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The glycoside hydrolase family 9 cellulase (Cel9) from Clostridium phytofermentans has a multi-modular
structure and is essential for cellulose hydrolysis. In order to facilitate production and purification of Cel9,
recombinant Cel9 was functionally expressed in Escherichia coli. Cel9 exhibited maximum activity at pH
6.5 and 65 °C on carboxymethyl cellulose in a 10-min reaction period. The hydrolysis products on regen-
erated amorphous cellulose (RAC) were cellotetraose (a major product), cellotriose, cellobiose and glu-
cose, and 71-80% of the reducing sugars produced by Cel9 were in soluble form, suggesting that Cel9

Iélegs Vtvr‘:;?;m hytofermentans was a processive endoglucanase. The highest synergy between C. phytofermentans Cel9 and C. phytofer-
Cellulase L4 mentans cellobiohydrolase Cel48 on Avicel was about 1.8 at a ratio of about 1:5. Cel9 alone was sufficient

to solublize filter paper while Cel48 was not; however, it enhanced the solublization process along with

Family 9 glycoside hydrolase
Cel9 synergistically. This study provided useful information for understanding of the cellulose hydrolysis

Processive endoglucanase

Synergy

mechanism of this cellulolytic bacterium with potential industrial importance.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose is the most abundant renewable biological resource
and a low-cost energy source (Lynd et al.,, 2008; Zhang, 2009).
The production of biobased products and biofuels from renewable
lignocellulose is important for the sustainable development of hu-
man beings. High costs of cellulases, which are responsible for
hydrolyzing pretreated cellulosic material, are one of the largest
obstacles to commercialization of biomass biorefineries (Taylor
et al., 2008; Zhang et al., 2006b; Zhu et al., 2009).

Clostridium phytofermentans ISDg is an obligately anaerobic,
mesophilic Gram-positive bacterium. It can utilize a broad range
of carbon sources for generation of ethanol, acetate, CO, and
hydrogen in one step (Warnick et al., 2002). C. phytofermentans
has been regarded as a model microorganism for consolidated bio-
processing (CBP) (Warnick et al., 2002; Zhang et al., 2010). C. phy-
tofermentans appears not to produce complexed cellulases due to
the lack of scaffolding, cohesin, and dockerin sequences (Zhang
et al., 2010). The genomic sequence suggests that a gene cluster
contains two open reading frames - Cphy3367 encoding a putative
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family 9 glycoside hydrolase (Cel9) and Cphy3368 encoding a con-
firmed cellobiohydrolase Cel48 (Zhang et al., 2010). Different from
other Clostridium spp. that contain 5-16 different cel9 genes, C.
phytofermentans has a sole cel9 gene (Tolonen et al., 2009). A
cel9-knockout study showed that Cel9 was the essential compo-
nent of the cellulases responsible for microbial cellulose utilization
(Tolonen et al., 2009; Wilson, 2009). However, the basic properties
of Cel9 have not been characterized yet.

In this study, in order to obtain high-purity bacterial cellulase
Cel9 and facilitate its production, cel9 gene was functionally ex-
pressed in Escherichia coli, and the recombinant protein was puri-
fied and characterized. Also, the synergy between Cel9 and Cel48
was studied.

2. Methods
2.1. Chemicals and materials

All chemicals were reagent grade or higher, purchased from Sig-
ma (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA), unless
otherwise noted. Regenerated amorphous cellulose (RAC) was pre-
pared from Avicel through cellulose dissolution in concentrated
phosphoric acid followed by regeneration (Zhang et al., 2006a).
Cellodextrin standards were prepared by hydrolysis of Avicel by
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using a mixture of concentrated HCl/H,SO4 and separated by 2-col-
umn chromatography (Zhang and Lynd, 2003). The purity of the
isolated cellodextrins was much higher than that of the Sigma
products (Zhang and Lynd, 2003). The oligonucleotides were syn-
thesized by Integrated DNA Technologies (Coraville, 1A).

2.2. Bacterial strains and growth conditions

E. coli DH5a (Invitrogen, Carlsbad, CA) was used as a host cell
for DNA manipulation, and E. coli BL21 Star (DE3) (Invitrogen,
Carlsbad, CA) was used as the host for recombinant protein pro-
duction. The Luria-Bertani (LB) medium with 100 pg/mL ampicillin
was used for E. coli cell growth and recombinant protein
production.

2.3. Construction of plasmid

The DNA sequence encoding the mature Cel9 (25-985 amino
acids) (GenBank accession number: ABX43720) was amplified
from the genomic DNA of C. phytofermentans ISDg (ATCC Accession
number 700394) by a primer pair of P1 (5-GGAAT GGATC CATAA
AGGAG GTATA ATATG GCGGA AACCA ATTAT AATTA CGGA-3', Bam-
HI site underlined) and P2 (5'-CCTGA TCTCG AGTTT ATGGT TCGAC
TCCCC AAACC A-3', Xhol site underlined). The PCR product was di-
gested with BamHI/Xhol and ligated into the corresponding sites of
the vector pET20b (Novagen, Madison, WI) to generate pET20b-
cel9 for producing Cel9.

2.4. Enzyme expression and purification

The strain E. coli BL21 (pET20b-cel9) was cultivated in 250 mL
of the LB medium supplemented with 1.2% glycerol at 37 °C for
the production of Cel9. When Aggg reached ~1.6, 50 umol/l isopro-
pyl-beta-p-thiogalactopyranoside (IPTG) was added and the tem-
perature was decreased to 18 °C for ~16 h. The cell pellets were
resuspended with 35 mL of 50 mmol/l Tris—-HCl buffer (pH 8.0).
After ultrasonication and centrifugation, 70 mg of RAC was added
in the supernatant for adsorbing the target protein at room tem-
perature. After washing once with de-ionized water, the Cel9 was
desorbed by using 80% ethylene glycol (Hong et al., 2008). The
purified Cel9 in ethylene glycol was stored at —20 °C. The produc-
tion and purification of Cel48 of C. phytofermentans were per-
formed as previously described (Zhang et al., 2010).

2.5. Enzyme assays

Enzyme activity was assayed at 50 °C based on initial reaction
rates in a 10-min reaction period (Zhang et al., 2009). The reaction
mixtures (0.5 mL) contained 1% (wt/vol) of the substrate (e.g., Avi-
cel PH-105, RAC, carboxymethyl cellulose) in a 50 mmol/L 2-N-
morpholino-ethanesulfonic acid (MES) buffer (pH 6.0) containing
1 mmol/L CaCl,. Enzyme concentration in the reactions was 2 pg/
mL (~20 nmol/L), unless otherwise noted. The reactions were ter-
minated by boiling for 5 min. After centrifugation, aliquots of the
supernatants were assayed for the release of the reducing sugars.
Concentration of reducing sugars was determined by the 2,2'-
bicinchoninate method (Waffenschmidt and Janeicke, 1987) with
modifications described by Zhang et al. (Zhang and Lynd, 2005)
and with glucose as the standard, where the reduced reaction tem-
perature (75 °C) can generate more accurate results for the reduc-
ing sugar ends for mixed cellodextrins. One unit of activity was
defined as the amount of enzyme that released 1 pmol of reducing
end per min.

2.6. Chromatographic assays

The enzymatic hydrolysis products of soluble cellodextrins
were analyzed by thin-layer chromatography. The samples were
separated on a Whatman 60 A silica gel plate with a developing
solution of ethyl acetate-H,O-methanol (8:3:4,v/v) (Zhang and
Lynd, 2006a). The sugars were detected by charring with an acid/
alcohol solution (90 mL methanol, 5 mL sulfuric acid, and 5 mL
acetic acid) plus 0.5 mL p-anisaldehyde. After the hydrolysis of
RAC by 20 pg/mL Cel9 for 6 h, the soluble cellodextrins were ana-
lyzed by using a Beckman high-performance liquid chromatogra-
phy (HPLC) equipped with a Bio-Rad HPX-42A column and a
refractive index detector at a flow rate of 0.4 mL/min (Zhang and
Lynd, 2003).

2.7. Assessment of synergy

Synergy between Cel9 and Cel48 was determined in 1 mL of the
0.4% (wt/vol) Avicel solution containing either Cel9 only, or Cel48
only or both of these two enzymes at different molar ratios. The to-
tal amount of the enzymes in the 1-mL reaction solution was fixed
at 10 pg. After 24-h incubation at 50 °C, the concentrations of sol-
uble sugars were measured by using the phenol-sulfuric acid
method with glucose as the standard (DuBois et al., 1956; Zhang
et al., 2009). The degree of synergistic effect was defined as the ra-
tio of the observed activity of the combined enzymes to the sum of
the individual activities (Beldman et al., 1988).

2.8. Degradation of filter paper

The 2-mL reaction mixtures contained 20 mg of filter paper
disk. Cel9 and Cel48 were added in the reactions alone or together
at a concentration of 20 pig/mL for each. The tubes were incubated
at 50 °C. The concentrations of soluble sugars were measured by
using the phenol-sulfuric acid method with glucose as the stan-
dard (DuBois et al., 1956; Zhang et al., 2009).

2.9. Other assays

Protein concentration was measured by the Bradford assay
(Bradford, 1976). Protein samples were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

3. Results and discussion
3.1. Sequence analysis

The cel9 gene of C. phytofermentans encodes a protein of 985
amino acids containing a signal peptide (residue 1-24) with a typ-
ical cleavage site (ADA-A). The BLAST analysis suggested that ma-
ture Cel9 (~104.9 kDa) has a modular structure (Fig. 1a). The
amino acid sequence of 29-466 is a Cel9 catalytic module, which
has a high similarity (87%) with the Clostridium stercorarium CelZ
(Jauris et al., 1990). The Cel9 catalytic module also has a similarity
of 81% with the Clostridium cellulolyticum Cel9G (Mandelman et al.,
2003). The molecular structure of Cel9 was predicted by SWISS-
MODEL workspace (Bordoli et al., 2009) based on the template of
the crystal structure of C. cellulolyticum Cel9G (PDB: 1G87) (Mand-
elman et al.,, 2003). The predicted three-dimensional structure
model of Cel9 catalytic module resembles the template structures
very well (data not shown). The putative catalytic base (D80), the
proton donor (E446), and aromatic residues (H150, W280, D335,
D337 and Y442) involved in substrate stacking are also highly con-
served, suggesting that the C. phytofermentans Cel9 may share the
same mechanism for cellulose hydrolysis by attacking cellulose



5536 X.-Z. Zhang et al./ Bioresource Technology 101 (2010) 5534-5538

a
T [

b 1 2 3 4 5

kDa

175]

80| e a -
58 - i

30

Fig. 1. The modular architecture of Cel9 and its production in E. coli. (a) The
modular structure of Cel9. SP, signal peptide; GH9, glycoside hydrolase family 9
catalytic module; CBM3c, family 3c carbohydrate-binding module; X2, X2 domain;
CBM3b, family 3b carbohydrate-binding module. (b) The expression and purifica-
tion of Cel9 from E. coli BL21. Lanes: 1, protein molecular mass markers; 2, total
protein extract; 3, soluble protein extract; 4, soluble protein extract after Cel9 was
adsorbed by RAC; 5, 1.3 ng purified Cel9. The position of Cel9 is indicated by an
arrow.

chain from the non-reducing end (Mandelman et al., 2003). There
are a family 3 carbohydrate-binding module (CBM3) (residue 485-
636), which belong to type ¢ CBM3 based on the sequence identity
(Jindou et al., 2006), two X2 domains (Mosbah et al., 2000) (residue
648-731 and 741-824) in tandem, and a C-terminal type b CBM3
(residue 838-981) (Jindou et al., 2006).

3.2. Production and purification of Cel9

As shown in Fig. 1b, the recombinant Cel9 was expressed as the
major protein (~43 mg/L) in E. coli, and most was soluble (Fig. 1b,
lane 3). Cel9 was purified based on its ability to strongly bind RAC.
After an affinity adsorption on RAC, followed by desorption by eth-
ylene glycol (Hong et al., 2008), Cel9 was purified to homogeneity
(Fig. 1b, lane 5) with a yield of ~28%, which was estimated based
on the total enzyme activity recovered after the purification. The
apparent molecular mass of the purified protein was estimated
to be about 90 kDa by SDS-PAGE analysis. This value was slightly
lower than the theoretical value of 104.9 kDa based on its deduced
amino acid sequence, and this phenomenon of faster immigration
rate was also observed for the C. phytofermentans Cel48 (Zhang
et al,, 2010).

3.3. Characterization of Cel9

The effect of pH on the activity of Cel9 was examined on car-
boxymethyl cellulose (CMC) in 50 mM disodium hydrogen phos-
phate—citric acid buffers (pH 5-7) in a 10-min reaction period.
The pH optimum was 6.5 (data not shown). The effect of tempera-
ture on the activity of Cel9 was examined with the same substrate
under the standard conditions; the optimal temperature was 65 °C
(Fig. 2). The high optimal temperature for Cel9 and Cel48 (60 °C)
(Zhang et al., 2010) from a mesophilic organism is somewhat sur-
prising, but can be explained by possible acquisition of the cel9-
cel48 gene cluster from a thermophilic microorganism through
horizontal gene transfer. Cel9 exhibited the highest activity of
1747 £9 U/umol on CMC. It showed relatively low activities of
482 +9 and 261 £ 23 U/umol on RAC and Avicel, respectively. As
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Fig. 2. Activity as function of temperature of Cel9 on CMC in a 50 mM MES buffer.
The error bars represent the standard deviation of the triplicate measurements.

shown in Fig. 3a, Cel9 had no detectable activity on cellobiose
(G2); only a small fraction of cellotriose (G3) was hydrolyzed into
G2 and glucose; cellotetraose (G4) was hydrolysed into G3, G2, and
G1; cellopentaose (G5) was mainly hydrolyzed into G3 + G2 and
slightly into G4 + G1; and cellohexaose (G6) was preferentially
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Fig. 3. Chromatography analysis of hydrolysis products. (a) Thin-layer chromatog-
raphy analysis of hydrolysis products of soluble cellodextrins. G1-G6 (lanes 1-6)
refer to the positions of standards (4 pug of each): glucose (G1), cellobiose (G2),
cellotriose (G3), cellotetraose (G4), cellopentaose (G5), and cellohextaose (G6),
respectively. Reactions containing G2-G6 (0.4%) were incubated at 37 °C for 16 h
with 20 pg/mL Cel9. Samples loaded in lanes 7-11 were the hydrolysis products of
G2 (2 pL), G3 (4 pL), G4 (3 pL), G5 (3 pL), and G6 (4 pL), respectively. The trails for
lanes 8-11 were due to high loading of long chain cello-oligosaccharides and their
low solubility in the developing solution. (b) HPLC analysis of hydrolysis products
on RAC. Curve 1, the standards; G7 refers to celloheptaose. The reactions (1 mL)
containing 1% RAC were incubated at 50 °C with (curve 2) 2 ng/mL Cel9.
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hydrolyzed into G4 + G2, and to a less extent into G5 + G1 or two
G3. Fig. 3b showed that G4 is the dominant product and G3, G2
and G1 are the minor products. No soluble product was detected
without adding the enzyme in the reaction. The cleavage patterns
of Cel9 on soluble cellodextrins and insoluble cellulose were quite
the same as those of CelZ from C. stercorarium (Bronnenmeier and
Staudenbauer, 1990). The other members of the GH9 family have
different substrate specificities and end-products (Arai et al.,
2006). For example, Cell from C. thermocellum released G2 as the
major product, and G3 and G1 as the minor products from Avicel
(Gilad et al., 2003). CelG from C. cellulolyticum produced G5 and
G4 as the initial products on amorphous cellulose and Avicel (Gal
et al., 1997).

The processivity of processive endoglucanse usually is deter-
mined by the ratio of the generated soluble reducing ends to insol-
uble reducing ends (Irwin et al., 1993; Reverbel-Leroy et al., 1997).
The distribution of reducing sugars generated by Cel9 on RAC was
monitored. As shown in Fig. 4, the ratios of the soluble to insoluble
fraction increased from 2.4 to 3.9 when the incubation time was
prolonged from 0.5 to 3.5 h. GH9 proteins, including Cel9, belong
to the subfamily theme B (Gilad et al., 2003), such as C. stercorari-
um CelZ (Jauris et al., 1990), C. thermocellum Cell (Gilad et al.,
2003), C. cellulolyticum CelG (Gal et al., 1997), and Thermobifida fus-
ca E4 (Irwin et al., 1998). They act both as endoglucanases and exo-
glucanases from non-reducing ends, which are termed as
processive endoglucanase.

3.4. Synergy between Cel9 and Cel48

Since (i) the genes of Cel48 and Cel9 form a gene cluster, (ii) Cel48
(molecular mass ~99.5 kDa) is a cellobiohydrolase and Cel9 is a pro-
cessive endoglucanase, and (iii) Cel48 works on the reducing ends
and Cel9 acts on non-reducing ends based on its structure homology
modeling, the synergism between Cel48 and Cel9 was studied in a
0.4% (wt/vol) Avicel suspension (Fig. 5). Since specific activity of
Cel9 (261 U/umol) was much higher than that of Cel48 on Avicel
(15.1 U/umol)(Zhangetal.,2010), total amount of soluble sugars re-
leased was proportional to the amount of Cel9 (Fig. 5). Under all
tested conditions regardless of the ratios of the two enzymes, the
combination of Cel48 and Cel9 always released more soluble sugars
than that of the sum of individual enzymes. The maximum degree of
synergy effect was approximately 1.55 when Cel48/Cel9 was ca. 5.
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Fig. 4. Distribution of reducing sugars generated by CpCel9 on RAC. The concen-
trations of reducing sugars were determined by the modified 2,2’-bicinchoninate
method. The ratios of the soluble fraction to insoluble fraction were given above the
column. The error bars represent the standard deviation of the triplicate
measurements.
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But the maximum solubilization occurred when Cel48/Cel9 was ca. 1
due to higher specific activity of Cel9. The synergy between endoglu-
canase and exoglucanase is complicated, depending on such factors
as their ratio, enzyme concentration, reaction time, substrate char-
acteristics (e.g., degree of polymerization and substrate accessibil-
ity) (Zhang and Lynd, 2004, 2006b). For example, we also found
that the degree of synergy effect increased to about 1.8 when
Cel48/Cel9 was 5 and the total enzymes loading was increased to
12 pg/mL (data not shown).

3.5. Solubilization of filter paper by Cel9

Furthermore, we tested the solubilization ability of Cel9, Cel48,
and their combination on Whatman No. 1 filter paper (20 mg filter
paper in a 2-mL reaction plus 20 pg/mL of each enzyme). As shown
in Fig. 63, Cel9 efficiently solubilized filter paper after 24 h of incu-
bation; the efficiency was higher when Cel48 was supplemented.
In contrast, the filter paper in the presence of Cel48 alone appeared
nearly intact, suggesting that Cel48 did not solubilize filter paper
efficiently. After a prolonged time (72 h), it was found that the
combination of Cel48 and Cel9 broke filter paper more efficiently
and produced many more fine fibers (Fig. 6a). The combination
of Cel48 and Cel9 broke down filter paper more efficiently and pro-
duced many more fine fibers (Fig. 6a). Cel48 alone released 0.1% of
the filter paper as soluble sugars; Cel9 alone released ca.10%; and
the combination released ca. 17.3% with a degree of synergy effect
of 1.7 (Fig. 6b). The above results showed that, although Cel48
alone did not effectively solubilize filter paper, it enhanced overall
cellulose degradation.

4. Conclusions

Cel9, the essential component of the C. phytofermentans cellulo-
lytic system is a processive endoglucanase that shows activities on
both soluble CMC and cellodextrins, and insoluble amorphous cel-
lulose or crystalline cellulose. Cel9 and Cel48 worked together syn-
ergistically. Cel9 alone can solubilize crystalline cellulose-filter
paper but Cel48 cannot. This work further demonstrated the
important role of Cel9 in the C. phytofermentans cellulase compo-
nents for the degradation of crystalline cellulose.
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