
The Design and Catalytic Properties of a 
Simplified Ribonuclease P RNA 

for enzymatic activity. These helices involve 
nucleotides 28 to 52, 150 to 165, 183 to 
227, and 260 to 290 of the folded E. coli - 
seouence in Fig.. 1.  Thev were excluded from 

DAVID S. WAUGH, CHRISTOPHER J. GREEN, NORMAN R. PACE th; design of%e similified RNA through 
the use of two strategies: (i) simple omission 
from the design, and (ii) replacement of E. 

Ribonuclease P (RNase P) RNA is the catalytic moiety of the ribonucleoprotein coli sequences with segments of a Grarn- 
enzyme that removes precursor sequences from the 5' ends of pre-transfer RNAs in positive RNase P RNA that lacks the E ,  coli- 
eubacteria. Phylogenetic variation according to recently proposed secondary structure specific helical elements. 
models was used to identify structural elements of the RNase P RNA that are Nucleotides 28 to 52 in the E. coli RNase 
dispensable for catalysis. A simplified RNase P RNA that consists only of evolutionari- P RNA structure model form the apical part 
ly conserved features was designed, synthesized, and characterized. Although the of a longer helix that involves nucleotides 20 
simplified RNA (Min 1 RNA) is only 263 nucleotides in length, in contrast to the 354 to 61. Since only the core-proximal portion 
to 417 nucleotides of naturally occurring RNase P RNAs, its specificity of pre-tRNA of this helix (nucleotides 20 to 27 and 53 to 
cleavage is identical to that of the native enzymes. Moreover, the catalytic efficiencies of 61) has a homolog in the Gram-positive 
the Min 1 RNA and the native RNA enzymes are similar. These results focus the search RNA models (such as B. megatevium in Fig. 
for the catalytic elements of RNase P RNAs to their conserved structure. l ) ,  nucleotides 28 to 52 were omitted in the 

design of the simplified RNA. The residual 

T HE MATURE 5 '  ENDS OF TRNAs ARE in a core of homologous primary and sec- stem was capped with the former loop 
formed by the action of ribonuclease ondary structure (7). A tenet of phylogenet- (UUCG, nucleotides 39 to 42). We were 
P (RNase P), an endonuclease. In ic theory is that evolutionary conservation of concerned that the shortened helix might be 

vivo, the eubacterial RNase P consists of fhction is accompanied by conservation of less stable than the original one, so UZ5 in 
essential protein (-14 kD) and RNA essential structure. Since the phylum-specif- the E ,  coli sequence was replaced with C in 
(-400 nucleotides) components (1). How- ic helical elements are not present in the the simplified RNA. This change converts a 
ever, the RNase P RNA alone is an efficient RNase P RNAs of all organisms, they are G-U pair to an ostensibly more stable G-C 
and accurate catalyst at high salt concentra- not expected to be crucial for the enzymatic pair in the proposed, residual helix. 
tions in vitro (2). The high ionic strength activity of the RNA. In order to test this We were reluctant simply to omit from 
evidently screens anionic repulsion between hypothesis, we relied on the structure mod- the design the three remaining phylum- 
the enzyme and substrate RNAs (3). els to design a simplified RNase P RNA that specific helices present in the E, coli RNase 

Understanding the mechanism of RNase consists only of phylogenetically conserved P RNA because of concern that, in the 
P-mediated catalysis requires the identifica- features. absence of detailed knowledge of their struc- 
tion of the structural elements of the RNase The E. coli RNase P RNA (M1 RNA) tures, we might not properly restore the 
P RNA that are important for the reaction. was used as the foundation of the design remnant secondary and tertiary structure. 
One way to identify potentially important because its structure model has fewer inter- Consequently, the regions of the E. coli 
structure in the RNA is by deleting se- ruptions in the conserved core than do those RNA sequence containing those helices 
quences that are not required for activity, of the RNase P RNAs from Gram-positive were replaced with blocks of Gram-positive 
seeking the minimum functional structure. bacteria. There are four proposed helices in sequence that occupy homologous positions 
This approach has been useful in localizing the E. coli RNase P RNA model that have in the proposed structure models, yet con- 
the portion of tRNA that is recognized by no counterparts in the Gram-positive ver- tain fewer nucleotides. Nucleotides 137 to 
RNase P (4) and in the study of other sions and so are not expected to be essential 225 and 257 to 291 in the E. coli RNase P 
catalytic RNAs (5). 
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The RNase P RNAs are too complex for E.C ;:; 
an efficient identification of nonessential se- E. coli '"- ..G Min 1 B. megaterium 
quences by random deletion mutagenesis. 
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Flg. 1. Proposed secondary structures of the B. megatevium and E. coli RNase P RNAs based on 
D. S. Waugh and N. R. Pace) Depament Bioloa phylogenetic comparisons (6), and the proposed secondary structure of the Min 1 KNase P KNA. The 
and Institute for Molecular and Cellular Biology, Indiana 
University, Bloomington, IN 47405. 5' terminal nucleotide in each sequence corresponds to position 1. Base-paired residues are indicated by 
C. J. Green, Depament  of ~ i ~ ~ ~ d i ~ ~ l  Research, SRI hyphens (canonical Watson-Crick pairs) or by solid dots (noncanonicd pairs, such as G-U). The 
International, Menlo Park, CA 94025. brackets denote a potential pseudoknot interaction. 
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RNA were respectively replaced in the de- 
signed sequence witk nucleotides 196 to 
226 and 258 to 261 from the B. megatevium 
RNA ( 8 ) .  Thus the simplified RNA design 
is a composite of RNase P RNA sequences 
from two different organisms. 

A few additional changes from the E,  coli 
sequence were made near the ends of the 
designed RNA in order to create useful 
restriction sites and to accommodate a bac- 
teriophage T 7  RNA polymerase promoter 
(9'). These latter alterations maintained the ~, 

potential for base pairing between the termi- 
ni of the synthetic RNA. The proposed 
secondary structure of the simplified RNase 
P RNA, called Min 1 RNA, is shown in Fig. 
1. The double-stranded Min 1 RNA gene 
adiacent to a T 7  Dromoter was assembled 
from synthetic oligodeoxyribonucleotides 
and cloned into a plasmid vector (10). The 
Min 1 RNA was produced by run-off tran- 
scription in vitro and its catalytic properties 
were examined as described (11). 

The Min 1 RNA is catalytically active and 
has a cleavage specificity fbr pre : tRN~ that 
is indistinguishable from that of the natural- 
ly occurring RNase P RNAs. However, its 
kinetic properties (Table 1) and optimum 
reaction conditions (Fig. 2) differ from 
those of the native (E. coli) RNA (12). The 
Michaelis constant (K,) of the 'Vin 1 RNA 
is approximately turo orders of magnitude 
greater than that of the native R I A ,  indicat- 
ing that the Min 1 RNA has less affinity for 
the substrate than does the native RNA. 
However, at their respective optimal ionic 
strengths, the maximum velocity (k,,,) of 

Fig. 2. (A) Influence of ammonium acetate concen- 
tration on the in vitro t&VA processing activity of 
the E,  coli and Min 1 RNase P RNAs. ALI of the 
reactions (20 ~ 1 )  contained 50 mM uis-acetate (pH 
8.0), 50 mkf magnesium acetate, 0.05% Non- 
idet P40 (Sigma), [32P]pre-tRNAAw (lo-' and 
1 0 - 5 ~  for the E. colt and Mln 1 RNase P RNA 
reactions, respectively), and either the E. coli or 
the Min 1 RNase P RNA at 10-*iM. The reactions 
were incubated at 37°C for 20 min and s to~ued  

the Min 1 RNA is 20-fold greater than that 
of the native RNA and about the same as 
that of the holoenzyme under physiological 
conditions (13). The enhanced kcat of the 
Min 1 RNA probably reflects a more rapid 
release of product than occurs with the 
native RNA, for which product release is 
rate limiting (3). Since RNase P R I A  binds 
to the mature domain of the pre-tRNA, the 
reduced affinity (higher K,) of the lVin 1 
RNA for the substrate would result in more 
rapid dissociation of enzyme and product 
following cleavage. Overall, the catalytic ef- 
ficiencies, or specificity constants (kC,,/Km) 
(14), of the Min 1 and E. coli RNase P RNAs 
are similiar. 

The Min 1 RNase P RNA activity is 
significantly more sensitive to temperature 
and requires higher concentrations of 
monovalent (but not divalent) salt than the 
native RNA activity (Fig. 2). The tempera- 
ture sensitivity of the Min 1 RNA activity 
suggests that the intramolecular forces re- 
sponsible for its folding may be weaker than 
in the native RNA, possibly because of the 
absence of the phylum-specific structures or 
a defect in the design of the R I A .  The 
resulting instability could also be responsi- 
ble for the increased salt dependence of the 
Min 1 activity. If the intramolecular packing 
forces of the Min 1 RNA are weaker than 
those of the native RNA, then electrostatic 
repulsion between phosphates could distort 
the structure into an inactive form. The high 
salt concentration required for activity of the 
Min 1 RNA could provide counterions to 
titrate such destabilizing repulsion and allow 

by the addition of 3 volumes of ethanol.'?he 04 d .  , . , . , . , . 1 0 . 0  

products were recovered as ethanol precipitates, 0 1 2 3 4 5  

resuspended in 10 p1 of 8M urea, 20 mM EDTA, 
Concentration (M) 

and 0.1% SDS, and resolved by electrophoresis in 
8% polyacrylamide gels containing 8M urea. Af- 
ter Lying and drying the gels, the bands were 1 .o 

located by autoradiography, excised, and counted. .$ 
Activity is expressed as moles of substrate cleaved ,$ 0.8 

per mole of enzyme per minute. (B) Influence of 2 
temperature on the in vitro tRNA processing 0.6 

activity of the E,  coli and Min 1 RNase P RNAs. 3 o,4 
All reactions (20 p1) contained 50 mM Hepes ,$ 
(pH 8.0), 50 rnM magnesium acetate, and 0.05% 0.2 
Nonidet 1'40 (Sigma). Reactions containing E. 
coli RNase P RNA (10-'M) also included 0.5M 0.0 

ammonium acetate and 1 0 - 7 ~ ~  [32P]pre- t o  20 30 40 50 60 70 

t&I-UAASP. Reactions containing the Min 1 RNase Temperature ("C) 
P RNA (10-'11.1) also included 3M ammonium 
acetate and 1 0 - 5 ~  [32~]pre-tRNAASp. Incubations were carried out at 37"C, and the reactions were 
processed as described above. For each RNA enzyme, "relative activity" denotes the fraction of the 
maximum activity observed over the indicated temperature range. 

Table 1. Kinetic parameters for processing of pre- 
tRNAA" in vitro by the E,  coli and the ,Win 1 
RNase P RNAs. The activity of both RNase P 
RNAs was assayed at 37°C in 50 mM magnesium 
acetate, 50 mZil tris-acetate (pH 8.0), and 0.05% 
Nonidet P40 (Sigma). Reactions containing the 
E. coli RNase P RNA (10-9~Zil) also included 
0.5iM ammonium acetate, and reactions contain- 
ing the Min 1 RNase P RNA (10-'121) also 
included 3M ammonium acetate. For each RNA 
enzyme, assays were conducted at various sub- 
strate concentrations above and below K,. Ali- 
quots were withdrawn from the reactions at regu- 
lar intervals and processed as described in the 
legend to Fig. 2. 

RNase 
K m  kcat 

KcatIKm 
P 

(hl) 
(A,- 

KIYA (min-') *in-') 

Min 1 5 x 10 2 x lo6 
E coli. 4 x lo-' 0.4 1 x lo7 

the RNA to assume its active conformation. 
The addition of the RNase P protein from 

either E, coli or Bacillius subtilis does not 
stimulate the activity of the Min 1 RNase P 
RNA at physiological ionic strength. This 
observation might suggest that one or more 
of the omitted structural elements are re- 
quired for interaction with the proteins. 
However, the RNAs from Gram-positive 
organisms also lack these structures, and yet 
are able to form active holoenzymes with the 
E, coli RNase P protein (2). Consequently, 
we believe that the omitted structures are 
not directly involved in the binding of the 
proteins. The inability of the proteins to 
stimulate catalysis by the Min 1 RNA at 
physiological ionic strength may be a con- 
sequence of the requirement by the synthetic 
RNA for particularly high salt concentra- 
tions in order to achieve appreciable activity. 
The conditions required to activate the Min 
1 RNA ma~7 be incompatible with the func- 
tion or assembly of the holoenzyme. The 
native holoenzyme also is inactive at high 
salt concentrations (15). 

The near-native catalytic efficiency of the 
Min 1 RNA (under the appropriate condi- 
tions) demonstrates that the phylum-specific 
structures that were excluded from the de- 
sign are not necessary for the specific cleav- 
age of pre-tRNA. This result raises the 
question of their role or roles in vivo. The 
sat  dependence and temperature sensitivity 
of the Min 1 RNA may indicate that one or 
more of the variable elements contribute to 
the global stability of the RNA. It is also 
possible that they relate to unknown, phy- 
lum-specific functions of the RNase P 
RNAs in vivo. In any case, the catalytic 
function of the naturally occurring RNase 
P RNAs resides in their phylogenetically 
conserved structures. The fact that the struc- 
ture models successfully predict the dispens- 
ability of extensive sequences that are scat- 
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tered throughout the interior of the natural 
RNAs supports the accuracy of the models. 

The Min 1 RNA may prove more useful 
than the natural RNase P RNAs for some 
studies. Because it is smaller than the natural 
molecules, the Min 1 RNA may be more 
amenable to spectroscopic studies or to crys- 
tallization for diffraction analyses. The re- 
duced affinity of the Min 1 RNA for the 
substrate, coupled with its holoenzyme-like 
maximum velocity, makes Min 1 RNA more 
useful than the natural RNAs for steady- 
state kinetic analyses that are not complicat- 
ed by the rate-limiting step of product re- 
lease. Finally, the Min 1 RNA sequence is a 
new starting point for the elimination of 
additional sequence elements. We anticipate 
that further reductions in the size o f  the 
active molecule are possible, since many 
random deletion mutants of the natural 
RNAs lack consenred features and vet retain 
some (usually very low) activity (16, 17). 
The inspection of RNase P RNAs from 
more diierse eubacteria should provide fur- 
ther perspective on the minimal active struc- 
ture and allow the rational design of RNase 
P RNAs that are even simpler than the Min 
1 RNA. 
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Repeat-Induced G-C to A-T Mutations in Neurospora 

In the Neurospora genome duplicate sequences are detected and altered in the sexual 
phase. Both copies of duplicate genes are inactivated at high frequency, whether or not 
they are linked. Restriction sites change, and affected sequences typically become 
heavily methylated. To characterize the alterations of the DNA, duplicated sequences 
were isolated before and after one or more sexual cycles. DNA sequencing and 
heteroduplex analyses demonstrated that the process (termed RIP) produces exclusive- 
ly G-C to A-T mutations. Changes occur principally at sites where adenine is 3' of the 
changed cytosine. A sequence duplicated at a distant site in the genome lost approxi- 
mately 10 percent of its G-C pairs in one passage through a cross. A closely linked 
duplication of the same sequence that was passed twice through a cross lost about half 
of its G-C pairs. The results suggest a mechanism for the RIP process. 

NA SEQUENCE DUPLICATIONS 

provide the critlcal first step for 
gene amplification and provide the 

raw material for evolution of new genes. 
While vital for evolution, sequence duplica- 
tions can also have negative consequences. 
Dispersed repeated genes can mediate ex- 
changes resulting in deletions, inversions, or 
translocations. In addition, altered gene dos- 
age can result in a detrimental imbalance of 
gene products. In many organisms, such as 
fungi and bacteria, virtually all genes are 
present in one copy per haploid genome. 

In the multicellular fungus ,Veuuospora 
cuassa, the pauclty of duplicated genes map 
not simply be due to natural selection. Du- 
plications are efficiently detected and altered 
in a specialized (dikaryotlc) tlssue formed by 
fertilization (1, 2). The process affects both 
copies of a duplicated sequence as revealed 

by gene inactivation, changes in the position 
of restriction sites, and de novo methylation 
of cytosines in the repeated DNA. Because 
the process is limited to the stage between 
fertilization and nuclear fusion, susceptible 
cells have a nucleus from each parent. Thus a 
cell should sun~ive a duplication and inacti- 
vation, even of an essential gene, so long as 
the duplication were only in one of the 
parents. Both nuclei should deliver their 
genetic material to meiosis. Standard recom- 
bination processes would produce meiotic 
products having different combinations of 
altered and unaltered copies of the duplicat- 
ed sequences (Fig. 1). Just the class of cells 
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