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Endoglucanase E (EngE) is a cellulosomal enzyme of the glycoside hydrolase family 5 generated by the cellulosome-
producing bacterium Clostridium cellulovorans 743B. Although its basic activities and properties have been character-
ized, its substrate specificity, product range, and steady-state kinetics remain unclear. The current study prepared re-
combinant EngE (rEngE) and analyzed its substrate specificity and product range using thin layer chromatography.
When carboxymethyl cellulose (CMC) or phosphoric acid swollen cellulose was used as a substrate, disaccharides and
trisaccharides were the main products. However, no product was detected with microcrystalline cellulose as the sub-
strate. This indicated that rEngE is a cellulase that hydrolyzes low-crystallinity cellulose. Furthermore, products were
detected when glucomannan, lichenan, or B-glucan was used, but no product was obtained with xylan. These results
suggested that rEngE hydrolyzes the (-1,4 glycosidic bond between glucose residues of the substrate. In the Kinetic
analysis, at CMC concentrations of >3 mg/mL, the reaction rate decreased. Application of the above data to three sub-
strate inhibition models generated a better fit to a model that generates products not only from the enzyme—substrate
complex but also from enzyme—substrate—substrate (ESS) complexes, in which two substrates are bound to the en-
zymes. In addition, it was found that a carbohydrate-binding module (CBM) contained in EngE binds to cellulose.
Therefore, substrate inhibition likely occurred because the binding site of CBM may correspond to one of the substrate-

binding sites in the ESS complex.
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Currently, 150 glycoside hydrolase (GH) families are registered
in the carbohydrate-active enzymes (CAZy) database (http://www.
cazy.org), 52 of which are involved in plant cell wall degradation
(1). GH5, which includes enzymes that hydrolyze cellulose, xylo-
glucan, mannan and xylan and others as substrates, is one of these
families. Many of their substrate specificities have been determined
showing EC numbers close to 20 (2). GH5, which is one of the
largest GH families, is further classified into 56 subfamilies ac-
cording to the CAZy database. Members of GH5 show various
substrate specificities.

Clostridium cellulovorans 743B is an anaerobic and mesophilic
bacterium that forms multi-enzyme complexes referred to as cel-
lulosomes on its surface (3—5). Cellulosomes are assembled by the
interaction of a dockerin domain contained in some carbohydrate-
related enzymes (i.e., cellulosomal enzymes) and certain cohesin
domains contained in scaffold proteins. Whole-genome analysis of
C. cellulovorans revealed 80 genes encoding GHs, including 9 genes
encoding cellulosomal enzymes belonging to the GH5 family (6,7).
Among them, only mannanase A (ManA) and endoglucanase B
(EngB) have been characterized so far. They have been shown to
function as cellulosomal enzymes and their substrate specificity
has been determined (8,9).
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Recently, profiles of some native cellulosomal enzymes of
C. cellulovorans strains adapted to various carbon sources were
analyzed revealing that endoglucanase E (EngE), belonging to the
GH5 family, and cellulose binding protein A (CbpA), a scaffold
protein, are co-expressed (10). Scaffold proteins serve as bases for
constructing cellulosomes. In addition, the engE-coding protein,
without a signal peptide (amino acids 1—31), is a relatively large
enzyme with a molecular weight of 112,000 (11), and represents a
unique enzyme consisting of 3 surface-layer homology (SLH) do-
mains that self-assemble on the surface of microbial cells, a cata-
lytic domain belonging to the GH5 family, a carbohydrate-binding
module (CBM) belonging to the CBM65 family, and a dockerin
domain from the N-terminal. Although researchers such as Tamaru
and Doi have already evaluated EngE activity on polysaccharides
including the effects of temperature and pH, its specific sub-
strate(s), range of products, and enzyme kinetics remain unknown
(11). The objective of the current study was to further characterize
EngkE. It is felt that these results may help broaden the repertoire of
the GH5 family of enzymes and promote the practical application of
EngE.

MATERIALS AND METHODS

Cloning of engE, engEACBM65-Doc and cbm65 from C. cellulovorans  The
gene (NCBI Reference Sequence: WP_010073437.1) encoding EngE without the
signal peptide, a nucleotide sequence encoding amino acid residues 32 to 1067, was
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amplified via polymerase chain reaction (PCR) using C. cellulovorans genomic DNA
and the following primers as described previously (11,12): forward primer, 5'-
ATACCATGGCAGAAGCTAACTACACAACAA-3'; reverse primer, 5'-
CGGCTCGAGTTATATTGCTTTTTTTAAGAA-3'. The reaction product encoding EngE
was ligated into a Ncol/Xhol-digested pET-41a(+) glutathione-S-transferase (GST)
fusion vector (Merck, Darmstadt, Germany) to create a plasmid. The gene
encoding EngE without the signal peptide, CBM65 and the dockerin domain
(engEACBM65-Doc), a nucleotide sequence encoding amino acid residues 32 to
843, was amplified using PCR from C. cellulovorans genomic DNA and the
following primers; forward primer, 5'-
AAACCCGGGGCAGAAGCTAACTACACAACAAAAG-3'; reverse primer,
5'—AAAACTCGAGACCAAAATTATTATTATCCCACCACAAAC-3'. The reaction product
encoding EngEACBM65-Doc was ligated into a Smal/Xhol-digested pET-50b(+)
NusA (Nus tag) fusion vector (Merck) to create a plasmid. The gene encoding
CBM65, a nucleotide sequence encoding amino acid residues 844 to 1013, was
amplified by PCR from the GST-EngE expression plasmid, described above, using
the following primers; forward primer, 5'-AAACCATGGGCACAGGTGAGAGACTGGG-
3’; reverse primer, 5'-AAAACTCGAGAAGATTTACAGGTTGTGCATTCTTGTAAAC-3". A
plasmid which expressed the amplified gene fragment as a fusion protein with
GST was constructed via the same method used to construct GST-EngE. The
sequences were confirmed using an Applied Biosystems 3100 DNA sequencer
(Thermo Fisher Scientific).

Production and purification of recombinant proteins  Each plasmid DNA
was used for transformation in Escherichia coli BL21 (DE3). A transformant was
grown in 2x YT medium [1.6% Hipolypepton (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), 1.0% yeast extract (Nacalai Tesque, Inc., Kyoto, Japan), and 0.5% NaCl] at
37°C to an optical density of 0.5—0.7 at 600 nm, induced with isopropyl B-p-thio-
galactopyranoside (0.1 mM final concentration), and harvested by centrifugation
after 24 h at 20°C.

Recombinant EngE (rEngE) was purified by affinity chromatography using
Glutathione Sepharose 4B (GE Healthcare, Chicago, IL, USA). To remove the GST tag
added to the recombinant, 1 U of enterokinase (Merck) per mg of recombinant was
added. Subsequently, the recombinant enterokinase and the cleaved GST tag were
removed via GST affinity chromatography. The through fractions were dialyzed
against 50 mM Tris—HCl buffer (pH 7.5) and subjected to anionic exchange chro-
matography using a HiTrap DEAE FF (GE Healthcare). Eluted fractions were
concentrated using centrifugal ultrafiltration devices, and the concentrated solution
was subjected to gel filtration chromatography via HiLood 16/600 Superdex 200 pg
(GE Healthcare). Mutant EngE, lacking CBM65 and the dockerin domain
(rEngE4CBM65-Doc), was purified through affinity chromatography using Ni
Sepharose 6 Fast Flow (GE Healthcare). In order to remove the Nus tag added to the
recombinant, 1 U of Turbo3C Protease (Accelagen, San Diego, CA, USA) per mg of
recombinant was added. Subsequently, Turbo3C Protease and the cleaved Nus tag
were removed using Ni affinity chromatography. GST-CBM65 was purified via af-
finity chromatography using Glutathione Sepharose 4B (GE Healthcare). The amount
of each recombinant protein obtained at each purification step was monitored by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Substrate specificity and product range determination Low-viscosity
carboxymethyl cellulose (low-viscosity CMC; Product Number: C5678,
Sigma—Aldrich, St. Louis, MO, USA), microcrystalline cellulose (Merck), phosphoric
acid swollen cellulose (PASC), lichenan (Megazyme, Wicklow, Ireland),
glucomannan  (Megazyme), B-glucan (Megazyme), birchwood xylan
(Sigma—Aldrich), and beechwood xylan (Sigma—Aldrich) were used as the
substrates. PASC was prepared using microcrystalline cellulose (13). To determine
substrate specificity of EngE, 5.6 ug of purified rEngE and 8.0 mg of each substrate
were incubated in 1 mL of Mcllvaine buffer (pH 5) containing 25 mM NaCl at 25°C
for 24 h. Mcllvaine buffer was adjusted to specified pH by mixing 0.2 M disodium
hydrogenphosphate and 0.1 M citric acid. The products were analyzed by thin-
layer chromatography (TLC) (glass TLC plate, Silica gel 60, Merck). Sample
separation was performed on the TLC plate using a mixture of butanol, acetic acid,
and water in a 2:1:1 volume ratio. Following development, spots of sugars were
visualized by heating the plate after spraying with concentrated H,SO4. For
substrates on which no product was observed by TLC analysis, the amount of
reducing sugar was quantified before and after rEngE addition using a modified
version of the Somogyi—Nelson method (14), and relative activity was detected by
comparing with that of CMC.

Measurement of cellulase activity = EngE-catalyzed reactions were carried
out using 50 nM rEngE or 1 uM rEngE4CBM65-Doc at 25°C and pH 5.0 (in Mcllvaine
buffer containing 50 mM NaCl). Low-viscosity CMC was used as the substrate.
Hydrolyzes of CMC were followed by a modification of the Somogyi—Nelson
method (14). Reaction rates were measured at each substrate concentration
(0.5—35 mg/mL), and plotted against substrate concentrations. The reaction rate
was calculated using released reducing sugar concentrations (glucose equivalent
per min) under above stated assay conditions.

Cellulose binding assay of CBM  Binding GST-CBMG65 to insoluble cellulose
was carried out using the method described by Yoda et al (15). Five milligrams of
crystalline cellulose was placed in illustra MicroSpin columns (GE Healthcare),
dissolved in 50 mM Tris—HCl buffer (pH 7.5) containing 50 mM NaCl and washed
several times by centrifugation. Subsequently, 200 pL of 2.5 puM GST-CBM65
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replaced with the same buffer was added to the column, stirred, and incubated on
ice for 1 h. Following centrifugation, the pellet was washed several times with the
same buffer using centrifugation. Proteins bound to microcrystalline cellulose
were eluted with 5 % sodium dodecyl sulfate by centrifugation. Both the washed
fraction as well as the eluted fraction were subjected to SDS-PAGE. Bovine serum
albumin (BSA) (Wako) was used as the negative control.

Binding of soluble cellulose to GST-CBM65 was observed via isothermal titration
calorimetry, VP-ITC (MicroCal, Northampton, MA, USA), at pH 7.5 and 25°C. Twenty-
eight, 10 pL portions of 50 uM GST-CBM65 were injected into 56 pM low-viscosity
CMC solution. Dilution heat resulting from the injection was negligible. The data
were analyzed using the software (Origin 7.0) supplied with the calorimeter.

Analysis of substrate inhibition  As rEngE is a glycoside hydrolase, we
examined 3 potential models of substrate inhibition (Fig. 1). One was a general
substrate inhibition model (Eq. 1) in which inhibition was achieved by forming an
enzyme—substrate—substrate (ESS) complex, wherein 2 substrates were bound to
an enzyme in addition to an enzyme—substrate (ES) complex (Fig. 1A) (16).

v = Keat[E]o[S] 1]

\S\Z/Ki +[S] + Km

The keat[E]g of Eq. 1 was defined as the maximum reaction rate, Viy,x1. The other
substrate inhibition model involved products obtained from both ES and ESS com-
plexes (Fig. 1B, C). Fig. 1B shows a random-ordered substrate inhibition model in
which one substrate binds to the enzyme in a productive or a non-productive
binding manner, following which another substrate binds in the opposite binding
manner to form an ES,S, complex.

Km1, Km2, Kiq, and Kj, correspond to Egs. 2, 3, 4 and 5, respectively.

Km1 = [EJ[SI/[ESp] 2
Km2 = [ESn][S]/ [ESpSn] 3)
Ki1 = [ESp][SI/[ESpSn] (4)

Kip = [E][S]/[ESn] (5)

Further, the total amount of the enzyme, [E]o, is expressed as

Kin1 +
E+ST= ES,

Tl Kiz Tl Kiy
Kma keatz

S + ES, <= ES,S,—ES, + P

catl

k,
—“LS E+P

Tl Kiy
cat2

k
ES,S, —> E + P + S

FIG. 1. Schematic of 3 kinetic models for substrate inhibition. (A) General substrate
inhibition model. Substrate inhibition is caused by the dead-end ESS complex. (B)
Random-ordered substrate inhibition model. One substrate binds to the enzyme in a
productive or a non-productive manner, and another substrate binds in the opposite
binding manner to form an ESpS, complex. (C) Sequential substrate inhibition model.
One substrate binds to the enzyme in a productive binding manner, and another
substrate binds in a non-productive binding manner to form an ES,S, complex. In
panels B and C, the product is generated from the ES, complex as well as the ESSy
complex.
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[Elo = [E] + [ESp] + [ESn] + [ESpSn] (6)
and the reaction rate v is the sum of Kcaeq [ESp] and ka2 [ESpSn] as follows:
v = Kear1 [ESp] + Keatz2 [ESpSn] (7)

From Eqs. 2—7, the reaction rate is expressed as follows:

Keat1 [Elo[S] + kearz [Elo[S]? /Kix ®
.
(S /Kix + SIKm1 /Kiz + 5] + Kmn

Km1Ki1 = KmaKip 9)

The kear1[Elg and ka2 [E]g of Eq. 8 was defined as the maximum reaction rate
Vmax1 and Viaxo, respectively.

The manner in which one substrate binds to the enzyme in a productive binding
manner, and another substrate binds in a non-productive binding manner to form an
ESpSn complex in a sequential substrate inhibition model is shown (Fig. 1C). It
corresponds to a model sans Kj, and K, paths of the random-ordered substrate
inhibition model.

Km1 and Kj; correspond to Eqs. 10 and 11, respectively.

Km1 = [E][S]/[ESp] (10)
Kiy = [ESp][S]/[ESpSa] (11)
Further, the total amount of the enzyme, [E]o, is expressed as
[Elg = [E] + [ESp] + [ESpSn] (12)
and the reaction rate v is the sum of Kcae1 [ESp] and kear2 [ESpSn] as follows:
v = Kear1 [ESp] + Kear2 [ESpSn] (13)

From Eq. 10—13, the reaction rate is expressed as follows:

L kan B+ keaz [Elo[SP? /Kiy .
ISP /Kix +[S] + K

The keae1 [E]g and ka2 [E]g of Eq. 14 were defined as the maximum reaction rate
Vmax1 and Viaxa, respectively.

The obtained data were then applied to Eq. 1, Eq. 8 or Eq. 14 using Origin soft-
ware (OriginLab Co., Northampton, MA, USA) to calculate the relevant kinetic and
statistical parameters, as residual standard deviation (Sy.x), adjusted R-square (R%)
and Akaike’s information criterion (AIC) for each substrate inhibition model. The
substrate inhibition model which best explains the observed inhibitory activity of
rEngE was subsequently verified.

Analysis of product inhibition  The reaction rate was determined via a re-
action mixture containing 50 nM rEngE, 7 mg/mL low-viscosity CMC, and 0 mM or
2.0 mM cellobiose at 25°C and a pH of 5.0 (in Mcllvaine buffer containing 50 mM
NaCl). The extent of CMC hydrolysis was determined by the same method
described above, and inhibition of cellobiose was investigated by comparing the
reaction rates in the presence or absence of cellobiose.

RESULTS AND DISCUSSION

Expression and purification of recombinant proteins The
molecular architecture of each recombinant protein is presented
(Fig. 2). GST-EngE, rEngEACBM65-Doc and GST-CBM65 were
successfully expressed by the E. coli expression system. The GST
tag in GST-EngE was cleaved using protease via various
chromatography techniques to ultimately produce purified rEngk.
In order to investigate the influence of CBM65 and the dockerin
domain on the catalyzed reaction, rEngEACBM65-Doc, a mutant
lacking these domains, was prepared. REngE4ACBM65-Doc was
purified via Ni affinity chromatography. GST-CBM65 was prepared
to investigate its binding ability to cellulose. GST-CBM65 was
purified without cleaving the GST tag in order to develop GST as
an alternative structure to the catalytic domain of EngE. Each
purified recombinant protein produced a major band upon SDS-
PAGE analysis, with a molecular size which agreed well with the
molecular weight deduced from the each nucleotide sequence
(rEngE; molecular weight of 112,590, rEngE4CBM65-Doc;

J. Biosci. Bioen.,

EngE

rEngE

rEnge4ACBM65-Doc

GST-CBMG65

. Signal peptide

D SLH, surface layer homology domain

CBM65, carbohydrate-binding module 65 family

Doc, dockerin domain

. GHB5, catalytic domain of glycoside hydrolase 5 family D GST, glutathione-S-transferase

FIG. 2. Molecular architecture of recombinant proteins.

molecular weight of 88,468, and GST-CBM65; molecular weight
of 51,498) (Fig. 3).

Identification of the specific substrate and product range of
rEngE  GHS5 is one of the largest CAZy GH families, and its con-
stituent GHs are known to hydrolyze various substrates. Thus, we
aimed to identify specific substrate(s) as well as products of rEngE
by TLC, through analyzing reaction products using several cellu-
loses, with different degrees of crystallinity, and some hemi-
celluloses as substrates. Specifically, each reaction solution
contained rEngE and CMC, PASC, microcrystalline cellulose,
lichenan, glucomannan, B-glucan, birchwood xylan, or beechwood
xylan as test substrates, which were incubated for 24 h and applied
to TLC plates (Fig. 4). With respect to celluloses, the main products
detected were di- and tri-saccharides as soluble cellulose for CMC
and amorphous cellulose for PASC, whereas no microcrystalline
cellulose products were detected (Fig. 4A). By contrast, hydrolysis
of glucomannan mainly produced trisaccharides and longer
oligosaccharides, and hydrolysis of lichenan and B-glucan mainly
produced di- and tri-oligosaccharides and longer oligosaccharides
(Fig. 4B). However, no products were detected when beechwood
or birchwood xylan was used as the substrate (Fig. 4C). Relative
activities of beechwood xylan and birchwood xylan on CMC

(kDa) (kDa) (kDa)
200 200 200
116 116 116
66 66 il 66
45 45 45 e
31 31 31
M 1 M 2 M 3

FIG. 3. SDS-PAGE of purified recombinant proteins. Gels were stained with Coomassie
brilliant blue and the samples were loaded in the following order: M, protein marker
(molecular masses shown on the left); 1, purified rEngE; 2, purified rEngE4CBM65-
Doc; 3, purified GST-CBM65.



VoL. 128, 2019

>
w

CHARACTERIZATION OF EngE FROM C. CELLULOVORANS 401

C

- -
-~ - a
- -
L ; -— - e - — = - e e o - o - o
rEngE -+ -+ -+ -+ -+ -+ -+ -+
— | S— — — —J — — —
substrate M1 1 2 3 M1 M2 4 5 6 M3 7 8

FIG. 4. TLC analysis of the degradation products of EngE. Low-viscosity CMC, PASC, microcrystalline cellulose, glucomannan, lichenan, #-glucan, beechwood xylan, and birchwood
xylan were incubated with (+) or without (—) rEngE at 25°C for 24 h. (A) M1, cellooligosaccharides (glucose, cellobiose, cellotriose); 1, low-viscosity CMC; 2, PASC; 3, micro-
crystalline cellulose. (B) M2, mannose; 4, glucomannan; 5, lichenan; 6, -glucan. (C) M3, xylooligosaccharides (xylose, xylobiose, xylotriose); 7, beechwood xylan; 8, birchwood

xylan.

activity were 1.1% and 0.25%, respectively, whereas EngE only
showed slight xylanase activity. These results demonstrated that
EngE may preferably hydrolyze celluloses with low crystallinity.
Since the main chain of hydrolyzed substrates is composed of
glucose residues, EngE was revealed to be an endo-f-1,4-
glucanase that hydrolyzes $-1,4 glycosidic bonds between glucose
residues. Although several carbohydrate-related enzymes of
C. cellulovorans have been reported to date, small oligosaccharides
such as di- and tri-saccharides have been rarely detected as main
products (17,18). C. cellulovorans can efficiently degrade cellulosic
biomass by constructing cellulosomes on the cell surface (3—5).
Since EngE retains the dockerin domain and is expressed with a
scaffolding protein, CbpA, it is considered to act as a constituent
of the cellulosome (10). Alternatively, even when it is not
assembled as a cellulosome, EngE would still be able to bind to
the cell surface since it has 3 SLH domains similar to CbpA (19).
Therefore, although EngE is a secreted enzyme, it is expected to
localize on the cell surface. C. cellulovorans incorporates and
metabolizes small sugars such as cellobiose (20). Since the main
products of EngE are di- and tri-saccharides, EngE might
contribute to the efficient production of small sugars in the
process of degrading cellulosic biomass. C. cellulovorans would
rapidly incorporate these sugars by localizing EngE on the cell
surface.

Enzyme Kinetics Steady-state kinetics provides a simple and
rapid means for assessing enzyme activity. We performed a
detailed analysis of the steady-state kinetics of rEngE using CMC,
which was confirmed as a rEngE substrate. The reaction rate
decreased gradually at substrate concentrations of 3 mg/mL and
above (Fig. 5). This decrease might be attributed to product or
substrate inhibition. The reaction rate was determined with a
reaction mixture containing 7 mg/mL CMC, and 0 mM or 2.0 mM
cellobiose, respectively. A sufficient decrease in the reaction rate
was observed at this substrate concentration, where the
cellobiose concentration corresponded to the amount of
disaccharide produced when 10% of added CMC was degraded.
The reaction rate was 30 pM/min in the presence of cellobiose,
whereas it was 27 pM/min in the absence of cellobiose. Thus, the
observed reaction rate was almost similar, thereby eliminating
product inhibition as a cause. In addition, it is conceivable that
reaction rate may decrease due to the viscosity of CMC. However,

v/uM min-1

-
L
~ e
LI R

0 T T T ]
0 10 20 30 40

[S)Ymg mL-!

FIG. 5. Effect of substrate concentration on the reaction rate of the enzymatic hydro-
lysis of CMC. Reaction rates (v) measured at each substrate concentration [S], were
plotted against the substrate concentration. Solid line shows the data fitted to the
random-ordered model of substrate inhibition (Eq. 8) and sequential model of sub-
strate inhibition (Eq. 14), respectively. The dashed line shows the data fitted to the
general substrate inhibition model (Eq. 1).

some reports have indicated that even when CMC concentrations
over 10 mg/mL are used as a substrate, the reaction rate
corresponds to the Michaelis—Menten type (21—23). In the case
of EngE, the decrease in reaction rate after CMC concentration
exceeded 3 mg/mL, was considered to be due to inhibition by the
substrate. To examine the possibility of substrate inhibition, the
data in the direct plot (Fig. 5) were analyzed using general
substrate inhibition (Eq. 1), random-ordered model of substrate
inhibition (Eq. 8), and sequential model of substrate inhibition
(Eq. 14) to evaluate the 3 substrate inhibition models (Fig. 1). The
curves generated from random-ordered and sequential models of
substrate inhibition were almost similar and were highly
consistent with the data. However, the curve obtained from
general substrate inhibition was not consistent with the data. The
values of the kinetics and statistical parameters are shown
(Tables 1 and 2). The kinetic parameters of random-ordered and
sequential substrate inhibition models were almost similar for all

TABLE 1. Kinetic parameters of substrate inhibition by rEngE.

Model Kinq/mg mL~! Kiy/mg mL~! Vinax1/tM min~" Kinz/mg mL~! Kip/mg mL~! Vinaxz2/UM min~"
General substrate inhibition model 14+ 04 74 +2.1 58 +£8 NA NA NA
Sequential substrate inhibition model 3.7 +£27 16+14 117 + 68 NA NA 74 +21
Random-ordered substrate inhibition model 3.7+3.0 16+15 117 £ 74 23x107% 2.6x10% 74+23

Standard error of Ky,; and Kj, in the random-ordered substrate inhibition model could not be calculated. NA, not applicable.



402 KOZAKI AND MIYAKE

TABLE 2. Statistical parameters of kinetic analyses for the three models of substrate
inhibition by rEngE.

Model Syx R} AIC

General substrate inhibition model 3.6 0.78 39

Sequential substrate inhibition 1.6 0.96 27
model

Random-order substrate inhibition 1.7 0.95 38
model

Sy.x, residual standard deviation; sz, adjusted R-squared; AIC, Akaike’s information
criterion.

parameters except Ky and Kj; of the random-ordered substrate
inhibition model, where K, and Kj; are extremely numerical
values (Table 1). These results indicated that the random-ordered
substrate inhibition model has not the paths of Ky, and Kj.
Therefore, it was strongly suggested that EngE adheres to a
sequential substrate inhibition model. In order to evaluate this
result from another viewpoint, Sy.x, a calculated standard
deviation value, R?, a coefficient of determination, and AIC for
were used for evaluating the optimal variables of the statistical
model. The parameters of sequential substrate inhibition model
yielded good values for Sy.x, Rf, and AIC. The values of Sy.x and Rf
in the random-ordered substrate inhibition model were nearly
equivalent to those of the sequential substrate inhibition model,
but the AIC values were significantly different (Table 2). The AIC
value of the random-ordered substrate inhibition model was
higher than that of the sequential substrate inhibition model. As
the model with the smallest AIC value is considered to be
optimal, the random-ordered substrate inhibition model did not
qualify as the optimal model. This indicated that the optimal
substrate inhibition model for rEngE was the sequential substrate
inhibition model (Fig. 1C), and that rEngE generate products from
the ESS complex.

Other GHs have been shown to exhibit substrate inhibition,
including GH5 xyloglucanase (XG5 from Paenibacillus pabuli), GH12
xyloglucanase (XG12 from Bacillus licheniformis), GH5 B-man-
nanase (ManF from Bacillus stearothermophilus), and GH27 a-
galactosidase (AglB from Aspergillus niger) (24—27). Substrate in-
hibition has also been shown to occur in Cellulysin (Merck), a crude
extract of cellulase from Trichoderma viride (28). However, reports
of substrate inhibition are relatively rare, overall. In particular, ours
is the first study to show that ESS complexes yield products. A
comparison of kinetic parameters for CMC among GH5 enzymes,
including EngE is shown (Table 3) (29,30). Although the reaction
temperature was different, rEngE showed the highest kc,¢/Ky, values
among GH5 enzymes, which were more than twice that of EngD
and more than 7 times that of FmEG (Table 3). Thus, EngE appears
to have the greatest catalytic efficiency among the known GH5
enzymes.

Binding of CBM65 to cellulose and its effect on the catalytic
reaction Substrate inhibition of rEngE was found to adhere to
the sequential substrate inhibition model through kinetic analysis,
as it was revealed that rEngE forms an ESS complex by binding
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productively with the substrate and then binding non-productively
with another substrate. These substrate binding sites were
assumed to be the active site and the substrate binding site of
CBM65. As the substrate productively binds to the active site of
the catalytic domain, the binding affinity of cellulose as substrate
was analyzed using CBM65 fused to a protein with an equivalent
molecular weight instead of the catalytic domain of EngE.
Proteins bound to crystalline celluloses were detected by SDS-
PAGE. BSA was not detected in the elution fraction, but GST-
CBM65 was slightly detected in the eluted fraction (Fig. 6A).
Therefore, it was suggested that the CBM65 contained in EngE
binds weakly to microcrystalline cellulose. Binding to soluble
cellulose was observed using VP-ITC. The isothermal for the
binding of GST-CBM65 to CMC is shown (Fig. 6B). It revealed that
GST-CBM65 binds specifically to soluble cellulose such as CMC.
Since the average molecular weight of CMC is approximately
90,000, the thermodynamic parameters were; n = 0.023,
Kg = 12 x 107 M, and AH = —19 x 10° J/mol. These results
indicated that CBM65 binds to cellulose regardless of crystallinity.
Reportedly, the CBM65 contained in Ra2535 from Rumicoccus
albus 8 binds to crystalline cellulose and CMC (31). Also, Cel5A
from Eubacterium cellulosolvens has two CBM65s, which bind to
CMC and acid-swollen cellulose, but cannot bind to crystalline
cellulose (15,32). Therefore, the CBM65 of EngE seems to have
similar binding properties to the CBM65 of Ra2535. Further, the
value of K4 for CMC of GST-CBM65 was 1.0—1.4 uM, and the value
of Kj; of the sequential substrate inhibition model calculated from
the kinetic analysis was 2.2—33 uM in terms of molar
concentration. It was found that both values obtained from
different analyses were very close, and that another substrate
binding site could likely be a substrate binding site of CBM65.
Thus, it may be surmised that substrate inhibition occurs because
the binding site of CBM65 corresponds to one of the substrate-
binding sites in the ESS complex. On the other hand, since it was
assumed that CBM65 was involved in the catalytic reaction by
binding with CMC, rEngE4CBM65-Doc lacking a CBM65 and a
dockerin domain was prepared and its enzyme activity examined.
Purified rEngE4ACBM65-Doc showed little activity. It was
speculated that CBM65 plays a critical role in the structural
stability of the catalytic domain.

Among the GH5 enzymes, EngE showed the greatest efficiency
for catalyzing CMC, even though it caused substrate inhibition at
higher substrate concentrations. Also, since its main products are
disaccharides and trisaccharides, it may contribute to the efficient
production of small sugars during the process of degrading cellu-
losic biomass. It binds to cellulose via its CBM65, and
C. cellulovorans efficiently and rapidly takes up these sugars by
localizing it on the cell surface (19). By mimicking such a system in
vivo, by expressing EngE outside the cells of microorganisms
which can take up small sugars, such as butanol-producing bac-
teria, it may localize to the cell surface layer like a cellulosome.
Furthermore, the enzyme can be recycled while microbial cells
grow, to directly produce alcohol from cellulose or cellulosic
biomass.

TABLE 3. Comparison of kinetic parameters for CMC among GH5 enzymes.

Enzyme Strain Model Kin/mg mL~! Ki1/mg mL~! keatr/s ! keata/s keatt K1 '/mLmg ! s7!
EngE C. cellulovorans Sequential substrate inhibition model 3.7 1.6 39 25 11

EngD (29) C. cellulovorans Michaelis—Menten model 6.5 NA 30 NA 4.6

FmEG (30) F. mediterranea Michaelis—Menten model 3.0 NA 4.5 NA 1.5

MF3/22

Kinetic parameters for EngE, EngD, and FmEG were determined at 25°C, 37°C, and 50°C, respectively. NA, not applicable.
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FIG. 6. Cellulose binding assay of CBM65. (A) BSA and GST-CBM65 bound and/or unbound to microcrystalline cellulose were detected by SDS-PAGE. BSA was used as the negative
control. W and E indicate the washed fraction and the eluted fraction, respectively. (B) Isothermal titration calorimetry of the binding of GST-CBM65 to CMC at pH 7.5 and 25°C. The
thermogram (top) and binding isotherm (bottom) are shown. In total, 10 uL of GST-CBM65 solution (50 M) was injected 28 times into the low-viscosity CMC solution (56 pM). In
the binding isotherm, solid squares show experimental values and the solid line shows a theoretical curve fitted to the one sets of sites model.
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