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Abstract: Glycoside hydrolase family 9 (GH9) endoglucanases are important enzymes for cellulose
degradation. However, their activity on cellulose is diverse. Here, we cloned and expressed one
GH9 enzyme (CalkGHIT) from Clostridium alkalicellulosi in Escherichia coli. CalkGHIT has a modular
structure, containing one GH9 catalytic module, two family 3 carbohydrate binding modules, and
one type I dockerin domain. CalkGHIT exhibited maximal activity at pH 7.0-8.0 and 55 °C and
was resistant to urea and NaCl. It efficiently hydrolyzed carboxymethyl cellulose (CMC) but poorly
degraded regenerated amorphous cellulose (RAC). Despite strongly binding to Avicel, CalkGHOT
lacked the ability to hydrolyze this substrate. The hydrolysis of CMC by CalkGHOT produced a series
of cello-oligomers, with cellotetraose being preferentially released. Similar proportions of soluble
and insoluble reducing ends generated by hydrolysis of RAC indicated non-processive activity. Our
study extends our knowledge of the molecular mechanism of cellulose hydrolysis by GH9 family
endoglucanases with industrial relevance.
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1. Introduction

Cellulose is the most abundant polysaccharide in plant cell walls. It is composed of
glucose units linked by 3-glucosidic bonds. Each glucose residue is rotated 180° relative to
its adjacent residues, yielding cellobiose as the structural repeating unit of cellulose [1]. In
addition, this structural configuration makes the glucan chain linear. This chain linearity
allows the glucan chains to contact other chains, forming intra- and inter-hydrogen bonding
within and between the chains. This close association between cellulose chains results in a
tightly packed, crystalline polymeric structure. This rigid and strong cellulose polymer
provides structural integrity to plants and recalcitrance to microbial attack [2].

Microorganisms, including fungi and bacteria, have developed enzyme systems to
gain sugar from cellulose [1,3]. Cellulose-degrading enzymes, or cellulases, are collectively
defined as enzymes that hydrolyze 3-glucosidic linked cellulose chains [1]. Indeed, cellu-
lases contain three classes of enzymes according to their modes of actions to cleave cellulose.
3-1,4-Endoglucanases (EC3.2.1.4) randomly cut the intramolecular 3-1,4-glucosidic bond
of cellulose chains to create new chain ends, and cellobiohydrolases or exoglucanases
(EC3.2.1.91 and EC3.2.1.176) processively attack at the ends of cellulose chains to produce
soluble sugars, particularly cellobiose. 3-Glucosidases (EC3.2.1.21) then cleave cellobiose
to yield glucose. Therefore, the synergistic interaction of three classes of cellulases are
believed to completely convert cellulose to glucose [4,5].

According to the Carbohydrate Active Enzyme Database (http://www.cazy.org/,
accessed on 3 December 2020), cellulases are grouped into several glycoside hydrolase
(GH) families based on the amino acid sequence similarity of their catalytic modules.
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Cellulases are lodged into GH families: 1, 3, 5, 6, 7, 8, 9, 10, 12, 16, 44, 45, 48, 51, and
61; among these, GH9 cellulases are distinctive from cellulases in other families [6-9].
The GH9 family exclusively contains enzymes with endoglucanase activity. Interestingly,
these endoglucanases can show either processive or non-processive activities [6]. The
endoglucanases with processive activity, called processive endoglucanases, behave like
exoglucanases during hydrolysis of insoluble cellulose. This means that the enzymes
can attach to the substrate and progressively hydrolyze it before diffusion occurs [10].
However, the catalytic performance of GH9 endoglucanases varies, and it cannot be
precisely predicted by sequence similarity, as individual GH9 endoglucanases have shown
different substrate preferences and diverse hydrolysis activities on different forms of
cellulose [6,10-12].

In addition, several GH9 endoglucanases are modular enzymes, containing accessory
modules such as immunoglobulin (Ig)-like modules, fibronectin III-like domains, and
carbohydrate binding modules (CBMs) [6,13]. Family 3 CBMs are involved in binding to
cellulose, and three major subgroups (3a, 3b and 3c) were classified in the family 3 CBM
on the basis of primary sequence similarity [8]. Subfamilies 3a and 3b bind to the surface
of microcrystalline cellulose strongly and promote the cellulolytic rate by concentrating
the enzyme near the cellulose surface. Unlike Subfamilies 3a and 3b, subfamily 3c binds
weakly to cellulose due to the lack of several conserved aromatic residues that are impor-
tant for the strong binding to cellulose [14]. However, CBM3c is believed to convey a single
cellulose chain into the nearby catalytic domain and plays an essential role for processiv-
ity [8,14,15]. Therefore, the functions of these modules (immunoglobulin (Ig)-like modules,
fibronectin Ill-like domains, and CBMs) remain unclear; however, they are believed to be
helper modules that are involved in structural stability or the hydrolysis efficiency of GH9
enzymes [10,15]. The modular structure and functionality of GH9 endoglucanases require
comprehensive investigation. In addition, a more complicated modular organization of
GH9 endoglucanases exist in the genomes of some cellulosome-producing microorgan-
isms, with a GH9 catalytic module connected downstream to two family 3 CBMs and one
dockerin [16,17]. Unfortunately, data on the functional roles of these individual modules
during cellulose hydrolysis by this GH9 theme are scarce.

Clostridium alkalicellulosi is a mesophilic bacterium collected from alkaline environ-
ments. This microorganism demonstrates high cellulose degrading activity on recalcitrant
polysaccharides and algal biomass [18,19]. This efficient catalysis is believed to be linked
to the cellulosome system, which is known to be an efficient enzyme complex for cellulose
and polysaccharide degradation [18]. Nevertheless, a detailed investigation of cellulosomal
elements in C. alkalicellulosi has not been performed. Recently, draft genome sequencing
of C. alkalicellulosi was achieved, revealing many genes related to structural components
essential for cellulosome assembly [20,21]. In addition, various cellulosomal GH enzymes,
specifically dockerin-borne enzymes, exist in the genome. Herein, one putative cellu-
losomal GH9 enzyme, named CalkGHIT, from the C. alkalicellulosi genome was cloned,
expressed, and biochemically characterized. This GHY enzyme has a modular structure and
demonstrated unusual enzymatic activity on cellulosic substrates, differing from previously
characterized GH9 endoglucanases.

2. Results and Discussion
2.1. Bioinformatics Analysis

The genome of C. alkalicellulosi was sequenced, and analysis showed that it con-
tained one gene, CloalDRAFT_2759, which encodes a protein belonging to glycoside
hydrolase family 9. The gene (2841 bp) was computationally translated to a protein
sequence of 947 amino acids with a molecular weight of 107.5 kDa and pl = 4.52
(https:/ /web.expasy.org/cgi-bin/protparam/protparam/, accessed on 13 June 2019)
(Figure S1). Accordingly, we designated this deduced protein CalkGHIT, and this name is
used hereafter. SignalP 5.0 server analysis (http:/ /www.cbs.dtu.dk/services/SignalP/,
accessed on 13 June 2019) showed the presence of an N-terminal signal peptide in the
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polypeptide with a cleavage site between Ala34 and Asp35, indicating that CalkGHOIT is
secreted extracellularly. BlastP server analysis (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 13 June 2019) revealed the modular structural organization of CalkGH9T, which
contains, from the N-terminus, one GH9 catalytic module, two family 3 CBMs (CBM3s),
and one type I dockerin domain (Figure 1A). Similarly, this modular architecture is present
in the genes from C. thermocellum, Acetivibrio cellulolyticus, and C. clariflavum [16,17].
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Figure 1. (A) Modular architecture of CalkGH9T, showing a full-length sequence (947 amino acids)
starting from an N-terminal signal peptide followed by one GH9 catalytic module, two family
3 CBMs, and one dockerin. (B) Multiple sequence alignment of catalytic module of CalkGHIT and
four selected GH9 enzymes. Identical residues are shown in white with a red background, whereas
amino acid replacements (conservative changes) are shown in red with a white background. The
three conserved catalytic residues are highlighted in yellow and marked with stars. The sequences
were aligned by use of Clustal Omega [22] and the sequence alignment was displayed by using
ESPript [23].
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The sequence of the CalkGHIT catalytic module was blasted against protein sequences
available in the NCBI database. The CalkGH9T catalytic module shared some similar-
ity with endo-1,4-B-glucanases of Hungateiclostridium (formerly Clostridium) thermocel-
lum (CAK22317.1; 81.64%), H. saccincola (WP_101299764.1; 82.36%), and H. straminisolven
(WP_054847055.1; 80.64%). Unfortunately, these most closely related putative enzymes
have not been biochemically characterized. To identify amino acids involved in catalysis,
we selected the two closest uncharacterized sequences and three known catalytic module
sequences of Cel9] and Cel9P from C. cellulolyticum (CcCel9] and CcCel9P) [6] and Cel9T
from C. thermocellum (CtCel9T) [24], which shared some similarity (68%, 44%, and 46%,
respectively) with CalkGH9T. Multiple sequence alignment of these five GH9 sequences
was performed by using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/,
accessed on 13 June 2019), which revealed highly conserved active site regions (Figure 1B).
The important catalytic amino acids were predicted to be Asp120, Asp123, and Glu504 [15].
Glu serves as a catalytic general acid, and the two Asp residues potentially bind water
molecules and serve as catalytic general bases that carry out the nucleophilic attack on the
C1 carbon of the target glucose unit, resulting in bond cleavage through an inversion-type
reaction [15].

CalkGHIT contains two CBM3s, designated CalkCBM3 and CalkCBM3'. CalkCBMS3 is
fused to the C-terminus of GH9 catalytic module, followed by CalkCBM3'. The CalkCBM3
sequence is 29.3% and 31.5% similar to the characterized CBM3s of endoglucanases Cell
and CelQ from C. thermocellum, and the CalkCBM3' sequence shares 40% and 53% similarity
with the known CBM3s of the C. thermocellum Cell and Cel9V, respectively. The Cell
and CelQ CBM3s adjacent to the GH9 catalytic modules belong to the type C CBM3
(CBM3c) [15,25], whereas the additional CBM3s of the C. thermocellum Cell and Cel9V
belongs to type B and B’ CBM3 (CBM3b and b’), respectively [8,14,16]. Unlike CBM3a or b,
CBM3c binds weakly to cellulose because of the absence of conserved aromatic residues
that are involved in strong binding to cellulose. Nevertheless, some CBM3cs participate in
catalytic function by facilitating cellulose decrystallization and supply the cellulose chain
to the active site of the catalytic module [25,26]. Based on sequence similarity, CalkCBM3
and CalkCBM3' possibly show similar functions as the previously characterized CBM3c
and CBM3b. However, the presence of two CBM3s in a single polypeptide suggests that
individual CBM3s may have more selective roles during cellulose hydrolysis. Therefore,
the functions of CalkCBM3 and CalkCBM3' remain to be studied.

A search for similarity of the CalkGHIT dockerin domain against available dockerin
sequences revealed that the CalkGHIT dockerin is a type I dockerin, and it shares 62%
similarity to the type I dockerin of CtCel5c of C. thermocellum [27]. Pairwise alignment
showed that, like CtCel5c, CalkGHI9T dockerin has conserved identical amino acids, Ser
and Thr at positions 10 and 11, and similar amino acids, Arg and Arg at positions 17 and 18
(Lys and Arg are at the same positions in CtCel5c dockerin). However, the amino acid
at position 22 of CalkGHIT dockerin is Glu, whereas that of CtCel5c dockerin is Arg
(Figure 2). The amino acids at these positions (10, 11, 17, 18 and 22) serve for binding
recognition residues to interact with cohesin modules. Dockerin sequences are highly
conserved within cellulosome producing microorganisms, and some dockerin sequences
are very species-specific [20]. The function of type I dockerin is to dock the enzymatic
subunit to the scaffolding protein to form a cellulosome complex. Our results indicate
that dockerin-borne CalkGHIT is a cellulosomal enzymatic subunit of the C. alkalicellulosi
cellulosome, and it possibly shows cross-reactivity with C. thermocellum cellulosome based
on sequence similarity [21].
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Figure 2. Pairwise alignment of CalkGHO9T and CtCel5c dockerin modules. The sequences were
aligned by use of EMBOSS Needle. The amino acid residues involved in Ca?*-binding loops are high-
lighted in cyan, and those involved in binding recognition with cohesin are highlighted in magenta.

2.2. Protein Expression and Purification

The gene encoding CalkGHIT, without a signal peptide, was subcloned and expressed
in competent E. coli BL21 (DE3) cells at 16 °C. The protein was expressed in a soluble form
and purified with an Ni2*-NTA column, as it contained N-terminal His-tag. The size and
purity of the purified CalkGHIT was determined by SDS-PAGE, which showed a single
band with an estimated size of 107 kDa (Figure S2). The apparent molecular weight is
consistent with the size deduced from the translated gene, and the full-length sequence of
CalkGHOT was used for biochemical study.

2.3. Substrate Preference and Effects of pH and Temperature on Enzyme Activity

The enzymatic activity of CalkGHIT on polysaccharides was investigated (Table 1).
Here, we used CMC, an ionic carboxymethyl cellulose with degree of substitution of
about 0.4, as a soluble substrate for detecting endoglucanase activity. RAC and Avicel, the
insoluble substrates that contain amorphous fractions and crystallinity (70%) [28], were
used for detecting cellulase and exo-glucanase activities, respectively [29]. Xylan, a partially
acetylated (3-(1,4)-linked xylose monosaccharides, contain both soluble and insoluble forms.
This substrate was used for detecting endo-xylanase activity, as this substrate shares similar
(3-1,4-glycosidic bonds in its main chain to cellulose. The results indicated that CalkGHOT
had the highest activity towards CMC (Table 1). The activity on RAC was low, and the
activity on Avicel was undetectable. CalkGHIT showed side-activity on xylan. This result
suggests that CalkGHIT seems to hydrolyze (3-1,4 linked glucan and xylan substrates.
However, insoluble and crystalline forms of the substrates likely restrict the enzymatic
activity. Based on this evidence, CMC was used as a substrate for further characterization.

Table 1. Substrate preference of CalkGHOIT.

Activity (WM Relative
Substrate Main Linkage  Solubility in Water =~ Product/min/uM c o
. Activity (%)
Protein)

CMC -1,4 glucan Soluble 1021 100
RAC 3-1,4 glucan Insoluble 1421 14
Avicel -1,4 glucan Insoluble ND 2 ND
Xylan -1,4 xylan In/soluble 261 26

! Enzymatic assay for RAC was incubated for 3 h with enzyme load of 1 uM. 2 ND, no detectable activity at the
assay conditions for 24 h with enzyme load of 1 uM.

Analysis of the effects of pH and temperature on enzymatic activity was performed
using CMC as a substrate. CalkGHO9T was active over a pH range of 5.0-11.0 at 55 °C
(Figure 3A). CalkGHOT showed more than 80% of its maximal activity at pH 7.0-8.0, with
the highest activity (100%) at pH 7.4. The activity sharply decreased when the pH increased
from 8.0 to 11.0. However, the enzyme remained active at pH 10.0, with 50% residual
activity. To test the stability of CalkGHIT in various pH environments, the enzyme was
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incubated in different buffers (pH 3.0-11.0) at 30 °C for 1 h prior to incubation with CMC
(Figure 3B). CalkGHIT showed good stability in the pH range of 7.0-9.0, and the activity
gradually decreased outside this pH range. The pH profile and stability results indicate
that CalkGHOIT functions better in near neutral or slightly alkaline environments.
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Figure 3. Biochemical properties of CalkGHOIT. (A) Profiles of pH on activity and (B) pH stability
assayed at 55 °C. (C) Influence of temperature on and (D) thermostability analysis of the activity of
CalkGHOT assayed at pH 7.4. For pH and temperature assays, the maximum activity was considered
100%; for pH and temperature stability assays, the enzyme activity without any treatments was
considered 100%. (E) Effects of metal ions and (F) NaCl on CalkGHOT activity. The enzymatic reaction
was tested with 1% (w/v) CMC. Values are means and bars represent the standard deviations for
three independent experiments. For NaCl study, different letters within bars indicate significant

differences (p < 0.05) between the means of glucose concentrations as analyzed by Tukey’s test of
multiple comparisons after ANOVA test.

CalkGHOT was active over a temperature range of 30-70 °C at pH 7.4 (Figure 3C). The
activity increased as a function of temperature, and the maximal activity (100%) occurred
at 55 °C. The activity was lower with temperatures over 60 °C, but the enzyme retained
approximately 40% residual activity at 70 °C. At 80 °C, CalkGHIT had completely lost
its activity. The thermal stability was investigated because it is a key factor for enzymes
used in industrial applications. CalkGHIT was incubated at three temperatures: 40, 50,
and 60 °C (Figure 3D). CalkGHIT was highly stable at 40 °C; prolonged incubation up to
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two days did not significantly diminish the activity (data not shown). The half-lives of
CalkGHIT at 50 and 60 °C were 1.5 h and 42 min, respectively. Our results indicate that
CalkGHOT functions best at a moderate temperature.

2.4. Effect of Metal lons and Chemicals

The influence of metal ions (1 mM) on the activity of CalkGHIT against CMC was
tested (Figure 3E). CalkGHIT activity was strongly inhibited by Cu?* and Zn?*. Mg?* and
Ca?* did not show any inhibitory effects on CalkGHIT activity. Urea did not decrease
the activity of CalkGHIT, but EDTA remarkably decreased the activity, resulting in 25%
residual activity. It has been reported that Ca®* is necessary for GH9 enzymes because it is
involved in conformational stability and catalysis [9,30]. In addition, CalkGH9T contains
one dockerin and two CBMs that require Ca?* to stabilize their structures [8,20]. The
addition of EDTA may chelate with metal ions, thus decreasing overall structural stability
and activity of the enzyme.

2.5. Effect of NaCl Concentration

The activity of CalkGHIT on CMC in the presence of NaCl was investigated because
C. alkalicellulosi was collected from a soda lake, which has high salinity (up to 2.4%) [19]
(Figure 3F). The activity of CalkGHIT without added NaCl was taken as 100%. CalkGHIT
showed great resistance to NaCl. NaCl concentration in a range of 1-5% (w/v) did not
significantly affect the enzyme activity. At7.5% and 10% (w/v) NaCl, CalkGHIT retained
more than 80% activity. This result indicates that, unlike common cellulases, high salinity
does not strongly inhibit the catalytic efficiency of CalkGHIT [31,32]. This suggests that
CalkGHOT is halotolerant. The high-salt resistance may be in part explained by the fact
that the catalytic domain of CalkGHOIT is rich in acidic amino acids (Figure S1). The
distribution of the excess charges on the protein surfaces might prevent aggregation and/or
precipitation induced by a high concentration of salts [33].

2.6. Mode of Action
2.6.1. Activity on Polysaccharides

To characterize hydrolysis by CalkGH9T, the profile of CMC hydrolysis was studied
(Figure 4A). The release of reducing sugar increased with hydrolysis time. The rate of
reducing sugar release reached a plateau after 3 h. After that, reducing sugar release was
steady. The constant release of reducing sugar may be in part explained by end-product
inhibition. In addition, the activity of the enzymes was abolished when the temperature
was at 50 °C or higher after 3-h incubation (Figure 3D). Therefore, the constant release of
reducing sugar by CalkGHOT at 55 °C after 3 h could be due to the loss of enzyme activity
and stability.

The reducing sugars released from CMC by CalkGHIT were analyzed by TLC (Figure 4B).
The initial hydrolysis of CMC was considered to occur within 5 min. At 1 min, cellotetraose
appeared as the initial hydrolysis product. From 1 to 5 min, cellodextrins with various
degrees of polymerization arose. The series of the hydrolysis oligomers produced indicates
an endo-acting mode for CalkGHIT. However, at different time points from 1 min to 16 h,
cellotetraose (G4) existed as the major hydrolysis product throughout the course of hydrol-
ysis, and other oligosaccharides, including cellopentaose (G5), cellotriose (G3), cellobiose
(G2), and glucose (G1), appeared as minor hydrolysis products. Larger cellodextrins (>G5)
were not observed. The high accumulation of G4 during CMC hydrolysis suggests that
CalkGHOT is a cellotetraose producer with an endo-acting mode of action. On the other
hand, a small amount of glucose was observed after 3 h of hydrolysis. The slight release of
glucose is possibly a result of partial hydrolysis of some cellodextrins, such as cellopentaose
(see results in Section 2.6.2).
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Figure 4. (A) Time course of reducing sugar release by 0.25 uM CalkGHIT using CMC as the substrate.
The hydrolysis reactions between 60 to 480 min were analyzed; however, the X-axis break was used
to enhance the readability for the chart. (B) TLC analysis of the hydrolysis products using CMC as
the substrate. (C) TLC analysis of soluble sugars derived from RAC hydrolysis by 1.0 uM CalkGHIT.
The enzymatic reactions of CMC and RAC were performed at pH 7.4 and 55 °C. The samples of
soluble sugars from RAC hydrolysis were concentrated by evaporation prior to being spotted on
TLC. S, standards of glucose and cellodextrins with a degree of polymerization of 2-6 (G2-G6).

Unlike CMC, hydrolysis of RAC by CalkGHIT at 0.25 uM enzyme load from 1 to
16 h-incubation did not result in any detectable sugar release. To confirm this, the enzyme
load was increased to 1.0 uM (a 4-fold increase), and the reaction was incubated for
0.5, 1.5, and 3 h. Nevertheless, the amount of sugar release from RAC was very small
(0.1-0.2 mg/mL), and there was no significant difference in sugar concentrations at the
three incubation times tested (Figure S3). The low activity on RAC indicates that insoluble
amorphous cellulose is not a preferable substrate for CalkGHIT. To determine the reducing



Catalysts 2021, 11, 1011

90f18

sugar produced, the supernatant was concentrated by evaporation and analyzed via TLC.
Like CMC hydrolysis, G4 appeared as the main product (Figure 4C).

2.6.2. Activity on Cellodextrins

To understand more about cleavage patterns of CalkGHIT, the hydrolysis of cellodex-
trins (G6-G2) was studied (Figure 5). Within 5 min of hydrolysis, CalkGHI9T completely
hydrolyzed G6 to G4 and G2 and partially hydrolyzed G5 to G4 and G1. However, G4,
G3, and G2 were not hydrolyzed (Figure 5. This result indicates the preferential cleavage
of long chain oligomers. With prolonged incubation time (16 h), the hydrolysis of G5
was incomplete, leaving G5, G4, and G1. Nevertheless, no hydrolysis of G4, G3, and G2
was observed). This result indicates that G4, G3, and G2 are potential end-products of
CalkGHOT (Figure S4). The active sites might contain at least six binding subsites.

5-min incubation

\
G1 : ' G1
G2 - - G2
G m|™w i i G
G4 - - ES G4
G5 - - - G5
G6 » ) s G6

’I': = STTE R T I e T W S T & —

S G2G2+E G3G3+E G4G4+E G5G5+E G6G6+E S

Figure 5. TLC analysis of hydrolysis products generated by 0.25 uM CalkGHIT using cellodextrins
with a degree of polymerization of 2-6 (G2-G6) as the substrates for 5-min incubation. S, standards of
glucose and cellodextrins with a degree of polymerization of 2-6 (G2-G6). E, CalkGHIT. G2, G3, G4,
G5, and G6 represent a reaction control (a reaction mixture containing a substrate and a denatured
enzyme). G2 + E, G3 + E, G4 + E, G5 + E, and G6 + E represent enzymatic reactions. The enzymatic
reactions were performed at pH 7.4 and 55 °C.

2.7. Cohesin-Dockerin Interaction

The unique feature of cellulosome assembly is the interaction of enzyme borne dock-
erins and cohesin containing scaffolds [20]. The primary scaffold, named ScaA, of C.
alkalicellusi cellulosome contains 10 type I cohesin modules (Figure 6A) [21], and it was
selected because it was a core protein that integrates the key cellulosomal enzymes [21]. To
prove the type I dockerin of CalkGHIT is functionally active, the dockerin module and four
cohesin modules of ScaA were expressed and tested for binding interaction. These four
cohesin modules were selected according to their difference in sequence similarity [21].
Based on the affinity-based ELISA assay, the type I dockerin of CalkGHIT bound signifi-
cantly to four selected cohesin modules of ScaA (Figure 6B), indicating that CalkGHIT is
an enzymatic subunit of the C. alkalicellusi cellulosome. The CalkGHIT dockerin exhibited
a relatively higher affinity to the cohesin module I (ScaA-1) than ScaA-4, 5, and 10. This dif-
ference may reflect the difference in cohesin-dockerin recognition. A similar phenomenon
was observed in Clostridium clariflavum [34] and Acetivibrio cellulolyticus [35], in which the
dockerins of the cellulosomal enzyme subunits bind to different cohesin modules of the
primary scaffold with different binding intensities.
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Figure 6. Binding interaction of the type I dockerin of CalkGHIT and the cohesins modules of the
primary scaffold ScaA of C. alkalicellulosi cellulosome. (A) Schematic representation of CalkGH9T
showing a modular architecture and ScaA containing 10 cohesin modules. Dots indicate the cohesin
modules that were expressed for affinity binding test. (B) Affinity-based ELISA profiles the dockerin
towards different ScaA cohesin modules. ScaA-1, 4, 5, and 10 refer to of cohesin modules 1, 4,
5, and 10 of ScaA, and the designated numbers of the cohesin modules begin from the cohesin
at the N-terminus.

2.8. Binding Ability to Polysaccharides

We performed an in vitro binding ability test of CalkGHIT with amorphous insoluble
cellulose RAC, crystalline cellulose Avicel, and xylan because CalkGHOT contains family
3 CBMs that are known to potentiate the activity of cognate catalytic modules against
insoluble substrates (Figure 7A). Here, CalkGHIT was allowed to bind with RAC, Avicel,
and xylan at 4 °C for 1 h. After binding, the samples were centrifuged to separate unbound
(supernatant) and bound (associated with the substrate) fractions. Individual fractions
were analyzed on SDS-PAGE. CalkGHOT appeared in the bound fractions of RAC (52%)
and Avicel (nearly 100%), indicating the ability to bind both insoluble amorphous and
crystalline cellulose. However, a higher intensity protein band occurred in the Avicel-
bound fraction, reflecting the ligand recognition of the CBMs, which prefer to bind the
surfaces of crystalline cellulose. This strong binding ability is linked to the presence of
CalkCBM3(s). In contrast, CalkGHIT was unable to bind xylan. It should be noted that
although CalkGHOT contains CBM3c (CalkCBM3), which has been reported to facilitate
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cellulose disruption and continuously feed the cellulose chain to the catalytic module, the
processivity of the enzyme cannot be predicted by the presence of the CBMs.

RAC Avicel BWX
Control U B U B U B
!
—— l - .
CalkGHOT -—
!

Figure 7. Binding ability of CalkGHIT to RAC, Avicel, and BWX. U and B refer to unbound and
bound proteins, respectively.

2.9. Processive Activity

In the present study, although CalkGHOT bound tightly to Avicel, it lacked the ability
to hydrolyze this microcrystalline cellulose. Therefore, RAC was used for the processivity
assays because it is a suitable substrate to distinguish processive from non-processive
activity [36].

Processive activity is when the enzyme remains bound to the substrate and con-
tinuously performs subsequent catalysis before dissociation. In addition, processive en-
doglucanase enzymes demonstrate both endoglucanase and exoglucanase activities. The
exoglucanase activity releases soluble reducing sugars from insoluble cellulose into the
solution; in contrast, the endoglucanase activity randomly cleaves the cellulose chain and
leaves several reducing ends attached on the insoluble substrate. Therefore, the ratio of
soluble and insoluble reducing ends is commonly used to differentiate exoglucanases
from endoglucanases [13,37]. Here, we determined the distributions of reducing ends
between soluble (released sugars) and insoluble (pellet) fractions of hydrolysis of RAC
by CalkGHOT (Figure 8. The ratios of soluble to insoluble reducing ends did not increase
as hydrolysis time was prolonged from 0.5 to 3.0 h. This proportion (approximately 0.8)
is similar to that found for GH9 endoglucanases from C. celllulolyticum, with proportions
ranging from 0.5 to 1.2 [6]. In addition, the percentage of reducing ends (40%) produced
from the insoluble RAC is common for endoglucanase activity and it is consistent with
other true endoglucanases that produce approximately 30 to 50% reducing ends from
insoluble substrates [37,38]. This result indicates that CalkGHIT is an endoglucanase with
non-processive activity.

2.10. Addition of CalkGHIT to a Fungal Enzyme Preparation

Based on substrate specificity and hydrolysis product generation, CalkGHIT appears
to have different mode of action compared to common fungal endoglucanases [39] and it
contains the CBM3c, which is reported to disrupt cellulose [25,26]. To investigate whether
CalkGHIT could benefit a fungal enzyme preparation, hydrolysis of RAC by a combination
of CalkGHIT and a commercial fungal enzyme Ctec2 was tested (Figure 9). Here, the
enzymatic reaction was performed at pH 7.4 and 55 °C with a substrate loading of 1% (w/v)
RAC and a total protein load of 100 pg. The hydrolysis of RAC by Ctec2 alone (100 ug)
released reducing sugars after 15, 30, and 60 min of incubation. The supplementation
of Ctec2 (90 pg) with CalkGHOT (10 pg) resulted in increased release of reducing sugars
at all incubation times compared to Ctec2 alone. The increase in reducing sugar release
indicates that CalkGHIT can work in concert with Ctec2. This synergistic interaction can be
explained by at least two mechanisms. First, CalkGHIT may bind to the insoluble RAC, and
loosen and cleave cellulose chains, thereby creating new free chain ends for other enzymes,
i.e., exoglucanases or cellobiohydrolases, present in Ctec2 to attack. Second, despite the
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limited activity on RAC, CalkGH9T may hydrolyze soluble cellodextrins produced by Ctec2
to short cello-oligomers, thus increasing the concentration of reducing ends.
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Figure 8. Processive activity test on RAC. Values are means and bars represent the standard deviations
for three independent experiments.
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Figure 9. The effect of CalkGHIT addition to a commercial cellulase preparation Ctec2 on RAC
hydrolysis. The enzymatic reaction was performed at pH 7.4 and 55 °C with a substrate loading
of 1% (w/v) RAC and a total protein load of 100 ug. The reaction with Ctec2 alone (100 pg protein
load) was used as a control. For supplementation of Ctec2 with CalkGH9T, Ctec2 was replaced with
CalkGHOIT by 10%, corresponding to a load of 90 ug Ctec2 and 10 pg CalkGHOIT, respectively. Values
are means and bars represent the standard deviations for three independent experiments.

3. Materials and Methods
3.1. DNA, Bacterial Strains, Plasmid, and Chemicals

The bacterial genomic DNA of C. alkalicellulosi DSM17461T was prepared by Leib-
niz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany.
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E. coli competent cell strains NEB5x and BL21 (DE3), used for cloning and protein ex-
pression, respectively, were purchased from New England BioLabs, Inc., (Ipswich, MA,
USA). The expression vector pET28a(+) used for both cloning and protein expression and
T4 DNA ligase were obtained from Novagen, (Madison, WI, USA). Restriction enzymes
(i-e., Nhel and Xhol)) were obtained from ThermoFisher Scientific, (Waltham, MA, USA).
4M carboxymethylcellulose (CMC), Azo-CMC, beechwood xylan, standard glucose and
cellodextrins (G2-G6), and standard xylose and xylo-oligomers (X2-X6) were purchased
from Megazyme, Ireland, and Avicel PH105 was purchased from Sigma-Aldrich Chemicals
Co., USA. Thin layer chromatography plates (TLC silica gel 60 Fps4, 20 x 20) were procured
from Merck, (Kenilworth, NJ, USA). Regenerated amorphous cellulose (RAC) was prepared
as described by Zhang, et al. [40].

3.2. Gene Cloning and Recombinant DNA Techniques

The gene CloalDRAFT_2759 present in the C. alkalicellulosi genome was predicted to en-
code a CalkGHOIT protein. This gene without a signal peptide was amplified by PCR using
specific primers. The primers were forward 5'-AATTAGCTAGCGATCCAGAGTACAACTTTGC-
3" and reverse 5’- AATTACTCGAGTTAACGCGGCAGTTGTGGAA-3/, in which the restric-
tion sites for Nhel and Xhol are underlined, respectively. The PCR program was initial
denaturation at 98 °C for 30 s, followed by 40 cycles of denaturation at 98 °C for 10 s,
annealing at 60 °C for 40 s, elongation at 72 °C for 90 s, and final extension at 72 °C for
5 min [36]. The PCR product was checked by gel electrophoresis using 0.8% (w/v) agarose.
The amplified product with the target size was cut from the gel and purified by using a
Qiagen gel extraction kit (Qiagen, New York, NY, USA). The purified product and plasmid
pET28a(+) were double digested with Nhel and Xhol restriction enzymes and ligated with
T4 DNA ligase (BioRad, Hercules, CA, USA). After ligation, the recombinant plasmid was
transformed into E. coli NEB5« competent cells. The transformed cells were grown on LB
agar plate supplemented with kanamycin (50 ug/mL) at 37 °C overnight. The positive
recombinant clones were selected, and their recombinant DNA sequences were confirmed
by means of colony PCR and DNA sequencing.

3.3. Protein Expression and Purification

The recombinant plasmid pET28a(+) containing a gene encoding CalkGHOT was
transformed into E. coli BL21 (DE3) cells. The transformed cells were grown at 37 °C
in LB broth supplemented with kanamycin (50 pg/mL) and 2 mM CaCl, to reach mid-
exponential growth phase (optical density at 600 nm (ODgg)~0.7-1.0). After that, the
growth culture was supplemented with isopropyl-1-thio-3-D-galactopyranoside (IPTG) at
a final concentration of 0.2 mM to induce protein synthesis and further incubated at 16 °C
overnight. The cells were harvested by centrifugation at 4200x g at 4 °C for 15 min, and
the cell pellets were then resuspended in 20 mL Tris buffer saline (TBS, 25 mM Tris-HC],
137 mM NaCl, 2.7 mM KCl, pH 7.4) containing 5 mM imidazole and 300 mM NaCl. The
cell suspension was sonicated and centrifuged at 22,000x g at 4 °C for 30 min to separate
cell debris.

The crude protein supernatant was mixed with Ni-NTA resin (Qiagen, New York, NY,
USA), incubated at 4 °C for 1 h with gentle rotation, and loaded into a 20-mL Econo-Pack
column (BioRad, Hercules, CA, USA). By gravitational flow, the column was washed
with 100 mL washing buffer (TBS containing 30 mM imidazole and 300 mM NaCl). Af-
ter washing, the protein was eluted with 16 mL elution buffer (TBS containing 250 mM
imidazole and 300 mM NaCl). The eluted fraction was dialyzed against TBS at 4 °C
overnight, and the dialyzed protein was determined for its purity on 10% SDS-PAGE
stained with InstantBlue coomassie stain (Expedeon, San Diego, CA, USA). The pro-
tein concentrations were determined by the absorbance at 280 nm. The extinction coeffi-
cient of the protein was determined by use of the ProtParam tool on the EXPASY server
(https:/ /web.expasy.org/protparam/, accessed on 13 June 2019).
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3.4. Enzyme Activity Assay

The enzyme assay was performed in a total reaction volume of 200 pL. The reaction
mixture consisted of 1% (w/v) substrate (i.e., CMC, RAC, BWX, and Avicel) and 0.25 uM of
CalkGHOT in 50 mM TBS pH 7.4. The reaction mixture was incubated at 50 °C for 15 min
(or 3-24 h for RAC and Avicel, respectively). The reaction was terminated by immersion in
ice water and centrifuged at 13,000x g at 4 °C for 10 min to separate the substrate from
the soluble fraction. One hundred microliters of the soluble fraction was taken to a new
1.5-mL microcentrifuge tube and 150 uL of dinitrosalicylic acid (DNS) [41] was added. The
reaction mixture was boiled for 10 min and centrifuged at high speed. A sample was taken
and measured at an absorbance of 540 nm. The amount of reducing sugar released in the
mixture was estimated using a glucose standard curve. One unit of enzyme was defined
as the amount of enzyme that produces 1 uMol of glucose equivalent in 1 min under the
assayed conditions.

3.5. Effect of pH and Temperature

The effect of pH on enzyme activity was analyzed by determining the activity at
different pH values from pH 3.0-11.0 at 55 °C for 10 min. Buffers (50 mM) with different
pH ranges were citrate-sodium citrate buffer for pH 3.0-7.0, Tris-HCl buffer for pH 7.0-9.0,
and glycine-NaOH for pH 9.0-11.0. The maximum activity at the corresponding pH
was taken as 100%. The pH stability assay was performed by incubating 5.5 pL of the
11.5 uM enzyme in 10 mM of the buffers mentioned above at 30 °C for 30 min. After that,
the enzyme solution was diluted, and the residual activity was measured under optimal
assay conditions.

The effect of temperature on enzyme activity was tested by incubating 0.25 uM
enzyme in a 200-pL reaction mixture containing 1% (w/v) substrate at a temperature
range of 40-70 °C, pH 7.4 (TBS) for 10 min. The maximum activity at the corresponding
temperature was taken as 100%. The thermal stability of the enzyme was determined by
incubating 5.5 uL of the 11.5 uM enzyme at the temperatures of 40, 50, and 60 °C for 0-24 h.
The enzyme solution was diluted, and the residual activity was determined under optimal
assay conditions.

3.6. Effect of Metal Ions, Salts, and Chemicals

The effect of different metal ions (in the form of sulfate salts), including CaZ, Mg2+,
Cu?*, Zn?*, and chemicals, including chelating agent EDTA and urea, on enzyme activity
were explored. Metal ions, EDTA, and urea were added to a final concentration of 1 mM
to a 200-puL reaction mixture containing 0.25 uM enzyme and 1% (w/v) substrate. The
reaction was carried out at 55 °C, pH 7.4 (TBS) for 10 min, and the residual activity was
determined by measuring the reducing sugar released in the reaction mixture as described
above. Substrate blanks with added metal ions, EDTA, and urea were run in parallel and
assayed. The enzyme activity measured in the absence of metal ions and chemicals was
taken as 100%.

The effect of NaCl was investigated by adding different concentrations of NaCl (0-10%,
w/v) to a 200-uL reaction mixture containing 0.25 uM enzyme and 1% (w/v) substrate.
The reaction was carried out at 55 °C, pH 7.4 (TBS) for 10 min, and the residual activity
was determined by measuring the reducing sugar released in the reaction mixture as
described earlier.

3.7. Analysis of the Hydrolysis Product

The reaction mixture (total volume of 200 pL) containing 0.25 pM enzyme and 1%
(w/v) substrate (i.e., CMC and RAC) was assayed under optimal conditions with varying
times from 15 min to 16 h. The reaction was stopped at specific time intervals by boiling
for 5 min and centrifuging at 13,000x g at 4 °C for 10 min to remove the undigested
substrate. The soluble fraction was transferred to a new tube, and 4 pL of the soluble
fraction was mixed with 4 pL of absolute ethanol. The mixed sample (8 pL) was spotted
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on TLC plates. The plates were immersed in a TLC chamber containing n-butanol:acetic
acid:water at a ratio of 2:1:1 as the mobile phase. After sufficient migration of the mobile
phase, the TLC plate was removed from the chamber, dried in a hood, and sprayed with
visualization solution containing 1 mL aniline, 1 g x-diphenylamine, 50 mL acetone, and
7.5 mL phosphoric acid. The TLC plate was heated at 90 °C in a hot air oven for 5 min. Five
microliters of a series of sugars (G1-G6, 0.2 mg/mL each) was run in parallel and used as a
standard. Hydrolysis of cellodextrins (G2-G6) was performed as with the hydrolysis of
polysaccharides described above, except that the final concentration of the substrate was
0.2 mg/mL and the incubation time was 15 min.

3.8. Cohesin-Dockerin Interaction Test Using Enzyme-Linked Immunosorbent Assay (ELISA)

Affinity-based ELISA was performed as described previously by Phitsuwan, et al. [21].
In brief, the 96-well plates (NuNc, A/S, Roskilde, Denmark) were coated with the fusion
protein Xyn-Doc I of CalkGHIT at a concentration of 1 ug/mL, and different concentra-
tions of CBM-cohesins of ScaA ranging from 0.001 to 1000 ng/mL were applied on the
coated plates to detect cohesin-dockerin interactions. The interactions were examined
immunochemically by using anti-CBM primary antibody and horseradish peroxidase
(HRP)-labeled secondary antibody in the presence of chromogenic substrate TMB (3,3’ ,5,5'-
tetramethylbenzidine, Dako, Glostrup Municipality of Glostrup, Denmark). The anti-CBM
primary antibody was prepared from rabbit and diluted 1:10000 in blocking buffer [42].
The reaction product (color formation) was measured at the absorbance of 450 nm.

3.9. Polysaccharide Binding Assay

Enzyme (0.25 uM) was mixed with 1% (w/v) polysaccharides in TBS in a final volume
of 200 pL in a 1.5-mL microcentrifuge tube. The reaction tube was gently rotated, and the
incubation temperature was maintained at 4 °C for 1 h. After binding, the reaction mixture
was centrifuged at 13,000x g at 4 °C for 10 min. All of the soluble fraction was transferred
to a new 1.5-mL microcentrifuge tube, and this fraction was considered “unbound protein”.
The substrate pellet was washed with 500 uL TBS by vortex mixer and then centrifuged
at 13,000x g at 4 °C for 10 min. This washing step was repeated three times. The washed
pellet was then mixed with 4 x SDS sample buffer (Bio-Rad, Hercules, CA, USA), to a
final volume of 60 uL and boiled for 10 min. The protein associated with the pellet was
considered “bound protein.” For unbound protein, 45 uL of the soluble fraction was mixed
with 15 pL of 4 x SDS sample buffer and boiled for 10 min. Thirty microliters of both
unbound and bound proteins were taken and analyzed on 10% SDS-PAGE. The protein
intensity in SDS-PAGE was calculated using Image]J gel analysis [43].

3.10. Processive Activity Assay

The content of reducing ends in the soluble and insoluble fractions was determined
using RAC as a substrate. Different concentrations of enzyme were added to a 1.5-mL
microcentrifuge tube containing 1% (w/v) RAC in TBS (final volume of 200 mL). The
reaction mixture was incubated at 55 °C for different incubation times. After incubation,
the reaction tube was centrifuged at 13,000 x g at 4 °C for 10 min, and the supernatant was
removed, of which 100 uL was taken for measurement of reducing ends (soluble fraction)
by the DNS method. The pellet was washed three times with 500 uL TBS by centrifugation
at 13,000 g at 4 °C for 5 min. After washing, the pellet was resuspended in 100 uL TBS
and taken for measurement of reducing ends (insoluble fraction) by the DNS method.

4. Conclusions

CalkGHOT of C. alkalicellulosi is a GH9 endoglucanase with a modular architecture.
The presence of a dockerin sequence and the affinity interaction between the dockerin and
the cohesin modules of the primary scaffold prove CalkGHIT is a cellulosomal enzyme.
The enzyme actively hydrolyzed CMC but had low activity on RAC and lacked activity
on Avicel. However, the existence of the CBM3 allowed CalkGHO9T to bind tightly to
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Avicel. The production of 40% reducing ends on insoluble RAC by CalkGHIT indicates
its non-processive activity. Cellotetraose was the major hydrolysis product of CMC and
RAC. The addition of CalkGHIT to commercial cellulase Ctec2 increased reducing sugar
yield during RAC hydrolysis. Our study indicates an important role of CalkGHOT in
cellulose degradation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11081011/s1, Figure S1: translated amino acid sequence and a calculated molecular weight
and a pI value of CalkGHIT analysed by ProtParam online tool, Figure S2: 10% SDS-PAGE analysis of
CalkGHOT expression and purification. Lane: M, molecular weight marker (PageRulerTM prestained
protein ladder, 10 to 180 kDa). Lane: 1-7, the eluted proteins from 2-mL collected fractions. Each
well was loaded with 20 pL of individual eluted protein fractions, and Figure S3: Reducing sugar
release from RAC by CalkGHOT. Values are means and bars represent the standard deviations for
three independent experiments, Figure S4: TLC analysis of hydrolysis products generated by 0.25 pM
CalkGHOT using cellodextrins with a degree of polymerization of 2-6 (G2-G6) as the substrates
for 16-h incubations. S, standards of glucose and cellodextrins with a degree of polymerization of
2-6 (G2-G6). E, CalkGHIT. G2, G3, G4, G5, and G6 represent a reaction control (a reaction mixture
containing a substrate and a denatured enzyme). G2 + E, G3 + E, G4 + E, G5 + E, and G6 + E represent
enzymatic reactions. The enzymatic reactions were performed at pH 7.4 and 55 °C.
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