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Abstract Cellobiose dehydrogenase (CDH; EC
1.1.99.18) is an extracellular glycosylated protein
composed of two distinct domains, a C-terminal
catalytic flavin domain and an N-terminal cyto-
chrome-b-type heme domain, which transfers elec-
trons from the flavin domain to external electron
acceptors. The soluble flavin domain of the Phan-
erochaete chrysosporium CDH was successfully
expressed in Escherichia coli. The enzyme showed
dye-mediated CDH activity higher than that of the
complete CDH, composed of flavin domain and heme
domain, prepared using Pichia pastoris as the host
microorganism. The ability to conveniently express
the recombinant CDH flavin domain in E. coli
provides great opportunities for the molecular engi-
neering of the catalytic properties of CDH.
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Introduction

Cellobiose dehydrogenases (CDHs; EC 1.1.99.18) are
extracellular, glycosylated proteins produced by
numerous fungi, including the white rot fungi (Cam-
eron and Aust 2001). CDHs are involved in a
cellulolytic enzyme pathway of these fungi, although
their exact physiological role remains unclear. CDHs
catalyze the oxidation of cellobiose (Glc-f-1,4-Glc)
and other f3-1,4-linked disaccharides or oligosaccha-
rides at the C-1 position to the corresponding lactones
(Hallberg et al. 2002). CDHs have recently been paid
much attention as anodic catalysts in bio-fuel cells,
capable of oxidizing cellulolytic sugars. Enzyme
sensors employing CDHs have also been reported
(Hilden et al. 2001) for the evaluation of cellulase
activities.

CDHs have a unique enzyme structure, composed
of two distinct domains: a C-terminal catalytic flavin
domain and an N-terminal cytochrome-b-type heme
domain, that transfers electrons from the flavin domain
to external electron acceptors. The CDH from the
white rot fungus, Phanerochaete chrysosporium, is
the most extensively studied, including elucidation of
the three dimensional crystal structures of each of
its two domains, prepared by papain proteolysis
(Hallberg et al. 2002). We have recently reported
the alteration of substrate specificity by site-directed
mutagenesis on the P. chrysosporium CDH recombi-
nantly expressed in Pichia pastoris (Desriani et al.
2010).
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Considering that CDHs are glycosylated enzymes
with a unique structure, the recombinant production
of CDHs have been achieved by using budding yeast,
such as P. pastoris (Yoshida et al. 2001; Desriani
et al. 2010). However, the recombinant production of
CDHs employing Escherichia coli or another pro-
karyotic host has yet to be reported. The ability to
recombinantly produce CDH in a prokaryotic host
would accelerate the protein engineering study of
CDH, such as the modification of its catalytic
properties, which is eagerly awaited by those engaged
in CDH applications. In this study, we demonstrate
the recombinant production of a functionally active
CDH flavin domain from P. chrysosporium, using
E. coli as the host. The CDH flavin domain was
successfully produced under specific growth condi-
tions as a soluble protein showing dye-mediated CDH
activity.

Materials and methods
pET30c/flavin-cdh construction

The structural gene of the Phanerochaete chrysospo-
rium CDH flavin domain was PCR-amplified using as
template pPIC9cdh, a vector previously created to
express the entire CDH in P. pastoris (Desriani et al.
2010). Because the DNA encoding the flavin domain
contained Ndel and Ncol site restriction sites, a
ribosome binding site flanked by Xbal and Ndel
restriction sites was incorporated into the forward
primer (5'-CCCCCTCTAGAAGGAGATATACATA
TGACACCTTACGATTACATCATC-3') to facili-
tate insertion into the pET30c expression vector. An
EcoRI restriction site was incorporated into the
reverse primer (5'-GGGAATTCAAGGACCTCCCG
CAAGCG-3") downstream of the domain’s stop codon.
The flavin domain expression vector pET30c/flavin-
cdh was created by digesting the PCR product with
Xbal and EcoRI and inserting it into pET30c.

CDH flavin domain preparation

Escherichia coli BL21(DE3) was transformed with
pET30c/flavin-cdh and the CDH flavin domain
expressed by autoinduction in PA-5052 growth med-
ium, containing 50 mM Na,HPO,, 50 mM KH,PO,,
25 mM (NHy4),S0,, 2 mM MgSQ,, trace metals, 0.5%
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glycerol, 0.05% glucose, 0.2% a«-lactose, and 200 mg/1
of each amino acid except cysteine and tyrosine (Studier
2005). Cells were collected by centrifugation and
resuspended in 50 mM ammonium acetate buffer,
pH 5. The cells were disrupted by ultrasonication and
centrifuged. The resulting crude extract was fraction-
ated by ammonium sulfate precipitation, and the
fraction precipitated from 20 to 60% saturation was
suspended in 20 mM Tris/HCI, pH 8, and desalted on a
PD-10 column (GE healthcare). The protein sample was
then applied on to a 6 ml Resource Q column equili-
brated with 20 mM Tris/HCI, pH 8, and eluted with a
linear NaCl gradient in the same buffer. The eluted
enzyme then underwent size-exclusion chromatography
on a Superdex 200 10/300 (GE healthcare) using
20 mM Tris/HCl, pH 8. The prepared CDH flavin
domain was then used for kinetic studies.

Characterization of enzymatic properties

The recombinant enzyme activity was determined at
room temperature using 0.1 mM 2,6-dichloroindophe-
nol (DCIP) in 50 mM citric acid buffer, pH 5, in the
presence of different concentrations of cellobiose as
the substrate (Henriksson et al. 1998). The decrease in
absorption of DCIP was monitored at 525 nm using a
molar absorption coefficient of 8.25 M~ cm™".

The effect of pH on the activity and stability of the
enzyme was investigated at room temperature in the
presence of 5 mM cellobiose using 50 mM sodium
citrate buffer in the pH range 3-6 and 50 mM
potassium phosphate buffer in the pH range 6-7. The
following DCIP molar absorption coefficients were
determined experimentally in the appropriate buffers:
821 M 'em™! (pH 3), 798 M~ 'cm™! (pH 4),
825 M 'em™! (pH 5), 825 M~ ecm™! (pH 6), and
9.56 M~ cm™' (pH 7).

Results
Recombinant production of CDH flavin domain

The expression of the CDH flavin domain in E. coli
was first attempted using IPTG induction at 30, 25,
and 20°C. However, no CDH activity was detected
from cell free extracts of E. coli harboring pET30c/
flavin-cdh under any of the induction conditions
investigated. With the aim of producing a functional
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Fig. 1 Schematic representation of the vector pET30c/flavin-
CDH for the expression of the CDH flavin domain in E. coli

CDH flavin domain, we searched for milder expres-
sion conditions. Studier (2005) reported on several
media compositions that facilitate the mild expres-
sion under the T7lac promoter (bacteriophage T7
promoter and the lac operator) with continuous cell
growth, resulting in high yields of soluble active
protein. Dye-mediated CDH activity was detected in
cell-free extracts of E. coli grown at different
temperatures in PA 5052 medium, an autoinducing
minimal medium with amino acids. The observed
CDH activity levels in cell-free extracts at each
temperature were: 0.14 U/mg (326 U/l) at 20°C,
0.32 U/mg (733 U/1) at 25°C, and 0.08 U/mg
(126 U/1) at 30°C. A protein band was observed on
SDS-PAGE near the expected molecular weight of
57 kDa at all three incubation temperatures in both
the insoluble (Figs. 1, 2, lanes 3 and 5) and soluble
fractions (Fig. 2, lanes 4 and 6). The most intense
band corresponding to soluble CDH flavin domain
was observed in the sample cultivated at 25°C, which
is consistent with the observed activity in cell-free
extracts.

Characterization of recombinant CDH flavin
domain

For further enzymatic characterization, the recombi-
nant CDH flavin domain was expressed at 25°C in PA
5052 autoinduction medium and purified. Based on
the activity measured in crude extract, the expression
level of the CDH flavin domain in E. coli was
calculated as 386 U/1 culture after 25 h. After the first
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Fig. 2 SDS-PAGE of E. coli BL21(DE3) expressing pET30c/
flavin-CDH. Cells grown at 20, 25, or 30°C were disrupted by
sonication and the resulting lysate separated by centrifugation
into insoluble (lanes 1, 3, 5) and soluble (lanes 2, 4, 6)
fractions. Samples were separated by 10% polyacrylamide
SDS-PAGE and stained with Coomassie Brilliant Blue R-250.
The bands corresponding to the CDH flavin domain are marked
with an arrowhead

size-exclusion chromatography, the enzyme was
purified to a specific activity of 16.7 U/mg protein
at a yield of 7.3% (Table 1).

The dye-mediated CDH activity of the purified
flavin domain showed a cellobiose concentration-
dependence and reached saturation around 5 mM
cellobiose (Fig. 3). The Vmax value calculated from
these measurements is 12.2 U/mg, which is higher
than that previously observed with the purified com-
plete CDH, composed of flavin domain and heme
domain, expressed in P. pastoris (Desriani et al. in
press). The Km for the flavin domain was calculated to
be 0.07 mM, almost identical to that of the CDH
expressed in P. pastoris. Investigation of the flavin
domain’s pH dependence showed that the highest
dye-mediated CDH activity was achieved at pH 4,
with barely detectable activity at pH 7.
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Table 1 Purification of the CDH flavin domain expressed in E. coli BL21(DE3)

Purification step Total protein Total enzyme Specific activity Yield (%) Purification
(mg) activity (U) (U/mg) (fold)

Crude extract 373 71.3 0.2 100 1
Ammonium sulfate precipitation 211 44 0.2 57 1

followed by desalting
Resource Q 6 ml 2.7 18.5 6.9 24 33
Superdex 200 0.34 5.7 16.7 7.3 80.5
Superdex 200 0.15 1.5 9.9 2 48
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Fig. 3 Michaelis—Menten plot of dye-mediated activity of the
CDH flavin domain expressed in E. coli. The CDH activity was
determined by measuring the decrease absorption of DCIP at
525 nm (molar absorption coefficient = 8.25 M~ 'em™h)

Discussion

CDH is composed of a C-terminal flavin domain and
an N-terminal cytochrome-b-type heme domain. The
flavin domain of CDH is an FAD-binding catalytic
domain, whose structure belongs to the glucose/
methanol/choline (GMC) oxidoreductase family
(Zamocky et al. 2004). In prokaryotes, FAD-harboring
redox enzymes, including GMC oxidoreductases, are
produced and folded in the cytosol. In Gram-negative
bacteria, some FAD-harboring redox enzymes are
secreted into the periplasmic space in the fully folded
form via the TAT secretion system, which requires a
specific signal sequence (Sargent 2007). E. coli
endogenously produces cytochrome b-562 (cyt-b562)
with a Sec secretional signal sequence in an unfolded
form. After cleavage of the signal sequence and
transportation by the Sec secretional system into
periplasmic space, cyt-b562 is folded with the incor-
poration of heme to form mature cyt-b562 (Nikilla
et al. 1991). Considering the differences in post
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translational modification of each domain renders
impossible the recombinant production of the com-
plete and functional CDH in E. coli, we attempted to
produce the CDH flavin domain alone in E. coli
without the heme domain.

Conventional over-expressing induction condi-
tions for the T7lac promoter system with IPTG
yielded only an insoluble inactive recombinant prod-
uct. Because native CDH is a glycosylated protein,
the milder conditions provided by the autoinduction
method appear to be necessary to avoid the formation
of inclusion bodies when expressed in the nonglyco-
sylated form. Native CDH has three glycosylation
sites, two in the flavin domain and one in the heme
domain, which may partially interfere with the access
of the artificial electron acceptor to the flavin
cofactor, whose normal function is to transfer elec-
trons to the heme domain. The absence of such sugar
moieties in the E. coli-expressed CDH flavin domain
may explain the higher dye-mediated dehydrogenase
activity compared with the P. pastoris-expressed
CDH.

The pH optimum for the native CDH was previ-
ously reported to be pH 6 for the dye-mediated
activity, and pH 4—4.5 for the direct electron transfer,
via the heme domain (Tasca et al. 2009). Because the
two domains were assumed to be oppositely charged
at pH 4-4.5, the electrostatic attractions between to
two domains were thought to favor the internal
electron transfer by minimizing the electron transfer
distance. However, electrostatic repulsion between
the deprotonated surfaces of the two domains at pH 6
favors the dye-mediated electron transfer. Our results
clearly demonstrated that the CDH flavin domain
showed the highest activity at pH 4 (Fig. 4). It
therefore appears that the reported pH 6 optimum for
the dye-mediated reaction of the native CDH is
mainly due to the dissociation of the flavin domain



Biotechnol Lett (2010) 32:855-859

859

12

-
o
T

o
T

Specific activity (U/mg)
ESS [e)]

N
T

pH

Fig. 4 pH-dependence of the dye-mediated activity of the
CDH flavin domain expressed in E. coli. The effect of pH on
the enzyme activity was investigated at room temperature in
the presence of 5 mM cellobiose using 50 mM sodium citrate
buffer in the pH range 3-6 (black squares) and 50 mM
potassium phosphate buffer in the pH range 67 (white circles)

and heme domain, rather than the optimal catalytic
efficiency of the flavin domain.

Conclusions

As current mutagenesis studies of CDH are only
achievable employing eukaryotic host microorgan-
isms, such as P. pastoris (Desriani et al. in press), the
routine screening of mutated enzymes such as directed
evolutional approaches are difficult. This is the first
study demonstrating the recombinant production of
soluble and active CDH flavin domain in a prokaryote.
Our achievement provides a simple method to prepare
engineered or randomly mutated CDH flavin domain
for routine screening, which is likely to contribute to
further engineering studies of CDH.
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