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Abstract In this study, the transcriptional features of a 2.8 kb region spanning the sigH and rp/A
genes of Bacillus subtilis were clarified using synthetic oligonuclectides complementary to the tran-
scripts of the romG, secE, nusG, and rplk genes. The 5' ends of three transcripts corresponding to
this region were located and mapped on the chromosome via primer extension analysis. Three re-
gions, designated Prg, Pn, and Prk, which partially share the consensus sequence recognized by ¢o*
RNA polymerase, were theorized to function as promoter elements. The romG and sec£ genes of 5.
subtilis were cotranscribed from the designated Prg promoter, whereas the nusG and rp/K genes
were transcribed separately from the Pn and Prk promoters, respectively. Accordingly, the tran-
scriptional features, as well as the gene organization, of the region encompassing the sigH and
rplA genes of B. subtilis, including the romG-secE-nusG-rp/K genes, were determined to be distinct
from those of Escherichia coli Divergences in terms of gene organization and transcriptional fea-
tures within the relevant region would serve as excellent criteria for the delineation of
phylogenetic relationships among bacteria.
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INTRODUCTION

Genetic and sequence analyses of the region encom-
passing the sigH to rplA genes of Bacillus subtilis revealed
that the sigH gene is followed by the rpmG, secE, nusG,
rplK, and rplA genes [1,2]. These genomic sequences
were also reported in B. subtilis by the International Ge-
nome Project [3]. This identical genetic arrangement has
also been observed in related Bacillus sp. [4]. The secE
homologue gene of B. subtilis encodes for a short, 59
amino acid polypeptide. This polypeptide harbors one
transmembrane-spanning domain that has been impli-
cated as an essential component of the secretory machin-
ery for protein transport in B. subtilis {1]. The chromo-
somal region harboring the secE homologue gene was
isolated initially via the cloning of a DNA fragment that
confers thiostrepton resistance (rplK6 mutation as a ge-
netic marker). The gene organization from secE to rplA is
identical to that of Escherichia coli, whereas the rpmG
counterpart of E. coli is located within another ribosomal
gene cluster [5,6]. Furthermore, the E. coli genome does
not naturally harbor a gene corresponding to the sighl
gene, which encodes for one of the earliest sporulation-
specific sigma factors [7]. The secE and nusG genes in E.
coli have been reported to be cotranscribed, and that the
only one nucleotide of intergenic space separates the two
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genes [9,10].

The strain used in the preparation of plasmid and sin-
gle strand DNA in this study was the following: E. coli
INVaF [endA 1, recA |, hsdR17(r,, m.*), supE44, A",
thi-1, gyrA, relA 1, @80lacZAM 15 (lacZYA-argF)]. B. sub-
tilis UOT-1285(trpC2, Iys-1, aprA3 nprR2, and nprE18)
was employed in RNA extraction. For the preparation of
ladder DNA, 1102 base pairs of EcoRI-EcoRV frag-
ments, including rpmG-secE, were cloned into pTZ19R
(TOYOBO). pTE814R [1] was used to determine the
transcription start point of the rplK gene.

Oligodeoxyribonucleotides were synthesized with an
ABI 392 DNA/RNA synthesizer (Applied Biosystems, Fos-
ter City, CA, USA). The complementary oligonucleotides
for primer extension for the rpmG, secE, nusG, and rplK
genes are listed in Table 1. The given nucleotide numbers
correspond to those shown in Fig. 1 in the Jeong et al. [1].
Oligonucleotides (10 pmol) were 5’ end labeled with T4
polynucleotide kinase and [y-32P] ATP [11].

The oligonucleotides (10 pmol) were 5’ end labeled at
37°C for 60 min with 10 units of T4 polynucleotide
kinase and 30 uCi of [y-32P] ATP in 1 plL of kinase
buffer (0.1 M Tris-HC1 (pH 8.0), 5 mM dithiothreitol,
10 mM MgCl,). The reaction was arrested via the addi-
tion of 1 ul of 0.5 M EDTA (pH 8.0) and 50 pL of
DEPC-treated distilled water, and then extracted once
using phenol-chloroform. The labeled oligonucleotide was
purified with ethanol precipitations in the presence of 3
M sodium acetate and 5 pg of yeast tRNA.

B. subtilis preculture, which was grown in 2XSG me-
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Table 1. Primer sequence for determination of start point

169

Primer name Sequence Position

RPMR 5'-TCCCGCATGTCTTGCATGCTAACGTAATC-3 423 to 450
BSEPEX 5-ATTTCTTTCCCAACATCTTTAAAGAATTTC-3 606 to 635
NUSG2 5'-ATCCAGCATCCCCATTGATTCAACACG-3’ 1025 to 1051
RPLK]1 5'-CCAGCAGGAATTTGCAATTTTACAAC-3' 1675 to 1700
RPLK2 5'-GTGATGTGGTAATAGGGTAAACCCTCCCAC-3' 1603 to 1632
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Fig. 1. Physical map and alignment of transcription units in the secE region. The bold solid lines indicate the transcriptional units
described in this report. The solid line for E. coli shows the transcriptional start point determined by transcript mapping in a previous
report. ¢* consensus promoters are designated for each of the genes, as follows: Prg; romG-secE, Pn; nusG, Prk; rplK-rplA. The
cross-hatched bars below the map show the inverted repeat symmetry associated with termination.

dium containing 0.1% glucose at 37°C, was diluted using
15 volumes of the same fresh medium, when the optical
density of the culture had reached an ODgz=0.5 units.
During cultivation, 50 mL of the culture was collected as
a vegetative cell fraction in the mid-logarithmic phase,
and 14 mL of the culture was withdrawn at several time
points after the end of the logarithmic growth phase. To-
tal cellular RNA was extracted in accordance with the
methods developed by Kirby et al., with some modifica-
tions [12].

The 5’ end transcripts were analyzed via primer exten-
sion and Northern blotting [11]. Eighty ug of total cellu-
lar RNA and 1 pmol of 5" end labeled oligonucleotide
primer mixture was precipitated, washed with 70% etha-
nol, and dried. The mixture was subsequently completely
suspended with 24 pL of formamide, after which 6 pL of
hybridization buffer (200 mM PIPES (pH 6.7), 2 M
NaCl, 5 mM EDTA) was added, and the suspension was
heated for 10 min at 85°C. The hybridized mixture was
maintained at 30°C overnight, then precipitated, washed
with 70% ethanol, and air-dried. The **P end labeled
primer and RNA were resuspended in 20 pL of RT buffer
(120 mM Tris-HC1 (pH 8.3), 96 mM KCI. 19.2 mM
MgCl,, and 2.4 mM DTT). Five units of reverse tran-
scriptase (Takara Shuzo Co., Japan) containing RNase
inhibitor (Pharmacia) 10 mM B-mercaptoethanol, and 1
mM of each deoxyribonucleotide, were added. Incubation
then continued for an additional 2 h at 37°C. The reac-
tion was arrested via the addition of 1 uL of 0.5 M EDTA,
after which 5 pg of RNaseA was added, followed by 30
min of incubation at 37°C. The products were then ex-
tracted using phenol-chloroform, and precipitated with
ethanol in the presence of 0.3 M sodium acetate and 5 pug

of yeast tRNA. The pellet was dissolved in 10 pL forma-
mide sequencing dye mix, and radioactivity was meas-
ured via Cerenkov counting. The reaction products were
analyzed on 6% polyacrylamide urea sequencing gel,
alongside a sequencing ladder which had been generated
using an appropriate single-stranded template, coupled
with the same primer as used in the primer extension step.

The single-stranded DNA generated from the appro-
priate plasmids was then utilized for sequencing via dide-
oxy chain termination [11].

A 2,782-nucleotide-long region corresponding to the
carboxyl terminus of the SigH (c") protein and the
amino-terminus of the RplA protein are shown in Fig. 1.
The 5" end of the transcripts within this region was ana-
lyzed via primer extension analysis, using five oligonu-
cleotides; RPMR, BSEPEX, NUSG2, RPLK2, and
RPLK! (see Table 1). The three 5' end sites and rpmG-
secE transcripts were identified via primer extension and
Northern analysis (Figs. 2 and 3). These transcription
initiation sites were shown to be located at nucleotide
positions 373, 922, and 1533. The latter two positions
were also verified via primer extension analysis, using
different oligonucleotide primers (data not shown).
These sites were shown to be preceded by promoter-like
sequences recognizable by o* containing RNA poly-
merase, and were therefore designated as the Prg, Pn,
and Prk promoters, respectively (Fig. 1). The putative
—-35 and —10 sequences of these promoters are as fol-
lows:

Prg; TTGACA--18bp--TATGTT

Pn; TTGAAG--16bp--TAAAAC

Prk; TTGAAA--17bp--TAATAT

Two detected minor signals (Fig. 3B) were suggested
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Fig. 2. Determination of rpmG-secE transcripts in B. subtilis.
The primer complementary to the 5’ end of rpmG (panel A) and
secE (panel B) were respectively hybridized to the total RNA
(80 pg) isolated from strain UOT-1285. Lanes A, C, G, and T,
all represent products of sequencing reactions obtained with the
same primer. The double strand —10 sequence of the promoter
is also presented. The arrows at the G base indicate the start
(+1) of the mRNA of the rpmG-secE gene. The designated
RNA transcripts are shown in panel C. The rpmG-secE tran-
script was hybridized using RPMR primers. About 500 bps of
rpmG-secE gene transcript was indicated on the upper side,
with a black arrowhead. 23S and 16S ribosomal RNA, as con-
trols, are shown below. Lane 1; 10 pg of total RNA, lane 2; 20
pg of total RNA.

to be intermediates of the reverse transcripts, as no pro-
moter-like sequence was detected within the upstream
region. An inverted repeat sequence upstream of the Pn
promoter, CTGGACAGTCCTG, may affect the expres-
sion of nusG, as well as its function as a transcriptional
termination signal. The mechanisms underlying the regula-
tion of the expression of the nusG gene, the product of
which is a factor of a transcriptional antitermination sys-
tem, remains an interesting target for adjunct research
[9,10,13,14].

The 3’ terminal region of the transcript from Prg pro-
moter is capable of forming a stem loop structure (AG =
-18.3 Kcal/mL) [15] followed by a tract of T residues,
which may function as a transcription termination signal.
As the intergenic space between the rpmG and secE genes
is only 33 nucleotides long, and because no transcript
starting from this region has been detected, it was con-
cluded that these two genes had been cotranscribed from
the Prg promoter. A transcript of mRNA, approximately
500 nucleotides in length and relevant to the rpmG-secE
gene, was detected via Northern analysis (Fig. 2C). The
E. coli rpmG gene is located in a different region (at 82
min) of the chromosome, and was found to have been
cotranscribed with the ribosomal protein gene, rpmB
[5,6]. The secE and nusG genes of E. coli are similarly
cotranscribed [8].

It is difficult to understand why the rpmG and secE
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Fig. 3. Mapping of the 5’ end of mRNA for nusG and 7plK via
primer extension. The primer complementary to the 5'-end of
#pIK (panel A) and musG (panel B) were respectively hybridized
to the total cellular RNA isolated from strain UOT-1285. Lanes
A, C, G, and T, products of sequencing reactions obtained with
the same primer. The double strand —10 sequence of the pro-
moter is shown. The arrows at the G base indicate the start
(+1) of the mRNA of each of the genes.
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Fig. 4. Comparison of the genetic map of rpmG-secE and ribo-
somal protein gene region in a variety of microorganisms. The
sporulation-specific sigma factor gene sigH in Bacilli [7] are
located in the tufB region of E. coli [1]. B. subtilis romG-secE
was cotranscribed (as shown in this report), in comparison with
the secE-nusG operon of E. coli [8]. The genetic maps of an-
other bacterial species were constructed from the GenBank
database. The ribosomal protein genes are depicted for conven-
ience in L11 (rplK), L1 (rplA), L10 (rpl]) and L12 (rplL), re-
spectively. The thick boxes show the transcription units revealed
by the determination of transcripts described in this paper.

L; Lactococcus [19], T; Thermus [18] or Thermotoga [20], B;
Bacillus [1,4], E; Escherichial [8,26], C; Corynebacterium [21],
S; Streptomyces. [22-24], Synechocystis sp. [25].

genes are cotranscribed in B. subtilis. The secY gene, the
product of which constitutes an important part of the
protein export machinery of E. coli, is cotranscribed as a
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component of a ribosomal protein operon (spc operon)
[16]. Some secY mutants evidence reduced levels of the
ribosomal protein, L15 (RplO) [17]. This is suggestive of
the notion that the product of the secY gene interacts di-
rectly with the ribosome. There is a reasonable curiosity
regarding the relationship between protein synthesis and
export in this case. If the product of the secE gene does
directly interact with ribosomal protein, rpmG-secE
might be involved with the same single transcription unit.
The organizational aspects of the genes within the rele-
vant region have been previously examined in several bac-
terial species. Interestingly, there appear to be substantial
differences in gene arrangement between the rpmG, and
secE-nusG-rplK-rplA gene clusters (Fig. 4). Spore-form-
ing Bacillus strains tend to harbor a sigH gene in place of
the tufB gene observed in E. coli. Although Thermus
thermophilus possesses a tufB homologue gene in the
place of the sigH gene [14,18], the rpmG gene is clus-
tered with secE-nusG genes as B. subtilis does. Thus, the
genetic organizational, and probably the transcriptional,
features of the relevant regions of different bacteria are
evolutionarily divergent, and not straightforward.
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