chloroplast RNase P is hardly
affected [reviewed in (7, 42, 67)]. A cautionary note concerning this RNase P
activity: it has not yet been proven essential for pre-tRNA maturation in vivo.

In contrast, the ribonucleoprotein nature of RNase P has been functionally
proven in the cyanelle of the primitive alga Cyanophora paradoxa; the cyanelle
is a photosynthetic organelle derived from cyanobacteria and belongs to a
different phylogenetic branch than the chloroplasts of green alga and higher
plants (68). Although the RNA subunit alone is not catalytically active (69, 70),
it is essential for RNase P activity, as indicated by the sensitivity of the
holoenzyme to micrococcal nuclease treatment (27). The protein subunits of
cyanelle RNase P have yet to be identified, but they constitute about 80% of the
mass of the holoenzyme (68), an extensive protein content. Footprinting analysis
of cyanelle RNase P RNA in the native holoenzyme also reveas extensive
protection of the RNA by proteins, with a pattern similar to that of the yeast
nuclear RNase P (68). In addition to cyanelle RNase P, sequences putatively like
RNase P RNA have been identified in several chloroplast genomes, including
those from maize (71), Porphyra, and Nephroselmis olivacea [the RNase P
database (8)].

Eukaryotic Nuclear RNase P

COMPOSITION OF NUCLEAR RNASE P Nuclear RNase P has been purified or
partialy purified from several eukaryotes, primarily from yeasts and vertebrates.
The buoyant densities of eukaryotic holoenzymes are around 1.28-1.4 g/ml in
Cs,SO,, which are less than those of the bacterial enzymes but between the
densities of protein and RNA (7, 72). The protein complement contributes about
50% of the mass of the eukaryotic complex, as compared to 10% in the bacterial
holoenzyme (73—77). These data, together with the ribonuclease sensitivity of
eukaryotic RNase P activity, originally suggested the ribonucleoprotein nature of
the nuclear holoenzymes.



Annu. Rev. Biochem. 2002.71:165-189. Downloaded from www.annualreviews.org

by University of Michigan - Ann Arbor on 06/24/11. For personal use only.

MULTIPLICITY OF EUKARYOTIC RNase Ps 173

In the yeast S. cerevisiae, the RNA subunit of nuclear RNase P, RPR1 RNA,
was first identified about a decade ago (78, 79). Genetic and immunoprecipitation
studies identified the first four proteins associated with yeast nuclear RNase P:
Poplp, Pop3p, Popdp, and Rpplp (80—83). Biochemica purification (1) has
confirmed the presence of the RPR1 RNA, the above four proteins, and five
additional polypeptides (Pop5p, Pop6p, Pop7p, Pop8p, and Rpr2p) (Table 1).
Pop7p was a'so identified as a protein subunit because of homology to one of the
human RNase P proteins (84). In vivo depletion studies have shown that all 10
subunits are essential for yeast viability and for RNase P activity (1, 79-83).

Purification of human RNase P from Hel a cells has revea ed the existence of
an RNA subunit, H1 RNA (73), and at least seven protein subunits that copurify
with enzymatic activity, namely Rppl4, Rpp20, Rpp29, Rpp30, Rpp38, and
Rpp40 (Table 1) (85). In addition, the human homolog of yeast Poplp, hPopl,
has been discovered independently by database searches, athough the overall
sequence similarity between the two proteins is low (86). Despite the lack of
strong sequence similarity in POP1 genes, antibody raised against hPopl can
immunoprecipitate the H1 RNA and RNase P activity from Hela cell extracts
(86). Thus, hPopl is likely to be an integral component of human RNase P. In a
separate study, Rpp29 has been identified as the homolog of yeast Pop4p and is
also called hPop4 (87, 88). Database searches have recently identified additional
human RNase P protein subunits based on sequence homology to other yeast
nuclear RNase P proteins. hPop5 (the homolog of yeast Pop5p) and Rpp21 (the
homolog of yeast Rpr2p) have proven to be integral subunits of human RNase P
(89, 90). The relationship of other human RNase P proteins to yeast RNase P
proteins remains unclear.

Recently, bioinformatic and biochemical studies have identified archaeal
homologs of several yeast RNase P proteins, which suggests a eukaryotic-like
protein content in archaeal RNase P. In Methanothermobacter thermoautotro-
phicus, the open reading frames MTH11 (POP4 homolog), MTH687 (POP5
homolog), MTH688 (RPP1 homolog), and MTH1618 (RPR2 homolog) have
proven to be associated with RNase P activity (Table 1) (18).

STRUCTURE AND FUNCTIONS OF THE NUCLEAR RNA SUBUNIT The RNA compo-
nent in eukaryotic nuclear RNase P has been isolated in several organisms (7, 8,
15). The corresponding genes appear to be transcribed by RNA polymerase 11 in
yeast and vertebrates, but most of the information on the structure and function
of the RNA subunit comes from the studies on the yeast enzyme. The RPR1 RNA
gene from S cerevisiae is transcribed as a 486-nucleotide primary transcript
(pre-RPR1 RNA) (91). This large precursor, which might be a peculiarity of
Saccharomyces, undergoes a single cleavage at the 5 end to remove the
84-nuclectide leader sequence and multiple cleavages to remove the 33-nucleo-
tide 3'-trailing sequence to give the mature RPR1 RNA (79). In norma S
cerevisiae strains, the ratio of the cellular level of pre-RPR1 RNA and RPR1
RNA is variable, but in actively growing cells it is about 1:9. Both pre-RPR1
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RNA and RPR1 RNA can be immunoprecipitated using affinity-tagged protein
subunits (1, 80—83). Moreover, ribonucleoprotein complexes containing the
pre-RPR1 RNA and mature RPR1 RNA have similar chromotographic charac-
teristics during most of the biochemical purification steps (26). These dataimply
that the pre-RPR1 RNA may be processed after the assembly into a ribonucle-
oprotein complex. Consistent with this, recent studies have shown that the
pre-RPR1 complex has catalytic activity (C. Srisawat, personal communication),
which is not surprising considering that each of the protein subunitsin the mature
holoenzyme can immunoprecipitate the pre-RPRL RNA. It is aso possible that
the pre-RPR1 RNA has transiently associated proteins not found in the mature
enzyme. For example, Lsm proteins have been found associated with the
precursor, but not the mature, RPR1 RNA (92).

A secondary structure for RPR1 RNA has been proposed based on structure-
sensitive RNA footprinting and phylogenetic studies (Figure 1) (15, 16, 93, 94).
Comparison of the RPR1 RNA structure with the bacterial consensus structure
and other eukaryotic RNase P RNA structures has revealed both similarities and
variability. A core structure is conserved among RNase P RNAs from bacteria
and eukaryotes (14, 15, 95, 96). The conserved elements include five critical
regions (CR-1 through CR-V) carrying conserved nucleotides and several stems
(P1, P2, P3, P4, P7, P10/11, and P12) at similar positions in different RNA
structures (Figure 1). CR-I, CR-1V, and CR-V are also easily recognizable in the
mitochondrial RNase P RNA from S cerevisiae, but no obvious candidate
sequence for CR-1I or CR-1ll has been found (97). At this time no crystal
structure for any RNase P RNA subunit has yet appeared, so information on
structure and function of conserved regions comes mainly from mutagenesis,
cross-linking, chemical probing, and computer modeling.

Figure 1 Summary of the yeast two-hybrid and three-hybrid test results of yeast (S
cerevisiae) nuclear RNase P. Ovals represent the protein subunits of yeast nuclear RNase
P (Table 1). Overlaps of the ovals indicate a positive result in the two-hybrid test (1414).
The shaded ovals of Poplp and Pop4p indicate that they are the only protein subunits that
interact specifically with the RPR1 RNA in athree-hybrid test. One of the recognition sites
in the RPR1 RNA for Poplp binding is the P3 loop, as indicated by the arrow (116). The
binding sites for Pop4p are currently unknown, which is represented by the dotted bracket
and a question mark. The predicted secondary structure of RPR1 RNA is adapted from the
model proposed by Frank et a. (15). Five critical regions, CR-I to CR-V, are numbered
based on the Chen & Pace nomenclature (14). P represents helical regions, with numbers
assigned according to the bacteria structure (101). eP indicates the eukaryotic-paired
regions whose homology to particular bacterial structuresis uncertain but which occupy the
same positions as in the bacterial structure (15). Nucleotidesin filled circles show protection
from chemical modification and nuclease attack in the holoenzyme, whereas the nuclectides
in open circles indicate exposure to solution (16).
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The P4 helix, which is formed by the base pairing of CR-I and CR-V, is
postulated to be the catalytic center of the bacterial enzymes by site-directed
mutagenesis, phosphorothioate modification-interference studies, and deletional
analysis (96, 98—103). It is aso suggested to be a potential binding site for the
bacterial RNase P protein subunit (13; S. Niranjanakumari & C.A. Fierke,
personal communication). For yeast nuclear RNase P, mutagenesis studies of the
conserved nucleotides within and near P4 have suggested an important role in
pre-tRNA binding, catalysis, and RPR1 RNA maturation (103). Several substi-
tutions of the conserved nucleotides cause more than a 10-fold reduction in the
catalytic efficiency (k.4/K,,) of the holoenzyme and/or a severe decrease in the
cellular level of the mature RPR1 RNA, which is thought to be caused by an
RPR1 RNA maturation defect (103). Previous RNA footprinting studies have
shown that P4 helix is protected from nuclease attacks in the RNase P holoen-
zyme (16), which suggests that it is not on the surface of the holoenzyme.

CR-Il and CR-lII, together with P10/P11 and P12, form a domain whose
function and accessibility to chemical reagents is magnesium dependent in yeast
RNase P (104, 105). Deletiona studies of the yeast RNase P RNA have shown
that the distal P12 stem is dispensable in vivo, athough the internal loop
containing the CR-11 and CR-I11 regionsis essential for yeast viability and RNase
P activity (106). The CR-II region contains a consensus sequence AGARA (R =
purine), which is conserved in al yeast RNase P RNAs and similar to the
bacterial CR-11 consensus (15, 104). Mutational studies of the AGAAA sequence
in CR-1I of the S. cerevisiae RNase P RNA indicate a function in magnesium
utilization as measured by an increase in optimum Mg?* concentration for the
mutants (104). In addition, steady-state kinetic studies of the mutant holoen-
zymes show effects primarily on turnover (k.;), with modest changes in K,
(204). In contrast, it has been shown that the analogous CR-I1/111 region in the
bacterial ribozyme is not absolutely essential for cleavage, rather playing a role
in substrate discrimination (107-111). Previous studies on bacterial RNase P
RNA have shown that substrate binding requires divalent cation-mediated inter-
actions with the CR-Il and CR-Ill conserved loop and that the P10/11-P12
domain is subject to lead-induced hydrolysis and Mg?* cleavage at high pH (98,
112). Cross-linking studies on the Escherichia coli and B. subtilis ribozymes also
place CR-Il and CR-I1I in proximity to the substrate aminoacy! stem (J.M. Nolan,
persona communication).

Extensive mutagenesis of the CR-IV region of the RPR1 RNA gives large
reduction in k., with little effect on K, (103). In addition, the maturation of
RPR1 RNA does not seem to be affected in the strains containing the RNA
mutated in this region (103). Studies on the bacterial enzyme have demonstrated
theimportance of thisregion in tRNA binding (28, 113, 114). Thus, CR-1V might
also be located in the proximity of the active site of the eukaryotic holoenzyme.

Structural elements distinct from the bacterial RNase P RNA subunits also
exist in the nuclear RNASs; the most obvious are the P3 and P15 regions.
Although the RNA species from both kingdoms contain a P3 stem, the eukaryotic
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P3 has a more complex helix-loop-helix structure (Figure 1) (14, 15, 93, 95). P3
has been proposed as a protein binding site in bacterial RNase P holoenzyme, as
indicated by deletional analysis and protein-directed RNA cleavage (13, 115; S.
Niranjanakumari & C.A. Fierke, personal communication). In yeast RNase P, a
mutated P3 loop causes defects in pretRNA processing and RPR1 RNA
maturation in vivo (116). Changes of the conserved nucleotides in the P3 loop
also disrupt the specific interaction between RPR1 RNA and one of the protein
subunits (Poplp) (116). This may cause a defect in the assembly of a ribonu-
cleoprotein complex in vivo, which in turn may cause the loss of maturation of
the RNA subunit. The P3 region in human RNase P RNA is also a polypeptide-
binding site (117, 118), which suggests that both the bacterial and eukaryotic P3
regions are important for the assembly of RNase P holoenzyme. In addition to (or
as a result of) its role in assembly, the eukaryotic P3 domain appears to be
required for the proper subcellular localization of the RNase P RNA. In human
RNase P, deletion of the P3 region causes the RNA component to fail to localize
to the nucleolus (119).

In contrast to P3, the P15 region is often more complex in bacteria than in
yeast and completely disappears in human RNase P RNA. Because it is not clear
whether the eukaryotic structure in this region plays arole similar to the bacterial
P15, it is termed eP15 (Figure 1) (15). The function of the P15 region is better
understood in the bacterial RNase P ribozyme reaction than that of the holoen-
zyme. In the ribozyme reaction, the P15 loop has been shown to base pair with
the 3'-CCA sequence of the substrate pre-tRNA (and product) (28, 120). Kinetic
and biophysical analysis suggested that there might be a metal ion—binding site
in the bacterial P15 loop (121-123). However, this interaction may be less
important in the cleavage catalyzed by the bacteria holoenzyme (123). The
function of the eP15 loop, if any, is not known.

A consensus secondary structure of eukaryotic RNase P RNA has recently
been proposed (15). In addition to the conserved and variant regions mentioned
above, there are elements in the eukaryotic consensus structure that might have
counterparts in the bacterial consensus structure. Helices eP8 and eP9 (Figure 1)
could be the homologs of the corresponding helices in bacterial RNase P RNA,
although the functional equivalence requires further evidence. The fungal eP8
stem-loop structures have the NUGAG sequence (N = A, U, C, or G), whereas
most of the eP9 hairpins contain GNRA (R = purine) tetraloops (15). Studies of
hairpins from ribosomal RNA and other sources have suggested that a tetraloop
structure could increase the thermodynamic stability of an RNA duplex, or act as
a docking site for intramolecular or intermolecular RNA-RNA interactions
(124-130). In E. cali RNase P RNA (M1 RNA), amutation in the L9 loop results
in areduction in K,,, and k. of the holoenzyme-catalyzed reaction with pre-4.5S
RNA as substrate (131), but little effect on pre-tRNA processing in vitro.

The presence of the conserved catalytic core structure of bacteriadl RNase P
RNA (CR-I through V) in the eukaryotic nuclear RNA subunit strongly suggests
that the nuclear RNA is serving functions similar to the bacterial counterpart,
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despite the presence of a much larger protein contingent. The importance of the
critical regions in the yeast RPR1 RNA for RNase P activity supports the
hypothesis that nuclear RNase P is an RNA-based enzyme.

FUNCTIONS OF THE PROTEIN SUBUNITS The protein complement of eukaryotic
RNase P is much more complex than that of the bacterial holoenzyme. Bacterial
RNase P has a small, highly basic protein subunit, with a molecular mass of
1214 kDa. In contrast, RNA footprinting of the yeast holoenzyme has shown
that most of the RNA subunit is covered by proteins (Figure 1) (16). The purified
nuclear RNase P from S cerevisiae has 9 tightly associated, essential protein
subunits, with molecular masses ranging from 15.5 to 100.5 kDa (Table 1).
Except for Pop8p and Pop5p, the yeast nuclear RNase P protein components are
very basic, with pl values higher than 9. The pl values of Pop8p and Pop5p are
4.6 and 7.8, respectively. Sequence analysis has revealed several putative signals
for nuclear localization in some of the yeast protein subunits, but defined
RNA-binding motifs are lacking, other than clusters of basic residues. A motif
containing repetitive KKD/E sequences is found in most of the protein subunits
(2). The functions of the basic clusters, including the KKD/E motif, are not clear,
and it is plausible that these might participate in RNA-protein interaction,
protein-protein interaction, and/or nuclear localization.

In fact, very little is known about any of the functions of individual protein
subunits of nuclear RNase P, athough several of the proteins expressed in
bacteria exhibit nonspecific RNA-binding capability in vitro (F. Houser-Scott,
C.E. Millikin & D.R. Engelke, unpublished observations). Depletion of most of
the yeast protein subunits results in a drastic reduction in the cellular level of
mature RPR1 RNA (1, 82—84). This might reflect incorrect assembly of the yeast
holoenzyme, so that pre-RPR1 RNA cannot be processed, or destabilization of
the mature RPR1 RNA. The sole exception to this appears to be Pop3p, which is
essential but does not dramatically affect the ratio of precursor to mature RPR1
RNA (81). Recent studies on Pop3p have revealed that it can bind to RPR1 RNA,
pre-tRNA, and single-stranded RNAS (132). At this point, it is not clear whether
the proteins bind to the RNA subunit as a preformed complex or are added to the
RNA one at atime.

In the case of human RNase P protein subunits, a recent study has shown that
the recombinant Rpp20 displays ATPase activity (133). However, the ATPase
activities of Rpp20 and RNase P holoenzyme do not have the same optimal
reaction conditions (133). The generality of this ATPase activity is unclear at
present since the apparent yeast homolog of Rpp20, Pop7p, does not have the
ATPase signature motif. Thus, the in vivo ATPase activity of Rpp20 and its
importance to RNase P function await further analysis. In addition, a two-hybrid
screen suggested that Rpp20 interacts with Hsp27, a small heat shock protein 27
(134). The function of Hsp27 in RNase P activity might be regulatory, since the
addition of Hsp27 stimulates RNase P activity in a concentration-dependent
manner (134).
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Itislikely that one or more protein subunits of eukaryotic RNase P mimic the
functions of the bacterial protein in enhancing substrate binding and pre-tRNA
discrimination (23). In human RNase P, Rpp21 and Rppl14 might interact directly
with substrates, since they have been shown to bind to pre-tRNA in agel mobility
shift assay (90). However, the specificity for the sites of binding on the tRNA
have not yet been defined. A labeled pre-tRNA substrate has been reported to
form cross-links with protein components from the Tetrahymena thermophila
and partially purified human RNase P (135). The yeast nuclear holoenzyme
appears to have additional binding sites for single-stranded RNAs. Unlike the
bacterial enzyme, it strongly binds and is inhibited by single-stranded homori-
bopolymers[poly(G) and poly(U) > poly(A) >=> poly(C)] (32). Onerolefor such
single-stranded-binding sitesin the proteins might be recognition of the 3’ trailer
or the 5’ leader of pre-tRNAs (32). A much wider role for the protein components
in substrate discrimination still awaits discovery. Although the full range of
physiological substrates of RNase P has not been tested, preliminary studies
suggest that the nuclear holoenzyme is relatively promiscuous in cleaving naked
RNA (26). Since nuclear RNAs are expected to be complexed with proteins in
most cases in vivo, the protein components of nuclear RNase P could help
discriminate among potentia ribonucleoprotein substrates rather than simply
recognizing RNA determinants. Indeed, part of the reason for the increased
protein complexity of the nuclear enzyme could be to specify which RNAs are
not to be cleaved.

The additional eukaryotic protein subunits do not appear to substantially alter
the chemistry of the cleavage reactions. Studies on cleavage of phosphorothioate
modified substrates have suggested that the protein-based spinach chloroplast
activity uses different chemistry than the RNase P ribozyme (42) but that nuclear
holoenzymes mirror the RNA-based cleavage (41, 43). It is also possible that
entirely distinct enzymatic activities, such as RNA modification enzymes, might
be coordinated with RNase P cleavage by being part of the same complex, or
recruited to the complex through protein-protein interaction. Previous work has
linked a tRNA methyltransferase activity to the stability of RPR1 RNA (136),
although none of the identified subunits have any detectable sequence homology
to known tRNA processing or modification enzymes.

The subnuclear localization of severa pre-tRNA processing enzymes [(137-139);
see below] has led to the hypothesis that the nuclear pre-tRNA pathway is patially
organized. It is entirely possible that one or more protein subunits are important for
locdization of RNase P within the nucleus. This might be required for the spatial
organization of pre-tRNA biosynthesis, the maturation of RNase P holoenzyme, or
participation of the enzyme in other undiscovered processing pathways.

ARCHITECTURE OF THE EUKARYOTIC NUCLEAR HOLOENZYME  Although the crys-
tal structure of eukaryotic RNase P holoenzyme will be difficult to obtain
because of its low natural abundance and subunit complexity, a preliminary map
of how the subunits fit together has been proposed by yeast two-hybrid and
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three-hybrid tests (140, 141) and by cross-linking studies. The presence of both
RNA and protein components in RNase P suggests that some proteins may make
direct contacts with the RNA moiety and other proteins might be recruited
through protein-protein interactions.

In the case of the S. cerevisiae nuclear RNase P, the yeast two-hybrid assay
has revealed that al the protein components interact with at least one other
protein subunit (Figure 1) (141a). Poplp, Pop4p, Rpplp, Pop5p, Pop6p, and
Rpr2p areinvolved in multiple protein-protein interactions; Pop4p and Rpr2p are
able to self-associate. By the use of the yeast three-hybrid system, the RNA-
protein interactions within yeast nuclear RNase P have been at least partiadly
delineated (Figure 1). Poplp and Popdp are the only protein subunits that
specificaly bind to the RPRL RNA in the three-hybrid test (141a8). A Poplp
binding site has been mapped to the P3 region of RPR1 RNA (116). The RNA
binding site(s) for Pop4p remain to be discovered. It is worth noting that other
protein subunits might make direct contacts with the RNA, but the interactions
could be dependent on the formation of a multiprotein complex.

Using a similar genetic analysis and cross-linking experiments, the subunit
interaction map of human nuclear RNase P has been examined. Eight of the ten
known protein subunits of human nuclear RNase P were tested in a yeast
two-hybrid assay for their abilities to interact with each other (134). Rpp21
(human Rpr2p homolog), Rpp29/hPop4, Rpp30 (human Rpplp homolog),
Rpp38, Rpp40, and hPopl are involved in extensive, but weak, protein-protein
interactions among the RNase P subunits. Rpp21, Rpp29, Rpp30, and Rpp38
bind to the H1 RNA as indicated by both a yeast three-hybrid test and UV
cross-linking (142), although the RNA recognition elements for these proteins
are currently unknown. Furthermore, the sera from some patients with autoim-
mune diseases react with a 40-kDa polypeptide, designated as To antigen, within
human RNase P holoenzyme. The To antigen can be cross-linked to nucleotides
20-75 of human RNase P RNA (the To binding site), which encompasses the P3
domain of the RNA component (118). However, the relationship between the
To/Th antigen and the known protein subunits of RNase P is unclear at present.

The protein-protein interactions and protein-RNA interactionsin the yeast nuclear
RNase P are not identicd to those observed in the human holoenzyme, although there
is sgnificant similarity. Considering the low identity between the protein homologs
and the variation in the RNA structures, it is possible that the subunit interaction
surfaces are different in these organisms, resulting in subtle changes in the strength
of binary subunit contacts and the spatial organization of RNase P holoenzymes.

RELATIONSHIP BETWEEN RNase P AND RNase MRP

Nuclear RNase P is closely related to another ribonucleoprotein complex, RNase
MRP, which has been found only in eukaryotes. RNase MRP was originaly
identified as an RNA-containing endoribonuclease that cleaves the mitochondrial
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RNA primers for DNA replication in vitro (143, 144). However, most of the
RNase MRP RNA is observed in the nucleolus (145-148), where the enzyme
plays an important role in pre-rRNA processing (3, 149, 150). In yeast, RNase
MRP has been shown to cleave pre-rRNA at site A3 within the first internal
transcribed spacer (ITS 1), which is essential for generating the mature 5.8S
rRNA invivo (80, 151-153). Both the RNA and protein subunits of RNase MRP
are essential for yeast viability, even though neither the cleavage of pre-rRNA at
site A3 nor the mitochondrial DNA replication are required for life (149).
Therefore, RNase MRP may have additional essential functions that have not yet
been discovered. Indeed, ayeast strain carrying atemperature-sensitive mutant of
RNase MRP RNA displays a defect in pre-rRNA processing at sites other than
A3 at nonpermissive temperature (149). However, the essentia role of RNase
MRP might not involve the pre-rRNA pathway. Mutagenesis of yeast RNase
MRP has shown that the enzyme plays arole in plasmid segregation (154), and
itisentirely possible that RNase MRP has additional substrates that have not yet
been identified.

Characterization of RNase MRP primarily comes from yeast and human cells.
Y east nucleolar RNase MRP has an RNA component, NME1 RNA, and at least
nine protein subunits identified by genetics and immunoprecipitation (Table 1).
Eight of these nine proteins are also tightly associated with the purified yeast
nuclear RNase P. This protein subunit overlap and the similarity of the RNA
subunits to the RNase P RNAS (155; see below) strongly indicate that RNases P
and MRP are closely related descendants of an ancestral eukaryotic enzyme in
which the RNA subunit has diverged and unique protein subunits have evolved
accordingly.

The one known unique protein subunit of yeast RNase MRP, Snmlp, is
clearly distinct from the unique protein subunit of RNase P, Rpr2p, yet the two
proteins have some properties in common. In two-hybrid tests, both proteins
self-associate and bind to Popdp (141a). One would predict that the Shm1p
subunit might perform functions that set MRP aside from RNase P, such as
substrate discrimination or enzyme localization. Indeed, a putative zinc-cluster
domain has been identified in Snm1p, and the protein can bind to NME1 RNA in
gel mobility shift and Northwestern assays (156). In contrast, Rpr2p has not been
found to bind the RPR1 RNA (1414a). It is worth noting that since RNase MRP
has not yet been purified from any source, the holoenzyme could contain
additional subunits not found in RNase P.

Secondary structures of RNase MRP RNA have been proposed based on
phylogenetic studies (157-160). RNase MRP RNA can fold into a cage-shaped
secondary structure similar to that of the RNase P RNA. RNase MRP has at |east
three of the critical regions (CR-I, CR-1V, and CR-V) that are conserved in al
RNase P RNAs, and it also shares the eukaryotic P3 loop. It is not known at
present whether the equivalents of CR-Il and CR-111 are present in modified form
in RNase MRP RNA.
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The P3internal loop sequences of yeast RNase P RNA and RNase MRP RNA
appear to be functionally interchangeable (161). The P3 region is thought to be
a specific binding site for a common protein of RNase P and RNase MRP,
although different types of experiments done with yeast and human enzymes
have identified different probable binding partners. In a yeast three-hybrid test,
Poplp binds to the P3 region, aone or in the context of RPRL RNA, in a
sequence-specific fashion (116). In human nuclear RNase P and RNase MRP,
several polypeptides have been shown to require the P3 domain for binding or
bind to a region close to P3 (117, 118, 162).

Information concerning the arrangement of proteins on the RNA subunit gives
different answers for yeast versus human RNase MRP. Although the yeast P3
domain (equivalent to the Th/To binding-site in human RNase MRP RNA) binds
directly to Poplp, the human Popl does not cross-link to MRP RNA (162).
However, the association of hPopl with the holoenzyme complex requires the
To/Th binding site in the RNA (162). Instead of hPopl, cross-linking experi-
ments have shown that three polypeptides, with molecular masses of 20, 25, and
40 kDa, are in close contact with the To/Th-binding site (nucleotides 15-87) of
the human RNase MRP RNA (117, 162). A 40-kDa protein is also cross-linked
to the To/Th region (nucleotides 20—75) of human RNase P RNA (118).
However, it is not known whether the 40-kDa polypeptides in these studies are
identical or whether they correspond to any of the identified yeast RNase PPIMRP
subunits. Another 40-kDa protein, which is identical to Rpp38, has been found
to bind to an RNA site that is on the 3’ side of the To/Th-binding site (162).

SUBNUCLEAR LOCALIZATION OF RNase P AND THE
QUESTION OF COORDINATED RNA PATHWAYS

In bacteria, RNase P is involved in the processing of tRNAs, rRNAS, and in
specialized cases, MRNAsS. The existence of tRNAs within the large, ribosomal
RNA precursors creates a particularly intimate association between the tRNA
and rRNA pathways, since tRNA processing by RNase P is occurring as part of
rRNA processing. In eukaryotes tRNA segquences are no longer found in the
pre-rRNA transcription units, and cleavage between the large rRNA subunits is
accomplished by a derivative of RNase P, RNase MRP, that has adapted to this
task in the absence of a tRNA substrate structure. Given that nuclear tRNA and
rRNA cleavage is accomplished by distinct enzymes, the question persists. Is
there still any physical linkage between the two pathways?

In eukaryotes, most ribosome biogenesis, including the processing of pre-
rRNA by RNase MRP, takes place in dense, subnuclear regions called nucleoli.
Pre-tRNA biosynthesis had been assumed to be distributed throughout the
nucleoplasm, but emerging data on the localization of nuclear RNase P suggest
this might not be the case. In the yeast S. cerevisiae, the RNase P cleavage is an
early step in the nuclear tRNA maturation pathway. Most nuclear pre-tRNAs and
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both the precursor and mature RNase P RNAs are localized primarily to the
nucleolus, with additional foci in the nucleoplasm (139, 163; E. Bertrand & D.R.
Engelke, unpublished observations). Although one long-lived pre-tRNA, the
intron-containing pre-tRNA''® (164), has been found throughout the nucleus
(138), the predominantly nucleolar localization results clearly suggest that the
early steps in nuclear tRNA processing pathway are compartmentalized, rather
than distributed evenly in the nucleoplasm. The partial colocalization of pre-
tRNA and pre-rRNA maturation pathways in the nucleolus might reflect the
possible interplay between tRNA and rRNA biogenesis. Considering that RNase
P and RNase MRP share eight out of nine protein subunits, it is not surprising
that they might have at least partially common subcellular localization.

In mammalian cells, in situ hybridization shows that endogenous RNase MRP
RNA is predominantly nucleolar but that RNase P H1 RNA is localized
throughout the nucleus (119). Microinjection of labeled RNase P RNA demon-
strated that the RNA is first localized in the dense fibrillar component of the
nucleolus and subsequently redistributed throughout the nucleus (119). This
would be consistent with some aspect of RNase P assembly taking place in the
nucleolus and would also be consistent with the observation that precursors to
yeast RPR1 RNA are nucleolar (E. Bertrand & D.R. Engelke, unpublished
observations). The To/Th antigen-binding site (nucleotides 25-75in H1 RNA) is
required for theinitial nucleolar localization of the RNA, and the more 3’ region
of the RNA (nucleotides 89—-341 in H1 RNA) is necessary for its nucleoplasmic
redistribution (119). The location of RNase P in eukaryotic nuclel is somewhat
controversial, however, since earlier reports suggested that concentrated foci of
RNase P RNA were localized on the fringes of some Hel a cell nucleoli, termed
the perinucleolar compartments (PNCs) (165).

In addition to detection of the RNA subunit, subcellular localization of the
human RNase P protein components has also been studied. These experiments
generally give answers that are difficult to interpret. Since many of the subunits
are common to both RNases P and MRP, it is never clear whether the protein
being visualized is associated with one of the enzymes, with both, or with neither.
Using indirect immunostaining, most of the endogenous hPopl is found in the
fibrillar compartment of the nucleolus, although a weak, homogeneous staining
in the nucleoplasm is also observed (86). Rpp29, Rpp38, Rppl4, and hPop5 are
mainly detected in the nucleolus (89, 166). Rpp29 and Rpp38 have aso been
located in Caja bodies (166). However, localization should not necessarily be
considered static, since Rpp29 has been shown to rapidly shuttle between
nucleolus and nucleoplasm in human cells (167).

Rpp21, the human homolog of the yeast RNase P-specific protein subunit
Rpr2p, is primarily nucleoplasmic with a small amount in the nucleoli (90).
Whether Rpp21 is associated only with RNase P activity in human cells has yet
to be confirmed. An alternatively spliced form of human Rpp21, which does not
associate with RNase P RNA, is detected primarily in the nucleoli (90). The
significance of thisalternatively spliced Rpp21 formis not immediately clear, but
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its existence serves to emphasize how little we know about the functions of these
proteins. For the yeast subunits, we know only that they are essentia for life, for
RNase P activity, and in most cases, for RNase MRP activity. These proteins
could also play additional, completely unknown roles in the cell.

SUMMARY

Ribonuclease P is one of two ancient ribonucleoprotein enzymes that are found
in al living organisms (the other is the ribosome). The existence of a ribozyme
RNA subunit in the bacterial enzymes initially caused much excitement, con-
tributing to the creation of an RNA World hypothesis in which RNAs were the
primordial macromolecules that both carried genetic information and catalyzed
reactions. In eukaryotic nuclei the RNA subunit still has most of the features that
are conserved in the bacterial ribozymes, but the holoenzyme has gained nearly
20 times as much protein and has simultaneously lost the ability to bind and cut
pre-tRNA substrates without the protein complement. Although the pre-tRNA
cleavage mechanism and functions of the nuclear RNase P RNA subunit are
thought to be similar or identical to the bacterial counterpart, the reasons for the
huge increase in protein content of eukaryotic holoenzymes are largely myste-
rious. The nuclear enzyme clearly has to deal with issues that are not likely to be
seen by the bacterial enzymes—subcellular localization during biogenesis, pos-
sible spatial organization of the pre-tRNA pathway, and a potentia need to
recognize more complex substrates that ribonucleoprotein contacts.
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