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BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS
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Abstract Clostridium thermocellum cellodextrin phosphor-
ylase (CtCDP), a single-module protein without an apparent
carbohydrate-binding module, has reported activities on
soluble cellodextrin with a degree of polymerization (DP)
from two to five. In this study, C#CDP was first discovered
to have weak activities on weakly water-soluble cellohep-
taose and insoluble regenerated amorphous cellulose
(RAC). To enhance its activity on solid cellulosic materials,
four cellulose binding modules, e.g., CBM3 (type A) from
C. thermocellum CbhA, CBM4-2 (type B) from Rhodo-
thermus marinus Xynl0A, CBM6 (type B) from Cellvibrio
mixtus Cel5B, and CBM9-2 (type C) from Thermotoga
maritima Xynl0A, were fused to the C terminus of CtCDP.
Fusion of any selected CBM with CfCDP did not influence
its kinetic parameters on cellobiose but affected the binding
and catalytic properties on celloheptaose and RAC differently.
Among them, addition of CBM9 to CtCDP resulted in a 2.7-
fold increase of catalytic efficiency for degrading cellohep-
taose. CtCDP-CBM9 exhibited enhanced specific activities
over 20% on the short-chain RAC (DP=14) and more than
50% on the long-chain RAC (DP=164). The chimeric
protein CfxCDP-CBM9 would be the first step to construct a
cellulose phosphorylase for in vitro hydrogen production
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Introduction

Cellodextrin phosphorylase (CDP, EC 2.4.1.49) is responsible
for catalyzing phosphorolysis of soluble cellodextrins with
degree of polymerization (DP) of two to five (Sheth and
Alexander 1967; Schomburg et al. 2009). It belongs to
glycoside hydrolase (GH) family 94 (Hidaka et al. 2004) and
plays an important role in the energy-efficient metabolism of
long-chain cellodextrins (Lou et al. 1996; Zhang and Lynd
2004a). CDP activity has been reported in Fibrobacter
succinogenes, Vibrio splendidus, Spirochaeta thermophile,
and several species of Cellulomonas and Clostridia (Wells et
al. 1995; Reichenbecher et al. 1997; Sheth and Alexander
1967), but the CDP enzymes have only been isolated from
Clostridium thermocellum (Arai et al. 1994) and Clostridium
stercorarium (Reichenbecher et al. 1997). Recently, a
recombinant cellodextrin phosphorylase from C. thermocel-
lum (CtCDP) was expressed in Escherichia coli, purified,
and characterized in detail (Krishnareddy et al. 2002). The
recombinant CtCDP has been used for synthesis of cellulase
inhibitors (Kawaguchi et al. 1998), in vitro enzymatic
hydrogen production (Ye et al. 2009), and the production
of glucose 1-phosphate, cellodextrin, and highly ordered
cellulose (Samain et al. 1995; Hiraishi et al. 2009).
Glycoside hydrolases usually consist of a catalytic module
and one or more non-catalytic carbohydrate-binding modules
(CBM; Bourne and Henrissat 2001; Boraston et al. 2004).
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CBM can enrich enzymes on the surface of solid substrates
through affinity adsorption, so to enhance their activity
(Carrard et al. 2000; Shoseyov et al. 2006). Currently, CBMs
have been classified into 61 sequence-based families (www.
cazy.org) and further grouped into three classes based on
their structure, function, and ligand specificities (Boraston et
al. 2004). Families 1, 2a, 3, 5, and 10 fit in type A CBMs
that have a planar hydrophobic ligand-binding surface and
bind to crystalline cellulose. Type B CBMs, comprising
families 4, 6, 17, 28, etc., contain clefts that accommodate
single polysaccharide chains, while the ligand-binding sites
in Type C CBMs, comprising families 9, 13, 14, etc., interact
with mono- or disaccharides (Boraston et al. 2004; van
Bueren et al. 2005).

Unlike other glycoside hydrolases, the C. thermocellum
CDP is a single modular protein and does not have the
apparent CBM. Recently, several studies have shown that
addition of a CBM to single domain enzymes increased
their activity toward insoluble substrates (Kittur et al. 2003;
Carrard et al. 2000). Ravalason et al. (2009) presented that
addition of a family 1 CBM (type A) of Aspergillus niger to
Pycnoporus cinnabarinus laccase significantly improved
the delignification capabilities of laccase to softwood kraft
pulp. Ruminococcus albus endoglucanase fused with a
family 6 CBM (type B) of C. stercorarium xylanase A
exhibited higher molar activity toward insoluble acid-
swollen cellulose and ball-milled cellulose (Karita et al.
1996). Adding the CBM6 to Bacillus halodurans xylanase
also improved the enzyme's activity toward insoluble xylan
(Mangala et al. 2003). Moreover, Maglione et al. (1992)
reported a tenfold increase in the specific activity of
Prevotella ruminicola endoglucanase on insoluble cellulose
after being fused with a family 2 CBM (type A) from
Thermomonospora fusca endoglucanase. It thus would be
of great interest to investigate if fusion of a CBM to CtCDP
could potentiate its catalytic activity on insoluble cellulose.

Creation of a non-natural cellulose phosphosphorylase
would be extremely important for high-yield hydrogen
production because it would be possible to produce low-
cost hydrogen from less costly pretreated solid cellulosic
materials rather than soluble cellodextrins without costly
ATP consumption via synthetic pathway biotransformation

Table 1 The origins and functions of the CBMs used in this study

(SyPaB) (Ye et al. 2009; Zhang 2010). In this study, we
found that CtCDP had weak activities on weakly water-
soluble celloheptaose and insoluble regenerated amorphous
cellulose (RAC). Then, CtCDP was linked with four
representatives of the three types of CBM (Table 1) to test
whether fusion of a CBM could improve the catalytic
potential of CtCDP on cellulose. Among the CBMs
selected, CBM3, derived from C. thermocellum CDbhA,
belongs to type A CBM and binds to the surface of
insoluble cellulose (Carrard et al. 2000; Hong et al. 2007);
CBM4-2 from Rhodothermus marinus Xyn10A and CBM6
from Cellvibrio mixtus Cel5B are type B CBMs, which
interact with amorphous cellulose and/or cellodextrin
(Simpson et al. 2002; Henshaw et al. 2004); CBM9-2 of
XynlOA from Thermotoga maritima pertains to type C
CBM, which has affinity with a broad range of cellulose, e.g.,
amorphous and crystalline cellulose, cello-/xylo-oligomers,
and soluble mono- and disaccharides (Notenboom et al. 2001;
Boraston et al. 2001). Here, we described the production,
isolation, and characterization of the chimeric proteins
CtCDP-CBM3, CtCDP-CBM4, CtCDP-CBM6, and
CtCDP-CBM9. The results demonstrated that CrCDP-
CBM9 promoted the catalytic activity toward short-chain
and/or long-chain cellulose. The active C+CDP-CBM9 would
be the first step to develop high-activity cellulose phosphor-
ylase in the future.

Materials and methods
Materials

All chemicals were reagent-grade, purchased from Sigma
(St. Louis, MO, USA), unless otherwise noted. C. thermo-
cellum ATCC 27405 genomic DNA was a gift from Dr.
Jonathan Mielenz at the Oak Ridge National Laboratory
(Oak Ridge, TN, USA). E. coli IM109 was used for
plasmid manipulation; E. coli Rosetta BL21 (DE3) con-
taining the gene expression plasmid was employed for
producing the recombinant protein. The Luria-Bertani (LB)
medium was used with 100 pg/mL ampicillin (sodium salt).
Microcrystalline cellulose—Avicel PH105—was purchased

CBM Type Origin Organism GenBank 1D Binding site Reference

CBM3 A CbhA C. thermocellum ABNS51651.1 Crystalline and amorphous cellulose Carrard et al. (2000)

CBM4-2 B Xynl0A R. marinus CAAT72323.2 Amorphous cellulose Hachem et al. (2000)
and cellodextrin

CBM6 B Cel5B C. mixtus AABG61462.2 Cello-oligosaccharides Henshaw et al. (2004)

CBM9-2 C Xynl0A T. maritima AAD35155.1 Amorphous and crystalline Boraston et al. (2001)

cellulose, soluble polysaccharides,
mono- and disaccharides
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from FMC (Philadelphia, PA, USA). Cellodextrins with DP
from two to seven was prepared by mixed acid hydrolysis
of Avicel and separated by large size chromatographic
column, as described before (Zhang and Lynd 2003). RAC
was prepared from Avicel after water slurring, cellulose
dissolution in H3PO,, and regeneration in water (Zhang et
al. 2006a). Two types of RAC were generated in terms of
different number-average degrees of polymerization (DP).
Insoluble RAC DP 164 was prepared in concentrated
phosphoric acid with partial hydrolysis in an ice bath for
1 h, while slightly soluble RAC DP 14 was prepared by
partial hydrolysis in concentrated phosphoric acid at 50 °C
for 20 h (Zhang and Lynd 2004b).

Plasmid construction

A pair of primers (pl, 5-TTAAGA CATATG ATTACT
AAAGTA ACAGCG AG-3', and p2, 5-AATTTT CTCGAG
GAGCTC GGATCC TTTAAA CTTAAG AGTCAC
TATATG TTC-3', restriction enzyme cutting sites under-
lined) was employed to amplify full-length cdp from C.
thermocellum genomic DNA. The PCR product was digested
by Ndel and Xhol and ligated with the digested plasmid
pET2lc to give plasmid pET-cdp. The gene fragment of
cbm3 was amplified from the gDNA of C. thermocellum by
primers p3 (5-TTAAGA GAGCTC GTACAG TATTTG
TGCGAA AATACG-3', Sacl site underlined) and p4 (5'-
ATTATC CTCGAG TTCCAG CTGCAG ATAATG CTC-3',
Xhol site underlined). The amino acid sequences of CBM4,
CBM6, and CBM9 were taken from GenBank (their
accessible numbers were listed in Table 1) and back-
translated into E. coli optimized nucleotide sequences by
OPTIMIZER (http://genomes.urv.es/OPTIMIZER/; Puigbo
et al. 2007). The genes were then synthesized in Virginia
Bioinformatics Institute (Blacksburg, VA, USA). In particular,
the synthesized fragment of chm6 was joined with a natural
N-terminal linker of family 6 CBM from C. thermocellum
(GenBank ID: AAB61462.2, residue 310-331) via a Sacl
site (GAGCTC). The fragment was digested by BamHI and
Xhol and then inserted into the digested pET21-cdp plasmid,
yielding the plasmid pET-cdp-cbm6. Later, chm6 was
replaced by chm3, cbm4, and cbm9 through Sacl and Xhol
sites, resulting to pET-cdp-cbm3, pET-cdp-cbm4, and pET-
cdp-cbm9, respectively. Finally, the nucleotide sequences of
the chimeric genes were validated by DNA sequencing in
MCLAB (San Francisco, CA, USA).

Protein production and purification

The E. coli BL21 strain harboring the expression plasmid
was grown in the LB medium at 37 °C with a rotary shaking
rate of 250 rpm. Once the absorbance at 600 nm (ODgg)
reached ~0.8, IPTG was added to a final concentration of

0.25 mM. After 20 h of cultivation at 16 °C, the E. coli cells
were harvested by centrifugation and re-suspended in a 50-
mM HEPES buffer (pH 7.2). The cells were then lysed by
sonication. After centrifugation, the soluble His-tagged
CtCDP or a chimeric protein was adsorbed to the Bio-Rad
Profinity IMAC Ni-resin (Hercules, CA, USA) and was
eluted by a HEPES buffer (50 mM, pH 7.2) with 250 mM
imidazole and 0.3 M NaCl. The eluate containing the
purified proteins was then exchanged into 50 mM HEPES
buffer (pH 7.2) through GE Healthcare PD-10 desalting
columns (Piscataway, NJ, USA) and concentrated by
Centriprep centrifugal filter tubes with a 50,000 molecular
weight cut-off membrane (Millipore, MA, USA).

Activity assays

All enzymatic reactions were conducted in 5-mL glass
tubes (12%75 mm, Fisher Scientific). The enzyme activities
were assayed at 30 °C in 50 mM HEPES buffer (pH 7.2)
containing 30 mM cellobiose, 10 mM glucose 1-phosphate,
5 mM DTT, and 1 mM Mg”>" unless otherwise noted.
Enzyme concentrations were set at 2.5 mg L™ for most
assays. To measure the specific activities on RAC DP 14
and RAC DP 164, sugar concentration was increased to
6.3 g [glucose equivalent] L' and 7.5 g [glucose
equivalent] L ™", respectively. Enzyme concentrations were
0.01 g L' on RAC DP 14 and 0.05 g L' on RAC DP
164. The reactions were stopped by placing the tubes in a
boiling water bath for 5 min. The temperature and pH
optimum was determined as described elsewhere (Ye et al.
2010).

Enzyme kinetics

For the synthesis direction, kinetic parameters were deter-
mined based on the initial rates by measuring the release of
inorganic phosphate (P;). The reactions were conducted at
30 °C in a 50-mM HEPES buffer (pH 7.2) containing 1 mM
Mg2+, 5 mM DTT, and various substrate concentrations
between 0.2 and 5 times of their respective K, values. The
product P; released from glucose 1-phosphate was measured
by the mild pH phosphate assay as described elsewhere (Ye
et al. 2010). One unit of phosphorylase in the synthesis
direction was defined as the amount of enzyme that
generates 1 pmole of phosphate per minute. For the
degradation direction, the reactions were conducted at
30 °C in a 50-mM HEPES buffer (pH 7.2) containing
1 mM Mg**, 5 mM DTT, and P; at different concentrations.
The product was measured by using a glucose hexokinase/
glucose 6-phosphate dehydrogenase assay kit (Zhang and
Lynd 2004a) supplemented with a recombinant C. thermo-
cellum phosphoglucomutase (Wang and Zhang 2010). One
unit of phosphorylase in the degradation direction is defined
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as the amount of enzyme generating 1 pmole of glucose 1-
phosphate per minute.

Binding assays

Binding assays were carried out in 2-ml glass screw-cap vials.
Each vial contained 0.2 g RAC/L, 0.05-0.6 g L™ protein, and
50 mM HEPES buffer (pH 7.2). The vials were incubated
with slow rotation for 1 h at 30 °C. The binding substrate
was pelleted by centrifugation (5 min, 16,000xg), and the
supernatants were tested for protein content. The maximum
adsorption capacity An.x was determined by regressing
binding isotherm data to a modified Langmuir-type binding
model as described previously (Hong et al. 2007).

Other assays

Protein concentrations were determined by the Bradford
methods with bovine serum albumin (BSA) as the standard.
The average DP of RAC was determined as described
elsewhere (Zhang and Lynd 2005). The purity of the
enzymes was checked by SDS-PAGE.

Results

Construction, production, and purification of the fusion
proteins

Expression plasmid pET-cdp was first constructed to produce
wild-type CDP. Since cbm3 from the C. thermocellum CbhA
had been successfully expressed in E. coli, it was directly
amplified from the genomic DNA of C. thermocellum
without further optimization. After codon optimization,
however, cbm4-2 from R. marinus Xyn10A, cbm6 from C.
mixtus Cel5SB, and chbm9-2 from T. maritima Xyn10A were
synthesized to overcome the potential codon-bias problem
(Kurland 1991). The DNA fragment of each CBM was
inserted into pET-cdp to generate the chimeric gene, and a
nature linker from C. thermocellum xylosidase (Cthe 2196)
was placed in the junction between cdp and chm (Fig. 1).
Around 40 mg of C#tCDP and four different fusion proteins
were produced per liter LB medium. They were purified by
immobilized metal affinity chromatography (IMAC) with
yields of ca. 20%. SDS-PAGE analysis indicated that the
purified proteins were homogenous, and that the observed

Fig. 1 A generalized structure of CDP-CBM fusion proteins. CtCDP
Clostridium thermocellum cellodextrin phosphorylase, CBM
carbohydrate-binding module

@ Springer

molecular weights were consistent with the estimated values,
ie., 115 kDa for CtCDP, 126 kDa for CtCDP-CBM3,
134 kDa for CtCDP-CBM4, 130 kDa for C:CDP-CBMS6,
and 138 kDa of CtxCDP-CBM9 (Fig. 2).

Basic characteristics of the fusion proteins

Since fusion of CBM may alter the activity and thermal
stability of the catalytic domains (Kittur et al. 2003; Karita
et al. 1996), the influences of pH and temperature on the
activities of fusion proteins were examined. Every chimeric
protein displayed the same pH and temperature optimum as
the wild-type CtCDP (data not shown). The maximum
activities were detected at pH 7.0 and 60 °C, in agreement
with previous report (Krishnareddy et al. 2002).

Kinetics of C#CDP and fusion proteins were determined in
both synthesis and degradation directions on cellobiose and
celloheptaose. For cellobiose, similar values of K, and k.,
were observed in the synthesis direction among the wild-type
CtCDP and the fusion proteins, whereas no activities were
detected in the degradation direction (Table 2), consistent
with the previous results (Sheth and Alexander 1967;
Krishnareddy et al. 2002). The comparable kinetic parame-
ters on cellobiose and optimal pH and temperature of CtCDP
and the fusion proteins suggested that fusion of CBM had
little influence on the structure and function of the catalytic
domain of C/CDP on soluble substrate.

CBMs have various impacts on CtCDP activities on
celloheptaose (Table 3). With comparison to the wild-type
CtCDP, fusion of CBM3 decreased the turnover rates and
the affinity between the enzyme and the substrate, resulting
in reduced k., and increased K,, in both directions. In
addition, the catalytic efficiencies (k¢./K;,) were reduced
from 2.41 to 0.56 mM ' s™' in the synthesis direction and
from 2.27 to 1.00 mM ' s ! in the degradation direction.
Similar effects were also observed in case of CBM6, even
though family 6 CBM has different binding properties from
CBMS3. In contrast with CtCDP, the catalytic efficiencies of
CtCDP-CBM6 were decreased to 0.41 and 0.90 mM ' s~
in the directions of glucan synthesis and degradation,
respectively. Furthermore, addition of CBM4 and CBM9
attributed little to the turnover rate of CtCDP, but promoted
the Michaelis constant in different directions. Fusion of

Fig. 2 Purity of the fusion proteins. Lane 1, CDP (MW, 115 kDa);
lane 2, CDP-CBM3 (MW, 126 kDa); lane 3, CDP-CBM4 (MW,
134 kDa); lane 4, CDP-CBM6 (MW, 130 kDa); lane 5, CDP-CBM9
(MW, 138 kDa). MW molecular weight
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Table 2 Kinetics of CDP-CBM
fusion proteins on cellobiose

Synthesis direction

Degradation direction

K (mM) keat (571 keat/Km K (mM) keat (571 keat/Kim
CiCDP 0.78+0.02 2.67+0.04 3.42 ND ND -
CiCDP-CBM3 0.590.03 1.83+0.08 3.10 ND ND -
CiCDP-CBM4 0.53+0.01 2.07+0.08 3.90 ND ND -
CICDP-CBM6 0.76+0.02 2.080.05 2.73 ND ND -
Ci(CDP-CBM9 1.08+0.01 2.55+0.02 2.36 ND ND -

ND Non Detectable

CBM4 caused a four-fold decrease of K, in the synthesis
direction, while addition of CBM9 lowered K, by nearly
three folds in the degradation direction. Consequently, the
catalytic efficiencies were increased to 7.76 mM ' s for
synthesis and to 6.08 mM ' s ' for degradation by the
addition of family 4 and family 9 CBM, respectively.

Binding properties on insoluble cellulose

The binding properties of CtCDP and the chimeric proteins
on insoluble cellulose were studied by incubating the
proteins with RAC. Figure 3 showed the binding isotherms
of CtCDP and the fusion proteins on RAC DP 14 and RAC
DP 164. All of the fusion proteins had smaller dissociation
constants (K,,) than CtCDP. It suggested that CBMs
enhanced the binding between enzyme and RAC. At
30 °C, the free energy of adsorption (AG) (Boraston et al.
2001) between CCDP and RAC DP 14 was —38.2 kJ mol ',
very close to the energy change as CfCDP bound to RAC
DP 164 (AG=-38.1 kJ mol'; Table 4). However, the
interaction between the fusion proteins with short-chain
RAC had smaller energy change (AG) than that on long-
chain RAC, except in the case of CtCDP-CBM4 that
preferentially bound to RAC DP 164.

Addition of CBM3, CBM6, or CBM9 increased the
maximum adsorption capacities (Ay.x) of CtCDP to both
RAGCs. In particular, CtCDP-CBM9 had A,,,,x approximately
six-fold and more than nine-fold higher than that of CfCDP on
RAC DP 14 and RAC DP 164, respectively (Table 4). By
contrast, fusion of CBM4 lessened the binding capacities on
the short-chain RAC (Fig. 3a), but promoted binding
capacities to the long-chain RAC (Fig. 3b). The corresponding

Apmax Were 0.32 umol [CfCDP-CBM4] g' [RAC DP 14] and
2.92 pumol [CICDP-CBM4] g' [RAC DP 164] (Table 4).

Activities on amorphous cellulose

Preliminary experiments had shown that wild-type CtCDP
was able to weakly phosphorolyse insoluble amorphous
cellulose (Fig. 4). In order to obtain meaningful results for
activity assay, the reactions on RAC DP 14 and RAC DP
164 were performed under different substrate and enzyme
concentration. It was quite clear that C#fCDP, along with the
chimeric proteins, had higher activities on RAC DP 14 than
on RAC DP 164, especially in the degradation direction
(Fig. 4). The difference may stem from the fact that reaction
on RAC DP 14 started with a higher concentration of
reducing end ([RE]=2.8 mM), where phosphorolysis
happens (Samain et al. 1995), than that on RAC DP 164
in which [RE] was 0.28 mM.

On RAC DP 164, CtCDP and its fusion proteins, like
other phosphorylases (e.g., maltodextrin phosphorylase),
had higher activities of extending the glucan chain than of
degrading it (Fig. 4b) because the conversion of phosphate
into glucose 1-phosphate is thermodynamically unfavorable
(Nidetzky et al. 1996). Nevertheless, a reverse trend was
found on RAC DP 14. Both CtCDP and CBM-tagged
CtCDPs degraded the short-chain RAC more efficiently
than extending it (Fig. 4a). As the slightly soluble RAC DP
14 was degraded, the cascade reaction generated shorter
substrates which were more soluble and more accessible to
CDP. Thus, the degradation reaction may be accelerated.

In addition, fusion of CBM3 and CBM6 reduced the
activities of CfCDP on amorphous cellulose. Fused CBM4

Table 3 Kinetics of
CDP-CBM fusion proteins

Synthesis direction

Degradation direction

on celloheptaose

Ky, (mM) kear (s7) kealKm K (mM) kear (s7) kead Ko
CtCDP 1.29+0.02 3.11+0.05 241 1.82+0.03 4.14+0.10 227
CtCDP-CBM3 1.93+0.04 1.08+0.02 0.56 2.71+0.02 2.70+0.01 1.00
CrCDP-CBM4 0.29+0.05 2.25+0.05 7.76 1.56+0.01 4.53+0.03 2.90
CtCDP-CBM6 5.24+0.05 2.16+0.02 0.41 1.53+0.01 1.37+0.02 0.90
CtCDP-CBM9 1.46+0.02 2.98+0.04 2.04 0.62+0.02 3.77+0.06 6.08
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Fig. 3 Binding isotherms of CDP-CBM fusion proteins to RAC. a
Adsorption on RAC DP 14. b Adsorption on RAC DP 164

had little impact on CtCDP, although CtCDP-CBM4 dis-
played nearly 10% increases of catalytic efficiencies on RAC

DP 14. Comparatively, CBM9 improved the specific
activities of CtCDP in both synthesis and degradation
directions over 20% on the short-chain RAC and more than
50% on the long-chain RAC. The specific activities of
Ct{CDP-CBM9 reached 18.9 and 5.9 U umol ' toward
synthesis and degradation of RAC DP 14, respectively. One
micromolar CtCDP-CBM?9 also possessed 4.1 U for exten-
sion and 1.2 U for degradation of RAC DP 164 (Fig. 4).

Discussion

Surface accessibility and end accessibility are recognized as
two important factors in the enzymatic hydrolysis of
cellulose (Rollin et al. 2010; Zhang and Lynd 2006). In
nature, cellulose hydrolases developed a complex molecular
architecture in which catalytic modules are appended to
non-catalytic CBM that enrich enzyme onto its substrate,
thereby increasing possibility of enzyme—substrate complex
formation (McCartney et al. 2006). The C. thermocellum
CDP, a single modular protein, does not have an apparent
CBM. We discovered that it has a very weak activity
toward amorphous cellulose. To mimic cellulase perfor-
mance, we constructed four C+CDP-CBM fusion proteins
and characterized them. Among them, fusion of a family 9-
2 CBM from T. maritima Xynl0A expands the catalytic
potential of CzCDP towards insoluble cellulose.

Being a type C CBM, the family 9 CBM from T
maritima has a broad binding specificity (Table 1). Addi-
tion of CBM9 to CtCDP did not influence its kinetics on
soluble cellobiose, but increased the binding capacities on
insoluble cellulose. It likewise improved the catalytic
activities, to different extents, on celloheptaose and RAC.
The carbohydrate-binding site of CBM9 has been described
as a “blind canyon,” a groove on protein surface that is
blocked at one end. Such a conformation accommodates
only two sugar rings and makes CBM9 specifically bind to

Table 4 Modified Langmuir isotherm parameters for the adsorption of CfCDP and its fusion proteins on regenerated amorphous cellulose (RAC)

RAC DP 14

RAC DP 164

Amaxa (HmOI gil) Kpb (L umolfl)

AG® (kI mol™")

Apay” (umol g7 K, (L pmol ') AG® (kJ mol™")

CtCDP 0.44+0.04 3.83+£0.35 -38.2
CtCDP-CBM3 0.56+0.03 1.51+0.08 -359
CtCDP-CBM4 0.32+0.02 2.90+0.18 -37.5
CtCDP-CBM6 0.82+0.06 1.03+£0.07 -34.9
CtCDP-CBM9 2.55+0.10 0.71+0.03 -34.0

0.52+0.07 3.63+£0.49 —38.1
0.88+0.05 1.58+0.09 -36.0
2.92+0.16 0.95+0.05 —34.7
1.27+0.09 1.45+0.10 -35.8
4.93+0.14 1.28+0.04 -354

? Amax, Maximum adsorption capacity (wmol [enzyme] gf1 [RAC))

pr, dissociation constant (L umol ' [enzyme])

¢ AG, free energy of adsorption (kJ mol ). AG = —RT ‘In(K,,) (Boraston et al. 2001), where R is a gas constant, and T represents temperature

(K, 7=303.15 K)
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the reducing ends of sugars (Notenboom et al. 2001).
Although both CBM9 and CfCDP bind to the reducing end
of cellulose, it was doubtful the sugar residues could be
transferred from the binding site of CBM9 to the catalytic
domain of CtCDP. However, fusion of CBM9 may direct
the enzyme toward certain reducing end-enriched area so
that the fusion protein C#CDP-CBM9 could show higher
activities on insoluble cellulose than CtCDP. Moreover,
fusion of CBM9 considerably increased the specific
activities on RAC DP 164 while only marginally improved
the activities on RAC DP 14, suggesting that the enriching
benefit of CBM9 fusion strategy was limited on RAC DP
14 because of much higher reducing end availability.

Our results also suggested that different CBMs, with
different binding specificities, affected CtCDP to different
extents. For instance, fusion of family 3 CBM from C.
thermocellum CbhA improved enzyme binding to insoluble
cellulose but significantly decreased the activities on both
celloheptaose and RAC. CBM3, a typical type A CBM,
targeted CtCDP-CBM3 to the crystalline surface of cellu-
lose where the trapped CtCDP lost its freedom to capture
the reducing ends of glucan chains, resulting in decreased
activities. On the other hand, CBM3 cannot hold cellobiose.
Therefore, CtCDP-CBM3 and CtCDP exhibited the similar
kinetics toward cellobiose (Table 2).

CDP-CBM3 CDP-CBM4 CDP-CBM6 CDP-CBM9

Type B CBM6 from C. mixtus Cel5B has two potential
ligand-binding sites (Henshaw et al. 2004). One (cleft A) is
located within the loops connecting two (-sheets and
recognizes two sugar residues from the non-reducing end,
whereas the concave surface cleft B accommodates three to
four saccharide units in both orientations. When CtCDP-
CBM6 was mixed with cellobiose, cleft A and C#CDP may
each adopt a cellobiose unit. Given that CtCDP-CBM6
retained the activity of CtCDP on cellobiose, it could be
concluded that two binding processes happened in non-
interacting sites and were independent of each other. On the
contrary, fusion of CBM6 lowered the activities of CtCDP
on insoluble celluloses, including celloheptaose, RAC DP
14, and RAC DP 164. Since binding of CBM6 to insoluble
cellulose involves synergistic interactions between cleft A
and cleft B, cleft A may draw CtCDP-CBM6 to the non-
reducing termini once the fusion protein interacts with the
cellulose. Similar to the case of CtCDP-CBM3, it lessened
the possibility of CtCDP to reach the reducing end of
cellulose, resulting in declined activities.

Through the comparison of the unequal impacts of fused
CBMs on CtCDP, it was concluded that fusion of CBM that
anchors the enzyme at some specific positions may not
promote the catalytic potential on the insoluble substrate. A
desired CBM should direct the enzyme to the sites where

@ Springer



Appl Microbiol Biotechnol

the enzyme would form active enzyme—substrate complex.
The success of chimeric C:CDP-CBM9 over the wild-type
CtCDP provided a good example here. Nevertheless, it was
worth noting that substrate properties also exerted different
effects on the fusion protein. For example, CBM 4-2 from
R. marinus Xynl10A is a type B CBM interacting with a
range of single-stranded polysaccharides, including amorphous
(but not crystalline) cellulose, (-1,3-glucan, and xylan, with
approximately equal affinity in both orientations (Hachem et
al. 2000). Different from other fusion proteins, CtCDP-CBM4
exhibited distinct binding and catalytic properties towards
RAC DP 14 and RAC DP 164. On RAC DP 14, CtCDP-
CBM4 displayed a smaller 4,,,, but higher activities than
CtCDP, whereas CtCDP-CBM4 had a bigger 4,,,x on RAC
DP 164, but similar activities as CtCDP in both synthesis and
degradation directions. For the latter observation, an increase
of binding capacities may not increase enzyme concentration
around its target substrate sites (e.g., reducing ends of (-
glucan chain), similar to the above discussion on CtCDP-
CBM3 and CtCDP-CBM6. However, CtCDP-CBM4 with
low binding capacities but high catalytic activities on RAC
DP 14 may be explained in respect of substrate properties,
including solubility, chain length distribution, and accessibility
of the reducing ends. Substrate solubility may play a critical
role. Since RAC DP 14 is partially soluble (Zhang and Lynd
2004b) and the binding cleft of CBM4 prefers soluble
substrate (Simpson et al. 2002; Johnson et al. 1996), the
soluble fraction of RAC DP 14 attracted a large amount of
CtCDP-CBM4 in supernatant, leading to the decrease of A,
and the increase of K, and absolute AG. Meanwhile, the
interaction between soluble RAC with CtxCDP-CBM4 helped
the enzyme access to the reducing ends and thus increased its
activities.

Moreover, kinetic analysis demonstrated fusion of
CBM4 and CBM9 promoted the enzyme affinities on
celloheptaose in different directions. Note that CBM4 and
CBM9 bind to different sites of cellulose (McLean et al.
2002; Blake et al. 2006). Above result implies CBM4 might
direct the enzyme to the sites of celloheptaose where glucan
synthesis was preferred, while CBM9 concentrates the
fusion protein to the sites that favors glucan degradation. It
was difficult to evaluate the validity of this hypothesis.
However, it clearly suggested complex interactions between
binding modules and catalytic modules in enzyme, between
binding sites and catalytic sites in substrate, and between
enzymes and substrates (Liu et al. 2010).

The linker joining C#CDP with CBM is another factor
that could potentially affect both binding and catalytic
properties of the fusion protein (Liu et al. 2010). In this
work, a natural linker was cloned from C. thermocellum
Cthe 2196. It is a short and flexible peptide consisting of
repeated units of proline, threonine, and glycine (Fig. 1).
The sequence shows no putative consensus motif in the

@ Springer

GenBank database. For construction of CBM-fused protein,
the synthetic CBM domain routinely includes a fragment of
its natural linker, if not all, to alleviate the possible steric
hindrance of CBM on the activity of chimeric enzymes
(Ravalason et al. 2009; Ahn et al. 2004; Kittur et al. 2003).
However, it was still unclear the real effect of linker on the
catalytic potential of chimeric enzymes. Concerted efforts
would be focused on optimizing the linker length and
composition for maximizing the catalytic potential of
CtCDP-CBMO.

Increasing enzyme activities on insoluble substrates is
challenging (Zhang et al. 2006b; Wen et al. 2009). It is
difficult to develop an active enzyme against insoluble
substrates by directed evolution owing to the lack of
reliable and efficient screening/selection methods (Liu et
al. 2009). Since the mechanism how enzymes work with
insoluble substrates is still unknown, engineering an
enzyme toward insoluble substrates by rational design has
been scarcely reported so far (Li et al. 2010). In this study,
we discovered that C#CDP had weak activities on cellohe-
patose and RAC. To test whether addition of a CBM could
improve the catalytic potential of C/CDP on insoluble
cellulose, CtfCDP was linked with four representatives of
the three types of CBM (Table 1). The results demonstrated
that addition of a CBM 9-2 from 7. maritima Xynl0A
significantly improved the catalytic activity of CtCDP on
both short-chain and long-chain RAC. The chimeric protein
will be the first step to construct a highly active cellulose
phosphorylase for the in vitro hydrogen production by
SyPaB. The enhanced activity on RAC also makes it
possible to develop an efficient screening/selection method
for directed evolution of CtCDP-CBM9 (Liu et al. 2010;
Zhang and Zhang 2011). The activity of CfCDP-CBM9 on
solid cellulose might be further enhanced by rational design
of linker length and composition in the future.
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