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The protein cofactor allows the sequence
of an RNase P ribozyme to diversify by
maintaining the catalytically active

structure of the enzyme
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ABSTRACT

To study the effect proteins have on the catalysis and evolution of RNA enzymes, we simulated evolution of RNase
P catalytic M1 RNA in vitro, in the presence and absence of its C5 protein cofactor. In the presence of C5, functional
M1 sequence variants (not catalytically active in the absence of C5) were selected in addition to those identical to M1.
C5 maintains the catalytically active structure of the variants and allows for an enhanced spectrum of M1 molecules
to function in the context of a ribonucleoprotein (RNP) complex. The generation of an RNP enzyme, requiring both
RNA and protein components, from a catalytically active RNA molecule has implications for how modern RNP

complexes evolved from ancestral RNAs.
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INTRODUCTION

RNA is postulated to have been the first biological
macromolecule in a primeval environment referred to
as the RNA world (Gilbert, 1986; Joyce, 1989). Follow-
ing the advent of protein biosynthesis, RN A molecules
evolved in concert with specific protein cofactors into
modern ribonucleoprotein complexes, such as ribonu-
clease P (Altman et al., 1993), spliceosomes (Moore
et al., 1993), and ribosomes (Noller et al., 1992). Al-
though many of the RNA components of these mod-
ern RNP enzymatic complexes have lost their ability
to function as catalytically active ribozymes, the
RNA world hypothesis proposes that all of these
RNAs once possessed intrinsic enzymatic activity (Gil-
bert, 1986; Joyce, 1989). How these ancestral RNA en-
zymes evolved into RNPs that require both protein
and RNA components for catalysis remains a mystery.
Equally unclear is how the first proteins interacted
with the RNA enzymes, already present in the earliest
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Abbreviations: ptRNA, precursor tRNA; p4.55, RNA precursor to
4.55 RNA; RNP, ribonucleoprotein; RNase P, ribonuclease P.
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biochemical systems, and what impact these inter-
actions had on the catalysis and evolution of the RNA
enzymes.

Although it is impossible at present to identify with
any certainty the components of the RNA world, in
vitro evolution procedures provide a useful means to
simulate the generation of catalytically active RNA mol-
ecules (Bartel & Szostak, 1993; Lehman & Joyce, 1993;
Illangasekare et al., 1995; Wilson & Szostak, 1995; Ek-
land & Bartel, 1996). In this procedure, a large, hetero-
geneous pool of RNAs is subjected to multiple rounds
of selection, amplification, and mutation. Variant mol-
ecules that display the desired phenotype, such as en-
zymatic activity or the capability to serve as substrates
for an enzyme, are selected, isolated, and analyzed.
Most of these studies, focused on evolving RNA cat-
alysts in the absence of protein cofactors, have led to
the generation of RNA enzymes displaying novel cat-
alytic activities and allowed us to study the evolution
of these molecules (Bartel & Szostak, 1993; Lehman &
Joyce, 1993; lllangasekare et al., 1995; Wilson & Szostak,
1995; Ekland & Bartel, 1996; Frank et al., 1996). More-
over, by studying evolution in vitro of RN A molecules
in the presence and absence of protein cofactors, we
can investigate the effect proteins have on the evolu-
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tion of RNA catalysis and understand the function of
the proteins in the catalysis and evolution of the RNA
molecules (Liu & Altman, 1994).

RNase P offers a unique system to study the inter-
actions between protein cofactors and catalytic RNA
molecules. This enzyme, found in all living organisms
examined to date, is a ribonucleoprotein complex re-
sponsible for the maturation of the 5’ termini of tRNAs
(Gopalan et al., 1995; Pace & Brown, 1995). It is essen-
tial for cell viability and is proposed to be one of the
ancient enzymatic activities (Weiner & Maizels, 1987;
Liu & Altman, 1994; Maizels & Weiner, 1994). In Esch-
erichia coli, the holoenzyme consists of M1 RNA and
C5 protein, both of which are required for activity in
vivo, although M1 RNA can carry out catalysis by
itself in vitro (Guerrier-Takada et al., 1983).

Phylogenetic analyses, combined with biochemical
studies and computer modeling, have established the
models for the secondary and three-dimensional struc-
ture of M1 RNA (Haas et al., 1994; Harris et al., 1994;
Westhof & Altman, 1994). The P,, helix region (posi-
tions 61-75 and 347-361) of M1 RNA (Fig. 1) has been
shown to be a part of the active site and has been
proposed to exist in the common ancestor of all RNase
P RNAs (Guerrier-Takada et al., 1989; Haas et al., 1994;
Harris et al., 1994; Westhof & Altman, 1994; Frank
et al.,, 1996; Loria & Pan, 1996; Westhof et al., 1996).
Both the structure and primary nucleotide sequence of
this region have been found to be highly conserved
among all known RNase P RNAs (Haas et al., 1994,
1996). Although disruption of the Py, helix structure
has been shown to abolish the ribozyme activity of M1
RNA (Haas et al., 1991), little is known about whether
the sequence conservation of this region is required for
RNase P activity and what function these conserved
nucleotides play in RNase P catalysis (Harris & Pace,
1995; Hardt et al., 1996).

Because the Py, helix region is highly conserved, func-
tionally important, and probably existed in the com-
mon ancestor of RNase P RNAs, studies focused on
this region should allow us to investigate the catalytic
mechanism and evolution of RNase P RNAs. By per-
forming evolution in vitro to select functional ribo-
zyme variants from M1 RNA molecules that contain
randomized sequences in the Py region, we can ex-
amine what structure and sequence in the region is
required for RNase P catalytic activity and study the
evolution of RNase P catalysis. Furthermore, these evo-
lution in vitro studies, both in the absence and pres-
ence of C5 protein, should reveal the effect the protein
has on catalysis and evolution of the catalytic M1 RNA.

In this report, we simulated the evolution of M1
RNA in vitro, in the absence and presence of C5 pro-
tein. A part of the P;, region of M1 RNA was random-
ized to create a pool of RNA molecules and catalytically
active variants were selected in the presence and ab-
sence of C5 protein. Ribozymes that evolved in the
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FIGURE 1. Proposed secondary structure of the RNA subunit (M1
RNA) of RNase P from E. coli (Haas et al., 1994). The sequence of the
region (positions 347-361) in M1 RNA, which was randomized in
our studies, is shown as lower-case letters. The sequence and struc-
ture of this region is highly conserved in all known RNase P RNA
subunits from eubacteria and archaea (Haas et al., 1994, 1996). In
particular, positions (Asz, Caas, Asas, Ass1, Assz, Gass, Gasz, Cass, Useo,
and Asg;) in M1 RNA are universally conserved among all known
RNase P RNA subunits from eubacteria (Haas et al., 1994).

absence of C5 were identical in sequence to M1 RNA.
In the presence of C5 protein, however, M1 RNA se-
quence variants were selected in addition to those iden-
tical to M1 RNA. Although these ribozyme variants
displayed RNase P activity in an RNP complex with
C5, they were not catalytic RNA molecules in the ab-
sence of C5. Our results show that the conservation of
the M1 RNA sequence is required for maintenance of
the catalytically active conformation of the ribozyme
and that C5 protein allows the sequence of the ribo-
zyme to diversify by maintaining the catalytically ac-
tive structure of the variants. These results illustrate
how an RNase P RNP enzyme, requiring both RNA
and protein components, can be generated from a cat-
alytic, active M1 RNA molecule. They may have gen-
eral implications for how modern RNP enzymatic
complexes, including ribosomes and spliceosomes,
evolved from ancestral catalytic RNAs.
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RESULTS

Randomized nucleotides were introduced into 15 po-
sitions of M1 RNA (positions 347-361), which are
located at the 3’ half of the P;4 helix region (see Fig. 1),
to create an RNA pool of 4 (2 X 10°) different se-
quences. The ribozyme pool was subjected to evo-
lution in vitro to cleave a pre-tRNA substrate (i.e.,
ptRNA™” from E. coli) by a selection procedure (Fig. 2)
(Joyce, 1992; Gold et al.,, 1993; Szostak & Ellington,
1993). The selection procedure (Fig. 2) involved syn-
thesis of M1 RNA molecules that contained random-
ized sequences, parallel selection experiments in vitro
for functional ribozymes to cleave ptRNA™” in the
absence and presence of C5 protein, followed by pu-
rification and amplification of selected ribozymes. To
facilitate the selection of active M1 RNA variants, a
leader sequence (LS) was covalently linked to the 3’
end of M1 RNA (Fig. 2). The constructed M1-LS ribo-
zymes were annealed to an RNA molecule (external
guide sequence or EGS™") that resembled three-quarters
of pre-tRNA™" (Yuan & Altman, 1994). The complex
formed between the LS and EGS™” resembled the struc-
ture of pre-tRNA™”. Only active ribozymes recog-
nized the tRNA™"-like molecule and cleaved at the
LS (Fig. 2). Therefore, the selected ribozymes were
expected to exhibit efficient catalytic activity to cleave
their own LS when it complexed with a EGS™" (in
cis) or the LS of another ribozyme complex (in trans).
This procedure was repeated nine times, until no
apparent enhancement of cleavage rate of the ribo-
zyme population was observed. The enhancement of
the cleavage rate between cycle 0 and cycle 9 was
about 1 million-fold (data not shown). Sixteen se-
quences coding for ribozymes selected in the absence
of C5 protein and 28 sequences coding for those se-
lected in the presence of the protein cofactor were
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cloned and characterized (Table 1). The salient features
of the results are as follows.

1. Both the wild-type and variant sequences were
found in the randomized region of ribozymes se-
lected in the presence of C5 protein, whereas only the
wild-type sequence was found in those selected in the
absence of C5 protein. This observation raises the pos-
sibility that the sequence (from 347-361) of M1 RNA is
a remnant of the sequence of the primitive M1 RNA
molecules in the RNA world and existed before the
appearance of the protein subunit of RNase P (e.g., C5
protein).

2. The ribozymes selected in the presence of C5 pro-
tein were divided into three sets. The first set consisted
of 10 clones and had the wild-type sequence. The sec-
ond set consisted of 16 clones and had base substitu-
tions, insertions, and deletions in comparison with the
wild-type sequence. More than half of these mutations
were at nt Ass; and Agsy, both of which are absolutely
conserved among all known bacterial and archaeal
RNase P RNA subunits (Haas et al., 1994, 1996). These
results suggest that the conservation of these two nu-
cleotides is not required for the functional activity of
RNase P holoenzyme. The third set consisted of two
clones with sequences significantly different from the
wild-type M1 RNA sequence.

To analyze the effect of these mutations on the struc-
ture of these ribozymes, the secondary and tertiary
structures of ribozymes R7, C83, and C102, repre-
sentatives of each set of the selected ribozymes, were
mapped by RNase and Fe(II)-EDTA cleavage ap-
proaches, which detect the accessibility of the base and
phosphoribose backbone, respectively (Latham & Cech,
1989; Knap et al., 1990; Liu & Altman, 1994; Loria &
Pan, 1996; Westhof et al., 1996) (Fig. 3; Table 1). Fur-
thermore, Fe(II)-EDTA cleavage mapping was per-
formed both in the absence and presence of Mg** ions

FIGURE 2. Schematic representa-
tion of the evolution in vitro pro-
cedures to select M1 RNA variants
in the absence and presence of C5
protein. The selection procedure
involved synthesis of ribozyme
molecules, parallel selection exper-
iments in vitro for functional ribo-
zymes to cleave ptRNAT" in the
absence and presence of C5 pro-
tein, followed by purification and
amplification of selected ribo-
zymes. The site of cleavage at the
leader sequence (LS) by the se-
lected enzymes is marked with a
filled arrow. The complex formed
between the EGS™* sequence and
the leader sequence, which resem-
bles the structure of ptRNAT", is
highlighted. Experimental details
are described in Materials and
Methods.
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TABLE 1. Sequence analyses of the M1 RNA variants selected in
the absence and presence of C5 protein.?

Clone # Randomized region (347-361)

(1) RNA selected in the absence of C5 protein

R7 ACAGA ACCCG GCTTA
(2) RNA selected in the presence of C5 protein

Set 1

C33 ACAGA ACCCG GCTTA
C40 ACAGA ACCCG GCTTA
C43 ACAGA ACCCG GCTTA
C49 ACAGA ACCCG GCTTA
C55 ACAGA ACCCG GCTTA
C70 ACAGA ACCCG GCTTA
c77 ACAGA ACCCG GCTTA
C108 ACAGA ACCCG GCTTA
C109 ACAGA ACCCG GCTTA
C124 ACAGA ACCCG GCTTA
Set 1I

c17 ACCGC ACCCT ACTTA
C23 ACCGA ACCCG GCTTA
C35 ACAGA GACCCG GCTTA
C36 ACAAA CGCCG ACTTA
C38 ACAG ACCCG GCTTA
C41 ACAGA GACCCG GCTTA
C44 ACAGA GACCCG GCTTA
C45 AGAGA ACCCG CCccA
C78 ACAGT ACCCG GCTTA
C83 ACAGA GCCCG GCTTA
C89 ACAGA ACCTG GCTTA
C111 ACAGG ACCCG GCTTA
C112 ACAGA ACCCG GCTTAG
C126 ACAGA TCCCG GCTTA
C129 ACAGA GCCCG GCTTA
C137 ACAGA GCCCG GCTTA
Set III

C102 CTAGC AGGAT GATTC
C128 GCATC ACCCC ACCCA

*DNA sequences of the ribozymes at the randomized region (po-
sition 347-361) after selection in the absence and presence of C5
protein are shown. Only 1 (R7) of the 16 ribozymes selected in the
absence of C5 protein, which are all identical to the wild-type M1
RNA sequence, is listed. The positions (353-360) underlined are
those that form the Pjo helix with positions 66-74 (Fig. 1A). Mutated
nucleotides in the set II and III ribozyme variants are bold. Ribo-
zyme variants C35, C41, C44 contain single-nucleotide insertional
mutations between Ass; and Agsy. C112 has a single-nucleotide in-
sertional mutation between Az and Usg,. C38 has a single-nucleotide
deletional mutation at Ags; or Ags, (exact position of the deletion not
conclusive due to identical nucleotides at both positions). Sequence
analyses were performed with a PCR Silver sequencing kit (Pro-
mega Inc., Madison, Wisconsin). Experimental details are described
in Materials and Methods.

and the results were compared to reveal the effect of
Mg?* on the folding of these ribozymes that led to
catalytic activity. In the absence of C5 protein, most of
the nucleotides in the selected region (positions 347-
361) of R7 (identical to M1 RNA) were protected from
cleavage by Fe(II)-EDTA upon binding Mg?* ions, and
were either susceptible to cleavage by cobra venom
RNase V, or resistant to cleavage by RNase T1 or RNase
from Bacillus cereus. Because cobra venom RNase V
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only recognizes base paired structures, and T1 along
with B. cereus RNase cleaves at single-stranded re-
gions, this region is most likely base paired and folded
(Fig. 3) (Knap et al., 1990; Harris et al., 1994; Westhof
& Altman, 1994; Loria & Pan, 1996; Westhof et al.,
1996). In contrast, the same region in variants C83 (e.g.,
C348 and A349) and C102 (e.g., G346, U348/ and G353)
adopted a structure that differed from M1 RNA. This
region in the variants was either less susceptible to
cleavage by cobra venom RNase V, or more sensitive
to attack by RNase T1, RNase from B. cereus, and by
Fe(II)-EDTA than that of M1 RNA (Fig. 3). Meanwhile,
three discrete regions that consist of nt 20-60, 140-190,
and 260-300 in R7, and the variants C83 and C102
were all altered in their susceptibility to cleavage by
RNases and Fe(II)-EDTA upon binding C5 protein
(Fig. 3). This is consistent with previous observations
suggesting that these regions either contact the C5 pro-
tein directly or undergo a conformational change upon
binding C5 (Vioque et al., 1988; Talbot & Altman, 1994;
Westhof et al., 1996). Little change in the cleavage sus-
ceptibility was observed for the sequence selected at nt
347-361 in R7, suggesting that R7 RNA folds into a
catalytically active conformation both in the absence
and presence of the C5 protein. In the variants C83 and
C102, however, the susceptibility of nt 347-361 to cleav-
age reagents was altered substantially by the presence
of the C5 polypeptide. The variant Py helix region
(G2, Caus, Azge, and Ggs in variant C83; Ges, Gssz, Gasa,
and Ujse in variant C102) adopts a structure similar to
that of R7, upon addition of C5 protein (Fig. 3). There-
fore, the C5 protein functions to maintain the active
conformation of the ribozyme and allows the variant
RNAs to assume a catalytically active structure.

To analyze further the relationship between the se-
quences and structures of the selected ribozymes and
their enzymatic activities, kinetic analyses of the cleav-
age activities of five selected ribozymes (R7, C38, C41,
C83, C102) in the absence and presence of C5 protein
were performed. These ribozymes were chosen as
representatives of each set of the selected ribozymes
(Table 1) and the kinetic parameters (K,,, k.,;, and k.. /
K,,) were determined (Fig. 4; Table 2). R7, C38, C41,
and C83 cleaved ptRNA™" as efficiently as M1 RNA in
the presence of C5 protein (Fig. 4). The low enzymatic
activity of C102 in the presence of C5 protein (lower
k. value) can be explained by the weak stability of the
Pyy helix, which is a part of the active conformation.
This was evident by the fact that the Py helix region in
C102 was more susceptible to the digestion of both
RNase T1 and RNase from B. cereus, and to Fe(I)-
EDTA cleavage than those in M1 RNA and the set II
variant C83 (Fig. 3). When the variants (i.e., C38, C41,
C83, and C102) were assayed in the absence of C5
protein, none of these ribozymes exhibited any cleav-
age activities, because they were unable to adopt a
catalytically active structure (Fig. 3).
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To determine whether some of the variants (e.g., those
with mutations at the universally conserved Ajzs; and
Ajzs,y) can complement the activity of RNase P both in
vitro and in vivo, two experiments were performed.
First, to determine whether the variants can cleave
other natural substrates for E. coli RNase P holoen-
zyme, C38, C41, and C83 were assayed for their activ-
ities to cleave p4.55 RNA, another natural substrate
for E. coli RNase P (Bothwell et al., 1976). In the pres-
ence of C5 protein, these ribozymes cleaved as effi-
ciently as M1 RNA and R7, but did not exhibit any
cleavage activities in the absence of C5 protein (data
not shown). Second, to determine whether C83 (mu-
tation of Azs, to G) can complement the function of M1
RNA in vivo, this variant was introduced into E. coli
NHY322(rnpA,s), which exhibits a temperature sensi-
tive (ts) growth phenotype as a result of a single amino
acid change in C5 protein (Kirsebom et al., 1988). This
mutation at C5 precludes the assembly of a functional
holoenzyme at the nonpermissive temperature. Com-
plementation, however, can be achieved by overexpres-
sion of M1 RNA (Kirsebom et al., 1988; Altman et al.,
1993). In this experiment, C83 rescued the ts pheno-
type and supported the growth of NHY322(rnpAys)
at the nonpermissive temperature (42°C) (data not
shown). Therefore, the conservation of the identity of
the base at position 352 is not required for the func-
tional activity of RNase P holoenzyme either in vitro
or in vivo, but is crucial for the activity of the RNA
component alone in vitro.

DISCUSSION

Function of C5 protein in the catalysis
and evolution of M1 RNA

We have extended our understanding of the evolution
of the catalytic RNA subunits of RNase P and their in-
teractions with protein cofactors by randomization of
nucleotides in a conserved region (position 347-361) of
M1 RNA and selection of active ribozymes in vitro in
the absence and presence of C5 protein. Both the wild-
type and variant sequences were found in the RNA mol-
ecules selected in the presence of C5 protein, whereas
only the wild-type sequence was found in those selected
in the absence of the protein cofactor. In the presence of
C5 protein, most of the variants (i.e., set II) cleaved pre-
tRNA™"™ and pre-4.5S RNA as efficiently as M1 RNA.
In the absence of C5 protein, the variants were not cat-
alytic and the sequences in the region that had been ran-
domized were not folded into the wild-type active
conformation. However, binding of C5 protein to these
ribozymes induced a structural change, as inferred from
mapping by different RNases and Fe(II)-EDTA cleav-
age, and restored the conformation of the mutated re-
gions sufficiently similar to the wild-type conformation
to allow normal function of these variants.
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C5 protein, when in a complex with M1 RNA, has
been shown to result in a structural change of M1 RNA
at three discrete regions (i.e., nt 20-60, 140-190, 260-
300) and its binding site to M1 RNA is not in proximity
to either the active site or the substrate binding site of
the ribozyme (Vioque et al., 1988; Talbot & Altman,
1994). Therefore, C5 protein neither participates di-
rectly in catalysis by contributing functional groups to
the active site nor has contact with ptRNA™" (Gopalan
et al.,, 1995). Our data showed that similar structural
changes in these three regions were found in M1 RNA
and the variants when they were in a complex with C5
protein (Fig. 3). These results suggest that C5 protein
interacts with the variants in a similar way as with M1
RNA. Moreover, in the presence of C5 protein, the
overall cleavage patterns of M1 RNA and the variants
by different RNases and Fe(II)-EDTA are very similar
to each other (we note the subtle difference at the Py
helix and other regions) (Fig. 3, data not shown), sug-
gesting that the overall structures of these variants are
similar to that of M1 RNA when they are in a complex
with C5 protein. These results imply that, as in the
case with M1 RNA, C5 protein is not in proximity to
either the active site or the substrate binding site of the
variants, and does not participate directly in catalysis
nor have contact with ptRNA™". Our suggestion that
C5 protein does not contact the substrate when in a
complex with the variants is further supported by the
observations that the values of K,, for the reactions
catalyzed by the variants in the presence of C5 are
very similar to that of M1 RNA under the same con-
dition (Table 2). Therefore, our results indicate that C5
functions to maintain the active conformation of the
ribozyme variants.

Little is known about why the nucleotides are highly
conserved at positions 347-361 and what function this
sequence conservation plays in the catalysis of RNase
P and its catalytic RNA. Our findings suggest that the
conserved base moieties function only to maintain the
catalytically active conformation of the ribozyme, but
do not participate directly in catalysis. For example,
Aszs; and Ass, are absolutely conserved among all
known RNase P RNA subunits in bacteria and archaea
(Haas et al., 1994, 1996). Mutations at these nucleo-
tides, including base substitutions, deletions, and in-
sertions, were found in 14 of the 28 ribozyme sequences
selected in the presence of C5 protein (Table 1). These
observations indicated that these two positions and
the conservation of their nucleotide identity are not
required for catalysis. Of particular interest is variant
C38, which contains a single-nucleotide deletion at ei-
ther Ajs; or Assy (exact position of the deletion not
conclusive due to identical nucleotides at both posi-
tions). The phosphate oxygens and 2’ hydroxyl groups
of the phosphoribose backbone at these two positions
have been shown to be important for catalysis, possi-
bly by coordinating the catalytically active Mg?* ions
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FIGURE 3. (Figure continues on facing page.)
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FIGURE 3. Continued. Structural analyses of the M1 RNA variants
selected in the absence and presence of C5 protein. The secondary
and tertiary structures of three selected ribozymes (i.e., R7, C83, and
C102) were mapped in the absence (top) and presence (bottom,
+C5) of C5 protein by RNase and Fe(II)-EDTA cleavage approaches,
respectively. The sequences selected at the randomized positions are
shown in bold type and lower-case letters. Sites of cleavage by
RNase T1 are indicated by solid arrows. Hollow arrows indicate
sites of cleavage by RNase from B. cereus. Both RNases T1 and
RNase from B. cereus were used under conditions that allow them to
cleave preferentially at a G or a pyrimidine in single-stranded re-
gions, respectively. Solid triangles denote sites of cleavage by cobra
venom ribonuclease V, which is specific for regions that are base
paired. Shaded regions are those that were more protected from
cleavage by Fe(I)-EDTA in the presence of Mg”" ions than in the
absence of the divalent ions. These regions were possibly folded into
the active conformation upon binding Mg?* ions. Experimental de-
tails are described in Materials and Methods.
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FIGURE 4. Cleavage of pre-tRNAD™ by the selected ribozymes in
the absence and presence of C5 protein. RNA substrate ptRNA™"
(10 nM) was incubated either alone (lanes 1, 7) or with different
ribozymes (5 nM) (lanes 2-6, 8-12). Cleavage reactions without
and with C5 protein were performed at 37 °C for 20 min in buffer
A (50 mM Tris-HCI, pH 7.5, 100 mM NH,Cl, 100 mM MgCl,)
(lanes 1-6) and buffer B (50 mM Tris-HCI, pH 7.5, 100 mM NH,C],
10 mM MgCl,, 50 nM C5 protein) (lanes 7-12), respectively. Cleav-
age products were separated in 8% polyacrylamide gels contain-
ing 8 M urea. Experimental details are described in Materials and
Methods.

(Hardt et al., 1995, 1996; Harris & Pace, 1995). It is
possible that the structural change of variant C38 in-
duced by C5 protein would bring another nucleotide
in proximity to the active site to complement the de-
letion mutation by contributing the similar functional
groups.

In our selection procedure (Fig. 2), ribozymes were
incubated with EGS™" and C5 protein in the absence

TABLE 2. Kinetic parameters of the cleavage reactions catalyzed by
the selected ribozymes either in the absence (—) or presence (+) of
C5 protein.?

Ribozyme C5 protein K, (uM) kear (min~—1) er e
M1 RNA = 0.14 0.06 0.4
+ 0.18 2.4 13
R7 — 0.15 0.07 0.5
P 0.23 4 17
C38 = N.D. N.D. <0.005
+ 0.06 0.7 112
C41 = N.D. N.D. <0.005
+ 0.15 2.9 19
C83 o N.D. N.D. <0.005
+ 0.09 1.8 20
C102 = N.D. N.D. <0.005
+ 0.16 0.04 0.3

“*Reactions without and with C5 protein were incubated at 37 °C
in buffer A (50 mM Tris, pH 7.5, 100 mM NH,Cl, 100 mM MgCl,, 4%
PEG) and buffer B (50 mM Tris, pH 7.5, 100 mM NH,CI, 10 mM
MgCl,, 0.5-1 uM CS5 protein), respectively. Kinetic parameters were
measured under both single- and multiple-turnover conditions, as
described in Materials and Methods. The values of kinetic param-
eters determined in different experiments exhibited a variation of
less than 20%. N.D. denotes not determined.
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of Mg?* ions before the cleavage reaction proceeded.
It has been shown that the wild-type M1 RNA does
not fold or bind to C5 protein correctly in the absence
of Mg?" ions (Guerrier-Takada et al., 1983; Talbot &
Altman, 1994). Therefore, it is possible that the ribo-
zyme variants might be selected for more efficient ca-
talysis and, in addition, better folding or binding to C5
protein and the substrate. It will be interesting to de-
termine how these selected ribozymes fold and inter-
act with the substrate and C5 protein under different
buffer conditions (e.g., no MgCl, or 100 mM MgCl,).

We have also extended our understanding of the
function of the protein cofactors in the evolution of
RNase P and its RNA subunit. We showed that the
variety of the selected M1 RNA sequences, including
base substitution, deletion, and insertion, can be at-
tributed to the ability of C5 polypeptide to structurally
alter the variant RNAs such that they adopt a catalyt-
ically active conformation. The proteins that enhance
the rate of the reactions of group I and group II intron
ribozymes have been shown to facilitate catalysis of
the ribozymes by stabilizing their catalytically active
structures (Lambowitz & Perlman, 1990; Mohr et al.,
1992; Weeks & Cech, 1995). Therefore, protein cofac-
tors may have had a similar influence on the evolution
of the diverse sequences of these ribozymes and, pos-
sibly, other functional RNAs in the corresponding ri-
bonucleoprotein complexes, such as ribosomes (Noller
et al,, 1992) and mammalian spliceosomes (Moore
et al., 1993). Our findings that RNase P holoenzyme
variants requiring both RNA and protein components
can be generated from catalytically active M1 RNA
might have implications for how these modern RNP
complexes evolved from the ancestral catalytic RNAs
in the RNA world.

Evolution of a M1 RNA sequence
in the RNA world

Our results indicate that the complete conservation of
the wild-type sequence (nt 347-361) was observed in
ribozymes evolved in the absence of C5 protein,
whereas a variety of sequences in addition to the wild-
type sequence were found in ribozymes selected in the
presence of C5 protein. This conservation (e.g., Ass,)
was required for the activity of the ribozyme alone,
but not for the ribonucleoprotein complex. If our ex-
periments have any relation to evolutionary events in
the natural world, our results suggest that this con-
served sequence of M1 RNA evolved independently of
C5 protein and existed before the appearance of the
protein cofactor. The selective advantage of this se-
quence in nature is likely only because an RN A world
existed and this sequence was the first of many pos-
sible sequences to have evolved before the appearance
of the protein cofactor, although one cannot exclude
completely the possibility that the conservation of this
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sequence is required for the optimal function of RNase
P in vivo (e.g., intracellular stability and folding). This
hypothesis is consistent with the observation that the
contemporary sequence is highly conserved among all
known RNase P RN As from bacteria and archaea (Alt-
man et al., 1993; Pace & Brown, 1995) and with the
suggestion that M1 RNA-like activity existed and co-
evolved with its ancestral tRNA substrates in the RNA
world (Weiner & Maizels, 1987; Liu & Altman, 1994).
This hypothesis is further in agreement with the recent
observations that a part of this sequence plays a cen-
tral role in catalysis by forming the Py, helix and pos-
sibly coordinating the catalytically active Mg?* ions,
and that only the wild-type sequence of M1 RNA was
found when a part of this region was randomized and
evolved in vitro in the absence of C5 protein (Hardt
et al., 1995, 1996; Harris & Pace, 1995; Frank et al.,
1996; Westhof et al., 1996).

We note that selection experiments conducted with
present RNase P components may not necessarily re-
flect the chronology of events that involved the ances-
tors of these components. Because it is no longer
possible to determine the components of the RNA world
and chronicle the events during its transition to the
RNA-protein world with complete certainty, evolution
in vitro studies on M1 RNA and other RNase P RNA
subunits and their respective protein cofactors may still
provide a useful mean to investigate the nature of these
macromolecules and their interactions in the past.

MATERIALS AND METHODS

Evolution in vitro

The double-stranded DNA templates coding for the RNA
pool that contained randomized sequences in M1 RNA was
constructed by PCR with pFL117 as the template, which
contained the sequence coding for M1 RNA (Liu & Altman,
1995). In the PCR reaction, Oligo 101 (5'-GGAATTCTAAT
ACGACTCACTATAGAAGCTGACCAGACAGTCGCC-3")
was used as the 5’ primer. Two 3’ primers were used: Oligo
118 (5'-CGCAAGGGAACCCCACCGAATACCTATGACCA
TGATTACGCCAAGCTTCAGGTGAA ACTGACCGANNNN
NNNNNNNNNNNCGTGGACAGTCATTCATCT-3') and
Oligo 119 (5'-GACCCCTGCCATCAACACGCGTCTGCGT
TCGAAGGATCCGCAAGGGAACCCCACCGAATACCTA
TGACCATGATTACGCC-3'). Oligo 101 contains the 5’ se-
quence of M1 RNA and, in addition, the promoter sequence
for the bacteriophage T7 RNA polymerase, which is in bold
type. Oligo 118 contains a randomized sequence indicated as
(N);5 and underlined. Oligo 119 contains the LS and the 5’
sequence of tRNA™". Ribozyme molecules were synthesized
in vitro from the DNA template with T7 RNA polymerase
and were further purified in denaturing 8% polyacrylamide
gels prior to use. Transcription reactions were performed in
the reaction mixture (40 mM Tris-HCl, pH 7.9, 6 mM MgCl,,
10 mM DTT, 2 mM spermidine, 2 mM NTPs, 50 uCi a-[32P]-
GTP) and in the presence of T7 RNA polymerase for 16 h at
37°C. C5 protein was prepared as described previously
(Vioque et al., 1988).
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The selection procedure is as follows (Fig. 2). Step 1: Ri-
bozymes (10-100 pmol) that contained randomized muta-
tions were annealed in the annealing buffer (50 mM Tris,
pH 7.5, 100 mM NH,CI) to the same amount of EGSD,
resulting in a tRNA™*-like complex between the LS and
EGST* (Yuan & Altman, 1994). Mg?* ions, which are re-
quired for M1 RNA catalysis (Guerrier-Takada et al., 1983),
were omitted in the annealing buffer to prevent cleavage.
Step 2: Reaction buffer that contained MgCl, without or with
C5 protein was added to the annealing mixture to allow the
cleavage reaction to proceed. The reactions without and with
C5 protein were performed in buffer A (50 mM Tris, pH 7.5,
100 mM NH,Cl, 100 mM MgCl,, 4% PEG) and buffer B
(50 mM Tris, pH 7.5, 100 mM NH,Cl, 10 mM MgCl,, 0.5-
1 uM C5 protein), respectively. Only active ribozymes rec-
ognized the tRNA™"-like complex and cleaved at the LS
region (Fig. 2). Incubation times for the first two cycles, cy-
cles 3-4, cycles 5-6, and cycles 7-9 were 720, 120, 30, and
10 min, respectively. Steps 3-4: The cleaved RNA molecules
were separated in denaturing gels and recovered. cDNA was
synthesized from these RNA molecules with primer Oligo
119 in the presence of AMV reverse transcriptase and further
amplified by PCR in the presence of primers Oligo 101 and
Oligo 119. The PCR products contained the promoter se-
quence for T7 RNA polymerase and the LS region and were
used for synthesis of the RNA molecules for the next round
of selection (Fig. 2) (Liu & Altman, 1994). The entire proce-
dure was repeated nine times until no further increase was
apparent in the cleavage rate of the ribozyme population.
cDNA that contained ribozyme sequences was cloned into
plasmid vector pUC19. Sequencing analyses were conducted
with a PCR Silver Sequencing kit (Promega Inc., Madison,
Wisconsin).

Structural analyses of the selected ribozymes

All ribozymes were synthesized by T7 RNA polymerase (Pro-
mega Inc., Madison, Wisconsin) and purified in 4% poly-
acrylamide gels that contained 8 M urea. The 5’ termini of
the ribozymes were radiolabeled with y-[*?P]-ATP and poly-
nucleotide kinase, whereas the 3’ ends were labeled in the
presence of [**P]pCp and T4 RNA ligase. Prior to structural
analyses, ribozymes were incubated at 80 °C for 2 min and
then cooled slowly to room temperature. The assembly of
the RNase P holoenzyme was performed by mixing the ri-
bozyme and C5 protein in a ratio of 1:20.

RNase mapping was conducted in buffer A (50 mM Tris,
pH 7.5, 100 mM NH,CI, 100 mM MgCl,, 4% PEG) (without
C5 protein) and in buffer B (50 mM Tris, pH 7.5, 100 mM
NH,C1, 10 mM MgCl,, 0.5 uM C5 protein) (with C5 protein),
as described previously (Liu & Altman, 1994). Briefly, RNases
were diluted and incubated with ribozymes (either 5" or 3’
end-labeled) in the absence and presence of C5 protein. After
different periods of time, the digestion reactions were stopped
by adding 8 M urea. The alkaline treatment of ribozymes for
preparation of a sequence ladder was performed as de-
scribed elsewhere (Liu & Altman, 1994). The cleavage prod-
ucts were separated in urea-polyacrylamide gels. All RNases
used in the study were purchased from Pharmacia Biotech.
(Piscataway, New Jersey).

Fe(I)-EDTA mapping of the structures of M1 RNA and the
variants were performed according to the procedures de-
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scribed previously (Loria & Pan, 1996; Westhof et al., 1996).
Briefly, the end-labeled ribozymes were incubated for
120 min in the reaction buffers supplemented with 2.5 mM
DTT, 2 mM (NH,),Fe(SO,),, and 4 mM EDTA. The cleavage
products were separated in denaturing polyacrylamide gels
and quantitated by a phosphorimager (Molecular Dynamics,
Sunnyvale, California). Cleavage reactions were performed
in buffer A and B for reactions without and with C5 protein,
respectively.

Furthermore, Fe(II)-EDTA cleavage of ribozymes was con-
ducted in these buffers minus MgCl, to reveal the folded
structure of the ribozymes in the absence of Mg?* ions. Com-
parison of the mapping results obtained in the presence and
absence of MgCl, revealed the regions that were folded in
the presence of Mg?* ions and protected from Fe(I)-EDTA
cleavage. The protection factor at a nucleotide position was
calculated as the ratio of the percentage of the cleavage prod-
uct at this position in the absence of Mg?* ions to that in the
presence of the divalent ions (Loria & Pan, 1996; Westhof
et al., 1996). Those regions in which the values of the pro-
tection factor were more than 1.25 were considered to be
folded upon binding of Mg?* ions and are shaded in Fig-
ure 3 (Loria & Pan, 1996; Westhof et al., 1996).

Kinetic analyses of the reactions catalyzed

by the selected ribozymes

The reactions of the cleavage of substrates PtRNADT and
P4.55 RNA by different ribozymes in the absence and pres-
ence of C5 protein were performed as described previously
(Liu & Altman, 1994). Reactions without and with C5 protein
were incubated at 37 °C in buffer A and B, respectively. The
cleavage products were separated on 8% denaturing gels,
which were autoradiographed and/or dried and quanti-
tated with a phosphorimager (Molecular Dynamics, Sunny-
vale, California). Assays to determine kinetic parameters were
performed as described previously (Liu & Altman, 1994). In
brief, the cleavage of substrates was assayed at various con-
centrations of substrates, both above and below the K, for
each respective enzyme. Aliquots were withdrawn from
reaction mixtures at regular intervals and analyzed in
polyacrylamide-urea gels. Values of K,, and k.; were ob-
tained from Lineweaver-Burk double-reciprocal plots. The
estimates of the values of k., /K,, for C38, C41, C83, and
C102 in the absence of C5 protein were calculated by assay-
ing the observed cleavage rate of these ribozyme variants
under single-turnover conditions (Liu & Altman, 1994). The
values of kinetic parameters determined in different exper-
iments exhibited a variation of less than 20%.
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