
Specific Interactions in 
RNA ~ i i z ~ m e -  substrate Complexes 

Analysis of crosslinked complexes of M1 RNA, the cata- 
lytic RNA subunit of ribonuclease P from Eschevichia coli, 
and transfer RNA precursor substrates has led to the 
identification of regions in the enzyme and in the sub- 
strate that are in close physical proximity to each other. 
The nucleotide in M1 RNA, residue C92, which partici- 
pates in a crosslink with the substrate was deleted and the 
resulting mutant M1 RNA was shown to cleave sub- 
strates lacking the 3' terminal CCAUCA sequence at sites 
several nucleotides away from the normal site of cleavage. 
The presence or absence of the 3' terminal CCAUCA 
sequence in transfer RNA precursor substrates markedly 
affects the way in which these substrates interact with the 
catalytic RNA in the enzyme-substrate complex. The 
contacts between wild-type M1 RNA and its substrate are 
in a region that resembles part of the transfer RNA "E" 
(exit) site in 23s ribosomal RNA. These data demon- 
strate that in RNA's with very different cellular functions, 
there are domains with similar structural and functional 
properties and that there is a nucleotide in M1 RNA that 
affects the site of cleavage by the enzyme. 

S EVERAL RNA's HAVE ENDONUCLEOLYTIC OR LIGATION AC- 

tivities (1). The mechanisms of cleavages by representatives of 
the three main classes of these RNA's, namely (i) group I 

introns, (ii) plant viroid or virusoid RNA, and (iii) M1 RNA, the 
catalytic subunit of Eschevichia coli ribonuclease P, are different from 
one another. In the first two classes, the catalytic site can be localized 
to a stretch of contiguous nucleotides or a particular feature of 
secondaq structure; as to M1 RNA, little is known about its active 
site either when it acts alone (2) or when it acts in the holoenzyme 
complex with its protein cofactor (2, 3). The intact enzyme can 
cleave transfer RNA precursor substrates and the cleavage appears to 
depend on interactions between the substrate and several regions of 
the M1 RNA molecule that must be brought together by three- 
dimensional folding (4, 5 ) .  To elucidate in greater detail some 
aspects of structure-function relationships in M1 RNA, we have 
studied a site in M1 RNA that can be crosslinked by ultraviolet 
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irradiation to a tRNA precursor substrate. In contrast to protein 
enzymes, RNA enzymes lend themselves, through the use of reverse 
transcriptase, to studies of the details of enzyme-substrate contacts. 

~nalysis of a crosslinked enzyme-substrate complex. To iden- 
tify the region in M 1  RNA that is in close proximity to its substrate, 
a series of ultraviolet (UV) light-mediated crosslinking experiments 
was performed initially with M 1  RNA and a substrate [pTyr:Ssp, 
the precursor to tRNATYr with 43 extra nucleotides at its 3' end 
(Fig. 1) (6, 7)] that has a lower K, (five times) and a lower kc,, (100 
times) than the wild-type substrate (pTyr, the precursor to tRNATYr 
from Eschevichia coli found in vivo). This substrate, which forms 
stable complexes with M1 RNA (7), gives a 33 percent higher yield 
of enzyme-substrate complex when mixed with M1 RNA than does 
the wild-type substrate (pTyr) in Cs2S04 gradients (8). 

Mixtures of M1 RNA and pTyr:Ssp were irradiated with UV 
light under conditions that generate intramolecular crosslinks in 
various RNA molecules including M1 RNA (9). In experiments 
with UV light at 300 or 254 nm, crosslinks between enzyme and 
substrate were formed (Fig. 2). The RNA's migrating in the 
positions of bands a, b, c (lanes 1 and 3), and d (lanes 2 and 4) were 
recovered from the gel and analyzed on denaturing and nondenatur- 
ing polyacrylamide gels (species b, c, and d are absent in the 
nonirradiated control samples). On the basis of the composition of 
the reaction mixtures and analysis of the electrophoretic mobility of 
the isolated species in gels ( l o ) ,  we have determined that bands a 
and a' correspond to non-crosslinked RNA, bands b and b' 
correspond to intramolecular crosslinked species, bands c and c' to 
intermolecular crosslinked RNA (that is, the same species of RNA 
as that found in dimers or multimers) and bands d and d '  corre- 
spond to crosslinked enzyme-substrate complex. 

Crosslinked, unlabeled enzyme-substrate complex was purified 
from gel slices and analyzed, with reverse transcriptase, by extension 
from deoxyribonucleotide primers complementary to M1 RNA and 
to pTyr : Ssp (1 1, 12). Identical experiments were also performed 
with other derivatives of the precursor to tRNATYr, lacking the 3 '  
terminal UCA (pTyr - UCA) or CCAUCA (pTyr - CCAUCA) 
sequence (Fig. l), but the enzyme-substrate complex was prepared 
under slightly different conditions in these cases (9) .  Reverse 
transcriptase chain terminates all along the sequence of both M1 
RNA, and the substrates and these events can be seen as faint bands 
in the lanes that contain exclusively M1 RNA that has been 
irradiated but that has the sane mobility as unirradiated M1 RNA 
(Fig. 3A, lanes 2 and 3; Fig. 3C, lanes 3 and 4) and in the lane that 
contains just the substrate (Fig. 3B, lane 2; Fig. 3D, lanes 3 and 4). 
Similar behavior of reverse transcriptase with other RNA molecules 
has been observed (12). Some of the chain terminations seen in Fig. 
3 may reflect gross changes in the conformation of the RNA that 

SCIENCE, VOL. 246 



occur in the enzyme-substrate complex and are frozen by the 
crosslinking. However, we assume that chain termination events 
characteristic of the enzyme-substrate complexes are consequences 
of nucleotide modification by crosslinks at the position adjacent to 
the chain termination site (13). 

When primer extension analysis was performed on the enzyme- 
substrate complex (with pTyr:Ssp or pTyr - UCA as substrates, 
Fig. l ) ,  with a primer complementaq~ to nucleotides 220 to 236 of 
M1 RNA (Fig. 3A, lane 1; Fig. 3C, lane l ) ,  a chain termination 
event during reverse transcription, not seen in the case of extensions 
of M l  RNA alone, was observed (14). This chain termination occurs 
at C93 in M1 RNA, indicating that nucleotide C92 is crosslinked to 
the substrate. We then deleted nucleotide C92 from M1 RNA (15) 
to determine its effect on the hnction of M1 RNA and on the 
location of the crosslink with the substrate (because of the adjacent 
C's in the sequence C92 C93, the exact identity of the deleted 
nucleotide cannot be determined). A double deletion mutation, at 
positions C92 and G106, was also isolated during the original 
search for A92 (there are seven consecutive G's from positions 105 
to 11 1 in M1 RNA: the deleted G has been assigned to the position 
that is base-paired to C92). Primer extension analysis was therefore 
carried out on crosslinked complexes made with A92 M1 RNA or 

A92,106 M1 RNA and pTyr:Ssp as substrate. The results were the 
same with both mutant derivatives of M l  RNA and are summarized 
along with other data in Table 1. The data shown in Fig. 3, A and B, 
were obtained with A92,106 M1 RNA. The appearance of a new 
chain termination at A93 is visible in the complex with mutated 
RNA (Fig. 3A, lane 4). In the single A92 mutant the chain 
termination occurred at A93 as it did with pTyr - UCA as substrate 
(Fig. 3C, lane 2), indicating that the extra 3' flanking sequence did 
not affect the position of the crosslink (8). 

To determine the location in the substrate of the other end of the 
crosslink, we used oligonucleotides complementaq~ to the 3' end of 
the substrate as primers for reverse transcription. An efficient chain 
termination was observed with M1 RNA and A92,106 M1 RNA at 
position -2 (G -2; Fig. 3B, lanes 1 and 3). The same chain 
termination at position -2 was also observed with A92 M1 RNA 
(8). Therefore, the nucleotide in the substrate that is crosslinked 
with the enzyme is C -3. In every experiment illustrated in Fig. 3, 
the putative crosslink formed between the enzyme and the substrate 
makes a pyrimidine photodimer. 

Enzyme-substrate complexes made with other variants of M 1  
RNA, which contain mutations located near C92 and elsewhere 
(Fig. l), were analyzed in a similar fashion (16). Mutants U93 M1 

Fig. 1. Proposed model for the secondary structure of M l  RNA (5)  (A) 
and the site of cleavage by RNase P of the precursor to tRNATYr from 
E. coli found in vivo (B). (A) Nucleotide C92, the location of an W- 
induced crosslink to the substrate, is circled in the proposed model for 
M1 FWA. (B) The thin arrow pointing toward the substrate shows the 
site of cleavage by M1 RNA or RNase P, and the fat arrow indicates the 
3' terminus of a derivative that lacks the CCAUCA sequence. pTyr:Ssp 
has an additional 43 nucleotides (CUUUCAAAAGUCCCUGAACU- 
UCCCAACGAAUCCGCAAUUAAAU) at the 3' end of pTyr (7). 

22 DECEMBER 1989 RESEARCH ARTICLE 1579 



2 3 4 5 8  Fig. 2. Identification of RNA and A106 M1 RNA (4, 14) also generated the chain 
termination at position 93 and an additional increase was observed 
in the intensity of a band that corresponded to a chain termination at 
G68, whereas mutants G65 M1 RNA and A65 M1 RNA gave a 
pattern that resembled the one obtained with wild-type M1 RNA. 
Furthermore, U93 M1 RNA and A106 M1 RNA made a stronger 
contact with U - 8 in the substrate than did wild-type M1 RNA, 
G65 M1 RNA, or A65 M1 RNA. A deletion mutation ofMl RNA, 
at position G91 (A91 M1 RNA), gave a low yield of enzyrne- 
substrate complex and a corresponding decrease in intensity of the 

UA crosslinked by w irra- ' * d '  &am. End-LkM RNA'. d & 

** -cS were irradiated as described 
in (9) and analyzed on a 5 
percent polyacrylamide se- 
quencing gel that contained 
7M urea. (Lane 1) M1 
RNA, 5' end-labeled with 

. b' [y-32P] ATP (a total of 430 
ng; 1.9 x 1@ cpm) alone; 
(lane 2) same as in lane 1, but 

-a' incubated in the presence of 
. unlabeled pTyr:Ssp (200 

ng); (lane 3) M1 RNA, 3' 
I end-labeled with 32P-pCp (a 

. , total of 300 ng; 1.2 x lo6 
cpm) alone; (lane 4) same as 
in lane 3 but incubated in 

the presence of unlabeled pTyr:Ssp (200 ng); (lane 5) pTyr:Ssp, 3' end- 
labeled with 32P-pCp (a total of 230 ng; 1 x lo6 cpm) alone; (lane 6) same 
as in lane 5 but incubated in the presence of unlabeled M1 RNA (235 ng). 
(Bands a, a') Non-crosslinked species of RNA; (b, b') intramolecularly 
crosslinked RNA's; (c, c') intermolecularly crosslinked RNA's; and (d, d') 
crosslinked E-S complex. The arrows indicate the positions of band d in 
lanes 2 and 4 and band d' in lane 6. Breakdown products of end-labeled 
RNA's are evident. The dark band at the bottom of lane 6 corresponds to the 
cleavage product, containing the tRNA sequence, of the transcript of 
pTyr:Ssp. 

Table 1. Enzyme-substrate contacts. 

Contacts in 
Complex Cleavage 

Enzyme Substrate 
site 

M1-pTyr:Ssp C92 C - 3  
A92-pTyr:Ssp C92 C - 3  
M1-pTyr - CCAUCA U69 > U40 U - 1 > U - 8 
A92-pTyr - CCAUCA U69 > U40 U - 1 > U - 8 

>U126 

Ml-pTyr - U69<U40 U - 1 - U - 8  
CCAUCA* 

A92-pTyr - U69-U40 U - 1 > U - 8  
CCAUCA* 

*In buKers containing 3M ammonium acetate and 50 mM MgC12. 

Fig. 3. Reverse tran- 
scription analysis of en- 
zyme-substrate cornplex- 
es. Analyses were per- 
formed as described in 
the text and in (12, 13). 
Lanes labeled A, C, G, U 
are reference analyses of 
DNA sequences (14) 
corresponding to the ap- 
propriate RNA tem- 
plates. The ddlTP 
tracks are labeled U to 
facilitate comparisons 
with RNA sequences. 
Primers complementary 
to nucleotides 220 to 
236 in M1 RNA and 
A92M1 RNA (A and 
C), nucleotides 104 to 
123 in pTyr:Ssp (B), 
and nucleotides 75 to 82 
in pTyr - CCAUCA 
(D) were used. Only crit- 
ical segments of the 
autoradiographs are 
shown. (A) Priming 
from the enzyme. (Lane 
1) Analysis of the com- 
plex between M1 RNA 
and pTyr:Ssp; (lane 2) 
M1 RNA alone: (lane 3) , \ 
A92,106M1 RNA 
alone; (lane 4) complex of A92,106 M1 RNA and pTyr:Ssp. (8 )  Priming 
from the substrate. (Lane 1) Complex of pTyr:Ssp and M1 RNA; (lane 2) 
pTyr:Ssp alone; (lane 3) complex of pTyr : Ssp and A92,106 M1 RNA. (C) 
Priming from the enzyme. (Lane 1) Complex of M1 RNA and pTyr - 
UCA, (lane 2) complex of A92 M1 RNA and pTyr - UCA; (lane 3) M1 
RNA alone; (lane 4) A92 M 1 RNA alone; (lane 5) complex of M l  RNA and 
pTyr - CCAUCA; (lane 6) complex of A92 M1 RNA and pTyr - 
CCAUCA, (lane 7) complex of M1 RNA and pTyr - CCAUCA (in 3M 
buffer consisting of 50 mM tris-HC1, pH 7.5, 50 mM MgC12, 3M amrnoni- 
urn acetate); (lane 8) complex of A92 M1 RNA and pTyr - CCAUCA (in 
3M buffer). (D) Priming from the substrate. (Lane 1) Complex of pTyr - 
UCA and M1 RNA, (lane 2) complex of pTyr+CCA and A92 M1 RNA, 

(lane 3) pTyr - UCA alone; (lane 4) pTyr - CCAUCA alone; (lane 5) 
complex of M1 RNA and pTyr - CCAUCA, (lane 6) complex of pTyr - 
CCAUCA and A92 M1 RNA, (lane 7) complex of pTyr - CCAUCA and 
M1 RNA (in 3M buffer); (lane 8) complex of pTyr - CCAUCA and 
A92 M1 RNA (in 3M buffer). The positions of certain nucleotides and M- 
length transcripts of the enzyme (Ml) or substrates (Ssp and pTyr) are 
marked. Both A92 M1 RNA, which is one nucleotide shorter than M1 
RNA, and A92,106 M1 RNA, which is two nucleotides shorter than M1 
RNA, have a slightly greater mobility than M1 RNA. A93 (A and C) 
corresponds to the pause generated by reverse transcriptase in the complexes 
A92,106 M1 RNA1pTyr:Ssp and A92 M1 RNAIpTyr - UCA, respectively. 
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bands produced by chain termination events. 
Phenotypes of mutants in vim.  If nucleotide C92 is of critical 

importance in enzyme-substrate interactions, deletion of this nucle- 
otide should lead to a variant of M l  RNA with an altered phenotype 
in vitro. When M1 RNA and its derivatives were assayed alone for 
activity in vitro with our standard substrate, pTyr (Fig. l) ,  A92 M1 
RNA exhibited a severely defective phenotype (Table 2). The Km 
was 100 times higher and the kc,, was six times lower than wild type. 
When this and other deletion and base substitution mutants were 
assayed in the holoenzyme complex with C5 protein, the deletion 
mutants were generally more severely affected, but all the mutants 
had kc,,lKm ratios that were from 1 to 10 percent that of wild type 
(Table 2). The behavior of A92 M 1 RNA is not particularly 
distinctive in these assays. All the deletion mutants, in contrast to the 
base substitution mutants, have drastically diminished activity when 
the mutated RNA is tested alone, indicating that the maintenance of 
certain spatial relationships in the structure of M1 RNA is more 
important than the actual identity of the nucleotides at positions 65, 
91, and 92. More direct support for the hypothesis that C92, in 
particular, plays a critical role in the action of M l  RNA is derived 
from studies of the reaction of A92 M 1 RNA and A92,106 M1 
RNA with another substrate of particular interest. 

The presence or absence of the CCA 3' terminal sequence in 
tRNA precursors can markedly affect their susceptibility to cleavage 
by M1 RNA (1 7), presumably because this common sequence is 
found adjacent to the cleavage site (Fig. 1) and is important either 
for binding of substrate or departure of product from the complex 
with the enzyme. Therefore, we assayed the mutant M1 RNA's with 
a substrate that lacked the 3' terminal CCA sequence (called pTyr - 
CCAUCA to indicate that it is missing the last six nucleotides 
present in the wild-type substrate, pTyr, found in vivo, in E. coli). 
To our surprise, we found that A92 M1 RNA and A92,106 M1 
RNA only among the mutants listed in Table 2, now cleaved pTyr - 
CCAUCA (18) (Fig. 1) at sites four, five, and six nucleotides 
upstream from the normal site of cleavage (Fig. 4). This novel result 
is indicative of the ability of a derivative of M1 RNA to cleave a 

Table 2. Kinetic parameters of the reactions of M l  RNA and several variants 
with pTyr. The parameters were determined for reactions carried out as 
described (2, 4). pTyr was produced by transcription in vitro by T7 RNA 
polymerase. For reactions with RNase P, the holoenzyme was formed, by 
reconstitution, from the subunits (2) at a molar ratio of C5 protein to M1 
RNA of 20: 1. In reactions with M1 RNA alone, the concentration of M1 
RNA was 2 x 10-'M. In reactions with MI  RNA plus C5 protein, the 
concentration of M1 RNA was 5 x 10-''M. The amount of mutant M1 
RNA's used in reactions with holoenzyme varied from 2.5 x 10-9M to 
2 x 10-'M. The substrate (pTyr) was always present in molar excess. 

Enzyme 
K m  

kcat* 
k c a t l K m  

RNA Protein (IO-~M) ( ~ o - ~ M )  

None 
None 
None 
None 
None 
C5 
C5 
C5 
C5 
C5 
C5 
C5 
C5 
C5 

*kc,, is given in moles of product per mole of enzyme per minute. tA65 M1 RNA 
showed no detectable activity (<0.01 percent) when compared to wild-type M1 RNA. 

-ptRNA 

tRNA 

Fig. 4. Cleavage of pTyr - 
CCAUCA by A92 M1 RNA. 
RNase P activity was as- 
sayed after a 15-minute in- 
cubation at 37°C. The sub- 
strate, 32P-labeled pTyr - 
CCAUCA (2 x 10-6M) 
was incubated with wild- 

o; A92 M1 R'NA (1.7 x 
10-6M) alone, (lanes 2,3,7 
to 9), or with C5 protein in 
addition to the catalytic 
RNA (lanes 4 and 6) as indi- 
cated. After ethanol precipi- 
tation, the reaction products 
were resolved on an 8 per- 
cent polyacrylamide se- 
quencing gel. The source of 
enzyme and buffer condi- 
tions in each reaction were 
as follows. (Lane 1) No en- 
zvme added: buffer A r50 

3 nhf  tris-HC1, pH 7.5, i00 
mM MgCl2, 100 mM 
NKCI, 4% (wIv) poly(eth- 

yleneglycol)]; (lane 2) A92 M1 RNA, buffer B (50 mM tris-HC1,pH 7.5,10 
mM MnC12, 10 mM spermidine, 100 mM NKCl); (lane 3) A92 M1 RNA, 
buffer A; (lane 4) A92 M1 RNA (1 x 10-'M) and C5 protein (1 x 10-7M), 
buffer C (50 mM tris-HC1, pH 7.5, 10 mM MgC12, 100 mM N&CI); (lane 
5) partial alkalime digest of 3' end-labeled pTyr - CCAUCA; (lane 6) MI 
RNA (1 x 10-'M) and C5 protein (1 x 10-'M): buffer C; (lane 7) M1 
RNA, buffer A; (lane 8) M1 RNA, buffer B; (lane 9) MI RNA, buffer D (50 
mM tris-HC1,pH 7.5,10 mMMgC12, 10 mMspermidine, 100 mM NH4CI). 

substrate at a site other than the site cleaved by wild-type M1 RNA. 
Another substrate lacking the 3' terminal CCA sequence, a precur- 
sor to tRNASer from Saccharornyces cerevisiae (19), was also assayed 
with A92 M1 RNA and A92,106 M1 RNA, and aberrant cleavage 
at a site four nucleotides upstream from the normal site of cleavage 
was detected (8). 

When the holoenzyme made with A92 M1 RNA or A92,106 M1 
RNA was used in these assays, or when the reactions were per- 
formed in buffers that contained 3M ammonium acetate, cleavage 
occurred predominantly at the normal site at nucleotide 1 of the 
mature tRNA sequence of pTyr - CCAUCA, although some 
residual cleavage still occurred at the unusual sites (20). Spermidine 
cannot replace C5 protein, the protein subunit of ribonuclease 
(RNase) P, in correcting the aberrant cleavage by A92 M1 RNA 
(Fig. 4, lanes 2 and 4). The normal reaction, governed by wild-type 
M1 RNA, proceeds more rapidly in the presence of MnC12 and 
spermidine than it does in the presence of MgClz and spermidine 
(Fig. 4, lanes 8 and 9). 

Contacts between M1 RNA or  A92 M1 RNA and pTyr - 
CCAUCA. The unexpected properties of the cleavage of pTyr - 
CCAUCA by A92 M 1 RNA might be the result of contacts between 
the mutant M1 RNA and the substrate that differ from those made 
by wild-type M1 RNA. Indeed, two strong chain termination events 
in the reverse transcriptional analysis of A92 M l  RNA in the 
complex with pTyr - CCAUCA were found at nucleotides C70 and 
C41, and a weaker one was seen at G127 (Fig. 3C, lane 6). The 
interaction of pTyr - CCAUCA with A92 M1 RNA, therefore, is 
different from that of pTyr:Ssp. Surprisingly, the latter statement is 
also true for the contacts formed by pTyr - CCAUCA with wild- 
type M1 RNA (Fig. 3C, lane 5). In this case, however, the strongest 
chain termination is visible at C70 and a weaker one is seen at -1. 
A minor chain termination is also apparent at G127. When the same 
experiment is repeated with wild-type or A92 M1 RNA in buffers 
that contained 3M ammonium acetate to mimic conditions under 

22 DECEMBER I989 RESEARCH ARTICLE 1581 



235 r R N A  

G A  
C  - G  
A  - U  
G - C2I50 

2 l40G U  
U . G  
G - C  
u - A  

M l  R N A  

U - A  
u - A  

Fig. 5. Comparison of part of the E site of 23s  rRNA with a region in M1 
RNA that surrounds the crosslink with the substrate. The secondary 
structures are taken from Moazed and Noller (21) and James et a l .  (5). The x 
marks C92, the nucleotide in M1 LVA that is crosslinked to the substrate. 
Nucleotides shown in boxes are found in approximately the same relative 
positions in the structures shown. 

which A92 M 1  RNA and A92,106 M1 RNA cleave substrates at the 
normal site, the chain terminations at C70 and C41 are present but 
the one at G127 is totally absent from the complex made with 
A92 M1 RNA (Fig. 3C, lane 8). While M1 RNA and A92 M1 
RNA exhibit somewhat different intensities in the patterns of chain 
termination events (Fig. 3), it appears that the nature of the 
substrate itself has also induced a major change in the contacts on 
the enzyme-from those in the region near C92 to those in other 
parts of the enzyme as portrayed in the two-dimensional model 
shown in Fig. 1. We therefore anticipated that the crosslinks of the 
RNA enzymes made with pTyr - CCAUCA, at the very least in the 
case of A92 M1 RNA, would be different from those seen with 
pTyr: Ssp. 

Reverse transcription of pTyr - CCAUCA in the enzyme- 

substrate complex shows that A92 M1 RNA makes crosslinks with 
pTyr - CCAUCA at more than a single site. The most efficient 
chain termination now occurs at G1 in the substrate and another 
one is seen at -7, as before. Other weaker chain termination events 
in this region of the substrate are also apparent (Fig. 3D), as if the 
enzyme-substrate complex can exist in several states, only one of 
which leads to the productive cleavage event at positions -4, -5, 
and -6. The complex made with wild-type M1 RNA showed the 
same pattern. In buffers containing 3M ammonium acetate, the 
chain termination event at G1 became by far the predominant one 
(the crosslinked nucleotide in this case would be U -1). These 
observations are different from the results obtained with pTyr:Ssp, 
in which case when cleavage was observed at the normal site, 
nucleotide G1, a single strong chain termination was evident in the 
substrate near the site of cleavage (position -2). The primers used 
for these reverse transcription experiments with pTyr - CCAUCA 
were complementary to nucleotides 75 to 82 in the tRNA acceptor 
stem (unlike the primer used for pTyr: Ssp, which hybridized only to 
the extra 3' flanking sequence). If a critical contact was made with 
the substrate in the 3' part of the acceptor or T stem, we would not 
have detected it. 

A domain in M1 RNA resembling the ribosomal E site. We 
have studied the only covalently joined enzyme-substrate complexes 
found after W irradiation of mixtures of M1 RNA or other 
derivatives of it and wild-type substrate. Our results show that the 
region around nucleotide C92 in wild-type M1 RNA is important 
for interactions specifically and particularly with the nucleotides 
near the site of cleavage of tRNA precursor substrates. In addition, 
the remarkable resemblance of this region to part of the tRNA 
binding "En (exit) site on 23s  RNA (21) from E, coli (Fig. 5) gives 
further weight to the more specific proposal that the region around 
nucleotide C92 in M1 RNA is a binding site for the acceptor stem of 
the tRNA moiety of tRNA precursors. The region of 23s  ribosomal 
RNA (rRNA) shown in Fig. 5 encompasses most of the nucleotides 
protected from chemical modification by the binding of deacylated 
tRNA to ribosomes prior to the release of the tRNA from the 
translation machinery (21). The sequence between positions 232 
and 242 in M1 RNA is almost identical to nucleotides 2169 to 2179 

Fig. 6. Inhibition of M1 LVA or RNase P 
activity. (A) Effect of substrate concentration on 2.0 
M1 RNA activity. M1 RNA (2 X 10- 'w was 

2 0  first incubated for 5 minutes at 37°C in buffer A .t 
(50 mM tris-HCI, pH 7.5, 100 mM NH,Cl, 100 'i mM MgCl*). Substrate [pTyr ( 0 )  or pTyr - 
CCAUCA (U)] was then added and samples were ' .O 

1 0  taken every minute for 6 minutes. Activity, ex- 
pressed in picomoles of product per minute, was E 
measured in the linear range of kinetics by separa- 
tion of the components of the reaction mixture in o,o 

.0.1 0.0 
0 

an 8 percent polyacrylamide gel that contained o 5 1 0  0.1 0.2 0.3 

7M urea and densitometric analysis of the corre- s (1 0' M) 1 is 
sponding autoradiograms. (B) Lineweaver-Burk 
plot of the kinetics of M1 RNA activity with pTyr . C . D - 6 0  
- CCAUCA as substrate in the presence or .s 
absence (circle; left-hand ordinate) of inhibitor. ': 4 0  - - 
Reactions were carried out in buffer A with M l  p - 4 0  
RNA (2 x 10-'M) as enzyme, 32P-labeled pTyr % 
- CCAUCA as substrate, and unlabeled pTyr as 9 
inhibitor [ l  x 1 0 - 7 ~  (0), 2 x 1 0 - 7 ~  (A); - 20 

right-hand ordinate). Units: 1IS = 1 0 ' ~ - ' ;  0 

l i v  = 1 0 ' ~ - '  min. (C and D) Effect of the 2 
tri(ribo) nucleotide CCA on M1 RNA activity. o o 
M1 RNA (2 x l0-',21) was first incubated in the o 2 4 6 2 4 6 8 1 0  

presence (0) or absence ( 0 )  of tri(ribo)nucleotide Time (min) Time (min) 
(2 mM) for 5 minutes at 37°C as described above. 
Substrate (4 x 10-'~/1) was added (C, pTyr; D, 
pTyr - CCAUCA) and samples were taken as indicated in the figure. Activity is expressed as the percent of total substrate cleaved per minute. 
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of 23s  rRNA, and there is also a high degree of similarity between 
nucleotides 79 to 96 of M l  RNA and 2112 to 2128 of 23s  rRNA. 
The similar nucleotides in the two structures also have nearly the 
same relative location with respect to the loop and stem features. 
Such a resemblance between the two structures, although not exact 
in every detail, is sufficiently striking to provoke questions about 
similarities in function of each of these regions in their respective 
RNA's and, in particular, the binding or release (or both) of the 
tRNA moiety of the substrate from M 1  RNA during the RNase P 
reaction (22). A comparison of the pattern of protection from 
chemical modification of M l  RNA in the crosslinked complex with 
pTyr with that of 23s  rRNA in the complex with tRNA (21) should 
also be of interest. 

The region in M 1  RNA shown in Fig. 5 was initially examined 
because of the location at C92 of the crosslink with a substrate. The 
C5 protein subunit makes a footprint on M 1  RNA that covers 
nucleotides 82 to 96 (3) and, when mixed with M 1  RNA, yields 
holoenzyme that, in contrast to M1 RNA alone, carries out cleavage 
without regard to the presence or absence of the 3' terminal CCA 
sequence in substrates 11 7). 

The importance of the 3' CCA sequence. That the acceptor 
stem of the substrate, specifically, is involved in binding to M 1  RNA 
as it is to the E site in rRNi is demonstrated bv experiments in 

, A  

which puromycin, an antibiotic analog of a 3' terminal aminoacylat- 
ed adenosine, has been shown to be an inhibitor (at a concentration 
of 2 to 3 mM) of the reaction carried out by RNase P (23). 
Furthermore, pTyr inhibits the reaction with itself as substrate at 
concentrations near 8 x ~ O - ~ M .  but when ~ T v r  - CCAUCA is 

I i 

used as substrate, no such effect is observed (Fig. 6A). The amount 
~U , 

of product in the reaction with pTyr is not enough to 
account for the inhibition. pTyr inhibits the reaction with pTyr - 
CCAUCA as substrate in a noncompetitive fashion as shown by the 
data in Fig. 6B and by other experiments in which we have 
measured V,,, in the presence and absence of inhibitor (8). 
Effective binding of tRNA to the E site of 23s  rRNA also requires 
an intact 3' terminal sequence. 

The noncompetitive nature of the inhibition of the reaction with 
pTyr - CCAUCA by pTyr suggests that the CCA binding site on 
M1 RNA is separated from the site that recognizes the folded 
structure of the intact tRNA moiety. This suggestion is consistent 
with other observations that we have made with mutants of M l  
RNA and tRNA precursors (8). The importance of specific contacts 
between different segments of the tRNA moiety and M 1  RNA is 
further confirmed b; results of experiments in which we used the 
tri(ribo)nucleotide CCA as an inhibitor. At high concentrations (2 
mM), as with puromycin, CCA inhibits the reaction with substrates 
that have an intact CCA sequence (Fig. 6C). However, this 
trinucleotide stimulates the reaction with substrates that lack the 3 '  
terminal CCA sequence (Fig. 6D).  One interpretation of these 
results is that the trinucleotide, together with the rest of the tRNA 
precursor, fills the necessary binding sites on the surface of M l  RNA 
to create the illusion of an intact substrate which the enzyme can 
cleave. Similar phenomena have been observed by ~asiakowski and 
Deutscher (24) in their studies of nucleotidyl transferase, an enzyme 
that adds nucleotides to the 3 '  terminus of tRNA's, and by Renaud 
et al.  (25) in studies of the aminoacyl synthetase reaction. 

Substrate recognition by RNase P. We have now determined 
that an alteration in M1 RNA at the normal site of contact with 
substrates can result in a shift by at least four nucleotides of the 
location of the site of cleavage by the enzyme. Such a shift may 
imply a destabilization of the correct structure of M1 RNA and the 
existence of a measuring mechanism (26) that moves the acceptor 
stem of the substrate some fraction of a turn of an RNA helix 
relative to a point of contact of the tRNA sequence on the enzyme. 

If that is the case, our results show that the 3 '  terminal CCA 
sequence must contain some of the reference marks for the measur- 
ing mechanism, at least for RNase P from E. coli. Other model 
substrates, with changes in the sequence of the mature tRNA, have 
also been shown to sustain shifts in the site of cleavage from the site 
expected with wild-type RNase P from Xenopus laevis (27). 

Another explanation for our results is that the altered site of 
cleavage found with A92 M 1  RNA may be a result of an "induced 
fit" of pTyr - CCAUCA on the mutant enzyme, which differs from 
that on the wild-type enzyme. Clearly, this aberrant induced fit can 
be reversed by the presence of the C5 protein or 3M ammonium 
acetate, an indication of the flexibility of the structure of the 
enzyme-substrate complex. It is known that C5 protein renders the 
holoenzyme sensitive to the fine details of the structure of the 
substrate (28) and enhances the reaction rate about 20-fold or more 
with all natural substrates. The protein cofactor has no noticeable 
effect on the site of cleavage by wild-type RNase P since wild-type 
M1 RNA always cleaves its substrates at the normal site, with the 
possible exception of the precursor to ~ R N A ~ ' ~  which, alone among 
tRNA's, has eight base pairs in its acceptor stem (29). However, no 
alteration in the site of cleavage of substrate by a variant of M 1  
RNA, or the surprising effect on it of the protein cofactor, has 
previously been observed. Thus, these data and studies of inhibition 
of RNase P activity by oligonucleotides complementary to M 1  
RNA (16) show that the C5 protein has the ability to stabilize the 
correct structure of M 1  RNA, in particular around the region of 
nucleotide C92, as described above, in a quite specific fashion, 
thereby restoring proper cleavage by certain mutants of M l  RNA. 

The processes by which the tRNA acceptor stem binds to both 
M1 RNA and 23s  rRNA of E, coli have a similar dependence on and 
sensitivity to the nature of the 3 '  terminus of a tRNA structure. The 
apparent-similarity of these phenomena may be limited to E. coli and 
some other bacteria in which all tRNA genes include the 3 '  terminal 
sequences encoded in them (30). In many bacteria, such as the 
Archaebacteria and relatives of B. subtilis, the 3' terminal CCA 
sequence is not always encoded in the t d  genes and thus the way 
in which the acceptor stem of tRNA precursor molecules interacts 
with the RNA subunit of RNase P, as well as the structure of that 
RNA subunit itself, may be quite different from those features of the 
rRNA E site in the same organism. 
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