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Summary. The nucleotide sequence of an 852 base pair 
(bp) DNA fragment containing the entire gene coding 
for thermostable beta-l,3-1,4-glucanase of Bacillus ma-  
cerans has been determined. The b g l M  gene comprises 
an open reading frame (ORF) of 711 bp (237 codons) 
starting with ATG at position 93 and extending to the 
translational stop codon TAA at position 804. The de- 
duced amino acid sequence of the mature protein shows 
70% homology to published sequences of mesophilic 
beta-l,3-1,4-glucanases from B. subtilis and B. amyloli-  
quefaciens. The sequence coding for mature beta-glucan- 
ase is preceded by a putative signal peptide of 25 amino 
acid residues, and a sequence resembling a ribosome- 
binding site (GGAGG) before the initiation codon. By 
contrast with the processed protein, the N-terminal ami- 
no acid sequence constituting the putative leader peptide 
bears no or only weak homology to signal peptides of 
mesophilic Bacillus endo-beta-glucanases. The B. macer- 
ans signal peptide appears to be functional in exporting 
the enzyme to the periplasm in E. coll. More than 50% 
of the whole glucanase activity was localized in the peri- 
plasmic space and in the supernatant. Whereas homolo- 
gy to endo-l,4-beta-glucanases is completely lacking, a 
weak amino acid homology between the sequence sur- 
rounding the active site of phage T4 lysozyme and a 
sequence spanning residues 126 through 161 orB. macer-  
ans endo-beta-glucanase could be identified. 
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Introduction 

Lichenase (1,3-1,4-beta-D-glucan-4-glucanohydrolase, 
E.C.3.2A.73) is an endo-beta-glucanase which hydroly- 
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ses only beta-l,4- linkages adjacent to beta-l,3- linkages 
in mixed linkage beta-glucans such as lichenan or barley 
beta-glucan, but is not able to split beta-l,4- linkages 
in carboxymethylcellulose. Products of hydrolysis are 
cellobiosyltriose and cellotriosyltetraose (Anderson and 
Stone 1975). 

Although endo-beta-l,4-glucanases are widely dis- 
tributed in various kinds of organisms, lichenase is 
known to be produced only by plants and certain bacte- 
ria, especially by representatives of the genus Bacillus 
(Borriss et al. 1980). Genes coding for that group of 
enzymes have been cloned from Bacillus subtilis (Cant- 
well and McConnell 1983), B. amyloliquefaciens (Borriss 
et al. 1985), B. macerans (Borriss et al. 1988), Bacte- 
rioides succinogenes (Erfle et al. 1988) and germinating 
barley (Fincher et al. 1986). 

Although amino acid sequences of mesophilic Bacil- 
lus spp. exhibit 90% similarity (Hofemeister et al. 1986), 
no apparent homology was detected when the Bacillus 
lichenases were compared with bacterial endo-beta-l,4- 
glucanases or with barley endo-beta-l,3-1,4-glucanase 
(Fincher et al. 1986). Endo-beta-l,3-1,4-glucanase from 
B. macerans is unique in its thermostability and has been 
found very useful for decreasing the viscosity of brewing 
mashes (Borriss and Schroeder 1981). 

Here we report extensive similarities between the ma- 
ture forms of thermophilic B. macerans beta-glucanase 
and cloned mesophilic enzymes. The significance is dis- 
cussed of the limited homology between a region con- 
served in all known Bacillus endo-beta-l,3-1,4-glucan- 
ases and the N-terminal active site region of phage T4 
lysozyme. 

Materials and methods 

Bacterial  strains, phages  and plasmids.  Plasmid pUCI 9/ 
34 (chromosomal 0.85 kb DNA fragment from B. ma-  
cerans cloned into pUC19 vector; Borriss et al. 1988) 
was used for subcloning the beta-glucanase gene into 
M13 phage vectors mpl8 and mpl9 (Yanisch-Perron 



et al. 1985). The host strains for transfection of phage 
DNA and transformation with plasmid DNA were 
Escherichia coli JM101 (Yanisch-Perron et al. 1985) and 
DH5cq a derivative of DH1 (Hanahan 1985). Media and 
growth conditions were as described previously (Borriss 
et al. 1988). 

Enzymes and chemicals. Radioactive nucleotides were 
purchased from New England Nuclear. Restriction en- 
zymes and T4 ligase were from Boehringer Mannheim; 
Klenow large fragment was supplied by Pharmacia. Li- 
chenan was prepared from Iceland Moss (Cetraria islan- 
dica) as described by Borriss (1981). 

Transfection and transformation. The procedure for 
transfection of competent JM101 was according to the 
standard protocol given in the M13 Cloning and Se- 
quencing Handbook (Amersham International). Trans- 
formation of E. coli DH5~ with plasmid DNA was per- 
formed according to a standard protocol (Maniatis et al. 
1982). 

DNA purification. Plasmid DNA was prepared accord- 
ing to Maniatis et al. (1982). Single-stranded template 
preparation of M13 phages was done as described in 
the M13 Cloning and Sequencing Handbook (Amer- 
sham). 

Nucleotide sequencing. The dideoxy chain-termination 
sequencing procedure of Sanger et al. (1977) was em- 
ployed as described previously (Hofemeister et al. 1986). 
The cloning strategy is outlined in Fig. 1. Other DNA 
methods not described above were carried out using 
standard techniques (Maniatis et al. 1982). 

Cell fractionation, enzyme and protein assays. Extracellu- 
lar, periplasmic and cellular fractions were isolated as 
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Fig. 1. Physical map of the 0.85 kb DNA fragment of Bacillus ma- 
cerans and sequencing strategy. The insert in pUC19/34 was con- 
structed by Exonuclease III/S1 treatment of pUCI9/A (Borriss 
et al. 1988). The filled-in box indicates the coding region for beta- 
glucanase. Sequencing strategy is shown below the restriction map 
of pUC19/34. Restriction fragments cloned into M13mp18 and 
M13mpl9 phage vectors are indicated by arrows; the extent of 
sequence determination is shown by each arrowhead 
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described by Cornelis et al. (1982). Activity detected in 
culture filtrates of E. coli was considered to represent 
extracellular beta-glucanase. The periplasmic beta-glu- 
canase was the activity found in the supernatant follow- 
ing osmotic shock with cold water. The cellular fraction 
containing cytoplasmic and membrane-bound activities 
was obtained by sonication of washed cell suspensions. 
Beta-glucanase activity was measured colorimetrically 
using lichenan as substrate (Borriss 1981). One unit of 
enzyme released 1 gmol of glucose equivalents per rain. 
Protein concentration was determined by the dye bind- 
ing method according to Bradford (1976). Beta-lacta- 
mase activity was assayed according to Perret (1954); 
glucose-6-phosphate-dehydrogenase was determined ac- 
cording to Ohmann et al. (1969). 

Enzyme purification and amino acid sequencing. Beta-glu- 
canase enzymes from different cell fractions were puri- 
fied to homogeneity as described previously (Borriss 
et al. 1988). N-terminal amino acid sequence analysis 
was performed using a liquid phase sequenator (Beck- 
man Instruments, Model 890 C). 

Results and discussion 

Nucleotide sequence and expression in E. coli 

The nucleotide sequence of the 850 bp fragment (Fig. 1) 
containing the bglM gene was determined. We found 
one open reading frame (ORF), which starts from the 
ATG at position 93 and ends in TAA at position 804. 
The ORF encodes a polypeptide of 237 amino acid resi- 
dues (Fig. 2). Previous work has shown that the bglM 
gene cloned into pUC vectors is well expressed in E. 
coli cells (Borriss et al. 1988). To confirm the putative 
start of translation we deleted DNA from the 5' end 
by cutting with restriction enyzmes DraI and BstEII 
(Figs. 1 and 2). The truncated fragments recloned in 
pUC19 started either 22nucleotides (nt) upstream 
(DraI) or 25 nt downstream (BstEII) from the putative 
start codon of the bgIM gene. 

By using site directed mutagenesis we introduced an 
artificial PvuII site at position 85, 7 nucleotides up- 
stream from ATG and also recloned the deleted frag- 
ment into pUC19. As expected, betaglucanase activity 
was expressed from the DraI- and the PvuII fragments, 
but not from the BstEII fragment, confirming that the 
ATG at position 93 is the translation start site of the 
bglM gene. In addition, this experiment shows that ex- 
pression of the blM gene in E. coli takes place in the 
absence of its own promoter sequence, using one of the 
relativly weak promoters located upstream of the cloned 
gene in the vector pUC19 plasmid. Attempts to clone 
the EcoRI-HindIII fragment containing the bgIM gene 
into pUC18 close to the strong lae promoter failed. All 
transformants obtained were unstable, possibly due to 
the high levels of expression of bglM gene product. 

Study of codon usage of the bglM gene reveals that 
UCG(Ser), CCC(Pro), ACU(Thr), CAC(His), 
CGC(Arg), CGG(Arg), AGA(Arg) and AGG(Arg) co- 
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Fig. 2. Nucleotide sequence of the cloned glucanase gene and de- sites are underlined in the nucleotide sequence. Non-coding se- 
duced amino acid sequence of the endo-beta-glucanase. The coding quences are indicated by small letters. The promotorless V6 flag- 
strand (5' to 3') is shown. Possible promoter regions P-35 and ment starts at the DraI restriction site at position 81, 12 nucleotides 
P-10 and RBS are overlined. The deduced amino acid sequence upstream from ATG. The sequence around the putative ribosome 
is shown in single letter code. Amino acids forming the putative binding site was changed at two positions (GGAGG to 
signal peptide are numbered - 2 5  to - 1 .  The signal peptide cleav- GC*AGC*) by oligo mutagenesis in order to create an artificial 
age site (A la -1 /Gly+  i) has been determined by N-terminal se- PvuII site from (Kramer et al. 1984) 
quencing of the mature protein (see text). Important restriction 

dons are not used. In the 5' flanking region of the bglM 
gene, sequences resembling the consensus regions of Ba- 
cillus o -43 promoters (Moran et al . /982) have been iden- 
tified (Fig. 2). The putative promoter spans positions 
4 4 4 9  ( - 3 5  region) and 68-73 ( - 1 0  region) up to 20 nt 
upstream from the putative transcription start site. A 
possible ribosome binding site (SD) GGAGG sequence, 
complementary to the 3' end of 16S rRNA of B. subtilis 
(McLaughlin et al. 1981) precedes the bglM gene at nu- 
cleotides 82-86. 

cantly contribute to the whole population of beta-glu- 
canase molecules. 

By contrast with the mature proteins, no obvious 
homology between signal peptides of  B. macerans beta- 
glucanase and mesophilic enzymes was observed, with 
the exception of the motif Leu-Val-Thr conserved within 
the hydrophobic core sequences. This emphasizes that 

Signal peptide and export/n E. coli cells 

The amino acid sequence from amino acids - 25 to - 1 
shows characteristics typical for signal peptides of  secre- 
tory precursors, i.e. positively charged amino acids at 
the N-terminus, lengthy hydrophobic core sequence, and 
an Ala-X-Ala processing site. The N-terminal amino 
acid sequence of the mature protein purified from E. 
coli [puC19/34] cells (Fig. 3) has been determined to be 
GSVFWEPLSY. The beta-glucanase protein isolated 
from the supernatatant of E. coli [pUC19/34] cells has 
the same N-terminal sequence. From these findings we 
conclude that the signal peptide consisting of 25 amino 
acids is correctly processed in the mature protein 
(Fig. 2). On the other hand, we were not able to detect 
any unprocessed beta-glucanase protein in the extracts 
of  re-recombinant E. coli [pUC19/34] cells suggesting 
that the unprocessed form, if it exists, does not signifi- 
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Fig. 3. Sodium dodecylsulphate/polyacrylamide gel electrophoresis 
of beta-l,3-1,4-glucanase preparations after each step of the purifi- 
cation process. From left to right: beta-glucanase purified by CM- 
Sephadex chromatography (Borriss et al. 1988), 5 pg protein; ex- 
tract of Escherichia coli (pUC19/34), 42 pg protein; extract of E. 
coli (pUCI 9/34) after heat treatment (20 min, 60 ° C) 



Table 1. Distribution of the beta-glucanase enzyme produced by 
Escheriehia coli DH5c~ [pUC19/34] 

Cell fraction % activity Specific activity 
(of total activity) (U/mg protein) 

Extracellular 
16 h" 23.8 344 
24 h b 31.2 250 

Periplasmic 
16 h a 35.7 591 
24 h b 32.6 697 

Cellular 
16 h a 40.7 31.2 
24 h b 36.1 49.7 

Cultures were grown in LB + ampicillin (50 Ixg/ml) at 37 ° C. Extra- 
cellular, periplasmic and cellular fractions were prepared and assay- 
ed as described in the Materials and methods. Activities of cyto- 
plasmic glucose-6-phosphate dehydrogenase and periplasmic beta- 
lactamase were determined to check possible lysis of cells after 
24 h cultivation in LB medium. However, only 7.6% (glucose-6- 
phosphate dehydrogenase) and 2.6% (beta-lactamase) of the total 
activity were found in the supernatant 
" Late exponential phase culture 
b Stationary phase culture 

even extreme sequence divergence does not impair the 
function of  a signal peptide (Briggs and Gierasch 1986). 

In order to study the distribution of  the beta-glucan- 
ase synthesized in E. coli transformants, we isolated ex- 
tracellular, periplasmic and cellular fractions according 
to the method described by Cornelis et al. (1982). A sig- 
nificant part  of  the whole activity has been found in 
extracellular and periplasmic fractions (Table 1). Fur- 
thermore, protein samples prepared from periplasm and 
extracellular fluid exhibit a very high specific activity 
(Table 1) and were found to consist of  up to 50% of  
the total beta-glucanase (results not shown). Cytoplas- 
mic glucose-6-phosphate dehydrogenase and periplasmic 
beta-lactamase activities were also measured as a control 
for the significance of the data obtained and to exclude 
cell lysis as a possible reason for the presence of  beta- 
glucanase in the extracellular fluid (Table 1). Together 
with results obtained for the N-terminal sequence of  the 
mature protein, these results suggest that the export 
mechanism of  E. coli seems to accept export signals from 
Bacillus and correctly processes the protein to the cell 
periplasm. Similar results have been reported for expres- 
sion of  other extracellular enzyme genes cloned in E. 
coli (e.g., Cornelis et al. 1982; Borriss et al. 1985). 

The signal peptide of  B. macerans beta-glucanase 
also seems to direct export of  the enzyme in other cells. 
Beta-glucanase activity has been detected in the superna- 
tant of  yeast cells transformed with the bglM gene, and 
the N-terminus of  the protein purified from the extracel- 
lular fluid of  this culture has been shown to be identical 
to that of  beta-glucanase secreted by E. coli transfor- 
mants (Kunze et al. unpublished results). 

Comparison with other Bacillus beta-glucanases 

A high degree of  homology has previously been detected 
between the mesophilic beta-glucanase genes of  related 
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Bacillus species (B. subtilis and B. amyloliquefaciens) 
(Hofemeister et al. 1986). About 90% similarity has been 
found at both the D N A  and protein levels. The amino 
acid sequences of  the mature beta-glucanases of  B. ma- 
cerans and B. amyloliquefaciens inferred from the nucle- 
otide sequences are compared in Fig. 4. The processed 
enzyme from B. macerans is 2 amino acids shorter than 
the B. amyloliquefaciens and the similar B. subtilis beta- 
glucanases, but striking homologies between those meso- 
philic enzymes and thermophilic B. macerans beta-glu- 
canase do exist. The extent of  similarity of  amino acid 
sequence among the beta-glucanases of  B. macerans and 
B. amyloliquefaciens is 70%, 157 amino acid residues 
present in both mature beta-glucanases are identical and 
a further 55 residues can be matched if 4 gaps are intro- 
duced in both sequences. Nearby of  areas 100% homolo- 
gy were detected in the central and the C-terminal parts 
of the proteins. In contrast, only relatively weak similari- 
ty was found in the N-terminal end of  the mature protein 
of  beta-l,3-1,4-glucanases of  both Bacillus species 
(Fig. 4). If  amino acid replacement by conservative sub- 
stitution is taken into account, the overall similarity is 
increased to nearly 80%. 

The enhanced thermophilicity of the B. macerans en- 
zyme should be due to its unique amino acid sequences. 
A slightly higher degree of  hydrophobicity is indicated 
by the hydropathy profile of  B. macerans beta-glucanase 
as compared to the mesophilic enzyme of  B. amylolique- 
faciens (Fig. 5). The lower content of external, hydro- 
philic amino acid residues Gln (3/7) and Arg (2/5) might 
increase the enzyme's internal hydrophobicity so that 
it folds into a heat-stable form with stronger internal 
packing in aqueous solution (Imanaka et al. 1986). In 
addition, molecules with a decreased number of Gln resi- 
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Fig. 4. Amino acid sequence homology between mature endo-l,3- 
1,4-beta-glucanases from B. macerans and B. amyloliquefaciens. 
Amino acid residues conserved in both enzymes are boxed. Num- 
bering refers to amino acid sequences of beta-glucanases from B. 
amyloliquefaciens (amy) and B. macerans (mac) 
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Fig. 5. Comparison of the hydrophobicity-hydrophilicity patterns 
of B. macerans and B. amyloliquefaciens pre-beta-glucanases. The 
profiles were calculated according to Kyte and Doolittle (1982). 
The average value for each heptapeptide was plotted against posi- 
tion in the sequence. Arrows  indicate regions in which the hydro- 
phobicity of B. macerans enzyme is markedly higher than that 
of the B. amyloliquefaciens enzyme 

dues might be less affected by irreversible thermoinacti- 
vation caused by deamidation reactions. 

Comparison with functionally related enzymes 

It has recently been shown that Bacillus cellulase (endo- 
beta-l,4-glucanase) genes are derived from a common 
ancestral gene (Fukumori et al. 1989)• Moreover, com- 
parison of the amino acid sequence of Clostridium aceto- 
butylicum endo-glucanase with the sequences of the two 
1,4-beta-glucanases from alkalophilic Bacillus strain N-4 
(Fukumori et al. 1986) and with those of the genes cod- 
ing for the 1,4-beta-glucanases from B. subtilis strains 
PAPl l5  (Mackey et al. 1986) and DLG (Robson and 
Chambliss 1987) (which exhibit 93.4% homology) 
showed in all cases about 45% homology (Zappe et al. 
1988). This indicates extensive homology of the nucleo- 
tide and amino acid sequences of endo-l,4-beta-glucan- 
ase genes from Clostridium spp. and Bacillus spp• Com- 
parison of the amino acid sequence of bglM with those 
of the bacterial beta-l,4-glucanases mentioned above re- 
vealed, however, no discernible homology• Moreover, 
plant endo-beta-l,3-1,4 glucanases do not share any 
conserved sequences with the corresponding Bacillus glu- 
canases (Fincher et al. 1986). Thus, we conclude that 
Bacillus endo-beta-l,3-1,4-glucanases evolved indepen- 
dently of their plant counterparts and of other microbial 
endo-beta-glucanases. 

Comparison with T4 lysozyme 

In contrast to the case of alpha-amylases (Svensson 
1988), comparison of different lichenases and endo-beta- 
1,4-glucanases has not revealed any conserved se- 
quences. Limited homologies between cellulase primary 
structures and the active sites of different lysozymes 
have, however, been noted (Teeri et al. 1987). 

There is some evidence that endo-glucanases act like 
lysozymes, which split glycosidic bonds by an acid catal- 
ysis mechanism (Vernon and Banks 1963) involving car- 
boxyl groups at the active site (Legler and Bause 1973; 
Clarke and Yaguchi 1985). Inhibitor studies recently per- 
formed with lichenan-hydrolysing glucanases from B. 
subtilis, Streptomyces and Rhizopus arrhizus support the 
hypothesis that, despite the differences that exist in ac- 
tive site geometry between the various endo-glucanases, 
aspartate and/or glutamate are involved in binding of 
substrate and catalysis of the hydrolysis reaction (Hoj 
et al. 1989). 

Sequences surrounding the catalytic residues Glu (11) 
and Asp (20) of T4 lysozyme (Weaver and Matthews 
1987) were aligned with the whole amino acid sequence 
of B. macerans beta-glucanase using the dot matrix ap- 
proach. Only a short sequence between amino acids 126 
and 161 was found to be related. Interestingly, this se- 
quence is highly conserved in all Bacillus /%glucanase 
enzymes and contains the putative active residues Glu 
(128) and Asp (137) within the motif 

DE - X7 - KDT - X2/6 - YYT 

(where X is any amino acid and subscript 2/6 indicates 
2 or 6 residues). This would position the active site of 
B. macerans beta-glucanase within the central region of 
the enzyme. Figure 6 shows a compilation of the limited 
amino acid homologies found between phage T4 lyso- 
zyme and this conserved area in Bacillus beta-glucanases. 

Other examples of limited sequence homology be- 
tween glucanases and the active sites of lysozymes have 
been reported for beta-glucanases of Schizophyllum com- 
mune (Clarke and Yaguchi 1985), Trichoderma reesei 
(Teeri et al. 1987), and several fungal and bacterial beta- 
glucosidases (Graebnitz et al. 1989). Our findings sup- 
port the notion that Bacillus endo-beta-l,3-1,4-glucan- 
ases might act, like lysozyme, by an acid catalysis mecha- 

11 20 24 31 36 

Fig. 6. Alignment of the beta-glucanase sequence of B. rnacerans 
with the active site sequence of phage T4 lysozyme (T4-L). The 
T4-L sequence shows the region of established active site residues 
Glu-l l  and Asp-20 (Weaver and Matthews 1987). Bgl shows the 
region in the B. maeerans beta-glucanase amino acid sequence (resi- 
dues 126-160 of the pre-beta-glucanase) which shows limited ho- 
mology to active site regions of T4-L. Identical positions are boxed  
and conservative exchanges are connected by broken lines. Aster isks  
indicate the active site residues, Asp and Glu in T4-L 
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n ism as do  o the r  endo-  and  exo-glucos idases .  However ,  
whe the r  o r  no t  those  regions  wi th  l imi ted  h o m o l o g y  to 
T4 lysozyme c o r r e s p o n d  to an  act ive site should  be 
tes ted by  s i te -d i rec ted  mutagenes i s  and  act ive centre  
mod i f i ca t i oms tud i e s  as p r o p o s e d  by  Teeri et al. (1987). 
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