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RNase P was first characterized in Escherichia coli as an enzyme that
is required for the processing of the 5 termini of tRNA in the pathway
of biosynthesis of tRNA from precursor tRNAs (ptRNAs; Altman and
Smith 1971; for review, see Altman 1989). Subsequently, it was discovered that this enzyme consisted of one protein and one RNA subunit, the
latter being the catalytic subunit (Guerrier-Takada et al. 1983). In retrospect, it should not be surprising that an enzyme with the chemical composition of RNase P exists. Ribosomes are also ribonucleoproteins (RNPs),
but they are much more complicated than RNase P. It seems unreasonable
that ribosomes, with three RNAs and about 50 proteins, would exist without less complex RNPs having come into existence first and having persisted throughout evolution. Indeed, relatively simple RNPs with and
without catalytic activity have been discovered with regularity during the
past 20 years.
What important questions about RNase P have not yet been answered? Certainly, for the biochemist, problems not yet solved for E.
coli RNase P include a full understanding of enzyme–substrate interactions, RNA–protein subunit interactions, and the chemical details of the
hydrolysis reaction. In every case, much progress has been made, but
much has yet to be learned.
A second issue of interest to biochemists and “evolutionists” is the
puzzle presented by the different compositions of RNase P from eubacteria (one catalytic RNA and one protein subunit) and from eukaryotes
(one RNA subunit and several protein subunits: no understanding yet of
which subunit is responsible for catalysis). The complexity of eukaryotic
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RNase P presents the questions of why there are so many subunits and
what relation this complexity might have to the intracellular localization
of the enzyme, possible isoforms (Li and Williams 1995), and its relation
to other enzymes with which it might interact in vivo. RNase P in organelles, e.g., chloroplasts and mitochondria, present their own complexities
in terms of the origin and function of their subunits (Wang et al. 1988;
Dang and Martin 1993; Baum et al. 1996; Lang et al. 1997; Martin and
Lang 1997). More generally, the role of RNase P in the regulation of
tRNA and rRNA biosynthesis in both prokaryotes and eukaryotes has not
yet been fully explored. Indeed, new roles for RNase P in cell physiology
are still being uncovered (Stolc and Altman 1997).
This chapter focuses on enzyme–substrate interactions and summarizes briefly what is known about RNase P from bacteria (predominantly
E. coli) that is pertinent to the other questions presented above and contrasts the characteristics of E. coli RNase P with eukaryotic RNase P (predominantly human RNase P). The discussion is not meant to be encyclopedic: We apologize to those whose work we have not mentioned.
FUNCTION OF RNASE P

In E. coli, RNase P processes not only ptRNAs (Fig. 1) but also, at the
very least, the precursors to 4.5S RNA (Bothwell et al. 1976a), an analog
of the eukaryotic SRP RNA (Poritz et al. 1990), tmRNA (10Sa RNA;
Komine et al. 1994; Keiler et al. 1996; Muto et al. 1996; Felden et al.
1997), and some small phage RNAs (Hartmann et al. 1995). Formally,
this enzyme also has another substrate, 30S prRNA, which it cleaves at
the 5 termini of tRNA sequences embedded in the long prRNA (for
reviews, see Apirion and Miczak 1993; Deutscher 1993). There may very
well be other “hidden” substrates, e.g., ones that resemble the polycistronic his operon mRNA, which have not yet been identified in the complexity of RNA processing events in vivo. In this latter case, a cleavage
site by RNase P is accessible only after a previous cleavage of the mRNA
by RNase E (Alifano et al. 1994). Only after the RNase E cleavage can the
remaining 3 terminal fragment of the polycistronic mRNA adopt a conformation that presents the recognition features of substrates for RNase P.
To date, only one set of substrates for purified human RNase P has
been identified: These are ptRNAs. However, in crude extracts of both
yeast and HeLa cells, RNase P appears to be part of a complex that
includes RNase MRP and that is involved in the cleavage of prRNAs
(Lygerou et al. 1996; Jarrous et al. 1998). Highly purified RNase P, however, cannot carry out this latter cleavage reaction (Jarrous et al. 1998).
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Figure 1 Natural substrates for RNase P from E. coli. Secondary structures of
several substrates are shown. (A) Precursor to tRNATyr. (B) Precursor to 4.5S
RNA. (C) Precursor to tmRNA. (D) Precursor to phages P1 and P7 antisense C4
RNA. (E) his operon mRNA at the junction of the his C and his B genes of
Salmonella typhimurium (see text for explanation and references).

Identification of new substrates for eukaryotic RNase P should involve the
examination of cell extracts depleted in RNase P activity.
The fact that nuclear RNase P from both human and yeast cells have
several protein subunits points to the possibility that these subunits, alone
or together in the RNase P holoenzyme complex, have a function other
than that of RNA cleavage. (RNase P from Saccharomyces cerevisiae and
HeLa cells [Eder et al. 1997; Chamberlain et al. 1998] have been sufficiently highly purified to enable the previous statement regarding the
number of subunits to be made. In S. cerevisiae, there is also genetic evidence for the identity of at least five subunits [for references, see Stolc
and Altman 1997; Stolc et al. 1998].) In fact, the sequences of at least
two of the human subunits have motifs resembling those found in proteins
that are known to have nuclear localization signals (Jarrous et al. 1998).

354

S. Altman and L.A. Kirsebom

In human cells, RNase P must also be transported to the mitochondria
(Doersen et al. 1985). (Unlike mitochondria in human cells, in several
yeasts and other lower eukaryotes, the mitochondria appear to encode
their own RNase P [Hollingsworth and Martin 1986; Martin and Lang
1997].) Accordingly, one of the protein subunits of the human enzyme
may be important for the transport process. One candidate is the protein
called p38 or Rpp38 (Eder et al. 1997), a nuclear antigen that is also found
in the RNP enzyme known as RNase MRP (Yuan et al. 1991). As with
RNase P, this enzyme is thought to have both nuclear (nucleolar) and
mitochondrial function. The p38-binding domains in the RNA subunits of
each of these enzymes are similar in structure (see Fig. 2) (Forster and
Altman 1990b). Indeed, there are significant similarities in the overall
proposed secondary structure of these RNAs. We note also that the two
enzymatic functions are physically associated with each other in crude
extracts of both human and yeast cells (Tollervey 1995; Stolc and Altman
1997), an indication of function in similar, or the same, biosynthetic pathways (e.g., rRNA biosynthesis) and perhaps a common origin during evolution (see below).
What are the common features of the various substrates that are recognized by RNase P? Extensive genetic and biochemical analyses of both
natural and model substrates indicate that the minimal features recognized
by E. coli RNase P are a hydrogen-bonded stem of >3 bp and at least one
unpaired nucleotide at the 5 end of the sequence (Liu and Altman 1996).
The sequence –CCA at the 3 end of this stem (common to all mature
tRNAs) enhances cleavage efficiency (Seidman and McClain 1975;
Guerrier-Takada et al. 1984; Green and Vold 1988). The variety of known
model substrates is shown in Figure 3. In contrast, human RNase P
requires a somewhat more complex minimal structure for recognition by
the enzyme (Fig. 3), one in which there is a bulge of one or more
nucleotides at position 8 (Yuan and Altman 1995; see below).
SOME DETAILS OF THE REACTION WITH DIFFERENT SUBSTRATES

The simplest way of studying an enzymatic reaction is to perform an
analysis of its kinetics and to quantitate the well-known parameters,
Km and kcat. The values of these parameters for several substrates for E.
coli RNase P are listed in Table 1. Note that whereas some model substrates have a value of kcat/Km (a measure of the efficiency of the reaction)
close to that of the enzyme with a natural substrate, the Km with ptRNA is
the lowest, an indication that the interaction between ptRNA and the
holoenzyme is stronger than with other substrates. We conclude, not

Figure 2 Secondary structure schemes of (A) M1 RNA and (B) H1 RNA. The domain of H1 RNA that is analogous to a domain
to which the Th/To antigen, p38, binds (Yuan et al. 1991) in MRP RNA is shown in bold letters (Forster and Altman 1990b). (A,
Reprinted, with permission, from Chen and Pace 1997, B modified from Chen and Pace 1997.)
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unexpectedly, that a natural substrate has more contacts with the enzyme
than do model substrates. Indeed, mutagenesis studies show that any
mutation that disturbs the secondary and tertiary structure of the tRNA
moiety of the substrate in any part of the molecule alters the Km of the

Figure 3 Model substrates for E. coli (A–C) and human RNase P (D–F). (A)
pAT1, (B) Target RNA-EGS (external guide sequence) complex. (C) Minimal
substrate with base preferences shown. (D) Bulged hairpin (analog of pAT1) recognized by human (Yuan and Altman 1995), X. laevis (Carrara et al. 1989), and
Drosophila melanogaster (Levinger et al. 1997). (E) Target RNA-EGS complex
(3/4 EGS). (F) Mini-EGS and target complex (Werner et al. 1997).
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Table 1 Kinetic parameters of the reaction of M1 RNA and RNase P with
various substrates
Km
(nM)

kcat
(min–1)

kcat/Km
(min–1/µM)

Substrate

Enzyme

pTyra

M1
M1 + C5b

30
33

0.4
29

13
879

∆65
∆65 + C5

200

0
3

15

97

1

10

∆[273-281]
∆[94-204]
∆[94-204] + C5
pTyr-CCAc

M1
M1 + C5
∆[273-281]

p4.5Sd

M1
M1 + C5

0
0
960
110

30
101

31
920

250

11

44

11,500
150

1
60

0.1
400

∆65
∆65 + C5
∆[273-281]

p10AT1

e

0
0
84,700

11

∆[94-204]
∆[94-204] + C5

1,170

0
44

37

M1
M1 + C5

1,460
1,010

7
32

4.8
32

∆[273-281]

1,086

0.7

0.13

0.6

a

This natural substrate terminates in the sequence ACCAUCA. The presence of the
extra three nucleotides has little effect on the kinetics of the cleavage reaction.
b
M1 RNA and C5 protein are in molar ratios of 1:10 in the reaction mixtures.
c
This substrate terminates in A: The terminal CCAUCA sequence is missing.
d
The precursor to 4.5S RNA of E. coli.
e
The model substrate pAT1 (McClain et al 1987) with ten nucleotides in its 5 leader
sequence.

reaction (Kirsebom and Altman 1989; Svärd and Kirsebom 1992; Hardt et
al. 1993; Kufel and Kirsebom 1994). Note also that the kcat of the reaction
is enhanced by the presence of the protein cofactor, C5 protein. In certain
cases, C5 protein also greatly reduces the Km, e.g., with p4.5S RNA
(Peck-Miller and Altman 1991). C5 protein also enables the enzyme to
discriminate among several tRNA substrates by differentially altering the
relative rates of the cleavage reaction with different substrates (Kirsebom
and Altman 1989; Gopalan et al. 1997).
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When ptRNAs have the common 3-terminal RCCA sequence, the
rate-limiting step of the RNA alone reaction, as determined under multiple turnover conditions, is product release: Addition of the protein cofactor facilitates the release of the product (Reich et al. 1988; Tallsjö and
Kirsebom 1993). Recently, a thorough analysis of the kinetics of the reaction with Bacillus subtilis RNase P RNA (a type B RNase P RNA; see
Haas et al. 1996) has established a model that attempts to assign a kinetic
parameter to every stage of the reaction, from substrate and ion binding to
product release (Beebe and Fierke 1994). The model should be applicable,
in most respects, to all bacterial RNase P RNAs, but some of its steps
remain to be characterized more completely both in theory and in relation
to experimental data.
The 3-terminal sequence, –CCA, is found in mature tRNAs in all
organisms. In eukaryotes, this sequence is absent from the tRNA gene transcripts but is added posttranscriptionally. It is present in all tRNA gene
transcripts in E. coli and in almost all transcripts in other bacteria, too
(Fleischmann et al. 1995; Fraser et al. 1995, 1997; Himmelreich et al.
1996; Blattner et al. 1997; Kunst et al. 1997; Tomb et al. 1997). The presence of the CCA sequence in all ptRNAs in E. coli raises the question of
whether this sequence plays a role in recognition of substrates by RNase P.
(Note that p4.5S RNA ends in –CC and that the terminal A turns over in
tRNAs and is not essential for recognition [Deutscher 1993 and references
therein; see below].) The CCA sequence is important for recognition by
M1 RNA but plays a lesser role when C5 protein is also present (see Tables
1 and 2). When the 5 C of the terminal two Cs is substituted by dC, the
rate of the reaction is reduced about tenfold (Perreault and Altman 1992).
The absence of the second C of the CCA sequence also decreases the rate
of the reaction considerably (Table 2). Curiously, if the entire CCA
sequence is missing, the rate of cleavage is not so severely affected, an
indication, perhaps, that the other important features of the measuring and
cleavage mechanisms are no longer affected by the identity or positioning
of the 3-terminal sequence. These results have been derived from studies
of both model and natural substrates from which terminal nucleotides have
been individually and sequentially removed. Genetic studies have also
determined that the CCA sequence hydrogen-bonds to a specific, complementary sequence in M1 RNA (Kirsebom and Svärd 1994; Svärd et al.
1996; see below). This interaction also involves the discriminator base at
position +73 in the ptRNA, since it has been shown that the absence of an
interaction between the discriminator base and M1 RNA facilitates product release (Tallsjö et al. 1996). Accordingly, we can assign this sequence,
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Table 2 The effect of changes in the 3-terminal CCA sequence on the kinetic
parameters of the M1 RNA and RNase P cleavage reactions
Substrate

Enzyme

Km
(nM)

kcat
(min–1)

kcat/Km
(min–1/µM)

pTyra

M1
M1 + C5b
M1
M1 + C5
M1
M1 + C5
M1
M1 + C5

33
29
200
125
500
200
100
200

0.4
76
0.15
18
3
27
0.44
7.6

12
260
0.75
140
6
140
4.4
38

pTyr-CAc
pTyr-CCAd
Yeast
pSupS1e

The experiments reported in Tables 1 and 2 were performed with different preparations
of M1 RNA.
a
This natural substrate terminates in the sequence ACCAUCA. The presence of the
extra three nucleotides has little effect on the kinetics of the cleavage reactions.
b
M1 RNA and C5 protein are in molar ratios of 1:10 in the reaction mixtures.
c
Terminates in AC: The terminal CAUCA is missing.
d
Terminates in A: The terminal CCAUCA is missing.
e
Derived from S. cerevisiae tRNASer. This substrate does not have a 3-terminal CCA
sequence.

the unpaired nucleotide at the 5 side of the mature tRNA sequence (the
“–1” nucleotide), and a short double-stranded region in the aminoacyl stem
as part of the “minimal” recognition features (see Fig. 3C).
Since RNase P requires a divalent metal ion, of which Mg++ is the
most efficient as a cofactor (Gardiner et al. 1985; Guerrier-Takada et al.
1986; Kazakov and Altman 1991), there has been a great deal of interest
in the number of divalent metal ions that are required for the hydrolysis
reaction to proceed. The results of various studies suggest that two or
three metal ions are required for catalysis (Kahle et al. 1993; Smith and
Pace 1993; Warnecke et al. 1996; Chen et al. 1997). There are, apparently,
several strong metal-ion-binding sites in M1 RNA but whether, and how
many of, the ions bound to these sites are involved directly in the cleavage event is not clear (Kazakov and Altman 1991; Zito et al. 1993;
Ciesiolka et al. 1994). However, recent data suggest that a Mg++ ion is
coordinated directly to the pro-Rp oxygen at the cleavage site and that this
ion participates in the chemistry of cleavage (Warnecke et al. 1996; Chen
et al. 1997). These recent data are consistent with another study which
indicates that one of the required metal ions is bound to the substrate near
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the site of cleavage and is carried to the active center of the enzyme in this
manner (Perreault and Altman 1993).
The substitution with chemical analogs of the usual nucleotides found
in RNA has proved to be useful in determining which nucleotides are
essential for catalysis in M1 RNA, its substrates, and in other ribozymes.
Many studies of E-S complexes have been performed in which each of
these RNAs, randomly substituted with phosphorothioate backbones,
deoxynucleotides or 4-thiouracil, are probed in E-S complexes with
chemical agents that react with the RNAs (see below). Those phosphorothioate bonds or substituted nucleotides that do not appear in the reaction products or that fail to react with the chemical agents are judged
to be protected by E-S contacts. Experiments can also be carried out
directly on unsubstituted RNAs. Finally, cross-linking agents can be
attached to specific positions in “cyclized” M1 RNA or its substrate:
Cross-links formed between RNAs must be in areas of close contact (~15
Å). The results of all these experiments, and others carried out with
deoxy-substituted model substrates, can be summarized as follows:
1.

2.

3.

The aminoacyl stem, or its equivalent in a substrate, is denatured during catalysis by M1 RNA, probably after binding of the substrate but
before hydrolysis occurs. These data are derived from protection
from chemical reagents of a ptRNA substrate in E-S complexes
(Knap et al. 1990).
Deoxynucleotide substitutions at various positions in model and
ptRNA substrates have been used to show that positions –1 and –2,
as well as the 5-terminal C of the CCA sequence (Perreault and
Altman 1992; Kleineidam et al. 1993; Kufel and Kirsebom 1996a),
severely affect the kcat of hydrolysis. Similar substitutions in other
parts of tRNA substrates show that binding to M1 RNA is critically
affected by the loss of the 2-OH at G + 1, and in the T stem and T
loop (Gaur and Krupp 1993; Conrad et al. 1995; Loria and Pan 1997).
Phosphorothioate substitutions have been used to show that the
aminoacyl and T stems of substrates unfold during the reaction, as
well as to demonstrate that ptRNAs with either a short or a long variable arm interact differently with M1 RNA (Gaur et al. 1996). This
approach has also been used to identify phosphates and 2-OH in
RNase P RNA important for tRNA binding (Hardt et al. 1995, 1996)
and catalysis (Harris and Pace 1995). Here, 2-OH and phosphates
important for tRNA binding have been localized at and near the P4
helix as well as to residue C247 in M1 RNA (see Fig. 2). Phosphates
in P4 are also thought to be important for Mg++ binding and catalysis.
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Chemical cross-linking agents have been used in various ways to
show that the 3-terminal CCA sequence, the aminoacyl stem, the T
stem (positions 49–53 and 61–65), and loop are critical for binding of
a tRNA precursor to M1 RNA (Nolan et al. 1993; Harris et al. 1994;
Oh and Pace 1994) as well as to identify nucleotides in M1 RNA that
are in close contact with its substrate (see below; Guerrier-Takada et
al. 1989; Burgin and Pace 1990; Harris et al. 1994; Kufel and
Kirsebom 1996a; Massire et al. 1998). However, some of these
experiments have been carried out with tRNAs rather than ptRNAs.
It is not yet clear that both ptRNAs and tRNAs bind in precisely the
same manner to M1 RNA. Other data indicate that product inhibition
of the reaction is noncompetitive (Guerrier-Takada and Altman
1993), but there are some differences in experiments of this kind from
different laboratories. Through the use of various substrates, differences in the way in which M1 RNA interacts with particular substrates have been observed both by cross-linking and chemical protection studies (Guerrier-Takada et al. 1989; Kufel and Kirsebom
1996a,b; Pan and Jakacka 1996; see also section 3 above). Nevertheless, many of the data agree with results cited in sections 2 and 3
above and are compatible, to a large extent, with three-dimensional
models of M1 RNA–ptRNA interactions.

Human RNase P, as mentioned above, has more constraints in recognizing its substrates than does E. coli RNase P, with one exception: The
3-terminal–CCA sequence is unimportant in determining enzyme efficiency. We note also that eukaryotic RNase P RNAs lack the region in the
internal loop of P15 in the secondary structure scheme depicted in Figure
2. These RNAs, as well as their analogs from Chlamydia spp. and some
cyanobacteria, do not need the specific hydrogen-bonded interaction with
the –CCA sequence found in E. coli M1 RNA (Herrmann et al. 1996;
Vioque 1997). Hardt et al. (1993) have also shown that, unlike hairpin
substrate for RNase P from E. coli, RNase P from HeLa cells requires
some tertiary structure at the junction between the equivalents of the
aminoacyl and the T stems in its substrates for recognition to occur. These
results were confirmed by Yuan and Altman (1995) and Werner et al.
(1997).
Both substrate affinity and efficient catalysis by S. cerevisiae RNase
P appear to be influenced by the presence of a mismatch of the nucleotide
at –1 (Lee et al. 1997). Furthermore, in the absence of the 3-terminal
CCA sequence, if the nucleotide at –1 is base-paired with a nucleotide at
the 3 end of the ptRNA, denaturation of the aminoacyl stem to facilitate
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positioning and cleavage by RNase P becomes energetically more difficult (see below).
Since no eukaryotic RNase P RNA has been shown to be catalytic in
vitro, it is likely that the protein subunits of these RNase Ps play a greater
role in substrate recognition than does the protein (subunit) of E. coli
RNase P.
SEQUENCE AND CLEAVAGE-SITE RECOGNITION IN SUBSTRATES

RNase P does not recognize specific sequences in its substrates. From
studies of RNase P from E. coli, we conclude that there are, however,
some general preferences of the enzyme for certain nucleotides in the
minimal recognition domain. Not surprisingly, these preferences reflect
the naturally occurring composition of tRNAs. For example, the vast
majority of mature tRNAs have a G in the first position of their sequences,
a high G-C content in the aminoacyl stem, U in position 8 and, as discused
above, a 3-terminal CCA sequence. Some data suggest that G at –2 also
influences both cleavage efficiency and cleavage-site recognition
(Kirsebom and Svärd 1993; Meinnel and Blanquet 1995; M. Bränvall et
al., unpubl.). The efficiency of the RNase P cleavage reaction in ptRNAs
is frequently decreased considerably if any of these features of substrates
are altered. Another interesting aspect of the reaction, namely miscleavage, is revealed when G1 is changed, or the base-pairing near the ends of
the aminoacyl stem is destroyed (see, e.g., Kirsebom 1995 and references
therein).
One of the early questions posed in studies of RNase P concerns the
accuracy of the cleavage reaction; i.e., how does the enzyme always find
the right cleavage site in a large number of substrates that differ in
sequence? Put another way, we can ask if RNase P has a measuring device
that senses the tRNA domain of ptRNAs and, accordingly, cleaves a certain distance from particular features in this domain. These features
include the structural integrity of the T loop, the length of the T stem and
the length of the aminoacyl stem, commonly 7 bp (with two exceptions;
see below). The enzyme appears to measure the distance, in almost every
case 12 bp between the T loop and the cleavage site (Kahle et al. 1990;
Thurlow et al. 1991; Svärd and Kirsebom 1992, 1993; Kufel and
Kirsebom 1994, 1996b). Additionally, the RCCA at the 3 termini of
ptRNAs has a specific role in this process (see below). The physical
attributes of these various features of M1 RNA have to operate in concert
in order to accomplish cleavage of the substrate at the correct position. We
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propose, specifically, that the enzyme interacts with the T loop (P11 and
A118 in M1 RNA; G64 in the substrate with A118 and C100 in M1 RNA;
see Figs. 4 and 5) as proposed by Massire et al. (1998) a certain distance
in the substrate, equivalent to 12 bp, from where the actual cleavage event
takes place. This has to occur in concert with the RCCA–RNase P RNA
interaction (with the conserved GGU in the internal loop of P15; interacting residues as shown in Figure 6 as suggested by Kirsebom and Svärd
1994; see also LeGrandeur et al. 1994; Oh and Pace 1994; Svärd et al.
1996; Tallsjö et al. 1996). A third contact point between the RNase P
RNA (A249; see Fig. 4) and its substrate would be an interaction with, in
particular, a G at the cleavage site (+1) and perhaps also with the
nucleotides at positions –1 and –2. The outcome of these interactions
would be to expose the cleavage site and consequently correctly position
the scissile bond in the active site (A351, A352, J18/2, P4; see Fig. 4).
This model can also account for the correct cleavage of various model
substrates, since these substrates still exhibit at least two of the features
important for cleavage-site recognition. RNase P RNA folding would
generate a pocket that can accommodate the T loop and the coaxially
stacked T stem and aminoacyl stem as shown in Figure 4. The stem
region, P5, is a likely candidate for part of the “measuring” apparatus.
The exact contacts between substrates and RNase P RNA from different species might change according to the nature of the RNA from that
species. We would expect that RNase P RNA and its substrates would
have co-evolved to preserve the necessary interactions (see below).
(Sequence analysis reveals that the tRNA genes in Borrelia burgdorferei
[Fleischmann et al. 1995] do not encode CCA despite the presence of the
P15 loop in its RNase P RNA. This may be an example of a branch point
in the evolution of RNase P RNA.)
Evidence supporting our picture of a measuring mechanism comes
from studies with model substrates in which extra base pairs have been
added to or deleted from the aminoacyl and/or the T stem in combination,
in some cases with removal of the terminal RCCA sequence (Svärd and
Kirsebom 1992, 1993; Kufel and Kirsebom 1994, 1996b). Addition of 1
or 2 bp in the analogs of the aminoacyl and T stems has no effect on precision of cleavage (Svärd and Kirsebom 1992). In these cases, the precision of cleavage depends, we assume, mainly on the RCCA–RNase P
RNA interaction as well as the nucleotide at the cleavage site. When 3 bp
are inserted (Svärd and Kirsebom 1993), cleavage occurs at the 5 side of
positions +1 (the 5 side of the first base pair in the altered aminoacyl
stem) and +4, an indication that both aspects of the measuring device are

364

S. Altman and L.A. Kirsebom

Figure 4 Computer-assisted modeling of M1 RNA (Massire et al. 1998). Proposed secondary structure (A) and three-dimensional ribbon model of M1 RNA (B).
Color coding of domains is the same for each domain shown in (A) and in (B).
(Reprinted, with permission from Massire et al. 1998 [copyright Academic Press].)
(C, D) Two views of a three-dimensional ribbon model of M1 RNA (white) and
bound precursor tRNAAsp (red). Positions +1 (cleavage site), 64 and 53 (T stem),
from bottom to top, in the tRNA domain are fixed accurately (cyan blue) as reference points for the interaction with the enzyme (M1 RNA, in this case).
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Figure 5 Scheme for the “measuring” device in, and selection of cleavage site
in a tRNA precursor by, RNase P RNAs. (A) Bacterial RNase P RNA. (B)
Eukaryotic RNase P RNA. The common features of each scheme are the domains
that interact with the T loop, that “measure” the distance between the T loop and
the cleavage site, that encompass the active center of the enzyme, and that interact with nucleotides in the vicinity of the cleavage site (+1 to –2). The active center also includes part of the substrate, since a Mg++ ion is coordinated to the Rp
oxygen at the site of cleavage (Perreault and Altman 1993; Warnecke et al. 1996;
Chen et al. 1997). The RCCA sequence in substrates interacts with a P15 domain
found only in bacterial RNase P RNAs and, in particular, in those bacteria in
which the RCCA sequence is encoded in the genomic DNA of tRNA genes.
Additional data on which this model is based are given in the text. Bothwell et al.
(1976b) offered a much simpler version of this scheme.
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Figure 6 P15-RCCA interactions between M1 RNA and precursor tRNA. (A) R
in the substrate denotes an A or a G and results in an A-U or a G-U base pair in
the enzyme–substrate complex. The figure also shows three Mg++ ions (yellow),
one carried in by the substrate and two bound to the P15 loop in M1 RNA. (B)
Structure of a model RNA that contains the P15 loop (Glemarec et al. 1996). The
arrows denote the highly conserved GGU-motif in RNase P RNAs that base-pairs
with the 3-terminal RCCA sequence of a tRNA precursor.
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operative. If the 3-terminal RCCA is deleted, cleavage occurs almost
exclusively at the +4 site (Kufel and Kirsebom 1994). Thus, there is some
play in the correlation between the length of the aminoacyl and T stems
and the point at which the measuring device stops relying solely on the
RCCA and T-loop reference points for positioning of substrates. (We note
that p4.5S RNA, which has a very long stem, is lacking a T-loop equivalent. Thus, the precision of cleavage must depend primarily on recognition features near the site of cleavage on the 5 strand and the 3-terminal
CC sequence.)
In contrast to the situation with E. coli RNase P, changing the number of base pairs in substrates for human or Xenopus Laevis RNase P by
even 1 bp does affect cleavage precision in the sense that the enzyme
always cleaves at a position 7 bp from the junction with the T stem
(Carrara et al. 1989; Yuan and Altman 1995). It appears that the bacterial
enzyme has sufficient information in a model substrate to determine
where G1 is, but the human enzyme needs additional contacts in the T
stem-loop to make this determination. It follows that this phenomenon
might be explained in part by the absence of the RCCA–RNase P RNA
interaction in eukaryotes.
It is, indeed, possible to make RNase P alter the site of cleavage in
bacterial substrates other than by adding 3 bp to the combined length of
the aminoacyl and T stems (see below). The substitution of only one
nucleotide within one of the minimal substrate recognition domains in
certain substrates can also achieve this effect (Kirsebom and Svärd 1994;
see below). The introduction of these structural features into a substrate
overrides the measuring mechanism of even the minimal substrate recognition features.
Changes of G1, or base-pairing at the end of the aminoacyl stem, can,
in some cases, affect the choice of cleavage site. This phenomenon is dramatically illustrated with E. coli ptRNAHis. tRNAHis is the one of two
tRNAs that has 8 bp in its aminoacyl stem: the other is tRNASeCys. In bacteria, the 8-bp stem in these tRNAs results from RNase P cleavage at a
position that would normally be position –1 in other ptRNAs.
Replacement of the guanosine at the ptRNAHis cleavage site or substitution of C73 at the 3 end results in miscleavage by M1 RNA alone or by
reconstituted holoenzyme such that 5 matured tRNAs with 7 bp forming
an aminoacyl stem are produced. However, addition of C5 protein to the
reaction mixture results in an increased frequency of cleavage at the correct position to yield an aminoacyl stem of 8 bp (Burkard et al. 1988;
Green and Vold 1988; Kirsebom and Svärd 1992). This is consistent with
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the fact that details of the 5 and 3 termini of the tRNA domain affect the
cleavage-site recognition and the measuring process. In contrast, eukaryotic RNase P cleavage of ptRNAHis generates a 7-bp aminoacyl stem and
the extra G is added after RNase P cleavage (Cooley et al. 1982). This
phenomenon is again in keeping with our speculations concerning measuring and the absence of the CCA at the 3 termini of eukaryotic tRNA
precursors, as well as the lack of a P15 loop equivalent, the site of RCCA
interaction, in eukaryotic RNase P RNA.
3-D MODELS AND SUBSTRATE RECOGNITION

Any successful model of RNase P must be able to account for the data
gathered so far on substrate binding and the detailed mechanism of the
cleavage reaction. The latter, unfortunately, is still largely unknown. In
the absence of a crystal structure of the enzyme, theoretical, computerassisted models (Harris et al. 1994, 1997; Westhof and Altman 1994)
derived from phylogenetic and experimental data have been useful in
leading the way to further experimentation. The most recent model (Fig.
4) (Massire et al. 1998) is derived primarily from phylogenetic analysis
but is also consistent with a large fraction, but not all, of the data available
from chemical, cross-linking studies and genetic studies. It is more compatible with Fe-EDTA protection data for M1 RNA (Westhof et al. 1996)
than are previous models (D. Wesolowski and S. Altman, unpubl.).
A compact, catalytic center for M1 RNA is a feature of the new
model. In its organization of RNA domains, it shares some features with
the catalytic center of group I introns. Nevertheless, there are still some
discrepancies between the proposal in the model that certain structures
(e.g., that are encompassed by nucleotides 94–204) are essential for catalysis and experimental data which show they can be deleted from M1 RNA
molecules that still retains function in vitro. Although the precise details
of the orientation of a ptRNA substrate on the surface of M1 RNA remain
to be worked out, it is clear that the model generally agrees with what is
known about contacts with the T stem and loop and the RCCA domain of
substrates (see above). These constraints, themselves, give credence to the
model and also allow it to be considered as a platform on which to dock
and test experimental data regarding the conformation and binding to M1
RNA of the C5 protein cofactor (Gopalan et al. 1998).
NATURAL HISTORY OF RNASE P
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Several groups have shown that M1 RNA can be linked to other RNAs
and still retain its catalytic function. Three kinds of constructs have been
made: (1) M1 RNA covalently linked at either terminus to a ptRNA or
model substrate (Kikuchi et al. 1993; Frank et al. 1994; Kikuchi and
Suzuki-Fujita 1995); (2) M1 RNA linked at either terminus to an external
guide sequence (EGS: i.e., the 3-terminal segment of the aminoacyl stem
of a tRNA [Li et al. 1992; Yuan et al. 1992; Guerrier-Takada et al. 1995,
1997; Liu and Altman 1995, 1996; Li and Altman 1996]); and (3) M1
RNA covalently linked to a ptRNA followed by a portion of the bacteriophage T4 gene, thymidylate synthase (td), which contains two exons separated by an intron (A. Kaplin et al., unpubl. cited in Altman 1989). In
these cases, individually, cleavage was observed at the correct site in (1)
the ptRNA segment; (2) the target sequence of an EGS-target complex
that resembles part of a ptRNA (i.e., the 5 segment of a ptRNA aminoacyl stem and the upstream leader sequence; and (3) in the ptRNA
sequence concomitantly with self-splicing of the partial td gene. We note
that the M1 RNA-ptRNA or M1 RNA-EGS RNA construct reactions are
quite efficient. Presumably, binding of the potential substrate to the active
center of M1 RNA is facilitated by the tether linking it to the enzyme (the
tether must be longer than a minimum length, about 7 nucleotides [Liu
and Altman 1996]). These experiments suggest that complex RNAs can
exist, and could have existed eons ago in an RNA World, which contain
two or more independent catalytic activities and substrates (see Fig. 7A).
Contemporary M1 RNA and its substrates must have been somewhat
simpler at one point in time than they are today. The reasoning for this
statement is presented below, but there is an implicit assumption that
should be noted first: We equate “simpler” with “earlier” in time of evolution. Such an assumption depends in a not very well-defined manner on
the meaning of the word “simpler.”
Working with purely phylogenetic analyses, Pace and coworkers have
defined what they call the “minimal” RNase P RNA, i.e., the smallest
molecule (211 nucleotides; Siegel et al. 1996) needed to carry out the
hydrolysis reaction associated with RNase P. Furthermore, an even smaller
RNase P RNA (140 nucleotides) has been identified in the mitochondria
of Saccharomyces fibuligera (Wise and Martin 1991), although this RNA
is not catalytic by itself. One can also demonstrate in another fashion that
M1 RNA must have been smaller at a point in time earlier than today.
Contemporary M1 RNA has two basic classes of substrates, exemplified
by precursor tRNA and precursor 4.5S RNA, respectively. The latter substrate is structurally the simpler of the two, since it contains only a hairpin and an upstream leader sequence. The Km of the reaction of M1 RNA
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(not including C5 protein) with each substrate is an indication of the complexity of each substrate: The Km with pTyr is about 100-fold smaller than
with p4.5S RNA, a reflection of the larger number of contacts made with
the former substrate. Furthermore, the entire “upper” domain of M1 RNA
(nucleotides 94–204; see Fig. 2) can be deleted without a major effect on

Figure 7 Scheme for the early evolution of RNA and RNPs. (A) Long RNA
molecule with occasional hairpins and a sequence that contains an ancient M1
RNA-like (ur-M1) cleavage activity. (B) Molecule in A is self-cleaved at 5 side
of hairpins by ur-M1. (C) Beginning of the progression of coevolution of M1
RNA, substrates, and protein cofactors. (D1, D2) Branch points leading to eukaryotic RNase P and RNase MRP.
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the reaction with p4.5S RNA, whereas the reaction with various ptRNAs
is less efficient when this domain is lost. We conclude, therefore, that a
simpler form of today’s M1 RNA, dictated by either Pace’s criterion or
the one outlined immediately above, must have existed in which the upper
domain was absent, since it is not needed for the binding of “hairpin” substrates (the simpler class of substrates) or catalysis. We recall that the simplest model substrates for M1 RNA consist only of a small hairpin and a
few extra nucleotides at the 5 terminus.
It is not irrelevant to mention that the simplest substrates for tRNA
synthases are also small hairpins (Francklyn et al. 1992). In both cases,
i.e., aminoacylation and RNase P cleavage, the Km values for the reactions
with the model substrates are very high compared to reactions with
today’s more complex, natural substrates. We speculate, accordingly, that
the original role of an ancient M1 RNA may have been to cleave long
RNAs at the 5 side of hairpin structures to generate a variety of smaller
molecules (Fig. 7A, B). (Maizels and Weiner [1993] also recognized a
possible important early role of hairpin structures in their development of
the “genome tagging” theory of RNA replication.) The population of
more numerous smaller molecules should be endowed with a larger number of functional capabilities than might be possible with the original, parent, larger RNA molecule. One can imagine that greater functional variation comes in part from discrete structural domains of RNA interacting
with each other, not necessarily through covalent bonds, to create larger
complexes with active functions and to present even more possibilities for
assembly of an ancient M1 RNA with cleavage capability. Indeed, complexes with M1 RNA activity have been constructed in vitro from subdomains with no catalytic activity (Guerrier-Takada and Altman 1992;
Pan 1995).
We do not assign an absolute time to the origins of M1 RNA and its
substrates. The possibility that the first self-replicating genetic system was
not made of RNA, or the specific place of M1 RNA in an evolutionary
time series in the RNA World is not particularly relevant. The only important assertion we make in a discussion of the evolution of M1 RNA and
other catalytic RNAs and their attendant proteins is that there was an
RNA World at some time prior to the appearance of proteins as entities
encoded in genetic material. Furthermore, given the uncertainties in
“replication times” of the inhabitants of the RNA World, the nature of
the then-contemporary selective pressures and nucleotide substitution
rates, it seems of little value to attempt to assign rough, absolute time
intervals to different stages of complexity of the RNA World.
Notwithstanding the uncertainties cited above, it is still possible to
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consider the nature and fate of individual molecules in, and their progression during, evolution to a resemblance of those that we see today. For
example, an evolutionary scheme can be described in which we consider
a set of RNA–protein complexes that represent a progression in an evolutionary sense, and that might contain an ancient M1-like catalytic RNA (a
“complex” with one RNA and no protein, R1P0), M1-like catalytic RNA
plus a protein cofactor (R1P1), and ultimately, 16S rRNA plus 20 proteins
(R2P2–21) if 16S rRNA is a direct evolutionary descendant of M1 RNA
and its proteins are the immediate descendants of P1. We note that this
particular progression is unlikely in reality: It is apparent that there must
be more intermediates in the series, as noted above, in the evolution of M1
RNA itself (i.e., R1P0 . . . RNP0; see Fig. 7) as well as branch points in
which the original R1 or its predecessor evolved into another molecule,
R2, that might have been the evolutionary precursor of the self-splicing
intron (or possibly, R3, a molecule that generated different end groups
during cleavage and was the precursor of the class of catalytic RNAs
known as viroids). Each of these three progenitor RNA molecules must
have evolved further in terms of catalytic specificity and, ultimately, in
their ability to work together with one or more proteins (see Fig. 7).
In addition to these catalytic RNAs, a parallel evolution of noncatalytic RNAs, e.g., tRNA, tmRNA, rRNA, is required, and these RNAs
might (since some were substrates for the catalytic RNAs) or might not be
co-varying with the catalytic RNAs. In fact, today we can see an example
of coevolution of an RNA enzyme and its substrates in the ability of
RNase P RNAs from two different sources, the so-called type A or type B
RNase P RNAs, to cleave or not to cleave, respectively, p4.5S RNA from
E. coli (Guerrier-Takada et al. 1983).
Once proteins were on the scene, coevolution of catalytic RNAs, proteins, and substrate RNAs (Liu and Altman 1994) had to have been the
general case. A clearer example of evolutionary progression is, perhaps,
more obvious if we consider the lineage of RNase P from an early progenitor organism to E. coli RNase P to human RNase P with a relatively
early branch point (perhaps at the same juncture in time as the branch
between eubacteria and eukaryotes) that leads to RNase MRP (Chang and
Clayton 1987), an enzyme found only in eukaryotes but which has a close
relationship to RNase P, as noted previously (Fig. 7C, D). The thread of
evolution can also be discerned in the observation that M1 RNA functions
in mammalian cells in tissue culture, possibly by co-opting a protein subunit of host cell RNase P (Liu and Altman 1995).
Is it possible to make a statement concerning the “time” at which proteins began to interact with RNA and infer something about the state of
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the RNA World when proteins first appeared? We use as examples the
facts that tRNA synthases can aminoacylate micro-hairpin substrates
(Francklyn et al. 1992), and that RNase P can cleave similar, model
ptRNAs (McClain et al. 1987; Forster and Altman 1990a). If these examples bear any relation to today’s natural world, then in the cases of tRNA
synthases and of RNase P, and very likely of other RNPs as well, RNA
evolution, catalytic and otherwise, was far from finished when proteins
arrived on the scene. One prediction from these ideas is that fragments of
tRNA synthases and C5 protein will be able to carry out, or participate in
as a cofactor, respectively, enzymatic reactions on micro-helical, model
substrates.
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