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ABSTRACT A novel B-(1,3)-glucanase gene designated lamC, cloned from Corallo-
coccus sp. strain EGB, contains a fascin-like module and a glycoside hydrolase family
16 (GH16) catalytic module. LamC displays broad hydrolytic activity toward various
polysaccharides. Analysis of the hydrolytic products revealed that LamC is an exo-
acting enzyme on B-(1,3)(1,3)- and B-(1,6)-linked glucan substrates and an endo-
acting enzyme on B-(1,4)-linked glucan and xylan substrates. Site-directed mutagen-
esis of conserved catalytic Glu residues (E304A and E309A) demonstrated that these
activities were derived from the same active site. Excision of the fascin-like module
resulted in decreased activity toward B-(1,3)(1,3)-linked glucans. The carbohydrate-
binding assay showed that the fascin-like module was a novel B-(1,3)-linked glucan-
binding module. The functional characterization of the fascin-like module and cata-
lytic module will help us better understand these enzymes and modules.

IMPORTANCE In this report of a bacterial 3-(1,3)(1,3)-glucanase containing a fascin-
like module, we reveal the B-(1,3)(1,3)-glucan-binding function of the fascin-like
module present in the N terminus of LamC. LamC displays exo-B-(1,3)/(1,6)-glucanase
and endo-f3-(1,4)-glucanase/xylanase activities with a single catalytic domain. Thus, LamC
was identified as a novel member of the GH16 family.

KEYWORDS f3-(1,3)-glucanase, Corallococcus sp. EGB, fascin-like module, GH16,
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he enzymes known as B-(1,3)-glucanases, which are classified as endo-(1,3)-B-

glucanases (EC 3.2.1.39) and exo-(1,3)-B-glucanases (EC 3.2.1.58), are widely distrib-
uted among higher plants, fungi, and bacteria. 8-(1,3)-Glucanases catalyze the hydro-
lysis of B-(1,3)-glycosidic bonds in B-(1,3)-glucan, which is the main cell wall component
in yeast and filamentous fungi and a structural polysaccharide (e.g., callose) in plants
and is also found in exopolysaccharides produced by some bacteria (1). Based on their
amino acid sequence similarity and secondary structure, B-(1,3)-glucanases are classi-
fied mainly into glycoside hydrolase family 16 (GH16) and GH17. However, these two
families have the same hydrolytic mechanism with anomeric retention (2).

Numerous genes encoding -(1,3)-glucanase have been cloned and characterized
from different sources, including varieties of plants (3-5), bacteria, and archaea, such as
Bacillus circulans (6), Paenibacillus (7, 8), Thermotoga neapolitana (1), Rhodothermus
marinus (9), and Pyrococcus furiosus (10). Few glucanases exhibit broad substrate
linkage specificity, although Lafond et al. cloned a gene from Podospora anserina that
encodes a broad-specificity B-glucanase acting on -(1,3)-, B-(1,4)-, and B-(1,6)-glucans
(11).

Many polysaccharide-degrading enzymes display a modular structure, in which a
catalytic module is attached to one or more noncatalytic modules (8, 12, 13). The
impact of the noncatalytic modules on the enzymatic properties of $-(1,3)-glucanase
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has been studied. Cheng et al. reported that the carbohydrate-binding module (CBM)
repeats and Fa5/8C analogue could enhance the LamA hydrolytic activity of the
catalytic module (8). Hong et al. also reported that the C-terminal CBM6 of a -(1,3)-
glucanase (Curd1) from Streptomyces sioyaensis enhanced the hydrolytic activity of the
catalytic module against insoluble substrates (14). Members with a fascin-like module,
including actin-bundling/cross-linking fascin proteins, have been identified in rice
(Oryza sativa L.), the Hawaiian sea urchin (Tripneustes gratilla), the fruit fly (Drosophila),
the South African clawed frog (Xenopus), mice, and humans (15-20). In eukaryotes,
fascin is a 55-kDa actin-bundling protein with four homologous B-trefoil domains. The
ability of fascin to bind and bundle filamentous actin plays a central role in the
regulation of cell adhesion, migration, and invasion (21-23). The fascin-like module
found in the glycoside hydrolases is not common in bacteria and has not been
functionally characterized to date.

In the present study, we cloned a putative GH16 B-(1,3)-glucanase containing a
fascin-like module near its N terminus from Corallococcus sp. strain EGB. Analysis of the
sequence and the enzyme properties and kinetics revealed that the p-(1,3)-glucanase
(LamQ) is a novel GH16 member with broad substrate linkage specificity toward 8-(1,3)-,
B-(1,4)-, and B-(1,6)-glucans and xylan. We also verified the function of the fascin-like
module found in LamC.

RESULTS

Cloning of the pB-(1,3)-glucanase gene and sequence analysis. This specific
B-(1,3)-glucanase (designated LamC, a laminarinase from Corallococcus sp. EGB) con-
tains 438 amino acid residues and has a calculated pl of 5.26 and molecular mass of
47,040 Da. LamC contains several putative modules, including a predicted N-terminal
signal peptide (residues 1 to 26), a fascin-like module (residues 56 to 182), and a
B-(1,3)-glucanase catalytic module (residues 196 to 438) (Fig. 1a).

The BLASTP analysis showed that LamC shares the highest identity (92%) with the
B-(1,3)-glucanase A1 in the genome of Corallococcus coralloides DSM 2259 (24), fol-
lowed by the endo-B-(1,4)-xylanase from Cystobacter fuscus (62%) and the glycoside
hydrolase family 16 protein from Herpetosiphon aurantiacus DSM785 (52%) (25). How-
ever, none of these proteins have been characterized. Among proteins with experi-
mentally determined three-dimensional (3D) structures, the GH16 catalytic module of
LamC (residues 196 to 438) showed the highest identity (38%) with the corresponding
domain of the well-characterized endo-B-(1,3)-glucanase pfLamA (PDB 2VY0) (residues
17 to 264) from the hyperthermophilic archaeon P. furiosus (10), followed by 30.9%
identity with the laminarinase TmLamCD (PDB 3AZX) (residues 1 to 254) from T.
maritima MSB8 (26) and 26.2% identity with the endo-B-(1,3)-glucanase (PDB 3DGT)
(residues 1 to 275) from S. sioyaensis (27) (Fig. 2a). Multiple alignments of the deduced
GH16 domain amino acid sequences of LamC and other B-glucanases showed many
conserved amino acids (Fig. 3). The amino acid sequence analysis indicated that LamC
contained a single catalytic domain with the two catalytic residues (Glu304 and Glu309)
that are highly conserved among GH16 members (10, 28).

BLAST searches in GenBank revealed that fascin-like modules are found in some
bacterial genomes, but the functions of their corresponding proteins remain unchar-
acterized (Fig. 2b). Phylogenetic analysis based on sequence alignment of the fascin-
like module indicated relationships between LamC and other proteins containing a
fascin-like module. The deduced amino acid sequence of the LamC fascin-like module
(residues 56 to 182) shared the highest identity (62%) with the homologous domain of
endo-B-(1,4)-xylanase A precursor (residues 59 to 185) from C. fuscus DSM 2262, 41%
identity with the lectin (residues 426 to 548) from Streptomyces sp. NRRL S-31, and 30%
identity with the peptidase S8A (residues 491 to 611) from Micromonospora sp. M42.

Expression and purification of LamC derivatives. Initial attempts to express LamC
derivatives in Escherichia coli were hampered by the formation of inclusion bodies. This
problem was overcome by addition of a Trx tag to the LamC derivatives. To characterize
the function of the catalytic and noncatalytic modules, all LamC derivatives were Trx
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FIG 1 Schematic overview of LamC and its derivatives. (a) Organization of the functional units of LamC and
the module composition of the derivative proteins expressed in this study. SP, signal peptide; rLamC, a
mature protein with a deletion in the signal peptide; rLamC-AN, a truncated protein with a deletion in the
N-terminal fascin-like domain; rLamC-AC, a truncated derivative with a deletion of the C-terminal GH16
catalytic module. Every derivative protein has a Trx tag and a His, tag fused to the N terminus. The ruler
on the top represents the amino acid residue numbering. (b) The purity of the derivative LamC proteins is
shown on a 12% SDS-PAGE gel. Approximately 1.5 ng protein was loaded in each lane. Lanes: M, protein
molecular mass markers; 1, purified Trx-tag protein as a control; 2, purified rLamC-AC; 3, purified rLamC-AN;
4, purified rLamC.

and Hisg tagged on the N terminus and successfully expressed in redox-deficient E. coli
Origami B(DE3) (Fig. 1a). The calculated molecular masses of the three expressed fusion
proteins (rLamC-AC, rLamC-AN, and rLamC) are approximately 32.5, 47.0, and 67.8 kDa,
respectively. Purification of the LamC derivatives was achieved by immobilized-metal
affinity chromatography (IMAC) and analyzed by SDS-PAGE (Fig. 1b).

Effects of temperature and pH on enzymatic activity and stability. The enzy-
matic properties of rLamC and rLamC-AN were compared. The general properties of the
LamC derivatives, including the optimal pH and temperature, were investigated against
laminarin as the substrate. The optimal activity of rLamC was observed to be at 50°C
and that of rLamC-AN at 45°C (Fig. 4a). Comparison of the thermal stability of rLamC
and rLamC-AN showed that the rLamC containing the fascin-like module was more
stable. rLamC retained more than 80% of its original activity after 30 min of incubation
at 50°C, whereas rLamC-AN retained <40% of its original activity under the same
conditions (Fig. 4b).

Deletion of the fascin-like module did not markedly affect the optimal pH. The
optimal working pH toward laminarin was approximately 7.0 for both rLamC and
rLamC-AN proteins (Fig. 4c). rLamC retained higher activity in the pH spectrum ranging
from 4.0 to 10, whereas rLamC-AN retained <50% of its original activity at pH values
outside its optimal pH (Fig. 4d). This finding is consistent with the result of the
thermostability analysis, suggesting that the fascin-like module enhanced the enzy-
matic stability of LamC.

Kinetic properties of LamC. Using polysaccharide substrates with various linkages,
we characterized the enzymatic activities of rLamC and rLamC-AN (Table 1). Purified
rLamC and rLamC-AN shared similar substrate spectra. They released soluble sugars
from a wide range of B-linked polysaccharide substrates. No hydrolysis of amylose or
a-dextran was observed. These data confirmed that LamC prefers $-(1,3)-linked glu-
cans, and laminarin was the most favorable substrate for rLamC. The fascin-like module
enhanced the hydrolytic activity toward B-(1,3)-glucan substrates. Notably, the en-
hancement was most pronounced for laminarin and pachyman.

The kinetic parameters of rLamC and rLamC-AN for laminarin hydrolysis were
determined against laminarin. The K,,, values of rLamC and rLamC-AN were 1.4 and 2.6
mg/ml, respectively (Table 2), and rLamC showed higher V., values than rLamC-AN
(Table 2), suggesting that deletion of the fascin-like module resulted in weaker binding
to laminarin.

To evaluate the mode of action of LamC, hydrolytic products of polysaccharides
(laminarin, pustulan, xylan, and carboxymethyl cellulose-sodium salt [CMC]) with dif-
ferent bond linkages were analyzed by thin-layer chromatography (TLC). Hydrolysis of
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FIG 2 Sequence analysis of LamC. Phylogenetic analysis of the GH16 (a) and fascin-like modules (b) from different source proteins. The
starting and ending amino acid positions are shown in brackets. The phylogenetic tree was constructed by the neighbor-joining
algorithm based on the amino acid sequence alignment in MEGA7. The GH16 domain sequence of LamC was aligned with the
following proteins: B-(1,3)-glucanase A1 (GIcA) from B. circulans (accession no. P23903), LamA from Paenibacillus sp. CCRC 17245
(accession no. ABJ15796), GIuA from Pseudomonas sp. PE2 (accession no. BAC16331), beta-glucanase ZgLamA from Zobellia galac-
tanivorans (PDB no. 4BQ1), laminarinase LamR from R. marinus (GenBank accession no. AAC69707), endo-B-(1,3)-glucanase from
Cellulosimicrobium cellulans (PDB no. 3ATG), endo-B-(1,3)-glucanase from the alkaliphilic Nocardiopsis sp. strain F96 (PDB no. 2HYK),
laminarinase from T. maritima Msb8 (PDB no. 3AZX), pfLamA from the hyperthermophilic archaeon P. furiosus (PDB no. 2VY0),
endo-B-(1,3)-glucanase from S. sioyaensis (PDB no. 3DGT), and the glycoside hydrolase family protein from Mycobacterium fortuitum
(PDB no. 4W65). The fascin-like module sequence of LamC was aligned with the following organisms and GenBank accession numbers:
C. fuscus DSM 2262, EPX62475.1; H. aurantiacus DSM 785, ABX04162.1; Terriglobus saanensis SP1PR4, ADV82022.1; Paenibacillus sp. P22,
CDN41972.1; Coraliomargarita akajimensis DSM 45221, ADE54011.1 and ADE54017.1; Paenibacillus chitinolyticus, WP_042225814.1;
Catenulispora acidiphila DSM 44928, ACU70919.1; Haliangium ochraceum DSM 14365, ACY18721.1; Paenibacillus sp. JCM 10914,
GAE07991.1; Micromonospora sp. M42, EWM66821.1; Methylibium sp. YR605, WP_047594263.1; and Streptomyces sp. NRRL S-31,
WP_030753699.1.

B-(1,3)-glucan (laminarin and pachyman) or 3-(1,6)-glucan (pustulan) yielded glucose as
the major end product (Fig. 5a, b, and e). However, small amounts of cellotriose,
cellotetraose, and cellopentaose were produced after 30 min of incubation with CMC
substrate. When B-(1,4)-xylan was used as a substrate, oligosaccharides with degree of
polymerization (DP) values of 2 and 3 were produced at the same time. The final
products of CMC and xylan were a mixture of oligosaccharides with DP values of 1 to
4 at the end of the reaction (Fig. 5¢ and d). These results suggested that LamC contains
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FIG 3 Alignment of the GH16 domain sequence of the GH16 family B-glucanases. The proteins (and PDB numbers) were as follows: LamC from
Corallococcus sp. EGB; PDB no. 3ATG, endo-B-(1,3)-glucanase from Cellulosimicrobium cellulans; PDB no. 2HYK, endo-$-(1,3)-glucanase of from
Nocardiopsis sp. strain F96; PDB no. 4BQ1, ZgLamA from Z. galactanivorans; PDB no. 3AZX, laminarinase from T. maritima Msb8; PDB no. 2VYO,
pfLamA from P. furiosus; and PDB no. 3DGT, endo-3-(1,3)-glucanase from S. sioyaensis. The protein sequence alignments were generated using
the MUSCLE alignment in MEGA 7.0 (38). Secondary structures are labeled based on their appearance in 2HYK following a previous annotation
(28). The stars identify the catalytic amino acids, including Glu-304, Asp-306, and Glu-309 (LamC numbering), and the conserved Trp residues are
marked by the symbol O above the column. The numbers on the right are the amino acid residue positions in the whole sequence. The colors

highlight other identities between sequences.

exo-B-(1,3)/(1,6)-glucanase and endo-B-(1,4)-glucanase/B-(1,4)-xylanase activities. Sim-
ilar modes of action were observed for a B-glucanase isolated from P. anserina (11).

Mutation of the conserved residues of LamC. Two catalytic glutamic acid residues
(E304 and E309) conserved in the GH16 $-(1,3)-glucanase were simultaneously replaced
with alanine in rLamC-Mutant. The recombinant rLamC and rLamC-Mutant were puri-
fied from E. coli by Ni2™-nitrilotriacetic acid (NTA) affinity chromatography. No
B-xylanase or B-(1,3)-, B-(1,4)-, or B-(1,6)-glucanase activity was detected after 20 min of
incubation at 50°C by the dinitrosalicylic acid (DNS) method (data not shown) even
after an extended incubation time, indicating that the activities of LamC likely involve
the same active site.

Function of the fascin-like module. rLamC showed greater catalytic activities,
particularly for the B-(1,3)-linked glucans laminarin, pachyman, and zymosan A, than
did rLamC-AN (Table 1). To better understand the function of the noncatalytic fascin-
like module of LamC, two approaches were taken to explore its potential
polysaccharide-binding function. In the pulldown assay, the purified rLamC-AC and
rLamC were incubated with the insoluble 8-(1,3)-linked glucans pachyman, zymosan A,
and a-1,4-linked amylose at 4°C for 1 h. The amounts of protein remaining in the
supernatant (S) and coprecipitating with the substrate (P) were examined by SDS-PAGE
(Fig. 6). The amount of protein in the pellet is an index of the binding affinity of the
protein to the insoluble polysaccharides. As shown in Fig. 6, both rLamC-AC and rLamC
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FIG 4 Effects of temperature and pH on the activity and stability of rLamC and rLamC-AN. (a) To determine the optimal temperature, the
recombinant enzymes were incubated in phosphate buffer (20 mM; pH 7.0) with 10 mg/ml laminarin substrate for 20 min at various temperatures
(30 to 70°C). (b) Thermostability of rLamC and rLamC-AN. The residual activity was measured under optimal conditions after incubation of the
enzyme at the indicated temperatures (30 to 70°C) for 30 min. (c) To determine the optimal pH, the recombinant enzymes were incubated with
10 mg/ml laminarin substrate for 20 min at 50°C in buffers of various pH values (4.0 to 10.0). (d) Stability of rLamC and rLamC-AN at different pH
values. The residual enzyme activity was measured under optimal conditions after incubation of the purified enzyme with buffers with various
pH values at 4°C for 24 h.

had the ability to bind pachyman and zymosan A to various extents compared with
bovine serum albumin (BSA), but they could not bind to amylose.

In the second approach, the ability to bind soluble polysaccharides was assessed by
gel affinity electrophoresis. Under the assay conditions, laminarin slowed the migration
rates of both rLamC-AC and rLamC (Fig. 7a and b). In contrast, CMC only retarded the
mobility of rLamC and had no effect on rLamC-AC (Fig. 7a and c). The presence of
soluble polysaccharides did not affect the mobility of BSA and Trx tag protein, exclud-

TABLE 1 Substrate specificity of rLamC and rLamC-AN

Sp act? (U/nmol of protein) of:

Substrate® Solubility Main linkage rLamC rLamC-AN
Laminarin Soluble B-1,3, B-1,6 (Glc) 0.76 = 0.04 0.11 = 0.03
Pachyman Insoluble B-1,3 (Glo) 0.71 £ 0.08 0.057 = 0.01
Zymosan A Insoluble B-1,3, B-1,6 (Glc) 0.59 = 0.02 0.13 = 0.01
Salecan Soluble B-1,3, @-1,3 (Glc) 0.22 = 0.02 0.12 = 0.01
Curdlan Insoluble B-1,3 (Glc) 0.14 £ 0.01 0.09 = 0.01
CMC Soluble B-1,4 (Glc) 0.30 £ 0.04 0.22 = 0.03
Xylan Insoluble B-1,4 (Xyl) 0.42 = 0.02 0.27 = 0.04
Pustulan Insoluble B-1,6 (Glc) 0.13 £ 0.01 0.08 = 0.01
a-Dextran Soluble a-1,6 (Glo) ND< ND
Amylose Insoluble a-1,4 (Glc) ND ND

aAll substrates were used at a final concentration of 10 mg/ml, except salecan (5 mg/ml).
bActivity * standard error for triplicate samples.
°ND, no activity detected.
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TABLE 2 Kinetic constants? of rLamC and rLamC-AN toward laminarin

Enzyme K,, (mg/ml) Vimax (U/nmol of protein)
rLamC 14*03 09 = 0.1
rLamC-AN 2605 04 *=0.1

aValues are means = standard errors.

ing the nonspecific binding of soluble polysaccharides to the proteins. These results
indicated that the fascin-like module could bind to laminarin but not to CMC. The
retardation of the mobility of rLamC by CMC is caused by the interaction of the catalytic
domain with CMC.

The actin binding activity of the fascin-like module from LamC (rLamC-AC) was
assessed at high-speed (224,000 X g) cosedimentation with F-actin as described
previously by Jansen et al. (29). After centrifugation for 30 min, the amounts of protein
remaining in the supernatant and pellet were analyzed using 12% SDS-PAGE (see Fig.
S1 in the supplemental material). rLamC-AC was still present in the supernatant after

Gl G2 G3 G4 G5 1 2 3 4 Gl G2 G3 G4 G5 1 2 3 4

G d

Gl G2 G3 G4 G5 1 2
€

Gl G2 G3 G4 G5 1 2

Gl G2 G3 G4 G5 1 2 3 4

FIG 5 TLC analysis of the digestion products of rLamC with various different types of polysaccharide
linkages for various time intervals. G1 to G5 show standard maltooligosaccharides. rLamC was incubated
with 10 mg/ml laminarin (a), pustulan (b), CMC (c), xylan (d), and pachyman (e) at 30°C for 0 min, 30 min,
2 h, and 12 h (lanes 1 to 4, respectively). G1, glucose; G2, maltose; G3, maltotriose; G4, maltotetraose; G5,
maltopentaose.
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Pachyman Zymosan Amylose

BSA

rLamC

rLamC-AC

FIG 6 Binding assay of proteins toward insoluble polysaccharides (pachyman, zymosan A, and
amylose). The purified rLamC-AC or rLamC (10 ng) and the indicated substrate (2 mg) were
thoroughly mixed and incubated at 4°C for 1 h. The amounts of protein remaining in the supernatant
(S) and coprecipitating with the substrate (P) were examined by SDS-PAGE. BSA and amylose were
used as controls.

centrifugation (lane 2), whereas filamentous actin (F-actin) was almost entirely in the
pellet (lane 6). Note that there was no rLamC-AC in the pellet either when run with
F-actin (lane 9) or in the absence of F-actin (lane 3). Those results indicated that the
fascin-like module of LamC does not bind to F-actin.

DISCUSSION

This study identified a novel B-(1,3)-glucanase (LamC) comprising 438 amino acid
residues from Corallococcus sp. EGB. In addition to a GH16 catalytic module, this
B-(1,3)-glucanase also contained a fascin-like module (amino acids 56 to 182) located at
its N terminus. The domain organization of LamC is similar to that of GH5BG (a
B-glucosidase cloned from rice [Oryza sativa L] seedlings), which is composed of a
19-amino-acid prepeptide, a fascin-like module, and a 8-(1,3)-glucosidase module (20).
Successful expression of three LamC derivatives in E. coli allowed biochemical func-
tional characterization of this novel protein.

Modules of GH16 are present in bacterial B-(1,3)- and B-(1,3-1,4)-glucanases. How-
ever, LamC showed unusually broad specificity. The catalytic module of LamC catalyzed
the hydrolysis of B-(1,3)- and B-(1,6)-linked glucans in an exo-mode action and that of
B-(1,4)-linked glucan and xylan by endo-mode action. Few glycoside hydrolases with
similar activity have been reported. Lafond et al. reported a broad-specificity GH131
B-glucanase, PaGluc131A, that shared similar action modes on substrates [i.e., exo-
mode on f-(1,3)/(1,6)-glucan and endo-mode on p-(1,4)-glucan] (11). However,
PaGluc131A could not hydrolyze xylan, although it showed weak activity on pNP-3-p-
xylopyranoside (0.03%). Shi et al. characterized a bifunctional enzyme (XynBE18) that
had xylanase-glucanase activity with only one catalytic domain (30). Its catalytic
mechanism was explained as XynBE18 having a larger substrate-binding cleft that
allowed the binding of larger substrates, such as barley B-glucan and lichenin.
Further, they stated that for endo-acting glycoside hydrolases with a triosephos-
phate isomerase (TIM)-like barrel structure, such as endoglucanases, xylanases, and
B-(1,3-1,4)-glucanases, a larger cleft or groove allows the binding of several sugar
units and permits the enzyme to hydrolyze a variety of substrates. This model may

al 2 3 4 pl 2 3 4 1 2 3 4

RM 1 042 098 1.60 1 043 084 1.10 1 0.40 0.95 1.08

FIG 7 Retardation of protein mobility in native polyacrylamide gels with embedded soluble polysaccha-
rides. The indicated proteins were separated by native 12% PAGE without polysaccharide (a), native PAGE
including 0.2% (wt/vol) laminarin (b), and native PAGE including 0.2% (wt/vol) CMC (c) in the separation
gel. The relative mobility (RM) of each protein compared with BSA and Trx tag protein under the given
conditions is indicated. Lanes: 1, samples (5 ug) of BSA; 2, purified Trx tag protein, used as a control; 3,
rLamC-AG; 4, purified rLamC. White and black arrows indicate the migration positions of rLamC-AC and
rLamC, respectively.
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also explain the broad specificity of LamC, but this possibility requires further
structural analysis of the LamC-substrate complex.

A fascin-like module has been identified near the N terminus of a GH5
B-glucosidase (GH5BG) from rice (Oryza sativa L.), but the function of the fascin-like
module has not been described (20). Little is known about the role of the fascin-like
module in glycoside hydrolases. Therefore, we sought to determine whether the
fascin-like module could assist LamC in binding hydrolyzable polysaccharides. The
binding assays suggested that the fascin-like module can bind laminarin and
insoluble pachyman and zymosan A (Fig. 6 and 7) and that its presence enhanced
the hydrolytic activity toward those substrates (Table 1) and the enzymatic stability
of the catalytic module (Fig. 4).

Fascin is the main actin filament bundling protein in protrusive cellular structures
such as filopodia and dendrites, and it contains four B-trefoil domains (23). Jansen et al.
concluded that fascin contains two major actin-binding sites for bundling actin fila-
ments, coinciding with regions of high sequence conservation in B-trefoil domains 1
and 3, based on a high-resolution crystal structure (29). Molecules of glycerol and
polyethylene glycol could also be bound in pockets and clefts located within the two
major actin-binding sites, while the macroketone binding site is located in B-trefoil
domain 4 (29). Fascin was recently found to interact with B-catenin (31) and Rab35 (32),
but the binding sites on fascin remain unknown. These results suggested that each
module of fascin has a different role in binding different molecules, including proteins
and other organic compounds. Liu et al. also reported that each gelsolin-like domain of
Caenorhabditis elegans gelsolin, another actin binding protein, plays distinct roles in
actin filament binding, severing, and capping, although amino acid sequences of the
four gelsolin-like domains are highly homologous (33). The lack of cosedimentation of
rLamC-AC and F-actin indicated that the fascin-like module of LamC could not bind to
F-actin (Fig. S1 in the supplemental material). We presumed that the fascin-like module
of LamC is more similar to B-trefoil domain 2 or B-trefoil domain 4 than to the two
actin-binding sites (B-trefoil domains 1 and 3). Thus, it is reasonable that the fascin-like
module of LamC binds polysaccharides rather than F-actin.

In conclusion, we identified and characterized a novel 3-(1,3)-glucanase (LamC) from
Corallococcus sp. EGB; this enzyme shows exo-mode activity toward B-(1,3)- and
B-(1,6)-linked glucans and endo-mode activity on a -(1,4)-linked glucan and xylan
within a single catalytic domain. The fascin-like module of LamC is identified as a novel
B-(1,3)-linked glucan-binding module.

MATERIALS AND METHODS

Strains, media, plasmids, and chemicals. Corallococcus sp. EGB (CCTCC no. M2012528) was cultivated
in CTT medium (pH 7.6), consisting of 1% (wt/vol) Casitone, 8 mM MgSO,, 10 mM Tris-HCl, and 1 mM
potassium phosphate. Escherichia coli DH5« (Invitrogen, Carlsbad, CA, USA) and the plasmid pMD19-T
(TaKaRa, Otsu, Japan) were used for gene cloning. The host strain E. coli Origami B(DE3) and pET32a(+)
(Novagen, Damstad, Germany) were used for expression of LamC derivatives. E. coli Origami B(DE3) was
cultivated in Luria-Bertani (LB) broth or on agar plates containing 15 ug/ml kanamycin, 12.5 ug/ml
tetracycline, and 50 ug/ml ampicillin for protein expression. The His,-tagged protein was purified by
immobilized-metal affinity chromatography (IMAC) using an Ni2*-nitrilotriacetic acid (NTA) resin (Qiagen,
Hilden, Germany). The DNA purification kit, isopropyl-B-b-thiogalactopyranoside (IPTG), restriction en-
donucleases, T4 DNA ligase, PrimeSTAR HS DNA polymerase, and LA Tag DNA polymerase with GC buffer
and deoxynucleoside triphosphates (ANTPs) were purchased from TaKaRa.

Laminarin (from Laminaria digitata), barley B-glucan, zymosan A, birchwood xylan, CMC, and
a-dextran were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pachyman was purified from
commercial fruiting bodies of the basidiomycete Poria cocos (34). Salecan, which is a novel soluble
B-(1,3)-glucan, was prepared from Agrobacterium sp. ZX09 as described by Xiu et al. (35). Filamentous
actin (F-actin; Cytoskeleton, Denver, CO, USA) was used for analyzing the binding activity of the
fascin-like module with F-actin.

Molecular cloning of the B-(1,3)-glucanase-encoding gene. Genomic DNA was extracted from
Corallococcus sp. EGB cells using the method described by Kaiser et al. (36). In accordance with a putative
B-(1,3)-glucanase A1 (GenBank accession no. AFE08907) sequence from C. coralloides DSM 2259 (24), the
full-length B-(1,3)-glucanase gene was PCR amplified from the chromosomal DNA of Corallococcus sp.
EGB with the F1 and R1 primers (Table 3). The PCR amplification was performed with 32 cycles of 95°C
for 30 s, 60°C for 30 s, and 72°C for 80 s, followed by a 10-min extension at 72°C. The amplified PCR
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TABLE 3 Oligonucleotide primers used in the PCR to amplify the desired DNA fragments

Amplified fragment Primer sequence (5'—3')@

LamC F1, ATGGCGACGAGAGCCGTGAAGG
R1, CTAGCGCCACTGGTAGGCG

rLamC-AC F2, CCGGAATTCCTGAAGGCGTGCGCAACGCAG
R2, CCGCTCGAGCTAGAAGGAGAACGCCTCCCAGC

rLamC-AN F3, CCGGAATTCTGGGCCGACGAGTTCGAC
R3, CCGCTCGAGCTAGCGCCACTGGTAGGCG

rLamC F4, CCGGAATTCGCTTCGCGGGACGCGGCGC
R4, CCGCTCGAGCTAGCGCCACTGGTAGGCG

rLamC-Mutant® F5, GCGGGGCGCTCGACATCATGGCGAACGTCG
R5, CGACGTTCGCCATGATGTCGAGCGCCCCGC

aUnderlined sequences within the primers are the EcoRI and Xhol restriction sites.
bThe two mutated nucleotides are underlined and in boldface.

products were purified, ligated into the pMD19-T simple vector, and sequenced by Invitrogen Corpo-
ration.

Bioinformatic analysis. The nucleotide sequences were assembled by the DNAMAN software
package (version 5.2.2; Lynnon BioSoft, San Ramon, CA, USA). The signal peptide was predicted in the
SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP). The DNA and protein sequence alignments
were performed via the National Center for Biotechnology Information (NCBI) with the programs BLASTN
and BLASTP (http://www.ncbi.nlm.nih.gov/BLAST), respectively. The conserved domains and the GH
family classification were identified via the website http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd
.shtml (37). The protein sequence alignments were generated with the MUSCLE alignment in MEGA 7.0
software (38). The distance matrix for nucleotides was calculated by Kimura's two-parameter model (39).
The phylogenetic tree was constructed using the neighbor-joining algorithm in MEGA 7.0 and assessed
using 1,000 bootstrap replications (40). The molecular mass and the isoelectric point (pl) were calculated
via the ExPASy Proteomics server (41).

Construction of the expression vectors. Three LamC derivatives (designated rLamC-AC, rLamC-AN,
and rLamC) containing one or two modules were designed based on analysis of the conserved domains
(Fig. 1a). The corresponding coding regions were PCR amplified from the 1.3-kb cloned DNA with the
indicated primer pairs (Table 3). The PCR amplifications with the PrimeSTAR HS DNA Polymerase were
performed in 32 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 to 2 min, followed by a 10-min
extension at 72°C. The PCR-amplified fragments introduced an EcoRl site at the 5’ end and an Xhol site
at the 3" end. The PCR products were digested with EcoRl and Xhol and then inserted into the pET32a(+)
expression plasmid with an N-terminal Trx-tag and a His, tag to generate pET-rLamAC, pET-rLamC-AN,
and pET-rLamC. After transformation into E. coli DH5«, the positive transformants were screened and
verified by DNA sequencing. The expression constructs were used to transform E. coli Origami B(DE3)
competent cells for protein expression.

Protein expression and purification. For expression of LamC derivatives, selected clones were
cultured in liquid LB broth at 37°C until the optical density at 600 nm (ODy,,) reached 0.5 to 0.6. Bacterial
culture was induced with a final concentration of 0.2 mM IPTG at 18°C for 16 h. The cells were harvested,
washed, resuspended in an equilibration buffer (20 mM sodium phosphate buffer, pH 7.0, and 1 mM
phenylmethylsulfonyl fluoride [PMSF]) at 4°C, and lysed by ultrasonication (Insonator M201; Kubota,
Japan). The lysate was centrifuged at 12,580 X g for 20 min, and the supernatant was used as a crude
enzyme solution. Expressed proteins were purified with Ni2*-NTA resin (42) according to the manufac-
turer’s instructions. All protein samples were analyzed by SDS-PAGE.

Initial enzyme activity assay and determination of protein concentration. Activity screening
against the various substrates was performed by DNS assays (43). Unless otherwise indicated, the enzyme
reaction mixture containing suitably diluted enzyme and different polysaccharide substrates at a final
concentration of 10 mg/ml in 20 mM sodium phosphate buffer (pH 7.0) was incubated at 50°C for 20 min.
The amount of reducing sugar was determined spectrophotometrically at 540 nm. One unit of enzyme
activity was defined as the amount of enzyme required to release reducing sugars equivalent to 1 umol
of glucose per min under the test conditions. Hydrolytic activities against insoluble substrates were
evaluated after gently mixing the reaction mixtures during incubation. Then, the mixture was centrifuged
at 12,580 X g at 4°C for 10 min. The reducing sugars in the supernatant were measured by the method
described by Li et al. (44). The protein concentration was photodensitometrically determined by the
Bradford method using BSA as the standard (45).

Enzymatic characterization. Against laminarin as the substrate, the optimal temperature for the
B-(1,3)-glucanase activity was determined over the range of 30 to 70°C in 20 mM phosphate buffer
(pH 7.0). Enzyme thermostability was determined by measuring the residual activity after preincu-
bation of the enzyme in 20 mM phosphate buffer (pH 7.0) at 30 to 70°C without substrate for 30 min.
The optimal pH for B-(1,3)-glucanase activity was assessed in several buffers at 50°C. The following
buffers were used: 20 mM citrate buffer, pH 4.0 to 6.0; 20 mM phosphate buffer, pH 6.0 to 9.0; and
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20 mM glycine-NaOH buffer, pH 9.0 to 10.0. To measure the pH stability, the enzyme was incubated
at 4°C for 24 h in different buffers, and the residual activity was determined against laminarin at 50°C
for 20 min.

The substrate specificity was determined using the DNS method with various carbohydrates (10
mg/ml, laminarin, curdlan, pachyman, zymosan A, pustulan, xylan, CMC, a-dextran, and 5 mg/ml salecan)
under the optimal conditions for each enzyme.

To determine the apparent kinetic parameters against laminarin under the optimal conditions for
each enzyme, the initial velocities were measured for laminarin concentrations ranging from 0.5 to 3
mg/ml in accordance with the reaction rate of LamC and varied linearly with the substrate concentration.
The K, and V, . values were obtained from Lineweaver-Burk plots (46).

Site-directed mutagenesis. To investigate whether the B-(1,3)-, B-(1,4)-, and B-(1,6)-glucanase and
xylanase activities of LamC were derived from the same active center, site-directed mutagenesis of the
catalytic residues was performed by overlap extension PCR (47). The forward and reverse primers
(flanking primers) were F4 and R4, respectively. The double mutations E304A and E309A were generated
in rLamC-Mutant with the internal primers F5 and R5, listed in Table 3. The resulting mutant plasmids
were confirmed by DNA sequencing and transformed into E. coli Origami B(DE3) cells. The expression,
purification, and enzyme activity assay of the mutant -(1,3)-glucanase (rLamC-Mutant) followed the
same procedure as the one described for wild-type LamC.

Detection of hydrolytic products. Purified rLamC and various substrates (laminarin, pustulan, xylan,
and CMC) at a final concentration of 10 mg/ml were incubated in 1 ml of 20 mM phosphate buffer (pH
7.0) at 30°C for various time intervals. The hydrolytic products were examined by TLC on silica gel 60
plates (Merck, Germany) using n-butanol-methanol-H,0 (8:4:3, vol/vol/vol) as the solvent system (48).
The reaction products were visualized by spraying a sulfuric acid-methanol (1:1, vol/vol) solution onto the
plate, followed by baking at 95°C for 10 min.

Binding activity assays. The binding of the noncatalytic fascin-like module (rLamC-AC) to insoluble
polysaccharides was determined by using a pulldown assay (49). The purified rLamC-AC or rLamC (10 ng)
and the indicated substrate (2 mg) were thoroughly mixed in 200 ul of 20 mM phosphate buffer (pH 7.0)
at 4°C with gentle shaking. After centrifugation at 1,000 X g for 5 min, the pellet was washed once and
resuspended in 200 ul of the same buffer. The proteins in the supernatant and pellet were analyzed by
12% SDS-PAGE. BSA was used as a negative control.

The binding of rLamC-AC to soluble polysaccharides was assayed by affinity electrophoresis with 2
mg/ml laminarin and CMC incorporated into a native 12% polyacrylamide gel (PAGE) (50). Electropho-
resis was performed at 80 V at 4°C. Retardation of protein migration on the gel would depend on the
binding potency of the protein to laminarin and CMC.

Fascin is the main actin filament bundling protein in filopodia. In order to examine whether the
fascin-like module from LamC has binding activity toward F-actin, a cosedimentation using
rLamC-AC and F-actin was performed (29). rLamC-AC was first centrifuged at 224,000 X g for 30 min
to remove potential aggregates. F-actin (15 uM) was incubated with 10 uM rLamC-AC for approx-
imately 8 h at room temperature in G buffer (2 mM Tris-HCI [pH 7.4], 0.2 mM CacCl,, 0.2 mM ATP, 1
mM dithiothreitol [DTT], T mM NaN;). Samples were centrifuged for 30 min at 224,000 X g for
binding experiments. The amounts of protein remaining in the supernatant and pellet were analyzed
by 12% SDS-PAGE.

Accession number(s). The sequence for the novel B-(1,3)-glucanase gene (lamC) cloned from
Corallococcus sp. EGB was deposited into the GenBank database under the accession number KX583630.
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