
with dextrose, raffinose, or galactose was centri- 
fuged and resuspended in 50 pI of the used 
media. We then treated this suspension with 3.5 
pI of 0.35 M KMn04 for 1 min at 22°C. The 
reaction was stopped by dilution in sorbitol stop 
buffer [0.9 M sorbitol, 0.1 M tris-HCI (pH 8.0), 0.1 
M EDTA, 40 mM p-mercaptoethanol]. Spheroplast 
preparation and DNA isolation was performed as 
described (28). Piperidine treatment and ligation- 
mediated polymerase chain reaction (LMPCR) 
analyses were performed as described (15). The 
primers used for LMPCR were the following: top 
strand, primer 1: GCGATTAGTTTTTTAGCCT- 
TATTTCTGG; primer 2: TCTGGGGTAATTAAT- 
CAGCGAAGCGATG; and bottom strand, primer 
1 : CCAATGGTCTTGGTAATTCCTTTGC; primer 
2: TTTGCGCTAGAATTGAACTCAGGTAC. 

26. The primers used for LMPCR were the following: 
top strand, primer 1: ATTAGCTCTACCACAGTG- 

TGTGAACC; primer 2: TGAACCAATGTATCCAG- 
CACCACCTG; and bottom strand, primer 1 : GG- 
TTTTTTTAGGCTAAGATAATGGGG; primer 2: 
ATGGGGCTCTTTACATTTCCACAAC. 

27. For the in vitro treatment of DNA, -0.5 pg  of 
plasmid DNA, either cut with Bam HI or at native 
superhelical density, was treated in 10 mM tris-Cl 
(pH 7.7) and 1 mM EDTA with 25 mM KMnO, for 
30 s at the indicated temperatures. 

28. D. A. Treco, in Current Protocols in Molecular 
Biology, F. M. Ausubel et al., Eds. (Greene Pub- 
lishing Associates and Wiley-Interscience, New 
York, 1989), pp. 13.11.1-13.11.5. 

29. The rpbl-l-carrying yeast strain Y262 was the 
gift of R. Young. We also thank J. Roberts, T. 
O'Brien, and X. Hua for critically reading this 
manuscript. 
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Circularly Permuted tRNAs as Specific Photoaffinity 
Probes of Ribonuclease P RNA Structure 

James M. Nolan, Donald H. Burke, Norman R. Pace* 
Regions of Escherichia coliribonuclease P (RNase P) RNA in proximity to a bound transfer 
RNA (tRNA) substrate were mapped by photoaffinity. A photoaffinity cross-linking reagent 
was introduced at specific sites in the interior of the native tRNA structure by modification 
of the 5' ends of circularly permuted tRNAs (cptRNAs). The polymerase chain reaction was 
used for the production of cptRNA templates. After the amplification of a segment of a 
tandemly duplicated tRNA gene, the cptRNA gene was transcribed in vitro to produce 
cptRNA. Modified cptRNAs were cross-linked to RNase P RNA, and the conjugation sites 
in RNase P RNA were determined by primer extension. These sites occur in phylogenetically 
conserved structures and sequences and identify regions of the ribozyme that form part of 
the tRNA binding site. The use of circularly permuted molecules to position specific mod- 
ifications is applicable to the study of many inter- and intramolecular interactions. 

T h e  ribonucleoprotein RNase P cleaves 5' 
precursor sequences from precursor tRNAs 
(1). Bacterial RNase P RNA is catalytically 
active in vitro at high ionic strength in the 
absence of the protein component; it is a 
ribozyme (2). The model for the secondary 
structure of RNase P RNA is increasingly 
well refined, and the tertiary structure of 
the t m A  substrate is known (3, 4). To 
understand the structure of the catalytic 
complex, one must identify regions of con- 
tact between RNase P RNA and tRNA. 
Previously, nucleotides at or near the active 
site of RNase P RNA were identified with 
the use of a photoaffinity cross-linking re- 
agent specifically attached at the 5' end of 
mature tRNA, the site at which RNase P 
acts (5). The ability to introduce such an 
agent into other regions of tRNA would 
allow probing their interactions with the 
ribozyme. 

Although the 5' and 3' termini of RNA 
molecules can be modified because of their 
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unique chemical structures, specific modifi- 
cations of internal sites in RNA are not 
easilv achieved. Some internal modifica- 
tions can be introduced by direct chemical 
RNA synthesis, but the efficiency of that 
process restricts its use to short molecules 
(6). A combination of chemical and enzy- 
matic synthesis has been used to construct 
larger modified RNAs (7), but this ap- 
 roach is best suited for the svnthesis of 
small amounts of material. We overcame 
these limitations by employing circularly 
permuted tRNA molecules. Circularly per- 
muted tRNAs (cptRNAs) are tRNA struc- 
tural analogs with native 5' and 3' ends 
linked by a synthetic loop and new termini 
in the interior of the native sequence. The 
choice of a particular nucleotide as the 
terminus of a cptRNA allows its specific 
modification by chemistry applicable to 5' or 
3' ends. In general, cptRNAs can fold into 
biochemically active conformations (8). 

We coupled photoagents to cptRNAs at 
5' termini that corresponded to native nu- 
cleotides 53 (cptRN~i,)  or 64 (cptRNA6+) 
(9) because these nucleotides occur on the 
face of the tRNA molecule with which 
RNase P is thought to interact (10) (Fig. 1). 
To produce a template for transcription of 

a cptRNA, we amplified a selected portion 
of a tandemly duplicated gene encoding 
tRNAA" (1 1) by polymerase chain reaction 
(PCR) (12) with primers that determined 
the 5' and 3' ends. The forward primer was 
a T7 RNA polymerase promoter plus the 
tRNA sequence selected to be the 5' end of 
the cptRNA; the reverse primer determined 
the corresponding 3' end. The PCR product 
was a cptRNA gene with a T7 promoter that 
could be transcribed to produce cptRNA. 
Transcription of PCR products in the pres- 
ence of guanosine 5'-monophosphorothio- 
ate (GMPS) produced a cptRNA with a 5'- 
thiophosphate. This GMPS is incorporated 
as the first nucleotide of a transcript by T7 
RNA polymerase but cannot be incorporat- 
ed elsewhere in the transcript because the 
polymerase requires nucleoside triphosphates 
for chain elongation (13). The 5'-thiol can 
be specifically modified by conjugation with 
a photoaffinity agent for cross-linking to 
RNase P RNA. 

We analyzed the kinetics of cleavage of 
cptRNAs by RNase P RNA to evaluate 
their suitabilities as model substrates. The 
ribozyme cleaves cptRNAs within the syn- 
thetic loop that connects the native 5' and 
3' ends, so the effects of the presence of the 
loop and its size were tested. The cptRNAs 
bound well to RNase P RNA (Table 1); the 
Michaelis constant (K,) of RNase P for 
each of the cptRNAs was no greater than 
threefold higher than that of the normal 
precursor. The catalytic rate constant (k,,,) 
for cleavage of each of the cptRNAs was 
five- to tenfold lower than the k,,, for the 
normal precursor. This was because the 
presence of the synthetic loop introduced 
nucleotides 3' to the normally terminal 
CCA sequence. A native tRNA with nu- 
cleotides 3' to the CCA and bipartite 
tRNAs with extra 3' sequences also had a 
lower k,,, value (Table 1) (14). Bipartite 
tRNAs are formed by annealing appropriate 
in vitro transcripts of portions of tRNA 
genes (15). They have the same interior 
nick as cptRNAs but also have free termini, 
like normal precursor tRNAs (pre-tRNAs) . 
The similarities of RNase P kinetics with 
bipartite and native tRNAs having the 
same CCA termini (Table 1) suggest that 
neither the presence of a nick in the inte- 
rior of the tRNA structure nor the presence 
of a loop affects the binding of cptRNAs by 
the ribozyme. Because the differences in 
binding between the cptRNAs and normal 
pre-tRNAs to RNase P are relatively small, 
cptRNAs are suitable models for further 
study of the native reaction. 

The 5'-thiolated cptRNAs produced by 
T7 transcription of PCR products in the 
presence of GMPS were coupled with azi- 
dophenacyl bromide (5). The 32P-labeled 
azido-cptRNAs were incubated with RNase 
P RNA and irradiated at 300 nm of ultra- 
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violet light to induce cross-links, and the were identified as cross-linked conjugates by 
reaction products were resolved on a 4% their dependence on the presence of RNase 
polyacrylamide denaturing gel and autora- P RNA (Fig. 2A), azido-tRNA, and ultra- 
diographed (1 5). RNase P RNA-tRNA violet irradiation (1 6). The cross-links are 
cross-links were evident as slowly migrating ~ 9 5 %  reversible by treatment with phe- 
species for all three cptRNAs (Fig. 2A) and nylmercuric acetate, which cleaves the 

Fig. 1. Strategy for construction of cptRNAs. A 
34-nucleotide forward primer, which consisted + 
of a 17-nucleotide T7 promoter followed by 6. Tandem ~RNAASP 
subtilis tRNAASP nucleotides 53 to 69, and a PCR wilh pr~mers 
reverse primer of sequences complementary to to select termlnl 

nucleotides 52 to 36 were used to prime PCR 
amplification of a portion of a tandem repeat of Start 3' end 

53 52 

tRNAASp. The product can be directly tran- @ ~ & j  C C ~  1 
scribed by T7 RNA polymerase in the presence "1 TransmbeWh GM- 
of GMPS to Droduce 5'-thio-CD~RNA. This 5'- 
thio-cptRNA has treated with' azidophenacyl 1 ~ o d i i  l ' thiol 

bromide to produce the 5'-azido-cptRNA 
shown. The size of the azido side chain is Modified novel 5' end RNase P cut site 
drawn to scale. Upon ultraviolet irradiation, the 
azido-tRNA cross-links to RNase P RNA and 
the cross-link sites were mapped by primer 
extension. The hatched box indicates T7 pro- 
moter sequences. Shaded regions indicate the 
synthetic linker sequence between the tRNA cptRNA5 

repeats in the tandem duplication 'and the 
cptRNA gene and in the cptRNA transcript. The C~OSS-linked RNA 

16-nucleotide synthetic loop of cptRNA,, and 
cptRNA6, is GCCAGGAUCCCAAAAU. For 
C~~RNA,,,~,, the loop is GCCACCAAAAU. The 
first four nucleotides in these sequences correspond to the normal 3' end of tRNA; RNase P 
cleaves 3' to the last U of these loop sequences. The site of the 5' end of cptRN&,, G64, is also 
indicated on the tRNA backbone. 

Fig. 2. Analysis of cptRNA cross-links. (A) Uni- A 
formly labeled with 32P, 40 nM cptRNA was 3 4 5 6 

A C 1 2 3 4 5 0 U  
M- 

incubated in the presence (lanes 4 to 6) or 67 

absence (lanes 1 to 3) of 400 nM E. coli RNase 77 78 

P RNA in P assay buffer (Table 1; here, the 
MgCI, concentration was 100 mM) for 2 min at +J-t cross- 
37°C in 10 p1 then irradiated with 300-nm ultra- l~nk 9e- 

violet light (5) for 15 rnin at room temperature. 101 

Samples were resolved on a 4% polyacrylamide 
denaturing gel and autoradiographed. Lanes 1 it a 
and 4, 32P-labeled cptRN&,; lanes 2 and 5, 

118 

cptRN&,; lanes 3 and 6, C~~RNA,,,~,. Abbrevi- - 
ations: RNase P RNA-tRNA cross-links, P-t 
cross-links; tRNA-tRNA cross-links, t-t cross- 
links; and digested cptRNA products, cut cp- 
tRNA. The main cross-link bands a, b, and care 
also indicated for each lane in which they are 
present. In (6) through (D), preparative cross- 
link reactions were performed in 100 p1 of reac- 
tion buffer as in (A), except that the tRNA con- 
centration was 375 to 500 nM. Cross-linked 

I"' 
species were gel-purified, annealed to primer, 
and extended with AMV reverse transcriptase 
(Seikagaiku America, St. Petersburg, Florida) as 
described (5) with the pBluescript KS primer (Stratagene) or a primer complementary to nucleo- 
tides 196 to 174 of the E. coli RNase P RNA sequence (Fig. 3). Marker lanes are similar reactions 
performed on unmodified RNase P RNA in the presence of dideoxynucleotides; these lanes are 
designated with the sense-strand nucleotides that they determine. As controls for nonspecific 
reverse transcriptase terminations, control lanes are primer extensions on RNase P RNA that was 
irradiated but did not cross-link. Conjugates 53a, 53b, and 53c were purified from cptRNA,,,,, 
cross-linking reactions; identical sites were mapped for cptRNA,, conjugates (16). Nucleotide 
numbers indicate the position of the inferred cross-link; the nucleotide numbers of the actual 
termination products are one nucleotide 3' to the position indicated. (B) Lane 1, cross-link 53c; lane 
2, 53a; lane 3, control; lane 4, 64c; and lane 5, 64b. (C) Lane 1, control; and lane 2, 64a. (D) Lane 
1, control; and lane 2, 53b. 

] " C - U l 2 A - G  
cross- -- t 

247-249 
253-258 ' 
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thiophosphate linkage (1 6). The cross- 
link bands detected for cptRNA,, and 
C P ~ R N A ~ , ~ ~ ~  were similar, regardless of 
loop size, and appeared as two or three 
major homogeneous species. The bands 
that corresponded to conjugates between 

Table 1 .  Kinetic analysis of RNase P sub- 
strates (15). We incubated 10 to 100 nM tRNA 
with 1 nM E. coli RNase P RNA in P assay 
buffer [ I  M NH4CI, 25 mM MgCI,, 50 mM 
Hepes (pH 8.0), and 0.1 % SDS] at 37°C for 10 
to 75 min. The products were resolved by 
electrophoresis and quantitated as described 
(18). Bipartite tRNA, biptRNA. N, denotes 
GGAUC; nt, nucleotides. 

tRNA 

Pre-tRNAASP Native 25 0.22 
Pre-tRNAASpN5 + 5 nt at 14 0.086 

CCA end 
cptRNk4 Novel ends, 68 0.041 

16-nt loop 
cptRNA,, Novel ends, 44 0.047 

16-nt loop 
c~~RNA,,,,~ Novel ends, 30 0.025 

11 -nt loop 
biptRNA,, Novel ends, 88 0.17 

normal 
CCA 

biptRNA,,N, Novel ends 53 0.050 
+ 5 nt at 
CCA end 

Table 2. Efficiencies of cross-linking of cptRNAs 
to RNase P RNA. Samples were processed as in 
Fig. 2A and quantitated by Phosphorimager (Mo- 
lecular Dynamics, Sunnyvale, California) analysis 
of the dried gel. Values shown are the percentage 
of total input of uniformly labeled cptRNA cross- 
linked to RNase P RNA from the gel in Fig. 2A. 
Total cross-link values include the entire region of 
the gel in which cross-links were detected and 
thus is greater than the sum of the individual 
species listed for each sample. The average 
percent cross-linked species for the three exper- 
iments from the total tRNA species (cptRN&, 
cptRN&,, and cptRNq,,,, respectively) are 
3.7, 7.1, and 4.3%, respect~vely; averages are 
not indicated for individual bands because 
cptRN&,,, conjugates b and c did not resolve 
sufficiently in all experiments. The main cross-link 
sites in RNase P RNA determined for each band 
in Fig. 2, 6 through D, are indicated. 

Main Cross- Percent cross-link 
tRNA linked cross- 

species linked Sites 
(nt) 

cptRN&, Total 
a 
b 
C 

cptRNA,, Total 
a 
b 

CP~RNA~,,~, Total 
a 
b 
C 



c ~ ~ R N A , ~  and RNase P RNA were more 
diffuse, which suggests that there is more 
heterogeneity in cross-linked species. The 
cross-linking efficiencies for the bands des- 
ignated in Fig. 2A are summarized in Table 
2; the total cross-linked species for the 
experiment shown ranged from 5 to 9.6% of 
input tRNA. The high efficiencies of con- 
jugation suggest that the cross-links reflect 
specific structural associations of cptRNAs 
with RNase P RNA. 

The sites of cross-linking in gel-purified 
conjugates were analyzed by primer exten- 
sion. Primers labeled with 32P and comple- 
mentary to RNase P RNA were annealed to 
the conjugates and extended with reverse 
transcriptase, which terminates DNA syn- 
thesis at the nucleotide preceding (that is, 
3' to) modified nucleotides (17), in this 
case the cross-link site. The primers al- 
lowed examination of the entire native 
RNase P RNA sequence (Fig. 2, B to D). 
The main sites of the cross-links are listed 
(Table 2) and indicated on the RNase P 
RNA secondary structure (Fig. 3). Addi- 
tional, minor cross-link sites are not indi- 
cated-for example, those at nucleotides 
253 to 258 or 280 to 282 (Fig. 2C; com- 
pare to main cross-links at nucleotides 
247 to 249 in lane 2). The tRNA species 
with the 11-nucleotide synthetic loop, 
cptRNA5,,,,, yields a conjugate (Fig. 2A, 
lane 6, band c) not seen with cptRNA5,, 
which contains a 16-nucleotide loop. How- 
ever, the sites of cross-linking in band c 
proved to be the same as for the conjugate 

Fig. 3. Location of cross-link sites on the RNase 
P RNA secondary structure (4). Open arrows, 
cpt RNA,, cross-lin ks; closed arrows, cpt RNA,, 
cross-links. The relative intensities of the cross- 
links detected are represented, in decreasing 
order, by the long arrows, the short arrows, and 
the arrowheads. Hierarchy is based on the 
percentage cross-linked values from Table 2 
and the ,estimated proportion of reverse tran- 
scriptase terminations at the indicated sites in 
primer extension analysis. For comparison, the 
main cross-link sites for 5'-azido mature tRNA 
were nucleotides 248 and 330 to 333 (5). 

represented by band a in Fig. 2A (compare 
Fig. 2B, lanes 1 and 2). Gel analysis of 
labeled conjugates after treatment with 
phenylmercuric acetate to break the cross- 
link showed that band c contains the enzy- 
matically cleaved substrate, whereas the 
conjugate represented by the more slowly 
migrating band a contains uncleaved 
C P ~ R N A ~ , ~ ~ ~  (1 6). The equivalent cross- 
linking patterns, of conjugates a and c are 
consistent with other observations that in- 
dicate that precursor and mature tRNAs 
interact equivalently with the ribozyme 
(18, 19). 

All of the major cross-linking sites in the 
ribozyme map to the conserved core, which 
is composed of sequences and structures 
present in all the known bacterial RNase P 
RNAs (20). The presence of cross-linked 
nucleotides in the core of the RNA is 
consistent with their involvement in the 
formation of the substrate binding pocket. 
The sites of cross-linking represent points of 
juxtaposition between the RNAs, not nec- 
essarily specific binding elements. Howev- 
er, the cross-links identify regions that po- 
tentially contain specific contacts and thus 
indicate targets for site-specific mutagene- 
sis. Although the conjugation sites for par- 
ticular cptRNAs are separated in the model 
of the secondary structure of the ribozyme 
(Fig. 3), in the tertiary structure they must 
be fixed in the vicinity of the photoagent, 
which is 9 A in length. Because the three- 
dimensional structure of tRNA is known, 
these and other (5, 14) cross-linking data 

spatially orient the cross-linked regions 
within RNase P RNA. Because RNase P is 
not known to interact with its substrate by 
base-pairing interactions (lo), it is difficult 
to predict local interactions between tRNA 
and structures of RNase P RNA that cross- 
link to it. Thus, only when a coherent 
three-dimensional structure of RNase P 
RNA is available can a more detailed 
mechanism for this interaction be uro- 
posed. The use of photoagents with diker- 
ent geometries and at different positions in 
cptRNAs will refine our understanding of 
this structure. 

Amplification by PCR of segments of tan- 
demly duplicated genes is a convenient way to 
produce cptRNAs. Although the structures of 
different circularly permuted genes are deter- 
mined by the choice of PCR primers, there 
are constraints that can limit the applicability 
of this strategy. One constraint is that the 
native 5' and 3' ends of the RNA need to be 
adiacent to each other to minimize the uossi- 
blg effects of the synthetic loop on the global 
structure.. A constraint on the efficient pro- 
duction of cptRNAs by T7 RNA polymerase 
is the preference of that enzyme for a G 
nucleotide as the site of transcription initia- 
tion (2 l). This limitation, however, can be 
circumvented bv the use of di- or trinucleo- 
tide primers to initiate T7 transcription 
(13) or by the use of sequence variants of 
homologous genes from different organisms 
with a G nucleotide at the transcription 
start site. PCR of tandemly duplicated se- 
quences could also be used for the produc- 
tion of circularly permuted DNAs to study 
DNA bending. The strategy could be 
adapted to the expression of circularly per- 
muted proteins for the study of protein 
folding (22) or to introduce specific modi- 
fications at the new termini, as done here 
with RNA. 
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Primers for Mitochondria1 DNA Replication 
Generated by Endonuclease G 

Jacques C6te and Adolf Ruiz-Carrillo* 
Endonuclease G (Endo G) is widely distributed among animals and cleaves DNA at 
double-stranded (dG);(dC), and at single-stranded (dC), tracts. Endo G is synthesized 
as a propeptide with an amino-terminal presequence that targets the nuclease to mito- 
chondria. Endo G can also be detected in extranucleolar chromatin. In addition to deoxy- 
ribonuclease activities, Endo G also has ribonuclease (RNase) and RNase H activities and 
specifically cleaves mouse mitochondrial RNA and DNA-RNA substrates containing the 
origin of heavy-strand DNA replication (0,). The cleavage sites match those found in vivo, 
indicating that Endo G is capable of generating the RNA primers required by DNA poly- 
merase y to initiate replication of mitochondrial DNA. 

Endo G is a low-abundance endonuclease 
of vertebrates (1) that has been purified 
from calf thymus as a dimer of two identical 
subunits of 26 to 28 kD (2). The term Endo 
G was originally coined (I) to reflect the 
preference of the partially purified nuclease 
for the G strand of (dG);(dC), DNA 
tracts. However, the highly purified nucle- 
ase nicks either strand of the homopolymer 
with similar kinetics (2), producing 5'- 
phosphoryl and 3'-hydroxyl ends (1). Al- 
though the occurrence of (dG);(dC), 
tracts next to regions of deletions, translo- 
cations, and DNA hypervariability suggest- 
ed a causal relation (I), the function of 
Endo G remained undetermined. 

To clone the Endo G cDNA, the NH2- 
terminal sequence of the purified nuclease 
from calf thymus and liver (3) was deter- 
mined (Fig. 1) (4, 5). A short Endo G 
cDNA probe was obtained by polymerase 
chain reaction (PCR) of total calf liver 
cDNA with degenerate oligonucleotide 
primers derived from the NH,-terminal 
(AGLPAVP) and COOH-terminal (ELA- 
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KYGL) Endo G sequence (6) (Fig. 1). This 
DNA probe hybridized with RNA of 
-1000 nucleotides in length in blots of 
polyadenylated RNA from bovine and oth- 
er mammalian species, including human 
(HeLa cells). 

An end-labeled 53-nucleotide fragment 
of the Endo G cDNA hybridized with 24 
clones in a partial calf liver cDNA expres- 
sion library (7). All 24 clones contained 
essentially the same sequence, and none was 
in the proper reading frame to produce a 
P-galactosidase fusion protein, suggesting 
that expression of Endo G was deleterious in 
Escherichia coli. From the initial cDNA en- 
richment and the frequency of positive 
clones, we estimate that Endo G mFWA 
represents =1/60,000 of all bovine liver 
mFWA. This low concentration is in accord 
with the low abundance of the protein (2). 

The sequence (8) of the longest cDNA 
clone (pbEG4) contained an open reading 
frame (ORF) predicting a protein of molec- 
ular weight 32,261 (Fig. I) ,  larger than the 
Endo G monomer (2). The NH,-terminal 
sequence of the purified Endo G protein did 
not correspond to that predicted by the 
cDNA but rather coincided with amino 
acids 49 to 75 (Fig. 1). Hybridization of 
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