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Abstract. A Bacil lus brevis gene coding  for  an endo-  
(1,3-1,4)-f l -glucanase was c loned  in Escherichia coli and  
sequenced.  The  open  read ing  f rame  conta ins  a sequence 
o f  759 nucleot ides  encoding  a po lypep t ide  o f  252 amino  
acid  residues.  The  a m i n o  acid  sequence o f  the /~-g luca-  
nase gene showed only  a 50°70 s imi lar i ty  to prev ious ly  
pub l i shed  d a t a  for  Bacil lus endo-(1,3-1,4)-f l -glucanases .  
The o p t i m u m  t e m p e r a t u r e  and  p H  for enzyme act ivi ty  
were 6 5 - 7 0 ° C  and  8-10,  respect ively.  W h e n  held  at 
75°C  for  1 h, 7507o res idual  act ivi ty  was measured .  The 
molecu la r  mass  was es t imated  to be a b o u t  29 k D a  on 
sod ium dodecyl  su lpha te  (SDS) -po lyac ry lamide  gel elec- 
t rophores i s  and  the enzyme was f o u n d  to be res is tant  to 
SDS. 

Introduction 

The enzyme endo-(1,3-1,4)-f l -glucanase (EC 3.2.1.73) is 
ab le  to hydro lyse  the mixed  l inked  (1,3-1,4)-fl-glucans 
tha t  const i tu te  the m a j o r  par t  o f  the endospe rm cell 
walls o f  cereals such as oats  and  bar ley .  Several  species 
o f  the  genus Bacil lus secrete f l -glucanases.  M a n y  o f  the 
f l -g lucanase-encoding  genes have been c loned and  se- 
quenced:  f rom B. subtilis,  ( M u r p h y  et al. 1984, Tezuka  
et al.  1989), B. amylol iquefaciens ,  (Hofemeis te r  et al.  
1986); B. macerans,  (Borriss et al. 1990) and  B. licheni- 

f o r m i s  (L loberas  et al. 1991). 
The  m a j o r  app l i ca t ion  o f  endo-(1,3-1,4)-f l -glucanases  

are  to  be f o u n d  within the  brewing indus t ry ,  where  they  
are  used to subs t i tu te  and  supp lemen t  mal t  enzymes 
(Cantwel l  and  McConne l l  1983). The rmos t ab l e  f l-gluca- 
nases are pa r t i cu la r ly  sui ted for  this,  as they  are  not  
inac t iva ted  as r ap id ly  dur ing  the ki lning and  mash ing  
processes.  

In  this pape r  we descr ibe  the i so la t ion  o f  an a lka lo-  
phi l ic  B. brevis produc ing  a t he rmos t ab l e  f l -glucanase,  
the subsequent  c loning and  sequencing o f  the gene and  

the charac te r i za t ion  of  cer ta in  novel  b iochemica l  p rop -  
erties of  the enzyme.  

Materials and methods 

Isolation o f  alkalophilic bacteria producing endo-(1,3-1,4)-fl-glu- 
canase. Approximately 3 g soil was pasteurized (Norris et al. 1981) 
before being used to inoculate 100 ml of alkalophilic enrichment 
broth, pH 10.0 (0.5% yeast extract, 0.5% polypeptone, 0.1% di- 
potassium hydrogen phosphate, 0.02% magnesium sulphate and 
1% sodium carbonate as modified from Takeuchi et al. (1989) and 
incubated for 4-5 days at 37 ° C. Aliquots from the turbid broth 
cultures were then inoculated onto the same medium solidified 
with agar (15 g/l) and incubated at 37°C for 24-48 h. 

The cultures were purified on nutrient agar plates, pH 9.0, at 
37 ° C. They were then classified as Bacillus sp. after a Gram stain, 
a spore stain and a catalase test gave positive results. Colonies 
were then transferred to Luria agar plates (10 g tryptone, 5 g yeast 
extract, 10 g sodium chloride and 15 g agar per litre, adjusted to 
pH 9.0) and supplemented with 0.1% (w/v) lichenan from Cetrar- 
ia islandica (Sigma). After incubation at 37 ° C for 24-48 h, plates 
were flooded with 0.1% (w/v) Congo red (Cantwell and McCon- 
nell 1983). Colonies producing a clear zone were grown in Luria 
broth plus 0.1% lichenan for 2-3 days at 37°C and pH 9.0. The 
enzyme produced in the supernatant was then evaluated. Further 
strain identification was done by utilizing the API 50CH and 20E 
strips. 

Endo-(1,3-1,4)-fl-glucanase determination. The determination of 
fl-glucanase activity was carried out using lichenan as a substrate 
(Tezuka et al. 1989). One unit was defined as the amount of en- 
zyme that produced 1 ~tmol reducing sugar calculated as glucose 
per minute under the conditions of assay. 

Bacterial strains, growth media and vectors. The Escherichia coli 
host strain for the original cloning experiment was JM101 (Mess- 
ing 1979), whereas for sequencing the E. col  rec-  strain LKl12 
was used (Zabeau and Stanley 1982). The cloning vector was the 
positive selection vector pEcoR251 (Zabeau and Stanley 1982). 
Subcloning for sequencing was done using the high copy number 
Bluescript (SK) vector. E. coli LKll2  and JM101 were grown in 
Luria broth, pH 7.2, and the donor B. brevis strain was grown in 
Luria broth, pH 9.0, and maintained on Luria agar plates, pH 
9.0. All strains were grown at 37 ° C. 

Preparation o f  DNA and recombinant DNA techniques. Chro- 
Correspondence to: T. G. Watson mosomal DNA was isolated from B. brevis according to the meth- 
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od of Lovett and Keggins (1979). Partial Sau3A restriction of the 
B. brevis DNA and isolation of size fradtionated fragments from 
low-melting-point agarose gels using agarase (CalBiochem) were 
according to the methods of Sambrook et al. (1989). DNA frag- 
ments ranging between 1.5 kb and 4 kb were isolated. Plasmid 
DNA was prepared by the method of Gryczan et al. (1978) and 
purified by cesium chloride-ethidium bromide equilibrium centri- 
fugation as described by Sambrook et al. (1989). A B. brevis ge- 
nomic library was constructed by ligating the partially digested 
Sau3A chromosomal DNA to Bg/II-endonuclease-digested pE- 
coR251. The E. coli JM101 and LKl12 ceils were made competent 
and transformed according to the method of Sambrook et al. 
(1989). DNA fragments for subcloning were isolated from 0.8% 
agarose TRIS/acetate gels using the Geneclean kit (Bio 101, Cal- 
if., USA). Positive transformants were selected for their ability to 
form clear halos on Luria agar plates containing 0.1 °70 (w/v) li- 
chenan in addition to ampicillin (100 gg/ml) after flooding with 
Congo red. 

Preparation of supernatant and cell lysate fractions. The recombi- 
nant E. coli strain was grown overnight in Luria broth plus 0.1% 
lichenan and ampicillin (100 gg/ml). The supernatant as well as 
the periplasmic and sonicated fractions were assayed separately. 
The recovery of extracellular, periplasmic and cytoplasmic en- 
zymes was done as described by Cornelis et al. (1982). 

Substrate specificity of the recombinant B-gluci~nase. In order to 
determine enzyme specificity, the activity of the sonicated fraction 
of the recombinant E. coli strain JM101 containing the cloned/~- 
glucanase gene was assayed according to Tezuka et al. (1989) at 
pH 9.0 using, in addition to lichenan, other high molecular mass 
substrates such as carboxymethylcellulose (CMC), avicel, laminar- 
in and xylan at a final concentration of 0.5°70 (w/v). For calculat- 
ing specific activities, protein concentration of the sonicated frac- 
tion was measured using the biuret method (Herbert et al. 1971). 

Sodium dodecyl sulphate-polyaerylamide gel electrophoresis 
(SDS-PAGE) protein assay. Proteins were analysed on 15% SDS- 
polyacrylamide gels (Laemmli 1970). To visualize enzyme activity, 
samples were pre-treated by incubating for 40 min at 60 ° C in sam- 
ple buffer and run on SDS-PAGE activity gels containing 0.1% 
lichenan (Zverlov and Velikodvorskaya 1990). To remove the SDS 
the gels were washed in phosphate buffer, pH 6.3 (Beguin 1983). 
The bands of enzyme activity were detected by staining the lichen- 
an/PAGE gel with Congo red. 

Restriction mapping and nucleotide sequencing. Restriction en- 
zymes were from Boehringer Mannheim (FRG) and used accord- 
ing to the manufacturers specifications. The recombinant plas- 
mids were characterized by restriction mapping using standard 
procedures (Sambrook et al. 1989). The Exo-III Mung bean nu- 
clease technique was used to create a deletion series for sequencing 
(Heinikoff 1987). The nucleotide sequence I of the fl-glucanase 
gene was determined by the dideoxynucleotide-chain-termination 
method (Sanger etal .  1977) using the Sequenase II Kit (USB) ac- 
cording to the manufacturers specifications. The nucleotide and 
deduced amino acid sequences were analysed using the Genetics 
Computer Group (GCG) software package (version 7.0). All the 
current databases accompanying the GCG package were screened 
for related nucleotide and amino acid sequences. 

Results 

Isolation o f  B. brevis A L K  36 

A p p r o x i m a t e l y  100 Bacillus spp.  were eva lua ted  in li- 
quid  cul ture  and  of  these,  one s train,  des ignated  A L K  

1 Nffcleotide sequence accession number. The nucleotide sequence 
reported has been assigned GenBank accession number M84339 

36, was f o u n d  to p roduce  an a lkal ine  endo-( l ,3-1 ,4) - f l -  
glucanase.  This s t ra in  was ident i f ied  as be longing  to the  
species B. brevis. It  was f o u n d  to be able to grow at tem- 
pera tures  ranging  f rom 37°C to 50°C and  the p H  
g rowth  range  was be tween 7.0 and  11.0 with o p t i m u m  
growth  at  p H  9.0. 

Effect  o f  p H  on enzyme activity and stabifity 

The act ivi ty  o f  the crude  enzyme extract  was de te rmined  
at  var ious  p H  values (Fig. 1). The p H  was ad jus ted  us- 
ing Sorensen  phospha t e  buf fe r  at neu t ra l  to  acid  p H  val-  
ues and  TRIS  buf fe r  at  a lka l ine  values.  Other  condi t ions  
were as for  the s t anda rd  assay me thod .  The  crude en- 
zyme exhibi ted  act ivi ty  over  a b r o a d  p H  range  with opt i -  
m u m  act ivi ty  at  p H  9.0. A p p r o x i m a t e l y  80-100% activi- 
ty  occur red  be tween p H  7.0 and  p H  10.0, a f te r  which 
the act ivi ty  decl ined rap id ly .  

Effec t  o f  temperature on activity and stability 

The A L K  36 endo-(1,3-1,4)-f l -glucanase exhibi ted  95-  
100% act ivi ty  be tween  65 ° C and  70 ° C (Fig. 2). A t  75 ° C 
at  least 75% of  m a x i m u m  act ivi ty  was re ta ined .  Ther-  
mal  s tabi l i ty  o f  the enzyme was measu red  at  p H  7.0 by  
incubat ing  the enzyme at  d i f fe ren t  t empera tu re s  for  the  
ind ica ted  t ime per iod .  Samples  were w i thd rawn  and  the 
res idual  act ivi ty  measu red  and  results shown in Fig.  3. 
A t  70 ° C, app rox ima te ly  85% of  act ivi ty  r ema ined  af ter  
1 h whereas  at  80°C the act ivi ty  was f o u n d  to d rop  o f f  
rap id ly .  

Cloning o f  the B. brevis A l k  36 fl-glucanase-encoding 
gene 

E. coli JM101 was t r a n s f o r m e d  with the  genomic  l ib ra ry  
o f  B. brevis. F r o m  1800 t r a n s f o r m a n t s  four  showed hy- 
drolysis  o f  l ichenan by  pla te  assays.  One o f  the t rans for -  
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Fig. 1. Infiuence of pH on endo-(1,3-1,4)-fl-glucanase activity. 
The enzyme activities at various pH values were measured by the 
standard assay at 40°C 
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Fig. 2. Influence of temperature on endo-(1,3-1,4) fl-glucanase ac- 
tivity. The enzyme activities at various temperatures were meas- 
ured by the standard assay at pH 7.0 
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Table 1. Substrate specificity of the/3-glucanase enzyme produced 
by Escherichia coli JM101 (pNA3) 
Substrates U/ml U/rag protein 

Lichenan 279.90 39.78 
Laminarin 0.89 0.13 
Carboxymethylcellulose 0.29 0.04 
Xylan (birchwood) 0.43 0.06 
Avicel 0.24 0.03 

Table 2. Localization of the/3-glucanase enzyme produced by E. 
coli JM101 (pNA3) 
Cell fraction Distribution of total activity (%) 

Extracellular 18 
Periplasmic 36 
Cytoplasmic 46 

100 

50 

I I ~ 6[0 
15 30 45 

Incubation time (rain) 

Fig. 3. Influence of temperature on the stability of endo-(1,3-1,4) 
/~-glucanase. The enzyme was assayed at pH 7.0 

plasmic region with very little enzyme being secreted 
into the extracellular medium. 

SDS-PA GE protein analysis 

Zymograms that detected fl-glucanase activity of the 
renatured proteins separated by SDS-PAGE gave a mo- 
lecular mass of approximately 29 kDa. When the gels 

mants was selected and the residing plasmid was desig- 
nated pNA3. From preliminary mapping pNA3 was 
shown to harbour a 1.65-kb insert containing the fl-glu- 
canase-encoding (bglBB) gene. 

Substrate specificity o f  the enzyme 

The cloned B. brevis ALK 36 enzyme was characterized 
as an endo-(1,3-1,4)-fl-glucanase or lichenase on the ba- 
sis of  its substrate specificity (Table 1). 

Cellular localization o f  fl-glucanase activity in E. coli 
JMIO1 

In order to study the. distribution of the fl-glucanase syn- 
thesized in E. coli (pNA3) extracellular, periplasmic and 
cytoplasmic fractions were isolated and enzyme activity 
assayed (Table 2). Most of  the fl-glucanase enzyme ac- 
tivity was located in the cytoplasmic fraction and peri- 

Fig. 4. Sodium dodecyl sulphate-polyacrylamide gel electrophore- 
sis activity gel stained with Congo red: lane 1, sonicated extract of 
Escherichia coli JM101 (pEcoR251); lane 2, supernatant from Ba- 
cillus brevis Alk 36 grown for 24 h in Luria broth plus 0.1% li- 
chenan; lane 3, sonicated extract of E. coli JM101 (pNA3) 
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TAT C ~ C J ~ T C ~  T ~ T A G G C ~  T T TAT TT T ~ , C A T  T TA~TCJ~dkAT~T T ~ T ~  T ~ d k T ~ t F ~ i C ~ T  T~T T T~T T ~ ~ T C ~ T  T T ~ C ~  1 0 0  

t d ~ T  T ~ . - , C A T J ~ T C ~ k T  TC TCC~ATAT T T A ~ T A T  T TC~I~T T ~ T  T T TC~._-~ATT TT~CCC T C ~ ~ T ~ T  T T T T T TC T ~  T ~ T ~ T ~ T  2 0 0  

AACC TGAC T T T T T GCAG TTAATAGAAAAAGTAGTGAAAAAGAT TGAAT T TAT T TAAGAT TCAT T TATAATAAGAT TGAAAGCGC T T TCGAAAATCCCGAA 300 

-35 -I0 

T T T T TAAAG T TGTTACCGAAAAAGTAACAACAAAT T T T T TCGC TGT T TAC TAACGCGCGTTAG TAAACGGATAGTAACAAAATGATCCC TATAAGGAGGA 400 

SD 

TGGAAGATGGTAAAAAGTAAATATTTAGTTTTCATTTCTGTTTTTTCTTTGTTGTTTGGA~TATTTGTTGTTGGGTTTAGTCATCAAGGGGTAAAAGCTG 500 

M V K S K Y L V F I S V F S L L F G V F V V G F S H Q G V K A E 

AAGAA~AGAGGC CAATGGGAACAGCGT TTTATGAGTCGT T TGATGC T T TTGATGACGAACGT TGGTC TAAAGCAGGCGTC TGGACAAATGGCCAGATGT T 600 

E E R P M G T A F Y E S F D A F D D E R W S K A G V W T N G Q M F 

CAATGCAACATGGTATCCA~AACAGGTGACGGC TGACGGTC TAATGAGACT TAC TAT TGCAAA~AA~ACAACAAGTGC TAGAAAC TATAAAGCAGGAGAG 700 

N A T W Y P E Q V T A D G L M R L T I A K K T T S A R N Y K A G E 

C T TCGTAC CAATGAT T TC TATCAT TATGGACTC T T TGAAGTGAGTAT GAAGCC TGCGAAGGTAGAAGGGACCGTGT CATC C T T T TT TACC TACACAGGGG 800 

L R T N D F Y H Y G L F E V S M K P A K V E G T V S S F F T Y T G E 

AAT GGGAT TGGGATGGAGATCCT TGGGATGAAAT TGATAT TGAG T TC T TAGGAAAGGACACGACGAGAATACAATT TAAT TACT TTACAAATGGAGTAGG 900 

W D W D G D P W D E I D I E F L G K D T T R I Q F N Y F T N G V G 

z l d ~ G ~ T G ~ T  T T TAC TATGATT TAGC~T T TGATC~2ATCJkGAGTCATT T ~ T A C  GTATGCC T T TGI~T~AI~]xt 'z-~-~AT TCCAT T]Id2CT~TATGT Ta~.T 1 0 0 0  
G N E F Y Y D L G F D A S E S F N T Y A F E W R E D S I T W Y V N 

GGAGAAGCGGT TCATACAGCGACAGAAAACAT TCCACAGACC CCC~CAGAAGATCAT GATGAAT T TATGGCCGGGCGTGGGAG TAGAT GGATGGACAGGTG II00 

G E A V H T A T E N I P Q T P Q K I M M N L W P G V G V D G W T G V 

TAT T CGATGGCGATAATACGCC TGTATAT TCATAC TAT GATTGGG TGAGGTATACACCAC T T TAGAAT TATCAGATC CACCAGTAACACCAGAAC CACCA 1200 

F D G D N T P V Y S Y Y D W V R Y T P L 

AT TGAAGAGCCGACAGAAGAAC CAAT TGAAGAACCAATCGAAAAACCAATT GAAGAGCCTATCGAGAAAATCGAAATAGATGAGAACGACGAAACGAAAG 1300 

AAAACG TAAAC GAC T T TAAAGGAATC T GGAGGTGAAAGAT T TACC T TAATACAGGCGACC T TCAATG TAT TCAT T TATT T TAC TAT T T TGGAC T T CTAGC 1400 

T T T T GCAAATAGGAGTAATGT TACT TAAGGGC TAGAGTAACAGAAAAGTAGGC T T TCAAGTAT TAAGAAAT TAC TGAT TATCGTAAAATACATT T T T TGT 1500 

Fig. 5. Nucleotide sequence of the insert in pNA3, containing the is shown in single-letter code below the coding sequence. Putative 
B. brevis bglBB gene. The nucleotide sequence is numbered promoter sequences (-35 and -10 regions) and the ribosome bind- 
throughout. The deduced amino acid sequence of the fl-glucanase ing site (SD) are underlined 

were s tained,  a zone o f  act ivi ty  was detected runn ing  the 
length o f  the P A G E  gel (Fig. 4). This  ind ica ted  SDS- 
resis tance o f  the enzyme,  and  it was f o u n d  tha t  SDS- 

Bm Bs Bs2 B1 Ba Bp Ct 
P A G E  gels could  be s ta ined direct ly  with Congo  red 
wi thout  the r emova l  o f  SDS. Enzyme  act ivi ty  was as- Bb 53 51 50 51 49 54 46 
sayed in the  presence o f  d i f fe ren t  concen t ra t ions  o f  SDS Bm - -  69 69 68 70 88 49 
(ranging f rom 0 .1% to 10%). I t  was f o u n d  tha t  no  inhi-  Bs - -  - -  99 87 91 72 48 
b i t ion  o f  enzyme act ivi ty  occur red  up to  a concen t ra t ion  Bs2 - -  - -  - -  86 90 72 47 
o f  10% SDS. B1 . . . .  84 73 54 

Ba - -  71 46 
Bp 46 

Nucleot ide sequence o f  the bglBB gene 

The nucleot ide  sequence o f  the insert  in p l a smid  p N A 3  
was de te rmined  (Fig. 5) and  f o u n d  to conta in  a single 
open  read ing  f rame  (ORF)  o f  759 nt,  which began  with 
an A T G  at pos i t ion  407 and  ended with a T A G  at posi-  
t ion 1165. The  pred ic ted  size o f  the po lypep t ide  encoded  
by  this O R F  was 252 amino  acids,  which has a calcu- 
la ted re la t ive  molecu la r  mass  (Mr) of  29000. A classical  
r i bosome  b ind ing  site was loca ted  6-14 nt ups t r eam of  
the  A T G  in i t ia t ion  codon  ( 5 ' - A A G G A G G A - 3 ' ) .  A pu ta -  
t ive p r o m o t e r  sequence,  ( 5 ' - G A T T G A A T - N 1 6 - T A -  
T A A T - 3 ' )  was loca ted  u p s t r e a m  f rom the A T G  star t  co- 
don  f rom pos i t ion  241 to 270 (Fig. 5). Sequence compar -  
isons at  the  nucleot ide  and  a m i n o  acid  levels ind ica ted  

Table 3. Similarity of nucleotides in different endo-(1,3-1,4)-fl- 
glucanase genes 

Sequence data of the proteins were taken from Tezuka et al. 
(1989) for Bacillus subtilis (Bs) and Murphy et al. (1984) for a se- 
cond B. subtilis strain (Bs2), Lloberas et al. (1991) for B. lichen# 
formis (B1), Hofemeister et al. (1986) for B. amyloliquefaeiens 
(Ba), Borris et al. (1990) for B. macerans (Bm), Gosalbes et al. 
(1991) for B. polymyxa (Bp), Zverlov et al. (1990) for Clostridium 
thermocellum (Ct) and B. brevis (Bb) (this paper) 

tha t  this O R F  was a f l -g lucanase-encoding  gene. The  
s imi lar i ty  o f  the  deduced  amino  acid  sequence o f  B. bre- 
vis f l -g lucanase  to  the o ther  r epor t ed  f l -glucanases was 
de te rmined  on  the basis  o f  ident ical  amino  acid  se- 
quence compar i sons  (Table  3). The  highest  s imi lar i ty  
was found  to the  po lypep t ide  sequence f rom B. macer- 



6O 
B1 MS YRVKRMLMLLVTGLFLSLSTFAASASAQT . . . . . . .  GGSFYEPF-NNYNT GLWQKADG 

Bs MP Y-LKRVLLLLVTGLFMSLFAVT STASAQT ....... GGSFFDPF-NGYNS GFWQKADG 

Ba M .... KRVLLILVTGLFMSLCGIT SSVSAQT ....... GGSFFEPF-NSYNS GLWQKADG 

Bs2 MP Y- LKRVLLLLVT GLFM$ LFAVTATAS AQT ....... GGSF FDPF-NGYNS GFWQKADG 

Bm M--KKKSC-FTLVTTFAF SLI---FSVSALA ....... GSVFWEP L-S YFNRSTWEKADG 
Bp M--MKKKSWFTLMITGVI SLF---FSVSAFA ....... GNVFWEPL-S YFNS STWQKADG 
Bb MV-KSKYLVF I SVF S LLF GVFVVGF S HQGVKAEEERPMGTAF YE SF-DAFDDERWS KAGV 
Ct M---KNRV I S LLMAS LLLVL SVIVAP F-- YKAEAATWNTPFVAVFRSNFD SVQWKK--- 

* * ~ ~ • . 

120 
B1 YSNGNMFNCTWRANNVSMT S LGEMRL S LT S P--S YNKFDCGENRSVQT YGYGLYEVNMKP 
Bs YSNGNMFNCTWRANNVSMTS LGEMRLALT S P-- S YNKFDCGENRSVQT YGYGLYEVRMKP 
Ba YS NGDMFNCTWRANNVSMTS LGEMRLALTS P-- S YNKFDCGENRSVQTYGYGLYEVEMKP 
Bs2 YSNGNMFNCTWRANNVSMTS LGEMRLALT SP--AYNKFDCGENRSVQT YGYGLYEVRMKP 
Bm YSNGGVFNCTWRANNVNFTNDGKLKLGLT S S--AYNKFDCAE YRS TNI YGYGLYEVSMKP 
Bp YSNGQMFNCTWRANNVNF TNDGKLKMS LT$ P--ANNKFDCGE YRSTNNYG YGLYEVSMKP 
Bb WTNGQMFNATWYPEQVTADGLMRL T I AKKTT-- SARNYKAGE LRTNDF YH YGLFEVSMKP 
Ct --RWAKFVSTVLEAFTGD I SNGKMILTLDREYGGS YP YKS GEYRTKSFFGYGYYEVRMKA 

* W 9 * WW ** WW 

180 
B1 AKNVGIVS SFFTYTGPTD--GTPWDE ID IEFLGKDTTKVQFNYYTNGVGNHEKIVNLGFD 
Bs AKNTGIVS SFFT YTGP TD--GTPWDE ID IEFLGKDTTKVQFNYYTNGAGNHEKIVDLGFD 
Ba AKNTGIVS SFFT YTGP TE--GTPWDE ID IEFLGKDTTKVQFNYYTNGAGNHEKFADLGFD 
Bs2 AKNTGIVS SFFTYTGP TD--GTPWDE ID IEFLGKDTTKVQFNYYTNGAGNHEKIVDLGFD 
Bm AKNTGIVS SFFTYTGPAH--GTQWDE ID IEFLGKDQTKVQFNYYTNGVGGHEKVI SVGFD 
Bp AKNTGIVS SFFTYTGP SH--GTQWDE ID IEFLGKDTTKVQFNYYTNGVGGHEKI INLGFD 
Bb AKVEGTVS SFFTYTGEWDWDGDPWDE ID IEFLGKDTTRIQFNYFTNGVGGNEFYYDLGFD 
Ct AKNVGIVS SFFTYTGP $--DNNPWDE ID IEFLGKDTTKVQFNWYKNGVGGNEYLHNLGFD 

WW W WWW*WW~W* *WWWW*****WW *..**~ *W W .~ WW* 

240 
B1 AANS YH T YAFDWQP NS IKWYVDGQLKHTAT TQ IPQTP GKIMMNLWNGAGVDEWLGS YNGV 
Bs AANAYHT YAFDWQPNS IKWYVD GQLKHTATNQ IP TTP GKIMMNLWNGTGVDEWLGS YNGV 
Ba AANAYHTYAFDWQPNS IKWYVD GQLKHTAT TQ IPAAPGKIMMNLWNGTGVDDWLGS YNGV 
Bs2 AANAYHT YAFDWQPNS IKWYVDGQLKHTATNQ IP TT LGKIMMNLWNGT GVDEWLGS YNGV 

Bm AS KGFHT YAFDWQP GY IKWYVD GVLKHTATAN IP STP GKIMMNLWNGT GVDDWLGS YNGA 
Bp AS TS FHTYAFDWQP GY IKWYVD GVLKHTATTN IP STP GKIMMNLWNGT GVDSWLGS YNGA 
Bb AS E S FNTYAFEWREDS ITWYVNGEAVHTATENIP QTPQKIMMNLWP GVGVDGWTGVFD GD 
Ct AS QD FHT YGFEWRP D Y I DFYVDGKKVYRGTRNIPVTPGKIMMNLWP GI GVDEWLGRYDG- 
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256 
BI T-PLSRSLHWVRYTKR 
Bs N-PLYAHYDWVRYTKK 
Ba N-PIYAHYDWMRYRKK 
Bs2 N-PLYAHYDWVRYTKK 

Bm N-PLYAEYDWVKYTSN 
Bp N-PLYAEYDWVKYTSN 
Bb NTPVYSYYDWVRYTPL 
Ct RTPLQAEYGICKILS- 

W. 

5 1 1  

Fig. 6. Alignment of the amino acid se- 
quence of the B. brevis (Bb) beta-gluca- 
nase with enzymes from different Bacil- 
lus strains. Identical and conserved ami- 
no acids among the eight proteins are 
marked with asterisks and dots, respec- 
tively 

ans (53%) and to that of B. polymyxa (54%), but all 
sequences showed significant sequence similarities. It is. 
interesting to note that these two sequences from B. ma- 
cerans and B. polymyxa are very closely related (88% 
indentity), whereas the mesophilic fl-glucanases form a 
separate cluster based on homology as previously re- 
ported (Hofemeister et al. 1986). The B. brevis fl-gluca- 
nase gene and the Clostridium thermocellum laminari- 
nase show a greater divergence in sequence similarity. 
Alignment of the predicted polypeptides from the differ- 
ent Bacillus fl-glucanases and the C. thermocellum lami- 
narinase (Fig. 6) revealed considerable homology in a 
number of highly conserved blocks, particularly in the 
central and the C-terminal parts of  the proteins. The N- 
terminal region has the most pronounced variation be- 
tween all the different sequences. 

Discussion 

The endo-(1,3-1,4)-fl-glucanase isolated from B. brevis 
Alk 36 has some unique properties. It has a higher tem- 
perature optimum then previously reported for Bacillus 
lichenases, with the exception of B. macerans. The tem- 
perature profiles of the B. maeerans and B. brews li- 
chenases are similar, but the B. brevis lichenase exhibits 
a greater residual activity at a higher temperature than 
that of the B. macerans enzyme, viz 75% activity after 
1 h at 75°C for B. brevis lichenase as opposed to ap- 
proximately 10% activity after 1 h at 70°C for B. ma- 
cerans enzyme. 

The pH optimum of the enzyme is unusual as the pH 
optima for bacterial lichenases tend to fall between pH 
6.0 and pH 8.0, whereas that of the B. brevis lichenase 
exhibits activities of  greater then 80% from pH 7.0 to 
pH 10.0. This pH profile is, however, similar to that of 
the fl-l,3-glucanase isolated from an alkalophilic Bacil- 
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lus sp. by Nogi and Horikoshi  (1990) and to the fl-l,3- 
glucanase or laminarinase isolated f rom C. thermoceI- 
lum by Zverlov and Velikodvorskaya (1990). These al- 
kalophilic laminarinase enzymes both have similar ther- 
mostability profiles to that of  the B. brevis lichenase. 
The distinction between fl-l,3-glucanase and (1,3-1,4)-/?- 
glucanases can be rather tenuous as it is based on sub- 
strate specificity for laminarin as opposed to lichenan, 
respectively. Since the substrate specificity of  the B. bre- 
vis enzyme was found to be 300-fold more for lichenan 
than laminarin, it was classified as a (1,3-1,4)-/?-gluca- 
nase. The laminarinase f rom C. thermocelIum was, 
however, classified as such despite a 100-fold higher ac- 
tivity on lichenan (Zverlov and Velikodvorskaya 1990). 

Another novel characteristic of  the B. brevis (1,3- 
1,4)-fl-glucanase enzyme is its resistance to SDS; this is 
the first report of  an SDS-resistant fl-glucanase. A mo- 
lecular mass of approximately 29 kDa was derived by 
SDS-PAGE. This agrees with the molecular mass calcu- 
lated f rom the sequence of 29050 Da and is similar to 
the previously published endo-(1,3-1,4)-fl-glucanases, 
which are estimated to be between 25 and 30 kDa. An 
exception is the endo-(1,3-1,4)-fl-glucanase cloned f rom 
B. circulans, which was reported to have a molecular 
mass of  40.5 kDa (Bueno et al. 1990). There is, howev- 
er, some discrepancy as to whether this enzyme is a true 
lichenase due to the absence in the sequence of the con- 
served active centre found in all bacterial lichenases. In 
addition, its broad enyzme substrate specificity suggests 
that it might no be a true lichenase (Gosalbes et al. 
1991). 

The N-terminal port ion of  the/?-glucanase polypep- 
tide deduced f rom the nucleotide sequence contains a 
typical signal sequence. A positively charged N-termin- 
us, with lysine residues at position 3 and 5, is followed 
by a highly hydrophobic region f rom residues 7 to 24. 
There is a valine at position 29 followed by an alanine at 
31 which conforms with the "-3, -1 rule" for cleavage 
sites proposed by von Heijne (1988). This evidence 
points to a possible signal sequence of approximately 31 
amino acids that may be cleaved f rom the mature pro- 
tein. However,  the B. brevis/?-glucanase protein f rom 
cell extracts of  E. coli or supernatants of  B. brevis had 
an Mr of 29 kDa, which agrees with the size calculated 
f rom the nucleotide sequence. Localization experiments 
indicated that the protein was found mostly in the cyto- 
plasmic and periplasmic fractions and to a lesser extent 
in the extracellular medium. It has been suggested that 
the production of  fl-glucanase alters the permeability of 
the outer membrane  of E. coli and so allows leakage of 
the periplasmic space proteins (Cantwell et al. 1988). 

Comparison of the amino acid sequences of  the dif- 
ferent fl-glucanases showed that the genes are strongly 
conserved and that regions of  identical amino acids are 
found throughout  the sequence. The most extensive of 
these is the block (amino acids 143 to 161) proposed by 
Borris et al. (1990) to contain the active site of  fl-gluca- 
nases. This was found to be conserved in all the fl-gluca- 
nase enzymes. The N-terminal region is least conserved 
between the all different sequences, in agreement with 
Hofemeister  et al. (1986) who showed a great variation 

in the signal sequences of  the highly homologous B. sub- 
tilis and B. amyloliquefaciens fl-glucanase genes. Com- 
parisons of  the sequences of  different/?-glucanase pro- 
teins exhibiting novel characteristics should facilitate the 
identification of the roles played by particular amino 
acid residues and, ultimately, the modification of these 
proteins to suit specific industrial processes. 
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