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The level of expression of the Clostridium thermocellum celE gene in the asporogenous Bacillus subtilis 
strain lA718 did not exceed the endogenous background level. However, when transformed into sporogenous 
strains, celE-containing constructs allowed the cells to express a high level of thermostable carboxy- 
methylcellulase (CMCase) activity which was detected exclusively in the culture supernatant. The sporulation 
efficiency was impaired in the celE-carrying strains. Most of the thermostable CMCase activity in the recombi- 
nant strains was attributed to the stationary phase of growth, and production of the enzyme could be further 
enhanced by increasing the cultivation temperature from 37°C to 42°C. Even when expressed in an extracellu- 
lar proteases deficient mutant, the protein product was cleaved in the P-T-rich linker sequence (2 sites) and at a 
site downstream of the putative signal peptidase recognition site. As a consequence, the enzymatically active 
protein could be isolated only in a truncated form. Plasmid pHE9102, the celE-containing construct, 
undergoes significant structural rearrangements in Bacillus stearothermophilus strains, preventing any detect- 
able expression. 

[Key words: Clostridium thermocellum, Bacillus, cell?, expression] 

The substantial progress in biochemistry and molecu- 
lar biology of bacterial cellulases and xylanases during 
the past decade has been possible mainly due to the ex- 
ploitation of the well-established molecular cloning sys- 
tem of Escherichia coli. At the same time, interest was 
increasing in heterologous expression of these hydrolytic 
enzymes in microorganisms other than E. coli and the 
numerous examples of prospective hosts for such experi- 
ments include yeasts (l-3), lactic acid bacteria (4-6), ther- 
mophilic bacteria (7, 8), ethanol-producing bacteria (9, 
IO), and bacilli (7, II, 12). Other interesting approaches 
are the heterologous expression of a bacterial endo- 
glucanase gene in mammalian cells (13) and in transgenic 
mice (14). These studies are not only intrinsically interest- 
ing but have suggested applications with undoubted com- 
mercial potential. 

The safety of Bacillus subtilis, its ability to secrete 
large amounts of protein and its well-developed genetics 
and molecular cloning techniques make it an attractive 
host for expression of heterologous gene products. In 
particular, in the field of heterologous expression of cel- 
lulase and xylanase genes from the thermophilic anaero- 
bic bacterium Ctostridium therrnocellurn, bacilli are prob- 
ably the most taxonomically closely related (15) and 
genetically well-developed systems available for expres- 
sion studies. In our study, an endoglucanase gene of the 
thermophilic anaerobic bacterium C. thermocellum, celE, 
was used as a model gene for heterologous expression in 
B. subtilis and in thermophilic bacilli. Two plasmids 
with different copy numbers in B. subtilis cells, pUBll0 
(high) and pHPS9 (low), were used for cloning experi- 
ments. In this paper we report the data we obtained on 
expression of the celE gene in bacilli and on purification 
of the protein product. 

* Corresponding author. Present address: STAFF-Institute, 446-l 
Ippaizuka, Kamiyokoba, Tsukuba, Ibaraki 305, Japan. 

MATERIALS AND METHODS 

Strains and plasmids Strains and plasmids used in 
this work are listed in Table 1. 

Media and growth conditions B. subtilis strains 
were grown on LB medium (log of tryptone, 5 g of 
yeast extract, 5 g of NaCl, 1 I of distilled water) and 
Bacillus stearothermophilus strains on BST medium (16) 
which were solidified, if necessary, with 1.8Og agar. 
Periodic cultivation of bacilli was performed under aero- 
bic conditions in IOOml of the appropriate media with 
vigorous agitation at 37°C (mesophilic strains) or at 
55°C (thermophilic strains). Growth was monitored tur- 
bidometrically at 660nm. Antibiotics for selection of 
transformants and maintenance of plasmids were added 
at the concentration of 10 /cg/ml (chloramphenicol, 
kanamycin and erythromycin). 

Sporulation efficiency determination The efficiency 
of sporulation of B. subtitis strains was determined by 
plating serial dilutions of a 24 h culture of cells grown in 
Schaeffer sporulation medium (16) with the appropriate 
antibiotic. Cells were plated before and after treatment 
with 0.1 volume chloroform to obtain a viable cell count 
and a spore count. 

Electrotransformation procedure Electrotransfor- 
mation of bacilli strains was performed as described by 
Kusaoke et a/. (17). Electroporation was performed 
using an electroporation device from Shimadzu (Kyoto), 
generating square-waveform pulses. Plasmid DNA 
(0.1 I(g) in I !tl of sterile distilled water was added to 9 1’1 
of cell suspension immediately before electric pulse appli- 
cation. The electric field strength was fixed at 12 kV/cm. 
Each sample was regenerated in the appropriate broth at 
37°C or 55°C for 4 h before plating onto the selective 
media. 

Plasmid DNA isolation Plasmid DNAs from B. 
subtilis and E. coti were isolated by a modified alkaline 
lysis procedure (18) and from B. stearorherrnophilus 
strains by a mini-prep method developed for lactic acid 
bacteria (19). DNA fragments from the agarose gels 
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Strain, plasmid Properties 

B. su&ilis 168 
B. subtilis IA71 8 (pHPS9R) 
B. subtilis 1 A75 1 
B. stearothermophilus 9A2 
B. stearothermophilus 9A5 
E. coli JM109 

trpC2 
his met rib trpC2 t_vr ura r m- lacZ.!,M15 KmK spo 
aprE nprE bglT/bglS AEV eglS.IlO2 his 
prototrophic 
prototrophic RifR hsrl hsml 
F’ traD36 la& ?r(lacz)MlS proA 1 B + /te14 (McrA ) J(lac-proAB) thi gyrA96 
(Nal’)endA hsdRZ7 (rx -mk+) re/AI supE44 recA1 
KmR 
ApR celE 
KmR celE 
EmK CmR IacZ’ 

pUBI 
pUCEI 
pUBlO 
pHPS9 
pHE9102 

TABLE 1. Strains and plasmids used in this work 

Source/reference 

EmR CmR IacZ’ celE 

Laboratory stock 
BGSC” 
BGSC 
BGSC 
BGSC 
Stratagene 

Laboratory stock 

(20) 
This work 
BGSC 
This work 

a BGSC-Bacillus Genetic Stock Center. 

were purified using the GENECLEAN II kit (BIO 101 
Inc., La Jolla, USA). 

In vitro DNA manipulations All routine molecular 
cloning procedures were carried out essentially as de- 
scribed in the handbook by Sambrook et al. (18). Restric- 
tion and DNA modification enzymes, chemicals and rea- 
gents for molecular biology experiments were obtained 
from Boehringer Mannheim Japan (Tokyo), Serva 
(Heidelberg, Germany), Sigma (St. Louis, USA) and 
Takara Shuzo (Kyoto). 

Enzyme activity Thermostable CMCase activity in 
the culture supernatants and in the crude cell extracts 
and qualitative MUCase activity on plates were deter- 
mined as described earlier (20). One unit of CMCase 
activity was defined as the release of 1 /IM of glucose 
equivalent from CMC per minute at 60°C. 

SDS-PAGE and zymograms SDS-PAGE was per- 
formed in 12,O6 resolving gels (21). CMCase zymograms 
were prepared by including 0.2,‘4 CM-cellulose into the 
SDS-PAGE resolving gel with subsequent visualization 
with Congo Red (22). 

Purification of EGE Endoglucanase E was isolated 
from a 12 h culture of recombinant B. subtilis grown in 
LB medium in the presence of the appropriate antibi- 
otic. Cells were removed by centrifugation from the cul- 
ture supernatants of recombinant bacilli strains and the 
extracellular proteins were precipitated with ammonium 
sulfate at 4S”d saturation. The precipitate was dissolved 
in the corresponding buffer (50mM phosphate buffer, 
pH 7.0; 100 mM phosphate-citrate buffer, pH 6.4; or 
25 mM Tris-HCl buffer, pH 7.5) with or without salt 
(NaCl, (NH&SO4 or Na2S0,) (Table 4), and excess am- 
monium sulfate was removed by ultrafiltration. Thus, 
several combinations of buffers and salts were tested for 
determining the optimal purification procedure using a 
gel-filtration column. Samples were applied to the pre- 
packed preparative gel-filtration column Superdex 200 
from Pharmacia (Uppsala, Sweden), equilibrated with 
the same buffer-salt combination and connected to an 
FPLC system from Pharmacia. Five ml fractions were 
collected, followed by change of the buffer, desalting 
and concentration of samples using an ultrafiltration 
unit from Amicon (USA). 

The magnitude of retardation of protein elution 
during gel-filtration was expressed in terms of the capac- 
ity factor, k, determined as 

where vcexp and Vtheor are, respectively, the elution 

volumes obtained in an experiment and calculated ac- 
cording to the molecular weights data. The latter value 
was calculated from the calibration curve for the Super- 
dex column as a function of protein molecular weight 
using molecular weight standards from Serva (Heidel- 
berg, Germany): DNP-L-alanine, cytochrome C, chymo- 
trypsinogen A, ovalbumin, and bovine serum albumin. 

Protein sequencing EGE purified from different 
recombinant strains was fractionated by SDS-PAGE and 
electroblotted onto ImmobilonTM-PSQ PVDF membrane 
(Nihon Millipore Ltd., Tokyo). The N-terminal sequence 
was determined by automated Edman sequencing using a 
470 gas-phase sequencer (Applied Biosystems Inc. Japan, 
Tokyo). 

Immunological procedures Polyclonal antibodies 
against EGE were raised in mice according to the stan- 
dard protocol (18). Western blotting was performed 
using the BM Chemiluminescence Western Blotting Kit 
(Mouse) under the conditions recommended by the sup- 
plier (Boehringer Mannheim GmbH, Mannheim, Ger- 
many). 

RESULTS 

Construction of recombinant plasmids for expression 
in bacilli The celE gene of C. thermocellum was ini- 
tially cloned on the E. cofi-B. subtilis shuttle vector 
pMK4 and the resulting construct, pCE102, was charac- 
terized by a high level of structural instability in B. sub- 
tilis 168 cells (23). This might be due to a lethal effect of 
overexpression of the gene under the control of its own 
regulatory sequences as has been shown for some other 
ccl genes of C. thermocellum (7). Thus, we chose a 
strategy allowing us both to select recombinant clones 
which express the celE gene under the control of its own 
promoter and to adjust its coding sequence under the 
control of the internal promoter (24) of the cloning vec- 
tor pUBl10 (Fig. 1). The recombinant plasmid pUCElO 
was linearized by cleavage at the Sal1 site and treated 
with exonuclease Ba131 to generate deletions in the S- 
terminal region of the celE-containing DNA fragment. 
After blunting by Klenow enzyme, a second cut was 
made at the BamHI site of the polylinker region of the 
vector downstream of the 3’-terminus of the celE gene. 
The resulting mix of the truncated celE-carrying frag- 
ments was isolated from the preparative gel and ligated 
into the vector pUBll0 linearized by PvuII-BamHI di- 
gestion. The constructs expressing the highest thermost- 
able CMCase activity were analyzed and in all of them 
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Smal Smal 
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FIG. 1. Overview of the construction of the pUBlO and pHE102 plasmids. Plasmids are not drawn to scale. For details see text. 

the original promoter region was found to be intact. Test- 
ing of several chosen clones under nonselective condi- 
tions revealed their structural and segregational stability 
(data not shown). 

Since the kanamycin resistance marker of pUBll0 can- 
not be used for selection of transformants of ther- 
mophilic bacilli due to the thermolability of the encoded 
kanamycin nucleotidyltransferase (25), a second vector 
allowing chloramphenicol-resistance selection, pHPS9 
(26), was used for subcloning of the celE gene. The chlo- 
ramphenicol acetyltransferase (CAT) gene of pC194 car- 
ried by this plasmid has been found to allow the chlo- 
ramphenicol-resistance selection at growth temperatures 
up to 68°C (27). In these constructs the regulatory 
regions of the celE gene were left intact and it was 
cloned in both orientations to the internal vector pro- 
moter P59. We did not find any significant differences 
in the CMCase activity levels between the transfor- 
mants carrying the gene in the opposite orientations, and 
only pHE9102 was used further for expression study 
(Fig. 1). 

Kinetics of EGE production by recombinant B. sub- 
tilis B. subtilis 168 transformed by plasmid pUBlO 
was further tested in batch culture for investigating the 
kinetics of expression of thermostable CMCase activity. 
It was established that EGE is actively secreted by B. 

subtilis 168 (pUB102) cells into the culture medium (Fig. 
2). The level of thermostable CMCase activity in crude 
cell extract was permanently low during the cultivation 
period and did not exceed a background level (data not 
shown). About 60% of the cellulase activity was found 
is attributed to the stationary phase of growth indicat- 
ing that transcription of the celE gene may be driven by 
sigma factors expressed during the stationary phase of 
growth and, probably, specific for the sporulation path- 
way. 

The level of cetE expression can be significantly in- 
creased by a growth temperature shift from 37°C to 
42°C (Fig. 2). At this elevated growth temperature the 
final biomass yield was decreased while the production 
of thermostable CMCase activity was found increased 
25fold as compared with the case of cultivation at 
37°C. Thus, the presence of two different factors of 
stress conditions, the depletion of nutrients at the station- 
ary phase of growth and elevated growth temperature 
was found to be important for the efficient expression of 
cefE in B. subtilis 168. It is clear that it is transcribed 
preferably by other than the vegetative RNA-poly- 
merases of B. subtilis. In the 5’-noncoding region of 
celE, two TATAAT sequences homologous to the - 10 
consensus sequences of the E. coli and B. subtiks vegeta- 
tive promoters can be identified 130 bp and 163 bp, 
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FIG. 2. Growth and thermostable CMCase production by 
recombinant strain B. subrilis 168 (pUBlO2). The growth curves 
obtained at 37°C (w ), and at 42°C (+), and enzyme activities at 
37°C (*) and at 42°C (0) are shown. The start of incubation at 42°C 
is indicated by an arrow. 

respectively, upstream of the start codon (for the se- 
quence see Ref. 28). Homologies with the -35 consen- 
sus sequence TTGACA, are, however, less evident and 
this may serve as indirect evidence that other sigma fac- 
tors than vegetative recognize the promoter region of the 
celE gene. 

Sporulation events in B. subtilis during celE expres- 
sion When the sporulation-deficient strain of B. subti- 
lis, lA718, was transformed by plasmid pHE9102, ther- 
mostable CMCase activity was detected neither in the cul- 
ture medium nor in the cell extracts (Table 2). At the 
same time the plasmid isolated from these transformants 
did not show any structural rearrangements and can be 
retransformed into strain 168 with the concurrent appear- 
ance of the thermostable CMCase activity (data not 
shown). We observed also that the sporulation efficiency 
is impeded in the sporulation-proficient strains express- 
ing cefE (Table 3). These results suggest that the sporula- 
tion sigma factor(s) also participate in transcription of 
this gene in B. subtilis. The fact that part of the cell pop- 
ulation did not enter the normal sporogenesis pathway 

TABLE 2. Thermostable CMCase activity in the culture superna- 
tants of Bacillus strains 

Strain, plasmid CMCase activity 
(U/ml) 

B. subtilis 168 
B. sublilis 168 (PUB 102) (growth at 37°C) 
B. subtilis 168 (PUB 102) (growth at 42°C) 
B. subtilis 168 (pHE9102) (growth at 37°C) 
B. sublilis lA751 
B. subtilis lA751 (pHE9102) 
B. subtilis lA718 (pHPS9R) 
B. subtilis lA718 (pHPS9R, pHE9102) 
B. stearothermophilus 9A2 
B. stearothermophilus 9A2 (pHE9102) 
B. stearothermophilus 9A5 
B. stearothermophilus 9A5 (pHE9102) 

a Not detected. 

0.10 
0.65 
1.22 
0.51 
ND” 
0.67 
0.07 
0.06 
ND 
ND 
ND 
ND 

TABLE 3. Effect of celE expression on the sporulation efficiency 
of B. subtilis strains 

Strain, plasmid 
Viable cell Sporulation 

count 
Spore count 

(ml ‘) 
efficiency 

(mlk’l (%) 

B. sublilis lA751 (pHPS9) 6.8 x 108 8.0 x lo8 100 
B. subtilis lA751 (pHE9102) 5.8 x lOa 8.4 x lo6 1.5 
B. subtilis 168 (pHPS9) 6.1 x lo* 3.1 x 108 50.8 
B. subrilis 168 (pHE9102) 5.3 x lo8 1.2x 108 22.6 

after transformation may be explained by a shortage of 
the sporulation-specific sigma factor(s) under conditions 
of competition between the host genes and the celE gene 
introduced on the plasmid. 

Expressed protein patterns Earlier we showed that 
the celE gene product is subjected to specific proteolysis 
in E. coli cells (29). The heterologous expression of celE 
in B. subtilis is also of no exception. In fact, the protein 
purified from B. subtilis 168 (pHE9102) was degraded to 
an even greater extent than purified from E. coli (Fig. 
4). Even when expressed in B. subtilis strain 1A 751 
which is deficient in two major extracellular proteases 
(Table l), it is degraded by its host to the same extent as 
in strain 168 and gives two very close polypeptide bands 
with an M, of around 39,000-40,000 instead of 88,928 
coded by the ORF of celE (Fig. 4). N-terminal cleavage 
as predicted by the model of Von Heijne (30), might be 
expected to occur after the sequence VAA or AAS, con- 
ferring to amino acid position 26 or 27, respectively; 
however, the N-terminal sequences of these two polypep- 
tides were found to be identical and they corresponded 
to amino acid residues 50 through 59 of the translated se- 
quence (Fig. 3). There are also two putative proteolysis 
sites on the P-T-rich linker sequence (Fig. 3). 

Although all purification buffers included 40 I_IM 
phenylmethylsulfonyl fluoride (PMSF) to inactivate any 
possible serine protease contaminations during the 
purification, the possibility of cleavage by proteases with 
other specificities or structural instability during the 
purification could not be excluded. Therefore, the cul- 
ture supernatant of B. subtilis lA751 (pHE9102) in the 
exponential growth phase was prepared as quickly as pos- 
sible at 4”C, heated in the sample buffer and directly 
loaded into the SDS-PAGE for subsequent Western blot- 
ting analysis. As can be seen in Fig. 4, these blots 
showed the same protein patterns with the same molecu- 
lar weights as the purified proteins. Thus, the protease 
processing was concluded to occur in vivo. This result 
demonstrates that endoglucanase E is very sensitive even 
to the minor proteases of B. subtilis, and, as a conse- 
quence, the enzymatically active protein can be isolated 
only in the truncated form. In the original host these 

TABLE 4. Buffer dependence of AEGE capacity factor, k, on 
Superdex column 

Point 
Capacity 
factor, k 

100 mM phosphate-citrate, pH 6.4 0.11 
100 mM phosphate-citrate, pH 6.4+0.2 M Na2S04 0.40 
50mM phosphate, pH 7.0+0.15 M NaCl 0.21 
50mM phosphate, pH 7.0f0.2 M NaCl 0.33 
50 mM phosphate, pH 7.0+0.2 M Na2S04 0.34 
25 mM Tris-HCl, pH 7.5 +0.05 M NaCl 0.03 
25 mM Tris-HCl, pH 7.5+0.2 (NH&SO, 0.37 
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NAATGLDVALNDLVIPNNDSRVIVSIHA 
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DLVLMKKYLLRSIDKFPAEDSQTP D E DN 

PGILYNGRFRRILKHLMKTIRAFCITE D S 
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FIG. 3. The translated amino acid sequence of EGE. The proteolysis sites are indicated by arrows: 1 and 2-cleavages as predicted by the 
model of von Heijne (30); 3 and 4-the actual proteolysis sites in E. coli and B. subtilis, respectively; 5 and 6-proteolysis sites in the P-T-rich 
region in both hosts. The N-terminal sequences, determined as described in Materials and Methods, are underlined, by single line-purified from 
E. coli, by double line-purified from B. subtilis. Dashed underline indicates the P-T-rich region. 

proteolysis sites are probably protected by glycosylation 
or specific chaperons. 

Transformation of B. stearothermophilus strains by 
plasmid pHE9102 Two B. stearothermophilus strains, 
9A2 and 9A5, were electrotransformed by plasmid 
pHE9102. Several transformants were tested for the 
thermostable CMCase activity, but it could be detected 
neither in the culture medium nor in the cell extract. 
Plasmid DNAs from several transformants were reiso- 
lated and analyzed either directly or after retransforma- 
tion into E. coli. In all cases the incoming plasmid DNA 
underwent specific recombinational rearrangements with 
the chromosome of B. stearothermophilus involving the 
celE locus of the plasmid (data not shown). 

Purification of EGE Since EGE in B. subtilis is 
subjected to proteolysis which removes roughly more 
than half of its amino acid residues, the remaining trun- 
cated domain should exhibit features characteristic to 
catalytic domains of endoglucanases. Really, as reported 
in the case of other cellulases (31, 32), we observed 
retardation of AEGE elution from gel-filtration columns. 
Results, summarized in Table 4, clearly demonstrate that 
under the wide range of conditions used, with various 
the ionic strengths and pHs, the retention time of AEGE 
is significantly longer than might be expected from its 

molecular mass. As we have shown earlier, an ideal SEC 
for AEGE can be obtained only under restricted condi- 
tions (31). First, the mobile phase must contain an elec- 
trolyte whose concentration and salting-out strength are 
not high in order to attenuate the electrostatic inter- 
actions but not to promote significantly hydrophobic 
interactions. Second, the mobile-phase pH must be high 
enough to balance the attractive hydrophobic inter- 
actions with the repulsive electrostatic interactions. Non- 
random distribution of hydrophobic amino acid residues 
in the EGE molecule may explain the hydrophobic 
nature of the resulting AEGE. Indeed, closer examination 
of Fig. 3 reveals that 50% of the amino acid residues of 
AEGE are hydrophobic. 

At the same time this unusual behavior allows single- 
step purification on the gel-filtration columns, after am- 
monium sulfate precipitation of the proteins secreted 
into the culture supernatant. As can be seen in Fig. 5A, 
AEGE is eluted later than it might be expected from its 
M,, 40 kDa, and even later than cytochrome C (12.3 
kDa). On SDS-PAGE of the fractions of this latter 
peak only the AEGE-related bands were detected (Fig. 
SB). Besides allowing the purification of this peptide and 
its derivatives in a single step, these properties may be 
used also for rapid purification of other proteins by 



VOL. 79, 1995 EXPRESSION OF celE GENE 535 

-97 

-67 

FIG. 4. SDS-PAGE of AEGE from the recombinant strains. 
Lane 1, AEGE purified from E. coli JM109 (pUCE102); lane 2, AEGE 
purified from B. s&i/is 168 (pHE9102); lane 3, AEGE purified from 
B. subtilis lA751 (pHE9102); lanes 4 and 5--Western immunoblot 
using anti-AEGE antiserum and total cell extract of E. coli JM109 
(pUCE102) and the culture supernatant of B. subtilis lA751 
(pHE9102), respectively. Positions of molecular mass markers are 
shown on the extreme right. 

fusing them with the AEGE domain. 

DISCUSSION 

We established here that the cefE gene from C. ther- 
mocellum can be expressed in B. subtilis utilizing the 
native promoter sequence and that endoglucanase E is 
secreted into the culture supernatant of the recom- 
binants. Another endoglucanase gene from the same or- 
ganism, celA, for which much information on its hetero- 
logous expression is available, has been successfully ex- 
pressed under the control of its own promoter in Lacto- 
bacillus plantarum (5) and Thermus thermophilus (8), 
but its cloning in B. subtilis resulted in overexpression 
effects favoring the survival of the transformants, with 
rearrangements and deletions of the recombinant plas- 
mids (7). Successful transfer of the celA gene to bacilli 
was achieved by placing the gene under the control of a 
host’s moderate promoter (7). The promoter region of 
the celE gene is probably recognized by other factors 
than vegetative sigma factors of B. subtifis RNA-poly- 
merase. Several facts support this assumption. First, 
EGE production is mainly attributed to the stationary 
phase of growth. Second, EGE production can be en- 
hanced under elevated temperature conditions. Finally, 
expression requires a sporulation-proficient phenotype of 
the host. Thus, if transcription is driven by the minor 
sigma factors of B. subtilis, expression would be expect- 
ed to occur at the normal, physiological level, without 
strong selection against the recombinant plasmid. Locali- 
zation of the expression bottleneck at the transcription 
level might also help to explain why no gene dosage 
effects was observed when celE was cloned on the high 
(pUBl10) or low (pHPS9) copy number plasmids. Tran- 
scription studies of endoglucanase genes in the homo- 
logous host, C. thermocellum, revealed that transcripts 
of celA, celD, and ceIF could be detected during the late 
exponential and early stationary growth phases, while 
the celC transcript was found almost exclusively during 
the early stationary growth phase (33). A mechanism 
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FIG. 5. Chromatogram (A) of the culture supernatant of B. sub- 
tilis 168 (pHE9102) eluted from Superdex column after ammonium 
sulfate precipitation, and SDS-PAGE (B) of fractions corresponding 
to the last peak. (A) Elution volumes of molecular mass standards are 
shown by arrows: BSA-bovine serum albumin (67 kDa), OVA- 
ovalbumin (43 kDa), C/A-chymotrypsinogen A (25 kDa), C/C- 
cytochrome C (12.3 kDa) and DNP-r.-Ala-DNP-L-Alanine (255 Da). 
1-9-fractions corresponding to the last peak exhibiting endo- 
glucanase activity. Conditions of chromatography as for point 7 
(Table 4). (B) Lanes from 1 to 9, fractions I to 9 corresponding to the 
last peak of the chromatogramm (A); lane 10, molecular mass 
markers, from top to bottom: BSA, ovalbumin, chymotrypsinogen 
A, cytochrome C. 

analogous to catabolite repression, in this case by 
cellobiose, was proposed to explain the late transcription 
of these genes (33). In B. subtilis cells, however, in the 
absence of any sugar in the growth medium, occurrence 
of this type of regulation seems unlikely. Probably, ex- 
pression of celE in B. subtilis is regulated by the availa- 
bility of some minor sigma factors specific to the condi- 
tions discussed. This suggestion is supported also by the 
fact that part of cells expressing celE failed to enter the 
sporulation pathway. This may occur if sporulation- 
specific sigma factors are branched off to serve the celE 
template leaving the housekeeping functions on sporula- 
tion. It is doubtful that EGE directly affects sporulation 
events, since it is localized extracellularly and there is no 
evident substrate target for it. 

For most microbial j-1,Cglucanases studied to date, 
the presence of distinct domain structures, composed of 
catalytic domain(s) and a cellulose binding domain con- 
nected by short linker sequence(s) has been demonstrat- 
ed by deletion and proteolysis analyses (for review see 
Ref. 34). The linker sequence, rich in proline and/or 
hydroxyamino acid residues, is very sensitive to prote- 
olytic attack. Its removal may mask the protease-sensi- 
tive sites between the domains (35). Clostridial enzymes, 
however, are organized into the high-molecular-weight 
macromolecular complex called the cellulosome, and 
linker sequences connect the catalytic domain and the 
highly conserved duplicated region responsible for attach- 
ment to a cellulase integrating protein, CipA (36). Dur- 
ing heterologous expression, cellulases are “naked” and, 
therefore, the linker sequences are hydrolyzed, as we ob- 
served during celE expression in E. coli or B. subtilis. 
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Moreover, some degree of N-terminal proteolysis down- 
stream of the putative signal peptidase recognition site 
was also observed. This, on the other hand, is not 
always the case. The ceL4 gene product, for example, 
appeared to be resistant to hydrolysis in the course of 
expression in B. subtilis (7). 

11 

Since the amino acid distribution in AEGE is not 
random, with 50% hydrophobic residues, its behavior on 
gel-filtration columns is determined by other factors in 
addition to molecular mass. As we demonstrated earlier, 
the main cause of adsorption of cellulolytic enzymes on 
polysaccharide matrices is hydrophobic interaction (31) 
and the same interaction is concluded to play a major 
role in the observed retardation of AEGE elution from 
the gel-filtration column. 

12 

13. 

14. 

Since no any data on cellulolytic activity in B. 
stearothermophilus strains are available, it is difficult to 
speculate at which site on the chromosome the recombi- 
nation exchange involving the celE locus occurs. Proba- 
bly, local homology including an AT-rich region, a com- 
mon feature of strongly expressed promoter regions in 
Bacillus, is mainly responsible for the observed recom- 
binational event. 

15. 

16. 
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