Mol Gen Genet (1982) 186:339-346

MGG

© Springer-Verlag 1982

Nucleotide Sequences that Signal the Initiation
of Transcription and Translation in Bacillus subtilis

Charles P. Moran Jr., Naomi Lang, Stuart F.J. LeGrice, Gloria Lee, Michael Stephens,

A.L. Sonenshein, Janice Pero, and Richard Losick

Department of Cellular and Developmental Biology, The Biological Laboratories, Harvard University, Cambridge,
MA 02138, USA, and The Department of Molecular Biology and Microbiology, Tufts University School of Medicine,

Boston, MA 02111, USA

Summary. We have determined the nucleotide sequence of
two Bacillus subtilis promoters (veg and #ms) that are uti-
lized by the principal form of B. subtilis RNA polymerase
found in vegetative cells (¢°>>-RNA polymerase) and have
compared our sequences to those of several previously re-
ported Bacillus promoters. Hexanucleotide sequences cen-
tered approximately 35 (the “ —35" region) and 10 (the
“—10" region) base pairs upstream from the veg and tms
transcription startpoints (and separated by 17 base pairs)
corresponded closely to the consensus hexanucleotides
(TTGACA and TATAAT) attributed to Escherichia coli
promoters. Conformity to the preferred —35 and — 10 se-
quences may not be sufficient to promote efficient utiliza-
tion by B. subtilis RNA polymerase, however, since three
promoters (veg, tms and E. coli tac) that conform to these
sequences and that are utilized efficiently by E. coli RNA
polymerase were used with highly varied efficiencies by
B. subtilis RNA polymerase.

We have also analyzed mRNA sequences in DNA lo-
cated downstream from eight B. subtilis chromosomal and
phage promoters for nucleotide sequences that might signal
the initiation of translation. In accordance with the rules
of McLaughlin, Murray and Rabinowitz (1981), we observe
mRNA nucleotide sequences with extensive complementar-
ity to the 3’ terminal region of B. subtilis 16S rRNA, fol-
lowed by an initiation codon and an open reading frame.

Introduction

Gene transplantation experiments have shown that
Escherichia coli is promiscuous in its ability to recognize
transcription and translation signals from a wide variety
of microorganisms. Two striking examples are the expres-
sion in E. coli of drug resistance genes from Gram-positive
bacteria (Cohen et al. 1973; Ehrlich 1978) and certain ami-
no acid biosynthetic genes from Saccharomyces cerevisiae
(Struhl et al. 1976; Ratzkin and Carbon 1977). Bacillus sub-
tilis, in contrast, seems extremely limited in its ability to
express genes from other genera (Kreft et al. 1978); the
only clear examples of foreign genes utilized efficiently in
B. subtilis are drug resistance genes from other Gram-posi-
tive bacteria such as Staphylococeus (Ehrlich 1978; Kreft
et al. 1978) and Streprococcus (Yago et al. 1978). Heterolo-
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gous gene expression is probably restricted at both the
transcriptional and translational levels, since B. subtilis
RNA polymerase fails to transcribe efficiently from lacUV35
(Lee et al. 1980) and coliphage T4 (Shorenstein and Losick
1973) promoters and to form stable, rapidly starting com-
plexes with coliphage T7 promoters (Wiggs et al. 1979) and
B. subtilis ribosomes fail to translate effectively from E. coli
messenger RNAs (Stallcup and Rabinowitz 1973; Legault-
Demare and Chambliss 1975). To uncover distinctive fea-
tures of the transcription and translation initiation signals
of B. subtilis, we have determined the nucleotide sequences
of two B. subtilis chromosomal promoters that are utilized
by the principal form of B. subtilis RNA polymerase found
in vegetative cells (0°°-RNA polymerase). [Vegetative and
sporulating cells of B. subrilis contain additional forms of
holoenzyme that differ substantially in their promoter
recognition specificity from each other and from ¢%5-RNA
polymerase (Losick and Pero 1981).] We have also searched
for possible ribosome binding sites in mRNA sequences
in DNA downstream from several chromosomal and phage
transcription initiation sites. Combined with previously re-
ported sequences, our results demonstrate striking conser-
vation in the —35 and — 10 sequences of B. subtilis promot-
ers utilized by ¢°°>-RNA polymerase and, in accordance
with the rules of McLaughlin, Murray and Rabinowitz
(1981), extensive complementarity to the 3’ terminal region
of 165 rRNA in the putative ribosome binding sites of
B. subtilis mRNAs.

Methods

DNA Sequencing

Nucleotide sequences were determined by the method of
Maxam and Gilbert (1980) with DNA strands radioactively
labeled at their 5" termini by the phosphate exchange reac-
tion of phage T4 kinase (Berkner and Folk 1977) or at
their 3’ termini by extension with the Klenow fragment
of E. coli DNA polymerase I (Klenow and Henningson
1970). When necessary, DNA strands were separated by
electrophoresis of denatured endonuclease restriction frag-
ments throngh a 5% polyacrylamide gel (Maxam and Gil-
bert 1980). The strategy for sequencing individual DNAs
are listed below.

veg, the promoter proximal region of the veg gene con-
tained on an EcoRI-Haelll fragment of 530 bp (Ollington
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Fig. 1. Nucleotide sequence of the promoter-proximal regions of the veg and mms genes. The figure shows the nucleotide sequence
of the non-transcribed strand of the promoter-proximal region of the veg and fms genes and summarizes the evidence for the position
of the veg and tms transcription startpoints. The dots above the bases show the apparent position of the 5 termini of run-off RNA
as determined in the experiment of Fig. 2; the 5° RNA sequence above the veg DNA sequence is the 5’ terminal sequence of [y-3*P]ATP-
labeled veg RNA as determined in the experiment of Fig. 3; the underlined bases at the #ms startpoint correspond to the pattern
of dinucleotide transcription priming. Also underlined are the —35 and —10 regions and proposed ribosome binding sites and initiation

codons

and Losick 1981) was subcloned into pBR322 by the addi-
tion of a BamHI linker at the Haelll site, thereby creating
plasmid pMS530. The insert in pMS530 was radioactively
labeled in separate experiments at either its 5" or 3’ termini.
After strand separation, both strands were sequenced
through the promoter region by base-specific cleavage.

tms, a tms promoter-containing segment of 700 bp (Oll-
ington et al. 1981) was released from plasmid pLS5 (Don-
nelly and Sonenshein 1982) by cleavage with HindIIl and
labeled separately at either its 5" or 3’ termini. A 280 bp
fragment labeled uniquely at the promoter downstream
HindlIII site was then generated by cleavage of the HindIII-
700 fragment at a unique EcoRI site. For some experiments,
the same 280 bp fragment was released from pLS4RI (Don-
nelly and Sonenshein 1982) and purified by zone sedimenta-
tion in a 5-21% gradient of sucrose (dissolved in 10 mM
Tris, pH 8 and 1 mM EDTA). Both strands of the tms pro-
moter region were sequenced.

SP01 # 15, # 19, # 25; the promoter containing fragments
were isolated, labeled, and sequenced as described in Lee
and Pero (1981) for SP01 promoters 15, 19.1, and 25.2.
To locate the three potential ribosome binding sites the
nucleotide sequences of additional DNA downstream from
the promoters was determined.

SP0I # 17; a late gene promoter-containing fragment of
480 bp was released from plasmid pMB9-17 (pMB9 con-
taining SP01 EcoRI fragment 17 (Lee et al. 1980) by cleav-
age with Hinfl and labeled at its 5 termini. Subsequent
cleavage with HindIII generated a 320 bp fragment labeled
uniquely at the Hinfl site downstream from the promoter.
The nucleotide sequence of the DNA about 20-200 bp from
the Hinfl site was determined. (Jolly, Hannett, Costanzo,
Lee and Pero, manuscript in preparation.)

RNA Synthesis

Unless otherwise noted, RNA polymerase was prebound
to the plasmid DNA template (2 pg) in 40 pl reaction mix-
tures containing 40 mM Tris, pH 8.0; 10 mM MgCl,;

0.1 mM EDTA; 0.1 mM dithiothreitol; 0.25 mg/ml of bo-
vine serum albumin; and 10% glycerol. RNA synthesis was
initiated by the addition of 0.15 mM CTP, GTP, ATP, and
0.4 pM (10 uCi) o®*P-UTP. In RNA run-off experiments,
heparin was added 60 sec after the addition of ribonucleo-
tides to block reinitiatiton. After 10 min at 37° C, unlabeled
UTP (0.15 mM) was added. The reactions were stopped
after 5 min by ethanol precipitation and subjected to elec-
trophoresis through polyacrylamide slab gels containing
7 M urea.

Results

Nucleotide Sequence of the veg and tms Promoters

Figure 1 shows the nucleotide sequence (see the Methods)
of two previously cloned promoters (veg and #ms) that are
recognized by the principal form of B. subtilis sigma factor
(%) found in vegetative cells. Both promoters map within
the purd-cysA region of the B. subtilis chromosome (Hal-
denwang et al. 1980} at or near sites of transcription initia-
tion in growing cells (Ollington et al. 1981; Donnelly and
Sonenshein 1982; Naomi Lang, unpublished results). The
location of the veg and ms promoters in cloned DNA was
estimated previously from the sizes of “run-off” RNAs
generated by transcription of templates that had been
cleaved endonucleolytically within the respective genes
(Ollington and Losick 1981 ; Ollington et al. 1981; Halden-
wang and Losick 1980).

To locate the promoters more precisely, we subjected
“run-off” RNAs to high resolution gel electrophoresis in
lanes next to fragments produced by the base-specific cleav-
age reactions of Maxam and Gilbert (1980). The DNA frag-
ments were radioactively labeled at the 5" terminus of the
transcribed strand and denatured before electrophoresis.
{Since RNA is known to migrate slightly more slowly than
does DNA of complementary sequence (Janice Pero, un-
published results; Moran et al. 1981; Moran et al. 1981),
the length of the run-off RNAs corresponded only approxi-
mately to the veg and #ms startpoints.] Figure 2 shows that
the length of the veg run-off RNA corresponded to the
sequence AAA (indicated by “dots” in Fig. 1) in the non-
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Fig. 2. High resolution gel electrophoresis of veg and fms run-off
transcripts. Panel A; veg run-off RNA (tracks e and f) was gener-
ated by transcription of the BamHI-530 bp insert from pMS530
and subjected to electrophoresis along side base-specific fragments
(tracks a—d) of the transcribed strand of BamHI-530 DNA *?P-
labeled at the 5" terminus (the site of run-off transcription). Pan-
el B; #ms run-off RNA (track k) was generated by transcription
of the HindIII-700 base pair insert from pLS5 and subjected to
electrophoresis along side base-specific fragments (tracks g-j) la-
beled at the 5" terminus of the HindIIl run-off transcription site.
(DNA uniquely labeled at the run-off transcription site was gener-
ated by cleaving HindIII-700 DNA labeled at both termini with
EcoR1 and gel-purifying the tms-containing EcoR1-HindII-400
subfragment.) Note that the DNA sequences labeled in panels A
and B are of the DNA coding strand and thus correspond to the
complement of that shown in Fig. 1

transcribed strand (TTT in the transcribed strand); the tms
run-off transcript migrated at the position of the sequence
TTT (AAA in the transcribed strand).

To locate the startpoint of veg transcription directly,
we employed [y->?P]-ATP to label the 5 terminus of veg
RNA in an in vitro transcription reaction. The first 14 bases
of the end-labeled veg RNA were then sequenced by cleav-
age with base-specific ribonucleases (Donis-Keller 1979)
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Fig. 3. Sequencing the 5 terminus of veg RNA. veg RNA that
was uniquely labeled at its 5’ terminus was generated by employing
[»-3*PJATP (100 uM) as a substrate for in vitro transcription in
a reaction mixture containing the BamH1-530 insert of pMS530
as template. The resulting end-labeled run-off RNA was gel puri-
fied and partially hydrolyzed by alkaline digestion (tracks 1 and 5)
or by incubation with RNase CL3 (C-specific; track 2), RNase
U2 (A-specific; track 3) or RNase T1 (G-specific; track 4) (Donis-
Keller 1979). Both uncleaved RNA (containing a small amount
of a stutter transcript; track 6) and the partially digested RNAs
(tracks 1-5) were subjected to electrophoresis through a 22% poly-
acrylamide gel containing 7 M urea. The position of xylene cyanol
(XC) and bromophenol blue (bpb) size markers are indicated

and high resolution gel electrophoresis (Fig. 3). The RNA
sequence obtained (pppAGUGA....) is shown in Fig. 1.
Because the sms sequence is not transcribed efficiently
(see below), we were unable to produce enough 5-end-la-
beled transcript to determine the startpoint directly. There-
fore, we located the startpoint for tms RNA synthesis by
examining the pattern of transcription priming by dinucleo-
tides. Dinucleotides are known to prime the initiation of
transcription at sites close to or identical to the startpoint
of RNA synthesis under conditions of low nucleoside tri-
phosphate concentration (Hoffman and Niyogi 1973;
Minkley and Pribnow 1973). Using template DNA that
had been cleaved at the HindIII site within the tms trans-
cription unit, we found that AU, UG and GG (but not
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Fig. 4. tins RNA synthesized in the absence of CTP. ims RNA
was generated by transcription of the FcoR1-HindIII-280 insert
of pLS54R1 in the presence of all four ribonucleoside triphos-
phates (track 2) or in the absence of CTP (track 1). Reactions con-
ditions were as described under Methods except that RNA poly-
merase was added to the reaction mixture at 4° C, which was incu-
bated for 1 min at 4° C and then at 37° C for 10 min. The reactions
were stopped by addition of an equal volume of Tris-buffered phe-
nol. The aqueous phase was separated, extracted with ether and
treated with ethanol to precipitate nucleic acids. Redissolved pellets
were subjected to electrophoresis through a 20% polyacrylamide
gel containing 7 M urea. The positions of single-stranded DNA
size markers (Hpall-cleaved pBR322) are shown in track 3

AA, AC, AG, GA or UA) primed run-off RNA synthesis
from the #ms promoter (data not shown). This corresponds
uniquely to the sequence ATGG (as underlined in Fig. 1)
whose location in the tms promoter sequence is in excellent
agreement with the startpoint estimated from the run off
transcription experiment of Fig. 2B (remembering that
RNA migrates more slowly than does DNA). The initiating
nucleotide must be GTP because tms RNA synthesis in
the absence of dinucleotides required high GTP concentra-
tion (150 uM) but required only 5 uM ATP, CTP or UTP.
(Since we cannot distinguish which of the two neighboring
G residues is the actual startpoint, we have arbitrarily desig-
nated the upstream G as the ““ + 1 position.)

As a further check on our proposed #ms startpoint we
transcribed the ms gene in the presence of only three nucle-
oside triphosphates, i.e., ATP, GTP and UTP. Since the
first C in the sequence appears 21 bases downstream from
the designated startpoint (see Fig. 1), we expected that
transcription in the absence of CTP would generate a trans-
cript of approximately 21-22 bases. This expectation was
confirmed in the experiment of Fig. 4. A similar sized trans-
cript was also the sole product of a reaction containing

Haelll-cleaved DNA (the Haelll site corresponds to the
position of incorporation of the first C residue in fms
mRNA; data not shown).

In our fms transcription experiments, we routinely in-
cluded only a low concentration of UTP (0.4 uM) in the
RNA synthesis reaction mixtures in order to label the prod-
uct of in vitro transcription to high specific activity. We
have discovered, however, that under reaction conditions
of high UTP and GTP concentration (150 uM), o°>-RNA
polymerase utilized an additional initiation site located ap-
proximately 14 bp upstream from the startpoint indicated
in Fig. 1. A detailed analysis of this second initiation site
will be published elsewhere (SL and ALS, manuscript in
preparation),

Efficiency of Promoter Utilization

The experiment of Fig. 5 compares the efficiencies of B. sub-
tilis and E. coli RNA polymerases to support run-off trans-
cription from veg, tms (panel A) and an E. coli promoter
(panel B) fac (kindly provided by T. Roberts) which is a
hybrid of the trp —35 region (TTGACA) and the lacUV5
—10 region (TATAAT). In our transcription protocol,
RNA polymerase was incubated with excess template at
37° in the absence of nucleoside triphosphates (see the
Methods). RNA synthesis was then initiated by the addition
of substrate, followed by the addition of heparin to prevent
re-initiation, (Thus, in this “pre-binding” protocol, we
measured the ability of polymerase to utilize promoters to
which it has already had an opportunity to bind.) Although
E. coli RNA polymerase actively transcribed all three tem-
plates, B. subtilis holoenzyme efficiently utilized only the
veg template.

Putative Ribosome Binding Sites
in B. subtilis mRNA

McLaughlin et al. (1981) have observed that the ribosome
binding sites of Gram-positive mRNAs exhibit extensive
complementarity to the 3’ region of B, subtilis 16S TRNA.
To search for such sequences we have determined mRNA
sequences in DNA located downstream from the veg and
tms promoters as well as from six other B. subtilis chromo-
somal and phage promoters that are recognized by a variety
of bacterial and phage-specified sigma factors (see Meth-
ods). These include one early promoter, two middle pro-
moters and one late promoter of phage SP01 as well as
two chromosomal sporulation promoters. In each of these
presumed mRNA sequences we encountered within 10-
150 bases of the 5’ terminus a region of extensive homology
to the 3’ terminus of 168 rRNA followed after several bases
by an initiation codon and an open reading frame for trans-
lation (as underlined in Fig. 1 and 6). Nucleotides that may
base pair with rRNA are highlighted with oversize letters
in Fig. 6. Figure 6 also lists previously determined transla-
tion initiation sequences for a-amylase (Palva et al. 1981),
B-lactamase (Kroyer and Chang 1981; Neugebauer et al.
1981) and phage ¢29 mRNAs (Murray and Rabinowitz
1982). The predicted free-energy of base-pairing (4G) of
these ribosomal binding sites with 16S rRNA, calculated
according to the rules of Tinoco et al. (1973), ranged from
—14 to —23 Kcal. To calculate the distances between the
ribosome binding sites and their downstream initiation co-
dons, we followed the convention for E. cali mRNAs by
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Fig. 5. Efficiencies of utilization of veg, tmns and tac by B. subtilis and E. coli RNA polymerase. E. coli (Ec) RNA polymerase (0.4 units)
and B. subtilis (Bs) RNA polymerase (0.5 units) were used to transcribe (see the Methods) BamH1-cut pMS530 DNA containing the
veg promoter, Hind1lI-cut pLS54R1 containing #ms promoter, and Bg/ll-cut DNA containing the tac promoter. After electrophoresis
through either a 12% (panel A) or a 6% (panel B) polyacrylamide gel containing 7M urea, the run-off transcripts were visualized
by autoradiography for 1,12 or 120 h. Panel A: tracks 1-2, Ec with veg DNA, exposed 1 (track 1) and 12 (track 2) h; tracks 3-4 Bs
with veg DNA, exposed 1 (track 3) and 12 (track 4) h; tracks 5-6, Ec with tms DNA, exposed 1 (track 5) and 12 (track 6) h; tracks 7-9,
Bs with s DNA, exposed 1 (track 7), 12 (track 8) and 120 (track 9) h. Panel B: track 10, Ec with tac; track 11, Bs with tac, track 12,

Bs with veg (tracks 10, 11 and 12 were exposed 12 h)

measuring from the first base to the right of the preferred
E. coli ribosome binding sequence AGGA (or the equiva-
lent position when this sequence was not present) through
the base adjacent to the initiation codon. These distances
ranged from 7-14 bases.

Discussion

Promoters

The nucleotide sequences of nine promoters that are utilized
by B. subtilis ¢°>5-RNA polymerase are listed in Fig. 7. All
nine promoters display striking conformity in their —35
and —10 regions with the corresponding consensus nucleo-
tides (TTGACA and TATAAT, respectively) for promoters
recognized by E. coli RNA polymerase (Rosenberg and
Court 1979; Siebenlist et al. 1980). Indeed, bases at five
out of twelve positions are invariant in all nine promoters
and bases at three additional positions are conserved in
eight out of nine promoters (see Fig. 7). Moreover, the
“spacer” between the — 35 and — 10 regions (17 or 18 base

pairs) corresponds to the preferred interval for E. coli pro-
moters. This conservation of promoter structure seems to
be more strict than that observed (Rosenberg and Court
1979) for E. coli promoters, (although not enough Bacillus
promoters have been analyzed to be confident that this
will be generally true). Thus, two aspects of these observa-
tions are noteworthy: The consensus sequences for the — 10
and —35 regions of B. subtilis promoters recognized by
¢°3-RNA polymerase are identical to those suggested for
E. coli promoters; and, there may be less divergence from
these sequences among these B. subtilis promoters than
there is among the E. coli promoters that have been ana-
lyzed.

B. subtilis RNA polymerase is known to be less promis-
cuous than E. coli RNA polymerase in the range of promot-
ers with which it interacts strongly (Wiggs etal. 1979;
Shorenstein and Losick 1973; Lee et al. 1980). This inability
of the B. subtilis enzyme to transcribe from certain promot-
ers that are efficiently utilized by E. coli RNA polymerase
may be explained, in part, by the failure of typical E. coli
promoters to conform adequately to the canonical nucleo-
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mRNA Nucleotide Sequence
veg pPPABUGABGUGCAUGEAAUGGCG
tms AGGGAUAUUGGAGGCCAAU AARUGGAU
SpovG GGGAAAAGGUGGUGAACUACUGUGGAA
0.3 kb CacuAAAAAAUGGAGGCUGGGGUGARA
SPO1 #15 AGCGUAAAAGGA GCGGUUARCAUGAUC
SPOL #25 pprAAAGGAGGAGAGGUUAUUGAGE
SPOL #19 ppPGRAUGGAAGGAGGU AACAARAUGACC
SPOL #17 UUAUUAUGAGGAGG GAUUUARAUGCCA
$29 22.4 CAAUCAUAGGAGGAAUUACACAUGAAU
29 13.9 2AUAGAAAGUGGGACCAAGARRUGGCA

o -—amylase BAAAUGAGAGGGAGAGGAARCAUGAUU

AAACGGAGG GAGACGAUUUUGAUGAAA

B —lactamase

165 rRNA 3' UCUUUCCUCCACUAG

Fig. 6. Nucleotide sequences of putative Bacillus ribosome binding sites

-35

A G (kcal) Spacer Position of

(bases) start codon
-18 10 +16
-l4 9 +29
19 11 +25
-17 7 +129
~16 9 +53
-19 10 +17
=20 9 +21
-23 9 +43
-17 10 +36
-18 10 +54
-17 12 +26
=20 14 +159

“10” 5

veg AATTTTATTTGACAAAAAT GGGCTCGTGTTGTACAATAAATGT&GT
tms AAGTCTCCTTGAAATCAGA AGATATTTAGGATATATTTTTCTATGG
pen  AAAAACGGTTGCATTTAAA TCTTACATATGTAATACTTTCAAAGAC

sPo1 -15  AAAAGGTATTGACTTTCCC TACAGGGTGTGTAATAATTTAATT&CA
SP01-26 AAAAGTTGTTGACTTTATC TACAAGGTGTGGCATAATAATCTTﬁAC
spoOH GGATTAGGTTGACGCTTTTTTGTCCATTACTGTATAATATTTCATCT
¢29 G3b GAAAAGTGTTGAAAATTGT CGAACAGGGTGATATAATAAAAGAGTA
$29 G2 GAAAAGGGTAGACAAACTATCGTTTAACATGTTATACTATAATAGAA
$20 A1 ATTAATGTTTGACAACTAT TACAGAGTATGCTATAATGGTAGTATC

TTGACA TATAAT

9 8 g 865 69896 s

Fig. 7. B. subtilis promoter nucleotide sequences. The underlined bases show the position of the veg, tms, penP (Kroyer and Chang
1981; S. Chang, personal communication) and SP01 early gene promoter (Lee and Pero 1981; Lee et al. 1980) transcription startpoints.
The startpoints for the spoOH (1. Smith, personal communication) and $29 (Murray and Rabinowitz 1982) promoters have not been
precisely determined but were estimated from the sizes of run-off transcription products. An additional $29 promoter (G3a; Murray
and Rabinowitz 1982) is not included here because it is utilized very poorly by 6°3-RNA polymerase and its startpoint was not determined

directly

tides or to their preferred spacing of 17 or 18 base pairs.
Thus, E. coli lacUV5 DNA, which is a poor template for
B. subtilis RNA polymerase (Lee et al. 1980), lacks the in-
variant G at the third position of the —35 region. Also,
the canonical E. coli promoter tac, which contains exactly
the —35 and —10 prototype sequences, but separated by
a spacing of only 16 base pairs, was poorly utilized by
B. subtilis RNA polymerase (Fig. 5).

Lack of fidelity to the canonical —35 and —10 se-
quences may not be a sufficient explanation for the failure
of B. subtilis RNA polymerase to utilize certain promoters,
however. Thus, the nearly canonical tms promoter, which
has a preferred spacer of 17 base pairs and contains all
of the most highly conserved —35 and —10 bases, was
considerably poorer than veg in supporting transcription
by o°3-RNA polymerase (although both DNAs were effec-



tively utilized by E. coli RNA polymerase; Fig. 5). This
could indicate that conformity at the less highly conserved
positions (e.g. the fifth positions of the #ms —35 and —10
hexamers) is more important for promoter recognition by
B. subtilis RNA polymerase than by E. coli RNA polymer-
ase and/or that features in addition to the —10 and —35
hexamers and their spacing are critical in B. subtilis promot-
er utilization.

What additional feature(s) of B. subtilis promoters may
be important in their efficient utilization by ¢°3-RNA poly-
merase? In other work we (Moran et al. 1981) have shown
directly by deletion analysis that an AT-rich sequence (25
out of 26 bp) located upstream from the —35 region of
the sporulation gene spoVG is critical in its utilization by
o°7-RNA polymerase. This AT-rich sequence is largely
composed of alternating stretches of As and Ts. Similar
AT-rich upstream sequences may also promote efficient uti-
lization of o°°-controlled promoters, since such a block
(30 bp) precedes the — 35 region of the veg promoter (see
Fig. 1). Alternating stretches of As and Ts are also a feature
of the upstream regions of two strong phage SP01 promot-
ers-fragment 15 (AAAAATTTTA-AAAAA) and frag-
ment 26 (AAATT--TT-AAAAATTT--AAAAA) (Lee and
Pero 1981; Lee et al. 1980; G. Lee, Ph.D. thesis, Harvard
University, 1981) — and three tentatively identified B. subti-
flis IRNA operon promoters (P. Zuber, G. Stewart and K.
Bott, personal communication). A test of whether these up-
stream sequences play a critical role in promoter utilization
by 6°°>-RNA polymerase will require deletion analysis of
the veg and phage promoters and/or the fusion of AT-rich
upstream sequences to the E. coli tac and B. subtilis tms
promoters,

Another region of B. subtilis promoters that has been
suggested to play a role in promoter strength is the —35
to —10 “spacer” region. Murray and Rabinowitz (1982)
have noted homology (ACAGGGTG or AGGTGTGG) in
the —35 to —10 spacer region of ¢$29 and SP01 early pro-
moters and have suggested that these spacer sequences may
stimulate promoter utilization by B. subtilis RNA polymer-
ase. These sequences cannot, however, be a required feature
of B. subtilis promoters as they are absent in the chromo-
somal promoters shown in Fig. 7, including the strong veg
promoter. We do note, however, that seven of the nine
promoters listed in Fig. 7, including the strongest promot-
ers, conform significantly to a less specific sequence
PuTPuTG at positions —18 to —14. Such a sequence ap-
pears very rarely in E. coli promoters (Rosenberg and Court
1979). We have no information on whether this sequence
is functionally important in B. subtilis.

What features of B. subtilis RNA polymerase account
for its restricted ability to utilize heterologous promoters?
In addition to core and sigma factor, the B. subtilis holoen-
zyme is associated with a 21,000 dalton polypeptide known
as delta that enhances the specificity of transcription (Pero,
Nelson, and Fox 1975; Tjian et al. 1977; Achberger and
Whiteley 1981). The low activity of B. subtilis holoenzyme
on coliphage T7 DNA has been ascribed to delta (Ach-
berger and Whiteley 1981) whereas the inefficient utilization
of coliphage T4 DNA has been attributed to the core
(Shorenstein and Losick 1973). It would be interesting to
determine whether core or delta accounts for the varied
efficiencies of utilization of the veg, tms and tac promoters
observed here.
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Ribosome Binding Sites

McLaughlin et al. (1981) have proposed that the ribosome
binding (Shine-Delgarno) sites of Gram-positive mRNAs
are characteristically able to form highly stable complexes
with the 3’ terminal region of 16S rRNA, whereas the po-
tential for base pairing by E. coli Shine-Delgarno sites varies
over a wide range. The ribosome binding sites in four
Gram-positive bacterial and phage mRNAs for which the
initiation codon has been identified from amino acid se-
quence information conform well to this proposal [e-amy-
lase (Palva etal. 1981), f-lactamase (Kroyer and Chang
1981 ; Neugebauer et al. 1981) and the $29 mRNAs (Mur-
ray and Rabinowitz 1982) listed in Fig. 6]. As a further
test of this proposal we have searched for possible ribosome
binding sites in mRNA sequences located downstream from
a variety of B. subtilis chromosomal and phage promoters
including vegetative and sporulation promoters and phage
SP01 early, middle and late promoters. Although we have
not identified initiation codons directly by amino acid se-
quencing, all eight mRNAs display regions of extensive
complementarity to the 3’ region of B. subtilis 16S rRNA
followed by a possible initiation codon and an open reading
frame. In several cases this complementarity included the
extreme 3’ terminus of B. subtilis 16S RNA that is nonho-
mologous to E.coli 16S tRNA (UCUUUCCUCC in
B. subtilis vs. AUUCCUCC in E. coli). The calculated free-
energies of interaction (4G) for our proposed ribosome
binding sites vary from —14 to —23 Kcal as compared
to —9.4 Kcal for the prototype E. coli ribosome binding
sequence AGGA, confirming the prediction of McLaughlin
et al. (1981). Nevertheless, the distance between ribosome
binding sites and initiation codons was not inconsistent with
that observed for E. coli mRNAs: as measured from the
first base to the right of AGGA or its equivalent (in accor-
dance with the convention for E. coli mRNAs) through the
adjacent base to the initation codon, the distance between
ribosome binding sites and initiation codons ranged from
7-14 bases.

Heterologous Gene Expression

In summary, the inability of B. subtilis to express genes
from E. coli and other Gram-negative bacteria (Ehrlich
1978 ; Kreft et al. 1978) can be understood if B. subtilis is
more stringent than F. coli in its requirements for recogni-
tion of transcription and translation initiation signals. Thus
the B. subtilis 5°>-RNA polymerase may demand high fidel-
ity to the canonical —35 and — 10 promoter hexanucleo-
tides (and perhaps other sequences as well) while the B. sub-
tilis ribosome may require extensive complementarity to
messenger RNA. While it has not been proved that the
extent of homology to consensus sequences is directly re-
lated to initiation efficiency, it will be interesting to deter-
mine whether such stringent adherence to transcription and
translation initiation signals proves to be a general feature
of gene expression in Gram-positive bacteria (Murray and
Rabinowitz 1982).
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