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Characterization of an Endo- /-1,4-glucanase of Thermotoga maritima

Expressed in Escherichia coli

Md. Majibur Rahman, Shakhawat Hossain Bhuiyan, Satoru Nirasawa,
Motomitsu Kitaoka and Kiyoshi Hayashi*

Enzyme Laboratory, National Food Research Institute
(2—1-12, Kannondai, Tsukuba, Ibaraki 305-8642, Japan)

A gene (TM1751, Swissprot Q9X273, GenBank AAD36816) of Thermotoga maritima encoding
endo-3-1,4-glucanase of family 5 was cloned and expressed in Escherichia coli. The recombinant
protein was purified by combination of Ni-NTA and Q-Sepharose FF column chromatography.
SDS-PAGE analysis of purified fractions showed a homogeneous protein band with an expected
molecular mass of 38 kDa. The specific activity of the enzyme increased about 16-fold while the
recovery was 21% after purification. The optimal temperature of the enzyme was found to be 90°C
while its optimal pH was 6.6. The enzyme was active over a wide pH range (4-9.5) and stable up
to 85°C. Kinetic studies showed that the PNP-3-D-cellotetraoside and PNP-/3-D-cellopentaoside had
similar Km values of 0.25 and 0.24 mM respectively. However, maximum catalytic efficiency (kcat/
Km) was observed with PNP-3-D-cellopentaoside. Further analysis of the enzyme hydrolyzate by
HPLC suggests that the carbohydrate binding cleft of the enzyme may be composed of four sub-
sites for glucopyranose units. At the initial stage, the hydrolysis of PNP-oligosaccharides (DP up to
5) yielded a range of products with cellobiose, cellotriose and cellotetraose being the major prod-
ucts. CMC hydrolysis also predominantly produced cellobiose and cellotriose as end products. The
enzyme hydrolyzed mixed linked 3-1,3/1,4 soluble substrates such as barley glucan and lichenan
more strongly than CMC. Transglycosylation activity was also found to be taking place with

smaller soluble cellooligosaccharides.

Enzymatic hydrolysis of cellulosic compounds is
of paramount importance from both fundamental
and applied points of view. Cellulose is the most
abundant organic material found in nature, ac-
counting for up to 40% of plant biomass. It is an
unbranched linear polymer of glucose molecules
with [3-1,4 linkages. Naturally occurring cellulosic
compounds are structurally heterogeneous and
have both amorphous and highly ordered crystal-
line regions. Enzymatic hydrolysis of cellulose re-
quires a consortium of enzymes, including endo-/3-
glucanases (1,4-/3-D-glucan 4-glucohydrolase [EC
3.2.1.4]), exoglucanases (1,4-{3-D-glucan cellobio-
hydrolase [EC 3.2.1.91]), glucan glucohydrolases
(1,4-f3-D-glucan glucohydrolase [EC 3.2.1.74])
and f3-glucosidases ([3-D-glucoside glucohydrolase

* Corresponding author (khayashi@nfri.affrc.go.jp).

[EC 3.2.1.21]). However, in general, the cellulase
enzymes use either exo- or endo-type modes of
action.” Endoglucanases randomly hydrolyze the
internal glycosidic linkages, which results in a
rapid decrease in polymer length and a gradual in-
crease in the reducing sugar concentration.”” Exo-
glucanases, on the other hand, hydrolyze cellulose
chains by removing cellobiose from either the re-
ducing ends or the nonreducing ends” with the re-
lease of reducing sugars but little change in poly-
mer length. Glucose is primarily produced by the
action of [3-glucosidases on cellobiose and by the
action of glucohydrolases on cellooligomers.>®
There is a growing interest in the use of ther-
mozymes as biocatalysts.”® The members of the
genus Thermotoga are important sources of differ-
ent cellulolytic enzymes.” Different species includ-

ing Thermotoga elfii, T. neapolitana, T. ther-
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marum, and T. maritima have already been iso-
lated from various geothermally heated areas
which possess a number of thermostable carbohy-
drolases including cellulases and xylanases.'”
Among the Thermotoga species, T. maritima and
T. neapolitana represent the most thermophilic or-
ganotrophic eubacteria described to date.

In the genomic sequence of 7. maritima, two
known (CelA and CelB) and six putative (TM
0305, TM1048, TM1049, TM1050, TM1751 and
TM1752) endoglucanases have been reported.”
However, two endoglucanases (CelA and CelB)
from T. neapolitana and two endoglucanases
(CelA and CelB) from T. maritima have been well
characterized."'” The CelA of T. maritima which
was 58% identical to CelB has been reported to be
active against soluble substrates such as mixed-
linkage 3-glucan and carboxymethylcellulose. The
CelA and CelB showed similar substrate specific-
ity and temperature optima but differed in their pH
optima and stability.

The endoglucanases from Thermotoga sp. inves-
tigated so far have displayed a high thermostability
making them potentially interesting candidates for
biotechnological application. It is evident that the
endo-3-1,4-glucanase encoded by the gene TM
1751 has not yet been studied. On the assumption
that this enzyme will play a vital role in cellulose
breakdown and be thermostable, the TM1751 gene
encoding endo-{3-1,4-glucanase was cloned and
expressed in Escherichia coli followed by purifica-
tion and characterization of the enzyme.

MATERIALS AND METHODS

Bacterial strains and plasmids. The genomic
DNA of T. maritima MSB8 was obtained from
Professor Dr. Stetter (Lehrstuhl fuer Mickobiolo-
gie, Universitaet Regensburg, Universitaetsstrasse
31, D-93053 Regensburg, Germany). Topo-XL
TOP 10 [F" mcr AA (mrr-hsd RMS-mcrBC) ¢ 80
lacZAM15AlacX74 rec Al deoR araD139A(ara-
leu) 7697galU galK rpsL (str®) end Al nupG]
was used as a host for the gene TM1751 from T.
maritima (TOPO®XL cloning kit, Invitrogen,
USA). E. coli BL21 (DE3-gold, RP and RIL) [Asd
(clts857 indl sam 7 ninSlac UV5-T7 gene 1) was

used as a host for the recombinant plasmid harbor-
ing the PpET-28b vector (Novagen, Madison,
USA). Recombinant DNA techniques as described
by Sambrook er al.'”” were adapted to perform
DNA manipulations.

Amplifying the TM1751 gene. The nuleotide
sequence of the open reading frame is annotated as
ORF TM1751 gene (accession number AAD36816
of the GenBank, Q9X273 of the Swissprot). The
enzyme belongs to the Glycoside Hydrolase Fam-
ily 5. Two synthetic oligonucleotide primers with
Ndel and Sacl restriction sites (underlined) having
the nucleotide sequences 5' CATATGGGTGTTG-
ATCCTTTTGAAAGG3’ and 5" GAGCTCTTAT-
TCAATGCTATCTCCTCCTATTA3" were used
for PCR-aided amplification. The expected frag-
ment of 954 base pairs was obtained with the fol-
lowing steps: 98°C for 1 min, 55°C for 1 min and
68°C for 1 min in 25 cycles using DNA poly-
merase (KOD plus, Toyobo). The amplified DNA
fragment of the TM1751 gene was cloned into a
pCR-TOPO-XL vector using a pCR-TOPO-cloning
kit (Invitrogen, USA). The resulting recombinant
plasmid TM1751-TOPO-XL was extracted using a
QIA miniprep kit (QIAgen, Germany) and was se-
quenced. DNA sequencing was performed on an
Applied Biosystems 310 Genetic analyzer using a
Dye Terminator Cycle sequencing kit (Perkin-
Elmer, USA). The sequence data were analyzed
with the GENETYX program (Software Develop-
ment Co., Tokyo, Japan).

Cloning and epression of TM1751 gene in E.
coli. The TM1751 was excised from the recom-
binant plasmid TM1751-TOPO-XL using the re-
striction enzymes Ndel/Sacl, recovered by ethanol
precipitation and ligated to pET-28b vector which
had previously been digested with the same pair of
restriction enzymes. Ligation was conducted at
16°C overnight using a Ligation kit, High T4
DNA ligase (Toyobo Co., Osaka, Japan). E. coli
BL21 (RP and RIL) competent cells were trans-
formed by electroporation with ligated plasmid.
The positive colonies from the transformed cells
grown on Luria-Bertani (LB) medium containing
kanamycin (50 pg/mL) were screened by colony
PCR using vector-specific primers (T7 promoter
and T7 terminator) and used to prepare plasmid
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DNA on a small scale. One pET-TM1751 clone
was selected and confirmed by sequencing. For ex-
pression, the FE.coli-harboring plasmids pET28b-
TM1751 were grown in LB medium containing
kanamycin (50g/mL) at 37°C. When the turbid-
ity measured at 600 nm reached 0.5, IPTG was
added to a final concentration of 0.5 mM. After in-
duction for 5 h, the cells were harvested by cen-
trifugation and resuspended in 50 mMm Tris-HCI
buffer (pH 7.5) and disrupted by sonication (Bran-
son sonifier 250D, 5 cycles at 35% maximum out-
put with 15 s on/off). The supernatant obtained by
centrifugation (at 12,000 rpm for 20 min) was
used as cell extract.

Purification of the recombinant enzyme. Af-
ter induction, the enzyme was purified first by Ni-
NTA affinity chromatography followed by Q-
Sepharose FF anion exchange chromatography. For
the preparation of Ni-NTA-protein mixture, 40 mL
sample was mixed with 4 mL Ni-NTA-agarose
resin, kept on ice for 20 min and mixed thor-
oughly with occasional gentle shaking by hand. Ni-
NTA resin-bound target protein was then packed
on to the column and unbound protein was washed
out with 50 mm Tris-HCI buffer (pH 8.0) contain-
ing 10 mM imidazole at a flow rate of 1 mL/min
in a FPLC system (Amersham Pharmacia Biotech,
Uppsala, Sweden). The elution of the protein was
performed in a 10 CV (Column volume) linear
gradient with 250 mM imidazole in Tris-HCI
buffer (pH 8.0). The fractions containing endoglu-
canase activity were pooled together and dialyzed
for 1 h against distilled water.

After dialysis, the protein fractions from the Ni-
NTA column were subjected to a Q-Sepharose FF
column (26/10). The target protein was then
eluted from the column in a 20 CV linear gradient
with 0.5 M NaCl in MOPS buffer (pH 6.5). The
fractions containing endoglucanase activity were
pooled together and subjected to enzyme charac-
terization. Protein concentration was estimated by
using the extinction coefficient of 99,430 at 280
nm based on the amino acid composition.

Analysis of the purified protein. Sodium do-
decyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) technique as described by Laemmli'”
was used to resolve the target protein. Protein

samples were boiled for 5 min in the presence of
0.01 M mercaptoethanol containing 1% SDS (w/
w) before being applied to the gel (10%). The gel
was stained with 1% (w/w) Coomassie Brilliant
Blue (R-250) in methanol/acetic acid/water (50:
10:40, v/v). 10 kDa protein ladder (LIFE TECH-
NOLOGIES, GIBCO BRL, Rockville, USA) was
used as molecular weight marker. After proper
destaining in methanol/acetic acid/water (30:10:60
v/v), the gel was subjected to scanning by Ca-
noscan using Photostudio 2000.

Endo-[f-1,4-glucanase Assay. Carboxymeth-
ylcellulose (CMC, obtained from Sigma, Lot 30K
0157) was used as substrate for endo—[a’—l,4-
glucanase activity.” Acid-swollen cellulose was
prepared as reported previously.” In a 200 pL re-
action mixture, 100 L of 1% substrate (0.5% fi-
nal concentration), 50 L of 0.2 M Tris-HCI buffer
(pH 7.5, 50 mM final concentration) and 50 «L of
diluted (10-50 times) enzyme were used and incu-
bated at 50°C for 15 min. The reducing sugar re-
leased was determined by the method of So-
mogyi'” and Nelson."” One unit of enzyme corre-
sponds to 1 #mol of reducing power equivalent as
glucose produced per minute.

Optimum pH and stability. In order to find
out the optimum pH of the enzyme, a range of
buffers of differing pH were used. Citrate (pH
2.18-4.21), acetate (pH 3.76-5.73), MES (2-[N-
Morpholino]ethanesulfonic acid, pH 5.15-7.13),
MOPS (3-[N -Morpholino]propanesulfonic acid,
pH 6.22-8.20), phosphate (pH 6.22-8.22), HEPES
(N-[2-Hydroxyethyl] piperazine-N -2 ethanesulfon-
ic acid, pH 6.54-8.54), Tris (pH 7.20-9.00),
CHES  (3- [ Cyclohexylamino ] -1-ethanesulfonic
acid, pH 8.17-10.14) and CAPS (Cyclohex-
ylaminopropanesulfonic acid, pH 9.44-11.39) were
used. For the enzyme stability study, the enzyme
plus buffers were preincubated at 80°C for 30 min
and then assayed at 30°C for 10 min.

Optimum temperature and stability. For the
determination of optimum temperature, the enzyme-
substrate-buffer mixture was incubated at different
temperatures ranging from 0~100°C and reducing
sugar released was then determined by the Nelson-
Somogyi method. For temperature stability, the en-
zyme and MES buffer (pH 6.6) were preincubated
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at different temperatures for 30 min before being
subjected to assay temperature (50°C) for 10 min.

Kinetics with p-nitrophenyl (PNP) oligosaccha-
rides. Kinetics were performed following the
changes in rates due to the release of p-
nitrophenol. A spectrophotometer (Beckman DU
650) fitted with a circulating water bath (EYELA
DIGITAL UNI ACE UA-100) which maintained
the cells (cuvettes) at 30°C was used for this ex-
periment. The rates of enzyme-catalyzed hydroly-
sis were determined by incubating different con-
centrations of PNP-oligosaccharides (DP up to 5)
with suitably diluted enzyme in 50 mM MOPS
buffer (pH 6.5). The reactions were initiated by
the addition of the enzymes and monitoring the
absorbance at 405 nm. After confirming that the
initial rate of hydrolysis is linear with time, the
obtained values are subjected to kinetic parameter
analysis.

Analysis of products of PNP-oligosaccharide
hydrolysis. Composition of cellooligosaccharide
in the enzyme hydrolyzate of PNP derivative has
been analyzed by HPLC (Dionex LC20) equipped
with pulsed amperometric detector. Thin-layer
chromatography performed on silica gel plates
(Merck Silica Gel 60F 254; E, Merck, Darmstadt,
Germany) was used to analyze the reaction prod-
ucts of p-nitrophenyloligosaccharide conjugates
(DP up to 5) incubated with the enzyme in 50 mm
MOPS buffer (pH 6.5) at 30°C. After incubation,
the reaction mixtures were spotted onto the silica
gel plate, dried and developed thrice in a chloro-
form—acetic acid—water (6:7:1, v/v)"® solvent sys-
tem. After drying, the plate was dipped into a
methanol-sulfuric (95:5, v/v) solution. The prod-
uct spots were then visualized by heating them in
an oven for few minutes.

RESULTS

PCR amplification and cloning.

The endo-3-1,4-glucanase gene (TM1751, Swis-
sprot Q9X273, GenBank AAD36816) was ampli-
fied by using specific forward and reverse primers.
Based on the primer design, Ndel and Sacl restric-
tion sites were incorporated at the 5” and 3" ends
of TM1751 open reading frame, respectively. The

S50KkDa —siisie

40kDa—» s «——cndoglucanase

30kDa—s

Fig. 1.

Lane 1, marker; lane 2, purified protein.

SDS-PAGE of the purified recombinant protein.

Table 1. Purification of endo-{3-1,4-glucanase of T. mari-
tima expressed in E. coli.

Total

Total Specific

Purification . .. .. Yield
step protein activity activity Fold %)
(mg) U)  (U/mg)
Cell extract 212 1687 79 1.0 100
Ni-NTA 22.6 1236 545 6.8 73
Q-Sepharose FF 2.71 343 1267 159 20

PCR product of Ndel/Sacl was used for subclon-
ing into TOPO-XL followed by cloning into pET-
28b expression vector. Subsequent transformation
and colony PCR showed that E. coli BL21 (RIL)
strain possessed the desired gene TM1751 which
was confirmed by DNA sequencing.

Expression and purification.

The Ndel and Sacl restriction sites lying at 5
and 3" ends of the open reading frame of TM
1751, respectively, allowed the entire open reading
frame to be inserted within the multiclone site of
plasmid pET-28b, thereby creating plasmid pET-
TM1751. The Ndel site was positioned in such
way that N-terminal His-tag was attached during
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translation of the enzyme. It was found that after 5
h of IPTG induction that strain BL21-RIL (pET-
TM1751) expressed the desired protein with an ap-
parent molecular mass of 38 kDa. After extraction
of the protein by sonication, the supernatant was
collected by centrifugation as cell extract. The re-
combinant protein was then purified by Ni-NTA
which facilitated the purification to a great extent.
Further purification to homogeneity was carried
out by using a Q-Sepharose FF column. SDS-
PAGE showed a homogenous protein with an ex-
pected molecular mass of 38 kDa (Fig. 1). Table 1
summarizes the purification process which indi-
cated that after purification by Q-Sepharose FF,
the specific activity of the enzyme increased about
16-fold while the recovery was around 21%. The
Ni-NTA column also contributed a great deal to
the purification having specific activity increased
by 7-fold with a yield over 73%.

Characterization of the purified enzyme.

The pH and temperature optima as well as the
stability of the purified enzyme were studied at
different pH and temperatures. The pH activity
profile as depicted in Figs. 2a and 2b showed an
optimal pH of 6.6, while the enzyme was stable
from pH 4-9.5 at 80°C for 30 min. From the tem-
perature study, it was found that the optimum tem-
perature for maximal enzyme activity was 90°C
(Fig. 3). The activity showed a sharp decline at
95°C. The enzyme was however, stable at temper-
atures up to 85°C (Fig. 3).

Substrate specificity.

The purified enzyme had the highest specific ac-
tivity toward mixed linked /3-1,4/1,3 soluble sub-
strate barley glucan followed by lichenan. Very lit-
tle or almost no activity has been observed with
insoluble cellulose substrates such as avicel and
acid swollen cellulose. Activities against laminarin
(/3-1,3 linkage only), birchwood xylan and oatspelt
xylan were also negligible (Table 2).

Kinetic parameters.

Different PNP-oligosaccharides were used for
kinetic studies at 30°C. The results as shown in
Table 3 indicate that the enzyme had low affinity
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the enzyme.

@, optimum temperature; O, temperature stability.

towards PNP-/3-D-cellobioside (Km 16.7 mm). It
was found that with increasing chain length, the
affinity increased and the lowest Km of 0.24 mMm
was observed with PNP-j3-D-cellopentaoside. An
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Table 2. Substrate specificity of endo-(3-1,4-glucanase of
T. maritima expressed in E. coli.

Backbone Specific ~ Relative

Substrate Jinkage(s) activity activity
(U/mg) (%)

Barley glucan 3-1,3/14 150 100

Lichenan B-1 3/1,4 105 70

cMC $3-1,4 only 80 53
Avicel B-l4only <15 <1.0

Acid swollen cellulose 3-1,4 only  <0.05 <0.03

Birchwood xylan 3-14 only <0.08 <0.05

Oatspelt xylan B-1,4 only  <0.08 <0.05

Laminarin B-13 only <044 <0.29

Table 3. Kinetic parameters for the release of PNP from
PNP-oligosaccharides.

Subs[rates Km kcat kCZl(/Kin
(mM) ™ (mM7's™)
PNP-2-D-cellobioside 16.7£0.59 1.78+0.01  0.11
PNP- 3-D-cellotrioside 0.85+£0.02 1.38£0.01  1.62
PNP- 3-D-cellotetraoside  0.25£0.02 1.24+0.04  4.96
PNP- 3-D-cellopentaoside 0.24£0.01 2.09£0.03  8.71

almost identical Km value was obtained with PNP-
[3-D-cellotetraoside. Further analysis revealed the
highest catalytic efficiency kcat/Km (mM~'+s™') of
8.71 with PNP-3-D-cellotepentaoside followed by
PNP-3-D-celloetetraoside, which had a value of
4.96.

Hydrolysis of cellooligosaccharides and mode

of action of the enzyme.

Analysis of the hydrolysis products of PNP-
cellooligosaccharides (DP up to 5) by HPLC
showed that the enzyme preferentially hydrolyzed
oligomers with higher degrees of polymerization.
In the early stage of the hydrolysis of PNP-G5 and
PNP-G4, the fourth glycosidic bond from the non-
reducing end was preferentially cleaved by this en-
zyme (Fig. 4).

On extended hydrolysis, a small amount of glu-
cose was detected in all substrates except for PNP-
G, which was not cleaved at all (Fig. 5). A trans-
glycosylation activity was observed with PNP-G2.
CMC hydrolysis, however, produced a range of
products including cellobiose and cellotriose.

100%

Gle-Glc!PNP

100%
Gle-Gle-Glc!PNP

32% 68%
Gle-Gle-GlcGlc!PNP

9% 58% 33%
Gle-Gle-Gl!GlctGlctPNp
Fig. 4. Relative rate of hydrolysis of different substrates
by the enzyme.

AN ~
(@]
Q
8

Fig. 5. TLC of hydrolysis products of different substrates.
Lane 1, CMC; lane 2, standard (G1-G5); lane 3, PNPG;

lane 4, PNP-G2; lane 5, PNP-G3; lane 6, PNP-G4; lane 7,
PNP-GS5; lane 8, PNP-standard.

DISCUSSION

An endo-f3-1,4-glucanase (TM1751, Swissprot
Q9X273, GenBank AAD36816) of T. maritima
has been purified and characterized after cloning
and expression in E. coli. Amino acid sequence
homology analysis by BLAST search at NCBI
showed that TM1751 endoglucanase had only 31
and 20% identities with two known endogluca-
nases of TMCelA and TMCelB,” respectively.
However, it had 38, 17, 22, 35 and 31% identities
with putative TMO0305, TM1048, TM1049, T™M
1050 and TM1752 endoglucanases of the same
strain, respectively.
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The two genes of TM1751 and TM1752 code
the Family 5 glycosidase. The gene of TM1752
overlaps with 5 base pair at the end of the TM
1751 gene. A non-coding region of 62 base pairs
was found between the gene of TM1750 and TM
1751 and the two candidates for the consensus se-
quence for the promoter were found at 2 and 14
base pairs upstream of the initiation codon of the
TM1751 gene. These results suggest that the two
genes of TM1751 and TM1752 may be translated
simultaneously. No signal peptide region was
found in either the TM1751 or TM1752 endoglu-
canase.

Initial purification by Ni-NTA proved to be very
effective in binding the enzyme selectively. Fur-
ther purification by Q-Sepharose FF resulted in a
homogeneous protein. The 38 kDa protein as re-
solved in SDS-PAGE was found to correspond
well with the value (37,384 Da) deduced from nu-
cleotide sequence of the gene TM1751. Two 29
kDa endoglucanases (CelA) and one 30 kDa endo-
glucanase (CelB) have been reported in T. mari-
tima' and T. neapolitana.'"” Therefore, it is re-
vealed that the 38 kDa endoglucanase has not yet
been studied in 7. maritima and this is to our
knowledge the first report on the purification and
characterization of this protein.

The purified enzyme showed high activity to-
wards CMC suggesting that the enzyme is an
endo-/3-1,4-glucanase as CMC is conventionally
used as an indicator for endo-;3-1,4-glucanase.”
True exoglucanases however, exhibit very low
level of CMCase activity. The CelA and CelB of
T. neapolitana and celll (CelA) of T. maritima
have also been characterized as endoglucanases
based on their high affinity for CMC and the pro-
duction of cellobiose and cellotriose from cello-
hexose.'"” Different products of CMC hydrolysis
such as cellobiose, cellotriose and cellotetraose
lend further support to the notion that the enzyme
may be endoglucanase. The CMCase activity as
observed in this study are consistent with that of
Trichoderma reesei,” Bacillus circulans,”® T. nea-
politana” and T. maritima celA."” In apparent
contradiction with the above observation, it also
hydrolyzed PNP-/3-D-cellobioside which is often
used as a model substrate for exo-3-glucanases al-

though with less catalytic efficiency. However, dif-
ferentiation between exo- and endo-glucanases
based on small soluble substrates does not appear
to be a very useful method.”” In addition, the en-
zyme produced G2 and G3 from G4 and CMC,
suggesting that it is not a CBH (Cellobiohydro-
lase) as according to the enzyme nomenclature;
CBH must produce only G2 in the hydrolysate of
G4 and cellulose.' Therefore, classification of TM
1751 as endoglucanase remains valid. The enzyme
was found to hydrolyze mixed-linked /3-1,3/1,4
soluble substrates more actively than substrates
with [3-1,4 linkage only. This endoglucanase does
not seem to require 3-1,3 bonds to be present to
effectively cleave mixed linkage 3-glucans. The
inability of the enzyme to efficiently hydrolyze in-
soluble cellulose, and yet its ability to degrade sol-
uble cellulose oligosaccharides and mixed-linkage
[3-glucans, indicates that it likely attacks the amor-
phous regions within the insoluble cellulose.””
Similar substrate specificities have been observed
with CelA and CelB of T. maritima™ and EglA of
Pyrococcus furiosus .

Characterization of the recombinant endogluca-
nase showed that the optimum pH was 6.6 and the
enzyme was stable over a wide pH range. The op-
timal temperature of the enzyme was found to be
90°C while the activity remained stable up to
85°C, suggesting the thermal stability of this en-
zyme. These results are similar to the values re-
ported for CelA and CelB of T. maritima.” The
major cause of this thermostability may be due to
the presence of ionic bonds, salt bridges and hy-
drogen bonds between charged amino acids in an
extremely thermophilic organism.™

PNP-celloligosaccharides (DP up to 5) initial
degradation rates increased as DP increased from
cellobiose to cellopentaose. Judging from the prod-
uct analysis of the enzyme hydrolyzate of the early
stage (less than 20% hydrolysis of the substrates),
the enzyme is preferencially hydrolyzing the fourth
glycosidic bond from the noreducing end. It is
suggesting that the enzyme possesses at least four
subsites for glucopyranose units on the nonreduc-
ing end from the scissile glycosidic bond."***¥ The
transglycosylation activity as observed in this
study resembles that of family 12 endoglucanase
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of P. furiosus.™ However, further studies in eluci-
dating the detailed mechanism of transglycosyla-
tion reactions are in progress.
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