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Cellobiose dehydrogenase (CDH) is an emerging enzyme in the field of bioelectrocatalysis. Due S 31 JAN 2012

to its flexible cytochrome domain, which acts as a built-in redox mediator, CDH is capable of direct Revised 05 JUN 2012
electron transfer (DET) to electrode surfaces. This rare property is employed in mediatorless “third Accepted 17 JUL 2012
generation” biosensors. The ability of Corynascus thermophilus CDH to oxidize glucose under phys- Accepted

iological conditions makes it a promising candidate for miniaturized glucose biosensors or article online 20 JUL 2012

glucose powered biofuel cell anodes. We report for the first time the electrochemical application
and characterization of a recombinantly produced CDH in a glucose biosensor. Recombinant CDH
from C. thermophilus (rCtCDH) was expressed by the methylotrophic yeast Pichia pastoris
(376 U L7, 132 mg L™"). A comparative characterization of rCtCDH and CtCDH shows identical
pH optima, K|, values and heme b midpoint potentials. In contrast, the specific activity of rCtCDH
(2.84 U mg™) and consequently the turnover numbers were ~five-times lower than for CtCDH,
which was caused by a sub-stoichiometric occupation of catalytic sites with flavin-adenin-dinuk-
leotid (FAD). The performance of rCtCDH-modified electrodes demonstrates the suitability for
electrochemical studies. This opens the possibility to engineer the substrate specificity of C. ther-
mophilus CDH for specific carbohydrates by rational engineering or directed evolution.
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1 Introduction
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main (DHp,;), which features the flavin-adenin-dinuc-
leotid (FAD) as cofactor. After the catalytic step, electrons
are transferred from the FAD moiety to a surface-exposed
heme b of the smaller cytochrome domain (CYT py),
which is connected to DH,, by a flexible linker. In addi-
tion to soluble redox mediators, certain electrode surfaces
can act as terminal electron acceptors of CYTp,,. This di-
rect electron transfer (DET) mechanism makes CDH high-
ly interesting for bioelectrochemical applications. The ef-
ficiency of CDH modified bioelectrodes depends on DET,
but also on the intramolecular electron transfer (IET) be-
tween DH;; and CYT . [6]. For basidiomycetous CDHs,
the IET — but not the catalytic step at the FAD —is limited
to acidic pH, but for some ascomycetous CDHs an IET at
neutral/alkaline pH was found [4, 7]. The combination of an
efficient IET and DET reaction at pH 7.4 and the ability to
oxidize glucose makes CDH from C. thermophilus a prom-
ising candidate for mediatorless glucose biosensors and
biofuel cell anodes to be used under physiological condi-
tions in body tissues and fluids [8—10].

Current glucose biosensors are based on glucose oxi-
dase (GOx) or glucose dehydrogenase (GDH). These en-
zymes are commercially available and exert a high spe-
cific activity, selectivity for glucose and stability. Never-
theless, they have some major drawbacks. Due to their ar-
chitecture, direct communication with electrodes is not
possible. Therefore, they depend on electron shuttling
species to contact the electrode. Electrons can be trans-
ferred by migrating reaction products (e.g. hydrogen per-
oxide, “first generation” biosensors) or the help of redox
mediators (“second generation” biosensors). First genera-
tion glucose biosensors based on GOx are dependent on
a stable oxygen concentration for accurate measure-
ments. Second generation glucose biosensors can be af-
fected by varying oxygen concentrations or hydrogen per-
oxide production. CDH, such as GDH, cannot use oxygen
as alternative electron acceptor and circumvent this neg-
ative effect [11]. The high operational potential of GOx-
and GDH-based biosensors leads to nonspecific oxidation
of interfering compounds for instance acetaminophen, an
active agent of common painkillers. CDH-based biosen-
sors avoid these negative effects by working at a low op-
erational potential [11]. The much lower K, ; values of GOx
or GDH for glucose seem to be an advantage compared to
CDH. However, experiments showed that the linear range
(0.1-30 mM) of a CtCDH glucose biosensor covers the
concentration range relevant for the direct determination
of the blood glucose level [10].

The production of CtCDH by the fungus is difficult and
demands a complex and expensive culture medium [4].
The applicability of a heterologously expressed CDH
would circumvent these drawbacks and, even more im-
portant, would allow to customize CDH for bioelectronic
applications by genetic engineering. Recombinant pro-
duction of CDH by bacterial expression systems seems to

work only for DHp,,, but not for the holoenzyme [12].
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Therefore, high reported expression levels and an easy ge-
netic manipulation were the reason to select Pichia pas-
toris as expression host in this work. We report the effi-
cient recombinant expression of rCtCDH in P, pastoris, its
purification and a comparative characterization with fun-
gal CtCDH in respect to physical, catalytic and bioelec-
trochemical properties.

2 Materials and methods
2.1 Chemicals, strains and vectors

Chemicals for enzyme assays, buffers and media were
purchased from Sigma-Aldrich (Steinheim, Germany) and
were of the highest purity available. Restriction enzymes,
dNTP mix and T4 DNA ligase were from Fermentas (Vil-
nius, Lithuania) and the Phusion polymerase from New
England Biolabs (Ipswich, UK). Synthetic oligo-
nucleotides were synthesized by VBC-Biotech (Vienna,
Austria). Pichia pastoris strain X-33 and expression vec-
tor pPICZa B used for heterologous protein expression are
components of the EasySelect Pichia Expression Kit (In-
vitrogen, CA, USA). CDH from Corynascus thermophilus
CBS 405.69 (CtCDH) was produced according to a pub-
lished procedure [4].

2.2 Recombinant enzyme production

The published plasmid pCT1 was used as template for the
amplification of CtCDH encoding cDNA (HQ116814.1, [4])
using the primers bCT-BstBI 6'-ATATTCGAAATGAAGC
TTCTCAGCCGCG-3' and 3CT-Xbal 5'-ATATCTAGACTA
ATACCGCAGGGACAGG-3'. The PCR amplicon was di-
gested with BstBI and Xbal and cloned into the equally
treated vector pPICZa B. The resulting plasmid pPICctcdh
was linearized with Sacl and transformed into electro-
competent P pastoris X-33 cells. Transformants were se-
lected on yeast peptone dextrose (YPD) zeocin plates
(100 mg L™! zeocin). The integration of the gene was ver-
ified by colony PCR. A 96-deep well plate based screening
for a high producing P, pastoris transformant was done ac-
cording to Weis et al. [13] with minor modifications of the
culture conditions. Cells were grown at 25°C, 385 rpm and
60% relative humidity for 130 h. The enzymatic activity in
the supernatant of each well was measured using the 2,6-
dichloroindophenol (DCIP) assay. The best producing
clone was selected for production of rCtCDH in a 7-L fer-
menter (MBR, Wetzikon, Switzerland). The fermentation
was run according to Sygmund et al. [14].

2.3 Protein purification
The enzyme was purified using a hydrophobic interaction

chromatography followed by an anion exchange chro-
matography. The purity of the enzyme preparation was
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verified by SDS-PAGE. A detailed description of the pu-
rification procedure is provided in the Supporting infor-
mation. CtCDH was prepared as published previously [4].
Homogeneous CDH solutions were sterile filtered,
aliquoted and stored at —80°C.

2.4 Molecular properties

Homogenous CDH samples were treated with PNG-ase F
(NEB) under denaturing conditions according to the man-
ufacturer’s instructions to estimate the amount of glycosy-
lation. The spectra of homogeneously purified rCtCDH and
CtCDH were recorded at room temperature from 250 to
550 nm in both the oxidized and reduced state using a
U-3000 Hitachi spectrometer (Tokyo, Japan). CDH was di-
luted in 50 mM citrate buffer, pH 5.5 to an absorbance of ~1
at 280 nm and the spectrum was recorded before and short-
ly after the addition of lactose to the cuvette. The oxidized
spectrum was used for determining the purity represented
by the ratio of A, to A,g,. Reconstitution of the recombi-
nant CDH with FAD was done by incubation of the enzyme
in citrate-phosphate buffer (50 mM, pH 4.0) containing a
10-fold excess of FAD (100 uM) for 24 h at room tempera-
ture. Residual FAD was removed by repeated diafiltration
(Ultra-0.5; 10-kDa cut-off; Millipore, MA, USA). The per-
centage of reconstitution was determined by measuring
the DCIP activity before and after the experiment.

2.5 Enzyme assays and kinetic measurements

CDH activity was specifically determined by following
the reduction of 20 pM cytochrome ¢ (cyt ¢, €rp =
19.6 M~! cm™) in 100 mM Mcllvaine (citrate-phosphate)
buffer, pH 7.5, containing 30 mM lactose [15]. The DCIP
assay was performed by measuring the time-dependent
reduction of 300 uM DCIP at 520 nm in 100 mM Mcllvaine
buffer at pH 5.5. Initial rates for the determination of pH
profiles with DCIP and cyt ¢ were determined at 30°C in
Mcllvaine’s buffer ranging from pH 3.5 to 8. Catalytic con-
stants for various electron donors were determined with
cyt ¢ at pH 7.5. Catalytic constants were calculated using
nonlinear least squares regression by fitting the observed
data to the Michaelis-Menten equation (Sigma Plot 11,
Systat Software, Chicago, IL, USA).

2.6 Voltammetric measurements

Cyclic voltammetry (scan rate 10 mV s71) and square wave
voltammetry were performed at room temperature (20°C)
using a Gamry Reference 600 potentiostat (Gamry Instru-
ments, Warminster, PA, USA). Square wave voltammo-
grams were recorded at a frequency of 1 Hz, a step po-
tential of 2 mV and amplitude of 20 mV. A standard three-
electrode configuration was used with an Ag|AgCl (3 M
KCl) reference electrode (Gamry Instruments) and plat-
inum wire as counter electrode. The buffer, used as elec-
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trolytes, was carefully degassed under vacuum and
purged with argon prior to experiments. To maintain the
inert atmosphere argon was blown over the solution dur-
ing the measurements. Preparation of thioglycerol-modi-
fied disc Au electrodes (BASi, West Lafayette, IN, USA, di-
ameter = 1.6 mm, geometric surface area = 2.01 mm?) for
cyclic voltammetry and square wave voltammetry is de-
scribed elsewhere [6].

2.7 Amperometric measurements

A three-electrode flow through amperometric wall jet cell
was used (BASi LCEC flow cell, radial flow, West Lafa-
yette, IN, USA) containing a custom-made working elec-
trode (graphite electrode modified with CDH), a reference
electrode (Ag|AgCl, 3 M NaCl, RE-6, BASI) and a counter
electrode block (BASi). The cell was connected to a po-
tentiostat (WSTAT 200, DropSens, Oviedo, Spain). The en-
zyme modified electrode was press fitted into a Teflon
holder and screwed onto the counter electrode block,
which kept a constant distance (~1 mm) from the inlet
nozzle. The system was controlled by the DropView pro-
gram (DropSens). The electrochemical cell was connect-
ed on-line to a single line flow injection system, in which
the carrier flow was maintained at a constant flow rate of
0.5 mL min™" by a peristaltic pump (Minipuls 2, Gilson,
Middleton, WI, USA). The injector was a mechanically
controlled six-port valve (Rheodyne, Cotati, CA, USA)
with a 20-puL injection loop. CDH was immobilized
through simple physicochemical adsorption onto the sur-
face of solid spectroscopic graphite electrodes (FP-254,
diameter = 3.05 mm, geometric surface area = 7.06 mm?,
Schunk Materials, Heuchelheim, Germany). The elec-
trode was cut, polished on wet emery paper (EasyCUT,
P600), sonicated for 10 min, carefully rinsed with HQ wa-
ter and dried. A b-ul aliquot of enzyme solution
(6 mg mL™) was spread across the active surface of the
electrode. The enzyme electrode was dried at room tem-
perature and stored overnight at 4°C. Before use, the elec-
trode was thoroughly rinsed with HQ water in order to re-
move any weakly adsorbed enzyme and plugged into the
wall jet cell already containing buffer. Prior to substrate in-
jection (60 mM glucose), the electrode was polarized with
an applied potential of +200 mV until a stable background
current was achieved. The dispersion factor of the flow
system was equal to 1.96 according to the Ruzicka and
Hansen relationship [16].

3 Results

3.1 Production and purification of recombinant
CtCDH

The P pastoris expression plasmid pPICctcdh was con-
structed by cloning the nucleotide sequence including
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the native signal sequence into the pPICZo B expression
vector under control of the methanol-inducible AOX pro-
moter. A high producing clone (pPIC-CtCDH11) was se-
lected during a 96-deep well plate screening. Production
of the enzyme was carried out in a 7-L stirred and aerat-

ed bioreactor (Fig. 1). Volumetric CDH activity in the cul-
ture supernatant, measured with the DCIP and the cyt ¢
assay reached a maximum value of 376 and 320 UL, re-
spectively. The concentration of soluble protein in the cul-
ture supernatant increased to 633 mg L. After 111 h the
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cultivation was stopped since the specific activity in the
culture supernatant started to decline. The recombinant
enzyme was purified to homogeneity using a two-step
purification protocol (Supporting information, Table S1).
Strict pooling of the purest fractions resulted in a moder-
ately high yield of 71% and 295 mg of a homogenous en-
zyme preparation. The absorbance ratio A,, /A, was
0.65. The homogeneous rCtCDH preparation had a spe-
cific activity of 2.84 U mg™! (measured with the cyt ¢ as-
say) and 4.1 Umg™! (measured with the DCIP assay).

3.2 Molecular properties

The rCtCDH and CtCDH were comparatively character-
ized. Molecular masses were determined by SDS-PAGE
(Supporting information, Fig. S1). The rCtCDH showed a
broad and diffuse band between 89 and 96 kDa whereas
CtCDH was smaller and less diffuse (83 + 3 kDa). After
deglycosylation under denaturing conditions with
PNG-ase F, single, sharp bands with an identical molecu-
lar mass of 78 kDa were found for both enzymes. The
UV/Vis spectra of the purified enzymes (Figs. 2A and B)
are characteristic for CDHs. Based on the two obtained
spectra the amount of the bound FAD cofactor was esti-
mated. The calculated molar absorption coefficient of
CtCDH at 280 nm (g,5, = 149.03 mM ' cm™) was used for
the determination of the protein concentration. After pro-
tein precipitation with trichloroacetic acid [17] the
amount of the released FAD was calculated using the
molar absorption coefficient for free FAD (8450
11.3 mM™! cm™). From the obtained values, it was calcu-
lated that 92% of the active sites in CtCDH contain FAD,
but only 30% in rCtCDH.

3.3 Kinetic properties

Catalytic constants of rCtCDH and CtCDH were meas-
ured with cyt ¢ as electron acceptor at pH 7.4 for cel-
lobiose and glucose (Table 1). The K, values of the tested
electron donors were similar for both CDHs. Both CDHs
exhibited very low K, values for cellobiose (~8 pM). The
K, values for glucose are about 11500-fold higher
(~90 mM). In contrast to the almost identical K, values, a
systematic difference between the two CDH preparations
was observed for the k_, values, which were ~5 times
lower for rCtCDH. The pH-dependent activities with DCIP
and cyt ¢ as electron acceptors were measured (Figs. 3A
and B). The relative pH profiles of CtCDH and rCtCDH
match perfectly. However, the specific activities for cyt ¢
at the pH optimum (7.5) of the two preparations were 3.2
and 14.7 Umg !, respectively. The same trend can be seen
for DCIP at the pH optimum (5.0) with 10.5 and 39 U mg™".
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Figure 3. Comparison of the pH-dependent reduction of DCIP (A), cyt ¢
(B) and direct electron transfer (DET) to a graphite electrode (C) of
CtCDH (circles) and rCtCDH (triangles).

3.4 Electrochemical characterization

The interaction of rCtCDH with self-assembled monolay-
ers (SAM)-modified gold electrodes was investigated by
cyclic voltammetry. Direct communication of CYT, .,y
with the electrode was found and characterized.
CYT,,cpy exhibited a midpoint potential (E, ) of 100 mV
vs. normal hydrogen electrode (NHE), determined by
cyclic voltammetry (Fig. 4A) and square wave voltamme-
try (Fig. 4C). The peak separation between the anodic and
cathodic peak potentials of the cyclic voltammogram was

60 mV. The presence of the DH,,,, domain was proven by
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Table 1. Comparison of steady-state kinetic constants of CtCDH and
rCtCDH using cyt ¢ as electron acceptor in 100 mM Mc llvaine buffer,
pH75

Carbohydrate Enzyme Ky, Kot Koo/ K
[uM] s Ms7]
Cellobiose CtCDH 7.8+0.6 13.0+0.7 1.7x10°8
rCtCDH 7.9+0.5 2.0+£0.1 2.5%x10°
Glucose CtCDH 93000+ 6500 12.8+1.4 1.40x 102
rCtCDH 88000 +4000 22+02 2.50x10

measuring the catalytic current in the presence of 50 mM
glucose (Fig. 4B), which resulted in a maximal catalytic
current of 30.3 pA cm2 at 300 mV vs. NHE. The pH-de-
pendent DET current of rCtCDH-modified spectrographic
graphite electrode was measured in the presence of
50 mM glucose in a flow cell (Fig. 3C). The relative pH pro-
files of rCtCDH and CtCDH resemble each other well, but
rCtCDH has a higher relative catalytic current at low pH.
The specific catalytic current in the presence of 50 mM
glucose was 4.39 pA cm™ for CtCDH and 1.47 pA cm™ for
rCtCDH.

4 Discussion

The expression cassette with the native signal sequence
controlled by the AOX elements led to the successful ex-
pression of CtCDH in P pastoris. The protein concentra-
tion of rCtCDH reached by fermentation was 132 mg L.
This is, when compared to the other heterologously ex-
pressed CDHs not extraordinary high, but satisfactory.
The applied purification procedure resulted in a homoge-
neous rCtCDH preparation. The homogeneity of the pro-
tein is, however, compromised by the sub-stoichiometric
occupation of the cofactor-binding site by FAD. Since the
activity of rCtCDH during purification and in homoge-
neous state is stable over a wide pH range, it does not
seem that FAD is lost during the cultivation, purification
or storage. It is probable that the FAD is not incorporated
into the enzyme during protein synthesis. The generally
lower specific activities of recombinantly produced CDHs
in P pastoris point in this direction [18-22]. Only 30% of
the rCtCDH molecules have FAD incorporated, which is
three-fold lower than that found for CtCDH (92%). A prob-
able reason for this low FAD occupation might be the high
expression rates of other FAD-dependent enzymes (e.g.
alcohol oxidase) in P pastoris during induction with
methanol. However, supplementation of the fermentation
media with riboflavin did not increase the FAD content in
rCtCDH (data not shown).

The simultaneous characterization of rCtCDH and
CtCDH shows besides a number of similarities also differ-
ences between the two enzymes. The SDS-PAGE shows
a higher amount of glycosylation for rCtCDH while the
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Figure 4. Electrochemical characterization of recombinant rCtCDH. Non
catalytic (A), catalytic (50 mM glucose, B) and square wave (C) voltammo-
grams of CDH (5 mg mL™ final concentration) on thioglycerol-modified
gold electrodes entrapped under a permselective membrane.

deglycosylated enzymes have the same molecular mass.
In this case, P pastoris seems to hyperglycosylate the six
potential N-glycosylation sites in rCtCDH. The spectral
properties are similar with regard to the absorption max-
ima, but differ in the relative ratios of the absorbance. It is
obvious from Fig. 3 when looking at the shoulder between
450 to 500 nm, that the concentration of FAD in rCtCDH
is lower than that in CtCDH.

The pH profiles of rCtCDH and CtCDH are remarkably
similar regarding their relative activities (activities nor-
malized by the highest activity at the pH optimum). Both
have their pH optimum with cyt ¢ at 7.5 and with DCIP at
5.0. However, there is a difference in the actual turnover
numbers. For cyt ¢ rCtCDH has a k_, of 3.22 s while
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CtCDHhasak_, 0f14.75s™ . In case of DCIPk_,, is 10.657!
and 39 s7!, respectively. In both cases the ratio of rCtCDH
to CtCDH turnover numbers (0.22 and 0.27) resembles the
ratio of FAD carrying CDH molecules (0.30). The trend was
also observed in steady-state kinetic measurements of
rCtCDH and CtCDH using different carbohydrates and
electron acceptors. The k , values were ~5 times lower for
rCtCDH. It is generally found that recombinantly pro-
duced CDHs have a lower specific activity, but it is not in-
vestigated if the reason comes only from FAD depletion or
also from other factors, e.g. different glycosylation pat-
terns or changes in the protein conformation. Although
rate constants differ, the obtained KM values are very sim-
ilar, indicating that the active fraction of rCtCDH has the
same catalytic properties as CtCDH. This FAD depletion
seems to be the main reason for the reduced catalytic ac-
tivity of rCtCDH. Additional proof was obtained from re-
constitution experiments with FAD where the turnover
number of rCtCDH was increased 1.5 times. The recon-
stitution was, however, incomplete.

The midpoint potential of the heme b in CYT ..y
(100 mV vs. NHE) is in good agreement with the previous-
ly estimated value for CtCDH (90 mV vs. NHE, [10]) and
suggests that the heme b is incorporated in the same way
as in CtCDH. The difference in the oxidation and reduction
peak in the cyclic voltammogram is very close to the theo-
retical value of 59 mV, indicating a reversible electron trans-
fer process between the CYTp,; and the gold electrode.
The catalytic functionality of the rCtCDH on the thiol- mod-
ified gold electrode was proven by measuring catalytic cur-
rent in the presence of lactose. A thiol glycerol-modified
gold surface was found to be an efficient support for con-
tacting the rCtCDH and resulted in high catalytic currents
(30.3 A cm™ at 300 mV vs. NHE) under turnover condi-
tions in the presence of 50 mM glucose. The low midpoint
potential of CtCDH makes it possible to operate the biosen-
sor at 200 mV vs. NHE, where the maximum current is al-
ready reached. A low operational potential minimizes the
unspecific oxidation of interfering substances. The specif-
ic catalytic current found for spectrographic graphite elec-
trodes at a 50 mM glucose concentration was much lower
(4.39 pA cm™ at 405 mV vs. NHE) despite the higher ap-
plied potential. This is either a result from a lower surface
coverage of CDH on the graphite electrode or a less efficient
DET. The influence of the pH on the catalytic current was
similar for both the CtCDH and the rCtCDH. The maximum
specific catalytic current for rCtCDH and for CtCDH was
obtained for both at pH 7.5.

The rCtCDH shows in large part the same properties
as CtCDH, which was successfully used as biocatalyst for
glucose biosensors and glucose fueled biofuel cell anodes
[23-25], and can efficiently communicate via DET with ei-
ther thiol-modified gold electrodes or spectrographic
graphite electrodes at physiological pH. The Michaelis-
Menten constants for carbohydrates and electron accep-
tors are not changed and the redox potential is the same
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for rCtCDH and CtCDH. The low FAD occupation in the
active site of rCtCDH, which reduces the specific activi-
ty of the homogeneous enzyme and the obtained current
density on electrodes is, however, a major point of further
improvement.

It can be concluded that the successful recombinant
expression of CtCDH and its proven applicability are im-
portant steps towards its use in bioelectronics, but there
is need for further optimization. Further research will fo-
cus on the optimization of the cofactor loading as well as
genetic engineering of the substrate specificity of
rCtCDH.
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