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ABSTRACT
A new ribosomal RNA operon designated rrnB has been identified by

screening a Charon 4a library of cloned B. subtilis sequences. Clones
containing the promoter region of this operon are unstable in E. coli unless a
special vector possessing a transcriptional terminator is used. DNA sequence
data suggests that this operon contains two tandem putative promotor regions
not unlike those found in E. coli. There are 92 base pairs separating the two
"-10 regions" of the promotors. The second is 180 bp upstream from the start
site for mature 16S RNA. A potential 29 base pair stem structure necessary
for processing of the mature 16S RNA sequence can also be predicted from this
analysis.

INTRODUCTION
The ribosomal RNA (rRNA) operons of Escherichia coli are transcribed as a

large primary transcript containing precursors for the mature rRUA species

plus several transfer RNA (tRNA) determinants. These operons are very active

transcriptionally. Although representing only 0.4% of the genome, they

account for as much as 50% of the RNA synthesis in rapidly growing cells

(1,2). DNA and RNA sequence analyses have indicated that several, perhaps

all, of the rRNA operons contain two transcritpion initiation sites (3, 4, 5,

6, 7).
Much less information is available regarding the transcription or initial

processing events of the rRNA gene sets of gram positive species. In Bacillus

subtilis the production of mature rRNA species will most likely differ from

the analogous process of E. coli as evidenced by a lack of tRNA determinants

in the majority of the 16S-23S spacer regions (8,9) a different nucleotide

sequence in the "stem" surrounding the mature 16S and 23S RNA molecule and a

different mechanism involved in the final maturation of 5S rRNA (10).

In this paper we support the hypothesis that there are major differences

in processing of B. subtilis rRNA by reporting a stretch of the nucleotide

sequence from a cloned rRNA gene set from B. subtilis. Tandem promoter-like

sequences are described and, where possible, secondary structure and cleavage
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sites which may be involved in the processing of the primary transcript are

indicated. In addition, we provide a comparison of sequence generated in our

laboratory from two rRNA gene sets with sequence from a gene set located near

the putative origin of replication recently reported by Seiki et al. (11).

MATERIALS AND METHODS

Bacterial Strains, Phage, and Plamids. B. subtilis strain 168 was the

source of RNA and DNA for recombinant clones. E. coli strain IB1l01 was the

recipient in the subcloning procedure. Phage J25, a Charon 28 clone

containing an intact 16S rRNA determinant plus a portion of the 23S rkNA gene

from B. subtilis was described in a previous paper (9). The vector plasmid
for subcloning was the E. coli plasmid pKM-1, which contains the lambda tRI
rho-dependent terminator cloned into the SmaI site of the plasmid pKO-l (12).

Transformation and amplification of plasmid DNA in E. coli were as described

by Dagert and Erlich (13) and Norgard (14), respectively.
Chemicals and Enzymes. y-32P ATP was from New England Nuclear. All

restriction enzymes, bacterial alkaline phosphatase, T4 polynucleotide kinase,
T4 DNA ligase, and S1 nuclease were from Bethesda Research Laboratories.

Nucleotide Sequence Determination. DN4A sequence analysis was by the

method of Maxam and Gilbert (15). -Restriction fragments were treated with

bacterial alkaline phosphatase at 65 C, labelled at their 5'-termini using T4

polynucleotide kinase, denatured by boiling in 50% dimethylsulfoxide and the

separated strands resolved by electrophoresis through 5% polyacrylamide (15).
Preparation of RNA. B. subtilis 168 was grown in Antibiotic Medium 3

(Difco) until the absorbance at 500 nm was 0.7. The bacterial cells were

harvested by centrifugation, resuspended in 50 mbI Tris-lICl (pH = 8.0), 50 mM

EDTA, 15% (w/v) sucrose, and converted to protoplasts by incubation at 37 C in

the presence of 1 mg/ml lysozyme. The protoplasts were lysed with sodium

lauryl sulfate (0.5%, w/v) in the presence of 8 ug/ml proteinase K and 0.08%

(v/v) diethyl oxidiformate (Eastman Organic Chemicals). Chromosomal DNA was

removed by precipitation on ice following the addition of potassium acetate to

a final concentration of 0.5M. The supernatant was extracted with phenol,

which had been equilibrated with a Tris buffer to a pH of 5.5, and the phenol

removed by ether extraction. The nucleic acid was precipitated with ethanol

at -20 C and collected by centrifugation. This pellet was resuspended in

water and stored at -20 C.

S1 Mapping Assay. S1 nuclease mapping experiments (16,17) were performed
under the conditions described by Aiba et al (18). The reaction products were
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separated by electrophoresis on an 8% acrlyamide gel containing 8 M urea

(15).

RESULTS

Subcloning of the 5'-Terminus Fragments From the Ribosomal Gene Set.

Phage J25, a Charon 28 clone containing sequences homologous to 16S rRNA of

B. subtilis on two of five EcoRI fragments internal to the Sau3A generated

insert has been described (9). The phage has an additional characteristic of

generating a pin-point plaque morphology when plated on its E. coli DP50 host.

An EcoRI-generated fragment, whose size was determined to be 1.9 kb by agarose

gel electrophoresis, contains the sequences corresponding to the 5' -terminus

of 16S RNA and approximately 1.2 kb of DNA upstream of the rRNA determinant.

Attempts to subclone this fragment into the EcoRI site of the plasmid pBR322

failed. However, we were able to insert this fragment into the EcoRI site of

the plasmid pK1-l which contains the lambda-phage tRI rho-dependent

I 16S 23S

I\,CR

/ \ ~~~H

gal K

pGS227
(7.3 Kb)

Fig. 1. Construction of plasmid pCS227. A 1.9 kb EcoRI fragment containing
the coding sequences for the 5'-terminus of B. Subtilis 16S rRNA and
approximately on kb of sequence upstream from the rRNA determinant was ligated
into the EcoRI site of the E. coli plasmid pKM-l (12). Following
transformation into E. coli, the plasmid pGS227 was obtained. This plasmid
contains, in addition to the 1.9 kb EcoRI fragment, the adjacent 1.1 kb EcoRI
fragment from phage J25 (9) which contains the determinants for the
3'-terminus of 16S rRNA and the 5'-terminus of 23S rRNA. The source of DNA in
the ligation reaction was a limit EcoRI digest of phage J25 as determined by
agarose gel electrophoresis.
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Fig. 2. Strategy for the determination of the nucleotide sequence of the rDIIA
region of the 1.9 kb EcoRI fragment from pGS227. The arrows indicate the
origin and direction of each sequence analysis. Abbreviations used are: A =
AluI, D = DdeI, R = EcoRI, and S = Sau3A.

transcription terminator (12). This is in keeping with the expected strong

promoter activity of a rRiA gene set and the requirement for terminators of

comparable strength to clone strong promoters (19). The resulting plasmid,

pGS227, was found to contain the 1.9 kb fragment and also the adjacent 1.1 kb

EcoRI fragment from phage J25 (Fig. 1). The plasmid contains an intact 16S

rRNA determinant. The 1.9 kb fragment could be stably cloned into the plasmid

pKMl-1 only in the orientation shown (as evidenced by restriction endonuclease

digestions utilizing the single asymetrically located IlindIII site with the

insert) and in the presence of the adjacent 1.1 kb EcoRI fragment.

Nucleotide Sequence From the 1.9 kb EcoRI Fragment. The strategy used in

sequencing this fragment is outlined in Figure 2 and the DNJA sequence obtained

is presented in Figure 3. The sequence shown originates at a DdeI site

approximately 0.82 kb from the left end of the molecule as shown (Fig. 2).

Only the sequence from the DNA strand which has the same sense as the rRIA

transcript is given. Mature 16S rRNA of B. subtilis would begin at nucleotide

489 of the sequence. The sequence beginning at this site is in agreement with

the first five nucleotides of the 5' -terminus of 16S rRNA as determined by

Suguira and Takanami (20) and corresponds to the start site of E. coli m16S

rRNA when its sequence (21) is aligned with the B. subtilis sequence.

Two promoter-like sequences found at positions 214 (P1) and 306 (P2) are

shown in Figure 3. The two putative promoters are separated by 92 bp and the

latter sequence is 180 bp upstream from the putative start site for mature 16S

rRNA. Both possess Pribnow box (-10) and -35 region sequences typical of E.

coli and B. subtilis promoters (22). The -35 and -10 regions are the optimal

optimal 17 nucleotides apart and, especially in the case of P1, have the

stretches of T's and A's upstream of the -35 region. These are

characteristics of promoters which efficiently utilized an RNA polymerase in
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-~~~~~~~~~~~~~a
CTT rAATGCTrcccCTTGTGGTCATrcAG rAT rTAGTTCGT r rcAsC5TAC AG bACGAAAAA ACAACAAGATC CATGACTGATG-rATATGTTC r n B

- ISO151 '
203

rT?T?AAGAAACT,rATATG6&TACACAcGc rtrrAGAA TCATGGCGAGG6 rTATAG r rrATTTGTTTTATAGATTTTTrTTAAAAAACTATrGCAATAAATA rrn

' 25J ' 3
AATACAGG rGTTATATTATTAAACGTCGCTGATGCACAGCGGACACAACTAGATGCTTrCAAkAACAAC rTGAAAAAAGTTG rTGACAAAAAAGAAGCTGAA rrn

Pi a

** 353 4 '4'' '403
TGrTArArt^wT^AAGCTGCTTCATTGAGAAGTAATrTTAAGAYC T1GAAAACTAAACAAGACAAAACGTACCTGTTAATTCAGTTTTrAAAAATCGCA

P2 b 1STEMI
* 45351145

CTGCGATGTGCGTATCATCAAACAGGGCCtGCACGACGCAGGTCCACArGGTGTCGCCGCAGGATGCGGTGAACTrTAACCTGTGATCCATTTATCGG SoA
e -6 ml6s

551 663
G?TTGATCTTGGCTCAGGACGAACGCTGGCGGCGTGCCThATACATGCAAGTCGAGCGGACAGGTGGGAGCTTGCTCGATGTTAGCGGCGGACGGGT 6AG

rrn S

rrn B

rrn B

656 763
TAACACGTGGGTAACCTGC CTGTAAGACTGGGA TAACTCCGGGAAACCGGGGC TAATACCGGATGGT-rGTTTGAACCGCAXTGGTTC AAACAbTAAAAGGTG r rn 8

* 751 I
GCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGC TAGTfTGGTGAGGTAACGGC TCACCAAGGC AACGA TGCGTAGCCGACCTGAGAGGGTGA T r rn 8

CGCCACCACTGGGACTGAGACACGGC CCAGAc rcACCAGGGAGGC AGCAGTAGGGA ATCTTcCGCAATGGACGAAAGTC TGACGGA^GC AACGCCGC GTGA r rn a

95' less
GTGATGAAGGTTTTCGGATCGTAAAGC*rCTGTTGT rAGGGAAGAACA.6GTACCGTTCGAACAGGGCGGTACCTTG CGGTACCTAACCAGAAAGCCACGG r rn B

1653 li'
CTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTrT?CCGG%ATTATrrGGGcGTrAA6 GGGCTrcGCAGGCGGTTTc rTAAGTCTGA1GTG r rn B

1153 11200
AA6GCCCCCGGCrCAACCGGGGAGG2TCATTGGAAACrGGGGAArCrGA3rGCAGAAGASG.^.AGrGGAATT rrn B

F Nucleotide sequence of the rDNA region of the 1.9 kb EcoRI fragment
from pGS227. The tandem promoters are identified as P1 and P2. The "stem"
sequence corresponds to the sequence identified in Fig. 5. Positions "a"
through "e" are the 5'-terminal positions corresponding to the bands shown in
Fig. 4.

association with a55 (22).

Si Mapping of in Vivo Transcripts. We used the Si nuclease mapping assay

of Aiba et. al. (18) to determine if the putative promoter sequences

functioned as such in vivo. The DdeI fragment which corresponds to positions

1-512 and the Sau3A fragment (nucleotides 75-340) were labelled at their

5'-termini with P-32, separated into the individual single strands, and the

purified single-stranded DNA hybridized to RNA from B. subtilis. Following

treatment with SI nuclease, transcript-length DNA fragments were resolved on

urea-acrylamide gels and visualized by autoradiography. The results of such

an experiment are shown in Figure 4. The DNA samples in lanes 1, 4, and 5

were the coding strand of the Sau3A fragment, the non-coding strand of the
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Fig. 4. Si mapping of in vivo 16S rRNA transcripts. Single-stranded DNA
fragments labelled at their 5' -termini with 32P were hybridized to total
cellular RNA and treated with S1 nuclease. The following DNA's were used:
lane 1, Sau3A (nucleotides 75-340) coding strand, lane 4, the Sau3A noncoding
strand, and lane 5, DdeI fragment (nucleotides 1-512) coding strand. The
protected DNA fragments were resolved on a 10% acrylamide, 81I urea gels.
Lanes 2 and 3 are the Maxam and Gilbert (15) pyrimidine reactions of the Sau3A
fragment coding strand and noncoding strand, respectively which were used as
size standards. Lane 6 is the purine reaction of the DdeI fragment coding
strand. The positions of protected fragments "a" through "e" are identified
in Fig. 3.
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Sau3A fragment, and the coding strand from the DdeI fragment, respectively.

Two DNA fragments were obtained with the coding strand of the Sau 3A fragment.

The larger species, labelled "a", corresponds to fragments of approximately

117 nucleotides and therefore to position 224 in the sequence (Fig. 3). A

fragment of this size would be expected if the first promoter (P1) were

functional in vivo. Three very faint bands centered at position "b" and

corresponding to a DNA fragment of 27-29 nucleotides or position 312-314 in

the sequence were reproducibly obtained but are not apparent in the

photograph. This would correspond to sequences protected from the nuclease by

an RNA transcript originating from the second promoter. The intensity of

these bands could be low artifically due to strand displacement from "a" but

it may also reflect poorer hybridization of the transcript due to the short

region of homology. Such bands are not obtained when the noncoding strand

(the strand with sequence homology to E. coli 16S rRNA) is used as template.

When the coding strand of the DdeI fragment (nucleotides 1-512) was hybridized

to the RNA, five species were protected from nuclease digestion. Two of

these, "a" and "b" result from the putative transcripts generated from the P1

and P2 promoter sequences. In addition, three smaller species are obtained.

Fragment "c", 160 nucleotides in length which corresponds to position 353,

fragment "d" of 128 nucleotides (nucleotide position 385 of the sequence), and

fragment "e" of 91 nucleotides (position 422). The intensity difference

between bands "d" and "e" are reproducible and may indicate a lower

concentration of the latter RNA species in the cell. The RNA species with

5'-termini at positions 353, 385, and 422 of the sequence are potential

processing intermediates in the rRNA maturation process of B. subtilis.

Possible Secondary Structure of the RNA Transcript. The RNA gene set

whose 5'-terminal sequences are carried by phage J25 has its 3'-sequence

present on the Charon 4A phage G4 (9, unpublished data). Preliminary

nucleotide sequencing from the 3'-end of 16S rRNA (the 1.1 kb EcoRI fragment

of phage J25) confirms the sequence generated with the same 1.1. kb fragment

from phage G4 (23, L.M. Anderson, personal communication). When the

transcript from position "a" through the 16S-23S junction is examined for

possible secondary structure, only one significant stretch of homology is

present. The sequence from positions 336-364 is capable of forming a hydrogen

bonded duplex stem structure with sequence distal to the 3'-terminus of

mature 16S rRNA (Fig. 5). The stem-loop structure has a stem of 29

nucleotides including 19 A-U pairs, 7 G-C pairs, 1 G-U pair, and 2 unpaired
positions (AG (25 C) = -23.2 kcal [24]). The loop portion begins 124
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Fig. 5. Possible secondary structure of the RNA transcript. (a): Partial
sequence of the primary transcript from position +80 (initiation of
transcription from the first promoter) through the 5' -terminus of 23S rRNA is
shown. A stem structure of 29 nucleotides (nucleotides 336-364) can be formed
with only two mismatches with a sequence distal to the 16S rRNA determinant.
The loop portion of this structure contains the coding sequence for mature 16S
rRNA as well as 124 nucleotides prior to and 52 nucleotides distal to this
sequence. (b): RNA sequence (determined from the DNA sequence) from the
16S-23S junction of the rRNA gene set (23). The arrows indicate the sequence
which participates in the formation of the stem structure.

nucleotides prior to the start of mature 16S rRNA and ends 52 nucleotides

distal to the mature RNA sequence. Figure SB shows the sequence of the spacer

sequence between mature 16S and 23S rRNA. The region comprising the

right-half of the stem structure is delineated by the arrows. That this stem

structure might be involved in processing of the transcript is suggested by

the observation that in E. coli there is a clip site in the stem at an

analogous position on the RNA precursor. Hlere we see that that an RNA species

is present in B. subtilis whose 5'-terminus appears to be the cytosine

residue of the C-C pair, 18 base pairs up the stem (position 353 of the

sequence) as indicated by band "C" of the nuclease mapping (Fig. 4). This

site has a C-C pair flanked on each side by four A-U pairs. The significance

of the sequence and/or secondary structure to the mechanism of rRNA maturation

in B. subtilis will require identification and characterization of the
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-35 -10
I: AGATTTFrAAAAAACTArTAAATAAATACAGCT GTTAAACCTCCTGATGCACAGCOGACACAA

II: GCTITTrTGTGTCATAACCC A CATAAAAATTAT ATATTTCTGTTGTCnTTTAAAGACACAGAT

III:

-35 -10
1: CTAGATGCTTCAACAAcTTGAAAAAAGTTdC GTCAAGAACGTGAATG* GTAAAGCTGcTTCATrGA

II: GACCATTATGACTAGTAAAAACmrTrCAAMAGT/JrAGTTAACTAAAAATCl rAAcTATTCGCm _

III: CTAGGCTCCACCACi AAGrrTTTM TGAAGAAMACA ATAAAGGaruAA

stem
I: GAACTAMTTCTTAAACTACA CGTACCTGTTAATTCAG TTTAAAAATCGCACTGCATG

II: GAGAGAACCAAGTTCTTTGAAAACTAAACAAG \AACGTACCTGTTAATTCATTTTrATAAATCGCACAGCGAT

III: AAGCGGAC"AAAATGAATCTTTAAAACTAAACAAGAC.AACGTACCTGTTAATTCAG-1Tl1TTAAAAACGCACAGC

I: TGCGTATCATCAAACAGGGCCTGCACGACGCAGGTCACACAGGTGTCGCCGCAGGATGCGGTCAACTTAACCTGTGATCC

II: GTGCGTAGTCAGTCAAACTAGGGCCTGCACGACGCAGGTCACACAGGrGTCGCCGCAGATGCGGTGAACTTAACCTGTG

III: GATGTGCGTAGTCAGTCAAACTACTTATC

I: ATTTATC

I1: TGTGATCCArrTATC

Fig. 6. Nucleotide sequence of the promoter regions from three rRNA gene sets
of B. subtilis. I: the sequence from rrnB (this paper), II: the sequence of
rrnO (11,25), III: sequence from p14B1 (9). The start sites of the sequences
were arbitrarily chosen to align promoter sequences. The sequences through
the first six nucleotides of mature 16S rRNA are given. The -35 and -10
regions of the promoter sequences are indicated and the nucleotides which
comprise the left-half of the stem structure (as shown in Fig. 5) are
indicated.

enzyme(s) involved.

Comparison of rRNA Gene Set 5'-Terminal Sequences of B. subtilis. In

Figure 6 are presented sequences from the three (of ten) rRNA gene sets where

sequence data is available. The rRNA gene set (rrnO), which is located near

the origin of replication, has tandem promoter sequences (11,25). It barely

differs from the sequence of the gene set reported here (rrnB, positioned at

approximately 2800 in the B. subtilis genetic map [manuscript in preparation])
in the spacing and location of the promoter sequences. The rrnO promoter

sequences are 92 base pairs apart and the second promoter lies 183 base pairs

upstream from the 5'-terminus of mature 16S rRNA. The values are 92 and 180

(for rrnB). The upstream promoter sequence has a 16 base sequence between the

-35 and -10 regions while the second promoter has 17 nucleotides as seen in
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the rrnB promotors. The rRNA gene set represented by the plasmid pl4Ll (9) is

the second gene set of a tandem. The two are separate by approximately 500

base pairs. This gene set contains only a single promoter sequence which has

an 18 nucleotide space between the -35 and -10 regions. All three gene sets

contain the stem sequences. Plasmid pl4Bl has two changes from the rrnB

sequence while rrnO differs at four sites. There is extensive sequence

homology with all three gene sets throughout this region. The major exception

to this is that the 14B1 operon has 58 fewer nucleotides in the 5'-region of

the loop prior to the start of mature 16S rRNA.

DISCUSSION

DNA sequence analysis of rRNA gene sets of B. subtilis has revealed both

similarities and differences between the rRNA operons of E. coli and those of

this gram-positive organism. While tandem promoters have so far been the rule

with the E. coli operons, at least one of Bacillus rRNA gene sets has only a

single promoter sequence. This particular gene set (from pl4Bl) is the

transcriptional unit of the second gene set of tandem arrangement (8). It will

be interesting to determine the relative activity of this particular gene set

in vivo. There are three such tandems on the B. subtilis chromosomes (9, 26),

the pairs being separated by approximately 100 (see phage Pll, ref. 9), 200,

and 500 (pl4Bl) base pairs. Perhaps single promoters are a feature of the

downstream gene sets. This clustering of gene sets is not found on the E.

coli chromosome, which interestingly, has three fewer rRNA operons.

The S1 mapping results are consistent with these promotor regions acting

as start sequences for transcription (although they could also be processing

points). If these do act as start sequences the promoter strength of the

three Bacillus gene sets must vary considerably. The gene set represented by

pl4Bl has a single promoter sequence which has a less than the concensus

spacing between the -35 and -10 regions (22). These sequences are quite

stable when cloned onto pBR313 or pBR322 vectors. The sequence of rrnO

contains tandem promoters but only one of these has the concensus spacing

typical of strong a55-INA polymerase-associated promoters. This sequence is

cis-inhibitory to the replication of plasmid vectors (11). The rrnB gene set

described in this paper has tandem promoters, each with the 17 nucleotide

spacing. We have been able to maintain these sequences only on a plasmid

vector which contains a properly oriented transcription terminator. It is

convenient to equate "optimum" promoter activity with concensus spacing of 17

nucleotides although "optimal" certainly could be influenced by accessory
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proteins which take 35 bp of DNA binding.

A second feature of the sequence is the presence of a stem-loop structure

with a 29 base pair stem and flanking a single-stranded loop which contains

all the sequence of mature 16S rRNA. Similar stem-loop structures are a

prominant feature of RNase III processing of the primary RNA transcript of the

rRNA operons of E. coli to yield precursors of 16S and 23S rRNA (27). The

stem structures cleaved by Rlase III are 30-40 base pairs in length. The

Bacillus stem structure may play a similar role in the RNA processing as

evidenced by an RNA species in the cell whose 5'-terminus corresponds to a

cleavage site within the stem structure. Two other putative processing sites

are identified within the loop. One ("d") is associated with a sequence of 5

T's followed by five A's while the second site ("e", 37 nucleotides downstream

from "d") is located immediately upstream from a G-C rich region. The

significance, if any, of these observations is unknown and must await the

isolation of the processing ribonucleases. Care must be exerted in

interpreting the regions of this sequence, especially with regard to A and T

stretches in that the overall sequence is very A-T rich. The sequence

corresponding to mature 16S rRNA (up to the internal EcoRI site) is

approximately 74% homologous to the corresponding E. coli sequence.
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