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A Catalytic RNA and Its Gene from Salmonella typhimurium

Abstract. The gene for the RNA subunit (M1 RNA) of ribonuclease P from
Salmonella typhimurium directs the synthesis of an RNA that can cleave transfer
RNA precursor molecules. The mature M1 RNA coded for by Salmonella typhimur-
ium is 375 nucleotides long and has six nucleotide changes in comparison to M1
RNA from Escherichia coli. The regions for promotion and termination of transcrip-
tion are closely conserved, but adjacent regions of nucleotide sequences show

considerable drift.

RNA molecules that catalyze the
cleavage or formation (or both) of cova-
lent bonds have been identified in ex-
tracts of Escherichia coli (I, 2), Bacillus
subtilis (1), and Tetrahymena thermo-
phila (3). Ribonuclease P, an enzyme
essential for the processing of the 5’
termini of transfer RNA (tRNA) mole-
cules (4), is composed of two subunits,
an RNA and a protein; the RNA subunit
(M1 RNA) is responsible for catalysis.
The gene coding for M1 RNA in E. coli

Table 1. Comparison of some single-copy
oligonucleotides in fingerprints of M1 RNA
from Salmonella typhimurium and Escherich-
ia coli. The oligonucleotide designations refer
to the fingerprints shown in Fig. 1, C (E. coli,
EC) and D (S. typhimurium, ST). Oligonucle-
otide EC 8 is grouped for comparative pur-
poses with ST P and ST 8 because they are at
the same location in their respective M1 RNA
sequences. Similarly, EC 35 is grouped with
ST 35X. EC 26 is grouped with ST Q because
they are similar in composition and chromato-
graphic mobility. Composition of the E. coli
nucleotides was determined previously (5).
Composition of the S. typhimurium oligonu-
cleotides was determined as described in the
text and was checked against the DNA se-
quence. U, uracil; other abbreviations for
bases are as given in the text.

Oligo- N
nucleotide Composition

EC 8 UUUCACCUoqy

STP UUUCACUUqy

ST 8 UUUCACUpy

EC 35 UCCUCUUCG

ST 35X UCCUUUCG

EC 26 AACCCG + CAACAG

STQ CCCACG

has been characterized (5). We isolated
and characterized the corresponding
gene and its transcript from Salmonella
typhimurium to determine (i) whether
the catalytic capabilities of the RNA
subunit of ribonuclease P are conserved
and reflected in extensive primary se-
quence homology or common higher or-
der structure of the RNA and (ii) wheth-
er the regulatory regions adjacent to the
gene in E. coli are utilized in a closely
related organism.

The gene for M1 RNA was isolated by
probing a phage library (6) containing a
digest of the S. typhimurium LT2
genome with isotopically labeled M1
RNA from E. coli (5). We had previously
determined that a single DNA fragment
in an Eco RI digest of genomic S. typhi-
murium DNA hybridized with the probe
even under high stringency conditions.
This fragment, about 8.5 kilobases (kb)
in length, was isolated from the phage
library and cloned into the Eco RI site of
pBR329 by standard techniques to make
the plasmid pSal7.

We first determined whether pSal7
directed the synthesis of a gene tran-
script in E. coli similar in size to that of
M1 RNA from E. coli. Cells harboring
plasmids pSal7, pRR1 (carrying the gene
for M1 RNA from E. coli), and pBR329
(carrying a wheat-storage protein gene
12-15) were treated with 3?P-labeled
phosphate. The RNA was extracted with
phenol and anaiyzed by polyacrylamide
gel electrophoresis and autoradiography
(Fig. 1A). A transcript with about the
same mobility as M1 RNA from E. coli
(lanes 1 and 2) was seen for pSal7. No
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corresponding M1 RNA was seen for
pBR329 (lane 3). In addition to the band
corresponding to mature M1 RNA, an-
other fainter band was visible in the

original autoradiograph in lanes 1 and 2.
We have previously shown for E. coli
that this band represents the precursor to
M1 RNA and is the primary gene tran-

A C

pM1 -

M1-

xc -

B 1 2 83 4 5 6 7 8 9 Fig 1. Characterization of M1 RNA
from S. typhimurium. (A) Identification
of pSal7 transcription product. Amplifi-
cation and labeling of RNA coded for by
pSal7 was carried out by a modification
of the procedure described (19). Addi-

pTyr- tion of **P-labeled phosphate was fol-
g lowed by 2 hours of further growth. Total

. RNA was extracted with phenol from

Tyre s cells, precipitated with ethanol, and sub-

; jected to electrophoresis in a 5 percent
polyacrylamide gel. pM1, the precursor

to M1 RNA; xc, the xylene cyanol dye

5 - marker. (Lane 1) CT899 (HB101 harbor-

ing pSal7); (lane 2) CT900 (HB101 har-
boring pRR1) (6); (lane 3) HB101 (har-
boring pBR329). (B) Assay for ribonucle-
ase P activity of M1 RNA from S. typhimurium. M1 RNA coded for by either pSal7 or pRR1
was assayed in vitro for the ability to cleave the precursor to E. coli tRNA™" (pTyr). Assays
were carried out as described (2) with uniformly labeled M1 RNA (10,000 count/min, ~10 ng)
added to the relevant reaction mixtures. (Lanes 1 to 5) Reactions carried out in buffer containing
60 mM Mg*" and 100 mM NH,CI; (lanes 6 to 9) reactions carried out in buffer containing 10 mM
Mg**, 60 mM NH,CI, and C5 protein (1). Tyr and 5’ refer respectively to the M1 RNA cleavage
products of pTyr, which contain the tRNA sequence, and the extra 5' proximal nucleotides.
(Lane 1) pTyr with no M1 RNA; (lane 2) M1 RNA (pSal7) with no pTyr; (lane 3) M1 RNA
(pSal7) with pTyr; (lane 4) M1 RNA (pRR1) with no pTyr; (lane 5) M1 RNA (pRR1) with pTyr;
(lane 6) M1 RNA (pSal7) with C5 protein; (lane 7) M1 RNA (pSal7) with C5 protein and pTyr;
(lane 8) M1 RNA (pRR1) with C5 protein; (lane 9) M1 RNA (pRR1) with C5 protein and pTyr.
(C and D) Two-dimensional fingerprints generated after ribonuclease T, digestion of M1 RNA
from E. coli (C) or S. typhimurium (D). M1 RNA was prepared as described in (A), eluted from
appropriate gel slices by crushing and soaking, precipitated, and digested with ribonuclease T,.
The digest was then subjected to electrophoresis on cellulose acetate in pyridine-acetate buffer
(pH 3.5) in the first dimension and to homochromatography on PEI plates in the second
dimension as described (20).
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script (5). We assume that the corre-
sponding band in lane 1 represents the
precursor to S. typhimurium M1 RNA,
but we have not characterized this RNA
any further. This assumption is strength-
ened, however, by the nucleotide se-
quence of the M1 RNA gene from S.
typhimurium, which indicates that the
signals for initiation and termination of
transcription are similar to those in E.
coli.

To test for ribonuclease P function in
vitro, we eluted both M1 RNA species
identified in Fig. 1 from gel slices and
assayed them with the precursor to E.
coli tRNAT" as substrate. The assays
were performed (i) in buffers containing
60 mM Mg?* (ionic conditions that allow
E. coli M1 RNA to carry out the cleav-
age reaction without added protein co-
factor) and (ii) in buffers containing 10
mM Mg?* and the E. coli protein cofac-
tor (CS protein, which is essential for M1
RNA function under these ionic condi-
tions) (/). Under both sets of conditions,
M1 RNA from S. typhimurium showed
specific activity similar to that of the
corresponding M1 RNA from E. coli
(Fig. 1B). We conclude, therefore, that
this RNA represents a ribonuclease P
activity in S. typhimurium and that it can
form a functional ribonuclease P nucleo-
protein complex with the protein cofac-
tor from E. coli.

In addition to the tests for function in
vitro, pSal7 was used to transform A49
(7), a mutant of E. coli with a tempera-
ture-sensitive ribonuclease P phenotype
that can be complemented by excess
wild-type M1 RNA. We found that
pSal7 complements A49 under restric-
tive conditions as well as does pRR1 (8).

For rigorous identification of the Ml
RNA species eluted from the gel slices,
both the isotopically labeled S. typhi-
murium and E. coli RNA’s were digested
with ribonuclease T;, and the resulting
oligonucleotides were analyzed by two-
dimensional chromatography (finger-
printing) (Fig. 1, C and D). In the finger-
print of S. typhimurium M1 RNA (Fig.
1D), there is a change in the mobility of
oligonucleotide 8, there are three new
oligonucleotides (P, Q, and 35X), and
oligonucleotide 35 is missing compared
to the fingerprint of M1 RNA from E.
coli (Fig. 1C) (5). In completing the iden-
tification of the M1 RNA from S. typhi-
murium, a DNA restriction fragment (a
product of Sal I digestion) approximate-
ly 3 kb in length containing the gene for
the S. typhimurium M1 RNA was sub-
cloned from pSal7, and the nucleotide
sequence of the gene and its surrounding
region was determined as described (9).
The sequence was compared to the data
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from the ribonuclease T; fingerprint of
the S. typhimurium M1 RNA and to the
results of the secondary analysis of the
oligonucleotides [(/0) and Table 1]. The
position and composition of the variant
S. typhimurium oligonucleotides, as well
as the loss in the S. typhimurium Ml
RNA fingerprint of E. coli M1 RNA
oligonucleotide 35, could be explained
by an examination of the DNA sequence
derived from S. typhimurium.
Transcription of the M1 RNA gene
apparently initiates at the same position,
seven nucleotides from the end of the
promoter (5), in both organisms. This
placement of transcription initiation is
consistent with the observation of
pppGp (G, guanine) in digests of Ml
RNA (11) and with the molar yields for
AAG and CCG (A, adenine; C, cytosine)
in the mature S. typhimurium M1 RNA
molecule. Analysis of the oligonucleo-
tide containing the 3’ terminus of both

=40

T T A G GG A

80

the E. coli and S. typhimurium Ml
RNA'’s placed the 3’ terminal nucleotide
of the S. typhimurium M1 RNA 375
nucleotides from its 5’ end.

A total of two deletions and four tran-
sitions was found in the sequence of §.
typhimurium M1 RNA compared with its
counterpart from E. coli (Fig. 2). Thus
the primary sequences of the two genes
coding for the mature M1 RNA mole-
cules are highly conserved. Also, the
primary promoter sequence, the region
between the primary promoter and the
first nucleotide of the M1 gene tran-
script, the -35 sequence, and the tran-
scription terminator stem and loop se-
quences are all conserved between the
two organisms. The stem of the termina-
tor is 3 base pairs (bp) shorter in S.
typhimurium than in E. coli. In the small
region between the end of the mature M1
RNA sequence and the beginning of the
transcription terminator, there is a com-

1

T

120

paratively large number of differences
between the S. typhimurium and the E.
coli DNA sequences. Several base
changes are also present in the region
between the -35 sequence and the pro-
moter and also in the space between the
end of the terminator and an ATG (T,
thymine), which marks the beginning of
an open reading frame [nucleotide 424
(12)] similar to the one beyond the termi-
nator of M1 RNA in E. coli (13) (Fig. 2).
A possible Shine-Dalgarno sequence
also appears in the S. typhimurium M1
DNA sequence beyond the terminator
and before the beginning of the open
reading frame, but unlike the sequence in
E. coli, the S. typhimurium sequence
contains only three contiguous purines,
the minimum number required for ribo-
some binding (/4). The sequence of the
first 20 amino acids in the protein beyond
the terminator has only one change com-
pared to the protein in E. coli. Beyond

4o

C G

ACGGGCGGAGGGGAGGAAAGTCCGGGCTCCATAGGGCAGGGTGCCAGGTAACGCCTGGGGGGGAAACCCACGACCAGTGCAACAGAGAGCAAACCGCCGATG

160

200

240

GCC(C)ACGTAAGTGGGATCAGGTAAGGGTGAAAGGGTGCGGTAAGAGCGCACCGCGCGGCTGGTAACAGTCCGTGGCACGGTAAACTCCACCCGGAGCAAG
C

G C

280

320

GCCAAATAGGGGTTCATAAGGTACGGCCCGTACTGAACCCGGGTAGGCTGCTTG AGCCAGTGAGCGATTGCTGGCCT AGATGAATGACTGTCCACGACAGAACC

360 375

400

440

R: CGGCTTATCGGTCAGTTTCACTT~~CTTCA~T~AAAACCCGCTTCGGCGGGTTTTTGCTTTTACTGGG-C~GGCAGGATG AATG ACTG TCCACGACGCT ATATCCAAAAG AAAG

C GAT ACG A

480
.

CGGCTTATCGGTCAGTTTCACCT CTTCA T AAAACCCGCTTCG//

GGA

GG TT A CGT AAAA CCGC

(560)
A T T 1

(600)
TCAGTGTAAGCT. . .

G A AAA-

C

(520)
.

//CGACAGGATGAATGACTGTCCACGACGCTATACCCAAAAGAAAG

(640)
. .

.

CGGCTTATCGGTCAGTATCATCA CTTCA T AAAACCCG\ /GGCGGGTTTTTGCTTTT ACAGGGCGGCAGGATGAATGACTGTCCACGACGCTATACCCGAAAGAAAG

(680)
.

.

(720)
TCAGTGTAAGCT # . &#

CGGCTTATCGATCAGTTTCACCT CTTCA T AAAACCCG\ /GGCGG TTTT CTTTT AC

Fig. 2. Nucleotide sequence of the S. typhimurium gene for M1 RNA and its flanking regions. The sequence of the antisense strand is shown. The
mature M1 RNA sequence starts at nucleotide 1 and ends at nucleotide 375. The -35 sequence, promoter, terminator of transcription (nucleotides
382 to 410), possible ribosome-binding site (nucleotides 414 to 419), and adjacent initiator codon of an open reading frame are all indicated by lines
above the sequence. Differences in the sequence compared to the corresponding E. coli gene are shown below the line of the S. typhimurium
sequence up to nucleotide 502. A dash indicates that no corresponding base is present in one or the other sequence. One ambiguity is indicated by
parentheses at nucleotide 152. The bottom four lines of the sequence starting at the R next to nucleotide 353 are arranged to show the matching,
repeated nature of the sequence downstream. Base changes in the repeats downstream compared to the first repeat are indicated by asterisks and
by the insertions (nucleotides 584 to 595 and 700 to 711) above the sequence. A gap of about 130 to 150 nucleotides (as determined by restriction
mapping) exists in the sequence analysis starting at nucleotide 502. Beyond this point, the sequence is numbered as if there were no interruption,
but the numbers are in parentheses. Because the sequences can be matched on either side of the gap, the repeated sequence must occur at least
4.5 times. The drift in the repeats (number of nucleotides changed or deleted with respect to the first repeat) is of the same order as that found in
E. coli except for the small insertions in repeats 4 and S.
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this point the sequences diverge. The
high degree of conservation of the nucle-
otide sequence of mature M1 RNA is
consistent with the observation that an-
other set of stable RNA’s, tRNA'’s, also
has almost perfect sequence conserva-
tion between S. typhimurium and E. coli
(15). However, there is considerable
drift in the #rp operon messenger RNA
(although it is mostly in the third position
of degenerate codons) and in nearby
spacer sequences when this operon is
compared in the two organisms (16).

The M1 RNA gene in E. coli contains
3.5 repeats of a 113-bp sequence (I3).
The repeated DNA begins with the last
23 bp of the mature M1 RNA coding
region. The S. typhimurium DNA also
contains repeated sequences. The first
repeat begins at nucleotide 353, 23 bp
from the 3’ end of the mature M1 coding
sequence (Fig. 2), and ends at nucleotide
460 just before the beginning of the sec-
ond repeat 108 bp downstream. Analysis
of regions downstream from the S. typhi-
murium M1 gene revealed the presence
of at least three more repeats of this
sequence (Fig. 2).

Our results provide further evidence
that the catalytic subunit of the enzyme
ribonuclease P is an RNA molecule. The
catalytic RNA subunit and the protein
cofactor of ribonuclease P from E. coli
and S. typhimurium are able to form a
functional, heterologous complex, as are
the subunits from E. coli and B. subtilis
(1). In comparing the gene structures for
M1 RNA from E. coli and S. typhimu-
rium, we found conservation of the tran-
scriptional start and stop signals but no
common primary sequence adjacent to
the 3’ terminal site, where processing is
needed for the formation of mature Ml
RNA from its precursor molecule. Nev-
ertheless, M1 RNA synthesis directed by
pSal7 in an E. coli host is efficient.
Therefore, some aspect of M1 RNA sec-
ondary or tertiary structure (or both)
must be important for processing of the
M1 RNA precursor molecule, and this
signal must be recognizable by the ap-
propriate enzymes from both E. coli and
S. typhimurium.

Of the six differences between the
mature M1 RNA’s from E. coli and S.
typhimurium, two are clustered near po-
sition 40 and three near position 160.
Recent data indicate that the structural
features of M1 RNA (I7) near the differ-
ences may be important for M1 RNA
function, but further comparative se-
quence information is needed before
more can be said about the relation be-
tween sequence and function. The con-
served organization of the genome in the
flanking regions of M1 RNA indicates

1002

that the repeated sequences play some
role in expression of the genome in both
E. coli and S. typhimurium.

Note added in proof: There may exist
conformations of E. coli M1 RNA other
than the one that is most consistent with
the data from digestion with nucleases
(17). In one such additional conforma-
tion, four of the six differences in the
nucleotide sequence of M1 RNA from S.
typhimurium can be explained as com-
pensatory changes that preserve second-
ary structure. For example, deletions at
positions 37 and 45 remove a GC base
pair in a hairpin structure in which C-20
pairs with G-59 at the base of the stem.
Furthermore, the changes A-153 and
T(U)-160 preserve a base pair in a hair-
pin structure in which G-148 pairs with
C-166 at the base of the stem. Cimino et
al. (18) have recently found evidence in
studies of the intramolecular cross-link-
ing of E. coli M1 RNA that a region of
the molecule from about nucleotides 140
to 170 can be in a structure different from
that proposed (17).
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Department of Biology, Yale University,
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The Stability of DNA in Human Cerebellar Neurons

Abstract. Human tissues have carbon-isotope ratios (>C/'>C) that reflect dietary
ratios. This observation has been used to determine the extent of metabolic turnover
of DNA in cells of the adult human cerebellum (90 percent of which are neuronal). If
adult human neuronal DNA were metabolically stable, its BCI2C would reflect that
in the maternal diet during fetal development as nearly all neurons are formed during
maturation of the fetal brain and do not undergo cell division thereafter. The >C/"*C
ratios in the food chains and body tissues of Europeans differ from corresponding
American ratios by about 50 parts per million on the average. Therefore, turnover
was studied by comparing *C/"?C ratios in cerebellar DNA of American-born
Americans, European-born Americans, and European-born Europeans. The >C/?C
ratios in cerebellar DNA from European-born Americans were closer to >C/”’C
ratios in cerebellar DNA from European-born Europeans than from American-born
Americans, indicating that there was little or no turnover of neuronal DNA.

Stable carbon-isotope ratios, '*C/'?C,
are slightly but consistently greater in
North Americans than in Europeans.
The difference is attributed to the rela-
tive proportions of two photosynthetic
pathways in the food chains of these
populations (/—<). Human migration
from Europe to North America provides
a basis for a natural stable carbon-iso-

tope tracer experiment that can detect
turnover of long-lived body constituents
such as neuronal DNA (5) without expo-
sure to radioactive tracers.
Tritium-labeled mouse brain DNA has
an average biological half-life of 1 to 4
years (6, 7). A substantial proportion of
mammalian whole brain DNA is in glial
and endothelial cells which undergo mi-
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