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ABSTRACT

The sequence of a 1409 base pair restriction fragment con-
taining the B.subtilis gene for (1-3),(1-4)- B -D-glucan endoglu-
canase is reported. The gene is encoded in a 726 base pair seg-
ment. The deduced amino acid sequence of the protein has a hydro-
phobic signal peptide at the NHy-terminus similar to those found
in five other secreted proteins from Bacillus. The gene is pre-
ceded by a sequence resembling promoters for the vegetative B.
subtilis RNA polymerase. This is followed by a sequence resemb-
Ting a B.subtilis ribosome binding site nine nucleotides before
the first codon of the gene. Two sequences, one before and one
after the gene, can be arranged in secondary structures similar
to transcriptional terminators. There is also a short open read-
ing frame coding for a hydrophobic protein on the minus strand
just upstream from the P-glucanase gene. A possible role for
this gene in the control of expression of f-glucanase is suggested.

INTRODUCTION

The genus Bacillus is the best characterised genus of gram-
positive organisms at the molecular genetic level.

Information now available on the transcriptional and trans-
~lational control sequences of Bacillus includes observations on
the molecular genetic control systems which operate during spor-
ulation (1,2) and in the course of infection by bacteriophage
(3,4,5,6). Promoter sequences have been characterised for the
o®5 - RNA polymerase of B.subtilis and some data are available
for promoter sequences of other forms of the holo-enzyme (2).
Complete nucleotide sequences are known for only a few Bacillus
genes. They include type 1 B-lactamase from B.cereus (7), peni-
cillinase from B.licheniformis (8) and @-amylases from B.sub-
tilis (9,10) and B.amyloliquefaciens (11). These are all extra-

cellular proteins and comparisons between the sequences of the
genes and the mature proteins have shown that they all possess a
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hydrophobic signal peptide which is cleaved in the process of
excretion (12,13).

We report here the complete nucleotide sequence of a 1409 bp
DNA fragment containing the B.subtilis gene for the extracellular
enzyme, (1-3),(1-4)- B-D-glucan endoglucanase. This gene has
been cloned previously in E.coli (14).

MATERIALS AND METHODS

Bacterial strains and plasmids.
The plasmid pJG83, a derivative of pAT153 containing the g -

glucanase gene from B.subtilis C120 (14) was used as a sourcedf te
B -glucanase gene.

The plasmid vector for subcloning was pUC8 or pUC9 grown in
E.coli K-12 strain JM83 (15).

Media.

Bacteria were grown in L broth (10g Difco Bacto tryptone,
5g Difco yeast extract, 5g NaCl/litre adjusted to pH 7.2) and
on L agar (L broth containing 20g/l Oxoid No. 1 Agar). Anti-
biotics used in the selection of plasmids were added as approp-
riate to 10 pg/ml for tetracycline and 50 pg/ml for ampicillin.
Plasmid DNA isolation.

Plasmid DNA was isolated and purified from stationary phase
cultures grown at 37° C using the rapid alkaline method of Birn-
boim and Doly (16), except that a phenol extraction step was in-
cluded after the clearing spin.

Enzymes.

Restriction enzymes, T4 DNA ligase, Klenow fragment of DNA
polymerase I and Bal 31 exonuclease were purchased from Bethesda
Research Laboratories, New England Biolabs. or Boehringer Mann-
heim Gmbh. Each was used according to the manufacturers specifi-
cations. '

Transformation.

Transformation of E.coli was performed according to Cohen
et al. (17) except that the host cells were cultured at 37° C in
L broth to A600 = 0.3 before treating with CaCl,. After a heat
pulse at 42° C for 2 mins. the cells were diluted 10-fold in L
broth and incubated at 37° C for 2h to allow for expression be-
fore plating on L-agar plates containing the appropriate anti-
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biotic. When selecting for recombinants of pUC8 the transform-
ation mix was plated on L-Amp plates containing a 3 ml overlay
of L-Amp agar with 5-bromo-4-chloro-3-indolyl-g-D-galactoside
(Xgal) as an indicator at 300 ug/ml.

DNA sequence analysis.

DNA fragments were 3' end-labelled with the aid of the Kle-
now fragment of DNA polymerase I with one labelled (dr32P) dNTP.
Fragments cloned into pUC8 can be sequenced directly after cleav-
age with a second restriction enzyme (18). Otherwise labelled
fragments for sequencing were purified by electro-elution from

acrylamide gels. DNA sequence was determined according to the
procedures of Maxam and Gilbert (19). The products of the "G",
"G+A","T+C", "C" and "A>C" reactions were electrophoresed on 0.4
mm thick 8% or 20% polyacrylamide gels. Gels were dried onto
Whatman 3MM paper and exposed to Kodak X-AR5 film using Du-Pont
lightning plus screens at -70° C.

RESULTS AND DISCUSSION
(a) Sequencing strategy.

The B-glucanase gene estimated to be approximately 710 base
pairs from the size of the B -glucanase protein (14,20) is known
to span the Sal I site in the plasmid pJG83 (14) containing the
@ -glucanase gene as a 1.6kb EcoRI-Pvul fragment.

Sau 3A fragments from pJG83 containing Bacillus sequences
were isolated from acrylamide gels and subcloned into the Bam HI
site of pUC8. Ligation mixes were transformed into E.coli JM83
and clones were identified as white colonies on L amp plates con-
taining Xgal. To obtain the sequence from both DNA strands it
was necessary to generate clones in which the Sau 3A fragments
had been cloned in both orientations. The orientation of each

fragment was determined, where possible, by restriction patterns
with Alu I or Tag I. Plasmid DNA from clones where the orien-
tation of the Sau 3A fragment could not be determined was re-
stricted with EcoRI and HindIII, the fragment purified, and sub-
cloned into the EcoRI - HindIII site of pUC9.
All 7 Sau 3A fragments were thus sub-cloned in both orien-

tations and sequenced by the method of Ruther et al. (18). These
fragments gave most of the sequence shown in Fig. 2. One region
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FIGURE 1: Restriction map and sequencing strategy of region
surrounding the p-glucanase gene. The filled box indicates the
coding sequence for the p-glucanase protein. The direction and
extent of sequence determinations are shown by horizontal arrows.
The sites of 3' end labelling are indicated by vertical lines on
the arrows. The abbreviations of restriction endonuclease sites
are: A,Alul; Av,Aval; E,EcoRI; H,Hhal; Hp,HpaIl; M,MboI; R,Rsal;
T,TaqIl; Th,Thal.

at the left end of the EcoRI-Rsal 1.4 kb fragment (Fig. 1) could
not be sequenced completely by this procedure because it is de-
void of Sau 3A sites for about 370 base pairs. Accordingly, a
series of deletions was constructed using Bal 31 to digest in
from the EcoRI site, BamHI linkers were added and the resulting
BamHI fragments were sub-cloned into the BamHI site of pUC8, and
sequenced. In order to sequence across the rightmost six Sau 3A
sites DNA fragments from pJG83 were end-labelled at the unique
HpalIl and Sall sites of the insert and sequenced as shown. The
full sequence of 1409 base pairs is shown in Fig. 2. It was
assembled using a computer programme to match sequences obtained
from different runs. Most of the sequence (with the exception of
short stretches at each end) has been determined for both strands
(Fig. 1) and all restriction sites used for end-labelling have
been sequenced across.

(b) The location of the B-glucanase gene.

The sequence of Fig. 2 was searched for open reading frames
sufficient to code for a protein of about Mr 25-26,000 (14,20).
There is only one such sequence of 726 base pairs from base 554
to 1279. It spans the Sal I site known to lie in the p-glucanase
gene (14) and has 242 codons equivalent to a protein of M, 27,288.

The N terminal amino acid sequence (amino acids 1-28) resembles
the signal sequences of the precursor forms of five proteins of
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Bacilli known to be processed during excretion when the signal
sequence is cleaved off (Fig. 3). Presumably the N terminal seq-
uence of the f-glucanase is also cleaved off when it is excreted.

Two segments have been distinguished in signal sequences of
proteins from organisms other than Bacilli (13,21, 22). There
is a short N terminal hydrophilic segment (2 - 11 amino acids)
often ending in an arginine or lysine followed by a longer (14 -
20) hydrophobic sequence. The cleavage site between the signal
sequence and the N terminal amino acid of the mature protein most
frequently follows the sequence ala-X-ala (13) although there is
considerable variation in the cleavage site sequence.

The five Bacillus signal sequences previously reported in-
clude four for which the cleavage site is known from comparisons
between the sequence of the precursor protein inferred from the
DNA sequence and the sequence of the mature protein (Fig. 3).
From these data it can be seen that Bacillus signal sequences
are similar to those from other species with hydrophilic segments
of 6 - 12 amino acids ending in a lysine or arginine and hydro-
phobic segments which are slightly longer (22 - 24) than the
range seen in other organisms. The four known cleavage sites all
follow an alanine residue. Between 60 and 75% of the residues in
the hydrophobic segments have a hydropathy index greater than 1
(23) as expected for peptides which are expected to interact with
membranes. There are striking homologies between the five signal
sequences shown by the boxed residues in Figure 3.

The putative p-glucanase signal sequence has similar pro-
perties to the other Bacillus signal sequences with a hydrophilic
segment of 6 amino acids ending at an arginine followed by a
hydrophobic segment which may end either at alanine 26 or alanine
28. Of the 22 amino acids from valine 7 to alanine 28, 16 have
hydropathy indices greater than 1. Moreover the p-glucanase
sequence shows homology with the other signal sequences as shown
in Figure 3. The sequence leucine-phenylalanine occurs at the
same position (13 - 14) relative to the end of the hydrophilic
N terminal segment in three of the six sequences including g-
glucanase and occurs four more times in the sequences at two
other positions 6-7 and 9-10. It is apparent from these consid-
erations that p-glucanase has a signal sequence typical of those
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MWAWMQMTMWWWCATMTGMCGWCAMW CC‘I'I'GTGTTCACTTTTTC‘I‘
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TACATTCACATATGAAAATGGTAGGATTGTTACTGATAAAGCAGGCAAAACCTAAATTGCAATGAGTGCGGATCATCTCTGTCTGTGCTCATGGTAATTT
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=35

t ' 1 ] [ 1 [} ] . '
AGGTTTTTATTTTTTTC TGATGATAGTTACAGGATTCAAGT TAGTAAGATTCGATATTATCATTATTTTCACCGATGTTCCCTTTTGAAA
TCCAAAAATAAAAAAAGTCTCCCTTCTACTACTATCAATGTCCTAAGTTCAATCATTCTAAGCTATAATAGTAATAAAACTGGCTACAAGCCAAAACTTT

ThrLysIleLysLysLeuProPheIleIlelleThrValProAsnLeuAsnThrleuAsnSerIlelleMet -D.

-10 s,D f-HctPro‘l‘ythuLylAr;VAlLeuLeuLeuLeuValThrGlyLeuPhc

GMTCAMTCMCA‘IAGMCGC‘I‘H‘CMTGMAGGGcM‘l‘cCCMTATGCC‘H‘A‘ICTGMACGAGTGTTGCTGCTTCTTGTCACTGGATTGTT
EM“CTAGT‘I‘GTA‘I‘C‘HTIGCGAM‘H

lhtSorhul’haAuVAl'l’hrAlnnrAltScMhl.yl'l‘hrclyGlySetPhePhcupProPheAanG ly‘l‘yrAu\Serc ly?he‘l‘rpc lnLysA la
TkmﬂmmmmﬂmCCTCAGCTCAMCAGGTG(.ATCGTTI‘T‘I’CGACC(.TTTTMCGGLTATMCTcCCCTTT'I"I‘(.CCMMA(.L:\

AspGlyTyrSerAsnGlyAsnMetPheAsnCysThrTrpArgAlaAsnAsnValSerMetThrSerLeuGlyGluMetArgleuAlaleuThrSerLeuAla
. v ' ' l ' ' ' '
GATGGTTATTCGAATGGAAATATGTTCAACTGCACGTGGCGGGCTAATAACGTATCAATGACGTCATTGGGTGAAATGCGTTTAGCGCTAACAAGCCCAC

‘l‘yrA.nl.ylPhoAlprcGlycluAlnAt.SotVllclnThrTyrc lyl‘yrc lyLeu‘ryrcluVu lArgﬂe zLysProA 1 aLysAsnThrCly 11 eVa 1
C'I'TATMCMGTﬂGACTGCGCGGAAAACCGTTCTG‘H‘CMACA‘IA‘I’GGCTATGGACTTI‘ATGMCTCACMTCMACCAGCTAMAACACAC(.GATC(-T

Sch‘!Phc!huThrTyrThrGlyPro‘l‘htAlpc lyThrPrnTrpAlpG lulleAspl 1eG luPheLeuc lyLysAspThrThrLylVa 161 nPheAm
TI'CATWTTCTTCAC‘HACACMZCTCCMCACATCGMCTCCTTGGGATGAGATTGATATCCMHT‘ITACCAMACA(.ACMCGMGC"TCMTTTMC

Tyr'l‘yﬂ‘hrunc lyAlaGlyAthuGluLyll levVa lAlchuG lyPhcAspA laAl MsnAhTyrlh s‘rhr‘l‘yn\ 1 uPlneAspTrpC lnPrm\mSer
TA'H‘ATACMA‘I‘GGTGCABGMACCATGAGWTTGHGATCTCGGGmbATGCAGCCMTCCCTATCATAC(.‘I‘ATCCAT T LGATT(.GCA(.LCMALT

IloLletp‘terulAlpG lyGlnl.cuLyllh l'l'hrAluThrAlnC luI lel’ro‘l‘ht‘l‘h:Lcuc lyLyl 1leMetMe tAmLcu‘rrpAuac lyThrC l y
CTATCMATGGTATGTCGACGGGCMTTAMACA‘I‘ACTOCMCAMCCMATTCCGACMCACTT(.CMAGA‘l'(.ATCATCMCT‘I'GTG(;MTCCCM.GM:

Vumpclu‘rrpuuclysﬂl'yrunclyVnlAmProLeu‘l‘yrAlalln‘ryrAup‘l‘rpVa lArgTerhrl.ysLys
TGTCGA‘IGMTGGCT‘IGCCTCCTACMTGGTGTMATCCCCTATACGCTCA‘I‘TA‘]’CAC‘I(.CCTCCCCTATACAMAMATM‘I‘GCCAMTC'(-MACML

————

=35 -10
. t M . M il . . . .
G. CTCCCCTCTCTAA
CTGCTGCAATATAGCAGGCTCTTATGATTGTAATCAGAAGTTGTTGGCATGAATCTTCTATTCACTCATAATATCCTATTTGATCTT

ATCACGTAC
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so far identified in Bacilli. By comparison with the other known
or postulated cleavage sites (Fig. 3) the cleavage of P-glucanase
possibly occurs to the right of alanine 26 or alanine 28 (13).
The codon usage in the P-glucanase gene is shown in Table 1.
0f 61 codons, 55 have been used. The unused codons were ACC
(thr 0/23), UGU (cys 0/2), AGG (arg 0/6), AUA (ile 0/7), CAC
(his 0/4) and CCC (pro 0/9). With the publication of the DNA
sequences of an increasing number of Bacillus genes it will be-
come possible to assess codon usage across the genome and invest-
igate differences between Gram-positive and Gram-negative organ-
isms (24).

(c) Transcriptional and translational signals.

There are several different forms of RNA polymerase in B.
subtilis which differ in o factor and recognise different class-
es of promoter sequences (1,2,6). The main vegetative RNA poly-
merase has a o factor of M, = 55,000 and o2 promoters are the
best characterised in B.subtilis.

The consensus sequence of 9 655

promoters is shown in Fig.
4. The 1409 base pair DNA sequence (Fig. 2) has been scanned
for sequences related to the -35 (TTGACA) and -10 (TATAAT) con-
sensus sequences which are usually separated by 17 or 18 base
pairs. There are three sequences (Fig. 4) which are in agree-
ment with the consensus and one of these is located 46 base pairs
from the ATG of the p-glucanase gene. It corresponds closely to
the consensus -35 and -10 sequences which are separated by 18
base pairs. Moreover 24 out of 30 of the base pairs upstream
from the -35 region are AT which is typical of ¢33 promoters (1).
Transcription usually starts at an A or G six or seven nucleo-
tides downstream from the -10 sequence which suggests that the
p-glucanase transcript starts at the A at 513 which is six mucleo-
tides distant from the -10 sequence.

FIGURE 2: DNA nucleotide and inferred amino acid sequence of
the B.subtilis p-glucanase gene and surrounding region. A
possible open reading frame of 86 codons 5' to the P-glucanase
gene is shown. The complementary DNA strand is included where
a possible short gene may be encoded (see text). Presumptive
"-35", "-10" and Shine-Dalgarno sequences are underlined.
Sequences containing inverted repeats both 5' and 3' to thef -
glucanase gene are designated by —» <—
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FIGURE 3: N-terminal amino acid sequences of precursors to

extracellular proteins of Bacilli.

The amino acid sequences of

the N termini of five precursors to extracellular enzymes of
Bacilli are shown and compared to the sequence of p -glucanase

deduced from the DNA sequence.

Published sequences are for p -

lactamases of B.licheniformis (8) and B.cereus (7), a-amylases
from B.amyloliquefaciens (11), B.subtilis (9,10) and B.licheni-
formis Zﬁ%;. The arrows show known or postulated cleavage sites
The boxes show some regions of homology which are evident when
the sequences are aligned at the boundary of the hydrophilic and

hydrophobic regions.

The putative promoter is followed by a sequence (GAAAGGGG)
which is complementary to the sequence CUUUCC(U)CC found close

to the 3' terminus of the 16S rRNA of B.subtilis.

A complex be-

Table I. Codon usage of the s-glucanase gene of B. subtilis

Mxino Codon MNwmber of Amino  Codon Nmber of Amino Codon Nmber of Mmino Codon  Number of
acid codons acid codons acid codons acid codons
Phe o 10 Ser uwu 2 yr WU 14 Cys oo o
wc 4 uec 2 uc 3 uac 2
leu WA 3 uca 4 Term UMA 1 Term UGA o
we 5 UG 3 UAG o Trp uaGe 8
aw 5 Pro au 3 His CAU 4 Arg o 2
axc 1 o (o] ac o oac 1
an 2 oA 4 Gln CAA 6 CGA 1
(& 2 [eo] 2 G 1 [ec ] 1
Ile NX 3 Thr AU 6 Asn AU 8 Ser AU 1
N 4 AC o AC 12 AGC 1
NR o A 12 ys A 9 Arg AA 1
Mot NG 8 MG 5 NG 4 NG o
val W 4 Ala [cei] 6 Asp GAU 8 Gly [ ] 8
Quc 5 ax 3 GC 5 Gaac 4
GUA 2 GCA 6 Glu GAA 5 GGA 8
GG 2 a6 1 GAG 2 [e e o] 4
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NUCLEOTIDES TTGACA TATAAT
(a) 435 - 480  AGTTACAGGATTCAAGTTAGTAAGATTCGATAT TATCATTATTTTG

468 - 514  TATCATTATTITGACCGATGTTCCCTTTTGAAAG AATCATGTAAGAT

485 - 532 ATGTTCCCTTITGAAAGAATCATGTAAGATCAACATAGASAACGCTTT

(b) 545 - 499  TCCCCTTTCATTGAAAGCGTTTTCTATGTTGATC TTACATGATTCTT
(c) 1334 - 1381 TGAGAAGTTGTTGGCATGAATCTTCTATTCACT CATAATATCCTATTT

FIGURE 4: Regions showing homology to B.subtilis RNA initiat-
ion sites. On the top line is sggwn the consensus sequence for
the "-35" and "-10" regions of 677 promoters. Sequences 5' to
the B-glucanase gene are shown in (a) whereas the sequence in
(b) is located on the complementary DNA strand and in (c) down-
stream to the p-glucanase gene. The nucleotides refer to the
numbering given in Fig. 1. Nucleotides that match the consensus
sequence are underlined.

tween these two sequences would have a binding energy AG=-13.8
kcals per mole, which is in the range observed for other Bacillus
ribosome binding site sequences (1,25). This sequence is follow-
ed by an ATG ten nucleotides away, which is typical for Bacillus
genes.

There are other sequences to the 5' side of the P-glucanase
gene which resemble elements of a37 promoters but only two such
promoters have been sequenced and the implications of this ob-
servation are correspondingly tentative.

A scan of the strand complementary to the B-glucanase mRNA
sequence revealed a sequence resembling a 655 type promoter
(nucleotides 545 - 499) (Fig. 4) followed by a putative ribosome
binding site, ATG and short (24 codon) open reading frame. The
promoter has -35 and -10 sequences which agree well with the o>
consensus sequences (Fig. 4) and they are appropriately separ-
ated by 18 base pairs. The ribosome binding site (AAAGGG) is
complementary to the 16S rRNA sequence UUUCCU and is separated
from the AUG by 16 bases. This is longer than the longest
previously reported distance (7). The positions of the f-glu-
canase 055 promoter and this o> promoter on the opposite strand
would give rise to converging transcriptional complexes. It is
interesting to consider whether these two potential transcript-
ional units may interact and modulate the control of expression
of the p-glucanase gene. The 24 codons of the short peptide
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FIGURE 5: Schematic drawing of possible mRNA conformations due

to inverted repeat sequences. The transcriptional terminator
type structure in (a) is 5' to the §-glucanase gene and has a
calculated free energy of -18.9 kcal/mol. The attenuator type
structure in (b) is 3' to the P-glucanase gene and the two poss-
ible conformations have a calculated free energy of -21.4 and
-20.4 kcal/mol respectively.

would code for a strongly hydrophobic protein suggesting a role in

excretion.
There are other features of this region which suggest that

this sequence may not be transcribed. The sequence does not have
some of the other elements known to be important in transcript-
ional initiation sites (1,26). It does not have an AT-rich seq-
uence upstream from the -35 region, and there is no purine 6 or

7 bases downstream of the -10 region, the first purine is 10
bases away. Finally there is no transcriptional terminator-like
sequence beyond the short open reading frame.

The sequence was scanned for potential termination signals.
There is a relatively long inverted repeat of 28 nucleotides
starting at nucleotide 344 (Fig. 5) which has the properties ex-
pected of a transcriptional terminator. It lies after an open
reading frame (nucleotides 1-255) and before the putative @ -glu-
canase promoter (nucleotides 478-507). The free energy of the
stem loop structure shown in Fig. 5 is -18.9 kcal/mol. calculated
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according to Tinoco et al. (27) suggesting that this structure
would be stable in solution. It is followed by a sequence of 7
U residues, which is typical of transcriptional terminators in
E.coli (28). It is similar to the sequence of the proposed ter-
minator of the B.licheniformis penicillinase gene (8,29).

The sequence downstream from the P-glucanase gene was exam-
ined for termination signal sequences. There is a complex set of
inverted repeats around nucleotides 1282 to 1350 (Fig. 5) just
after the UAA stop codon of the P-glucanase gene. An inverted
repeat of six base pairs starts at 1300 and a stem loop structure
of these sequences would have a free energy of -21.4 kcal/mol.

A second imperfect repeat of 9 base pairs starts at 1321 but a
stem loop structure of these sequences alone would be unlikely
to form since it would have a positive free energy. Flanking
both these inverted repeats there is a third pair of sequences
starting on the left at nucleotide 1282 and on the right at
nucleotide 1350 which can be arranged in a stem loop structure
with a bulge of 8 nucleotides. These three regions can be arran-
ged in the form of a T structure (Fig. 5). It resembles the
structure proposed for the control region (the translational
attenuator) preceding the MLS resistance gene of plasmid pE194
from S.aureus, which is functional in B.subtilis (30).

There are some interesting features of this proposed
structure.

1). The last nucleotide of the termination codon of p-glucanase
is part of the first stem structure. Ribosomes at this termin-
ation codon would mask a further 12 nucleotides downstream pre-
venting the formation of stem I. Under these conditions stem II
could still form.

2). The bulge loop of stem I (1287 - 1294) contains an AUG
followed immediately by a UGA in phase. A ribosome at the g-
glucanase termination codon UAA might transfer to the AUG which
starts with the last nucleotide of the UAA and then to the AUG
of the bulge sequence, thus de-stabilising the structure of stem
I1I, and consequently resolving the whole T structure - stem III
is not stable without the contributory forces of stems I and II.
These considerations suggest that this T shaped structure may
have a role as an attenuator modulating the transcription of a
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gene downstream from the Pp-glucanase gene.

The T structure may have a different function as a repress-
or binding site and this is suggested by the observation that
there are sequences in this region at 1344 - 1349 and 1367 - 1372
which resemble the -35 and -10 sequences of B.subtilis ¢33 pro-
moters respectively (Fig. 4). The -35 type sequence is involved
in the stem I structure in Fig. 5. In the MLS gene of plasmid
PE194 the T shaped structure has been implicated as a binding
site for the 29k MLS protein although it is not known whether

this occurs at the DNA or mRNA level (30).
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