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Cellobiose dehydrogenase (CDH) isolated from Neurospora crassa was immobilized on Au electrodes, covered with self-assembled
monolayers (SAMs) made of different thiolic compounds bearing -OH, -COOH or -NH, as terminal functional groups. From cyclic
voltammetric measurements, performed at different pH values, the catalytic efficiencies towards lactose oxidation were estimated for
the immobilized CDH. The observed variations were explained in terms of: (i) the influence of the SAM structure on the direct
electron transfer (DET) between CDH and the Au electrode surface; (ii) the variation of the catalytic activity of the enzyme, induced
by changes of enzyme’s conformation. The dependence on pH, found for the standard formal potential of the heme group, confirms
that, when CDH is deposited on thiolic SAMs, it is able to sustain an efficient DET process.

INTRODUCTION

Ever since the discovery of direct electron
transfer (DET), the intriguing phenomenon, which
refers to the direct electronic coupling between the
redox cofactor of a protein and an electrode
surface,"” a lot of interest emerged in obtaining
information about the thermodynamic and kinetic
properties of the protein with implications for
catalytic and sensor applications®® and for a better
understanding of biological electron transfer (ET)
processes.” '° In order to obtain an efficient DET
coupling between the redox centers of the
protein/enzyme and the electrode, a suitable
orientation of the enzyme on the electrode surface
is crucial. According to the Marcus theory,'' DET
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between a protein and an electrode is dependent on
three major factors: i) the distance between the
redox site and the electrode surface; ii) the
reorganization energy, which reflects the structural
rigidity of the redox site in its oxidized and
reduced forms; iii) the thermodynamic driving
force of the ET, which is related to a proper
synchronization between the redox potential of the
protein and the polarization of the electrode
surface.” > 1

In the case of metal and especially gold
electrodes,'* the discovery of the strong adsorption
of thiols, sulfides, disulfides and related molecules
on surfaces offered multiple choices for protein
immobilization and orientation. A self-assembled
monolayer (SAM), an organized molecular
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assembly of amphiphilic molecules, is formed by
adsorption onto a solid surface from a
homogeneous solution.””"® The organization is
given by the affinity of the head group for the
surface and from the slow two dimensional
orientations of the hydrophobic tail groups.
Concerning ET to large biomolecules, the groups
of Taniguchi and Hill'**° pioneered the field of Au
modification with organic compounds that yielded
diffusion controlled DET of cytochrome c¢. The
electronic pairing between the protein and the
electrode can be varied by changing the length of
the spacer or the functionality of the tail-group of
the SAM modifier, controlling in this way the
orientation of the redox active protein on the
electrode surface and the distance between the
redox active site of the protein and the electrode.
Among the enzymes known to exhibit DET
characteristics at various electrodes, cellobiose
dehydrogenase (CDH, cellobiose: acceptor 1-
oxidoreductase, EC 1.1.99.18) was thoroughly
studied in recent years.”’>* CDH is an extracellular
oxidoreductase, produced by many basidiomycetes

(class I) and ascomycetes (class II) fungi**

CDH

substrate,,,

substrate o4

CDHs are monomeric enzymes consisting of two
domains connected by a mobile linker.” The larger
catalytic domain contains flavin  adenine
dinucleotide (FAD), DHcpy, and belongs to the
glucose-methanol-choline (GMC) family, while
the smaller cytochrome domain hosts a heme b
(protoheme 1X), CYTcpy, with an unusual pair
(His and Met) of axial ligands.***’

A schematic representation of the functioning
principle, involving a DET process, illustrated in
the case of a bioelectrode constructed by
immobilizing CDH on a SAM-modified Au
electrode is shown in Fig. 1A. In the presence of a
substrate (e.g. lactose) CDH oxidizes the sugar to
the corresponding lactone at the FAD containing
DHcpy and the resulting electrons are transferred
through an internal electron transfer (IET) pathway
to the CYTcpn. If the enzyme is properly oriented
on the modified electrode surface (Fig. 1B), the
CYTcpy transfers the electrons further to the
electrode surface through an efficient DET
process.

X
7
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Fig. 1 — (A) The schematic diagram of DET (underlying the internal ET) for adsorbed CDH on a SAM-modified Au electrode;
(B) the electrochemical interface structure of the bioelectrode based on CDH adsorbed at different SAM-modified Au electrodes,
where Y= -(CH2)2-, -C6H4-, '(CHZ)ll'a and X= -OH, -NHz, -COOH.
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The best studied CDHs up to date are the ones
from basidiomycetes (class 1), while only limited
information is available on class Il CDHs.*>** The
DET behavior at SAM modified Au electrodes for
a number of CDHs (predominantly belonging to
class I) have been studied previously using cyclic
voltammetry and UV-Vis spectroelectrochemis-
try.”*>* In this context, it is worth to mention that
for each investigated CDH the optimal response
was obtained for a specific thiolic SAM.
Therefore, it was considered interesting to get a
clear picture of the DET process in the case of a
new CDH, isolated from Neurospora crassa.”

The aim of the current paper was to provide
more information on the DET process in the case
of Neurospora crassa CDH. For this purpose,
CDH was trapped under a permselective
membrane applied onto the surface of SAM
modified Au electrodes, as it was previously
described.”**'*3*° Cyclic voltammetric measure-
ments, performed at different pH values, were used
to estimate the catalytic efficiencies towards
lactose. The observed behavior was explained in
terms of the influence of the SAM structure on
DET process occurring between CDH and the Au
electrode surface. At the same time, the pH
dependence of the standard formal potential of the
heme group of the CYT¢py, corroborated with data

HS-(CH,),-X

HS-CH4-X

for electrocatalytic efficiency, confirms once again
that CDH, deposited on thiolic SAMs, is able to
sustain an efficient DET process.

RESULTS AND DISCUSSION

The enzyme used in the present study, is a class
IIA CDH carrying a carbohydrate binding module.
This enzyme was recently extracted and purified
from Neurospora crassa, a well characterized
laboratory model organism, using a protocol
described  elsewhere.”> The electrochemical
behavior of this enzyme, adsorbed on graphite
electrodes, was studied under direct and mediated
electron transfer modes.***’

1. Voltammetric behavior
of AU-SYX-CDH modified electrodes

In this context, taking into account the
possibility to better control the enzyme orientation
by its immobilization on Au surfaces modified
with thiolic SAMs,”?* it was interesting to carry
out a detailed electrochemical study on the
influence of the SAM structure on DET process at
Au-SAM-CDH electrodes.
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Fig. 2 — Voltammetric responses of Au-SYX-CDH modified electrodes in absence (dash line) and in presence (solid line) of 5 mM
lactose. Experimental conditions: scan rate, 10 mV/s; supporting electrolyte, S0 mM citrate buffer (pH 5.5).
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As can be seen from Fig. 2, three types of
voltammetric behaviors were recorded for the
investigated Au-SYX-CDH modified electrodes:
(i) a well shaped -electrocatalytic response,
observed for Au electrodes covered with HS-
(CHz)z-NHz and HS-C6H4-X (X: -OH, -COOH),
(i1) a mixed response, observed in the case of HS-
(CHz)z-OH, HS—C5H4-NH2 and HS—(CH2)1 1-
COOH, which can be considered an overlapping of
the electrocatalytic response with a partial direct
oxidation of the substrate on the unmodified Au
surface; (iii) a poor electrocatalytic response,
noticed in the case of HS-(CH,),,;-OH, being due to
the direct oxidation of the substrate on the
unmodified Au electrode surface.’"** Additionally,
it should be mentioned that the Au-S-(CH,),-
COOH-CDH modified electrode showed a high
instability and, for this reason, all corresponding
results were disregarded. At this moment, the real
reason for this peculiar behavior is not known.

These behaviors could be understood as
resulting from a complex combination of two
factors: the distance between the electrode surface
and the enzyme redox active center, which is
controlled by the length of the thiolic molecule; the
interactions existing, for a given SAM, between
the CDH molecule and the terminal functional
group.

Thus, according to the Marcus theory,' the
increase in the length of an insulating hydrocarbon
chain will induce a decrease in the electrocatalytic
efficiency. Indeed, this was the case when the
electrocatalytic activity of CDH deposited on Au-
S-(CH;),-X (X=-OH, -NH;) is compared to that of
CDH deposited on Au-S-(CH,);-X (X= -OH, -
COOH). It is interesting to notice that a positive
deviation from this rule can be observed when
between HS- and the terminal functional group is
intercalated a structural unit bearing delocalized
electrons. This was the case of the SAM built of
HS-C¢Hy-X (X= -OH, -COOH), when a clear
enhancement of the electrocatalytic activity of
CDH occurred.

For a given SAM, the electrostatic interactions
between the CDH molecule and the terminal
functional group depend strongly on the
surrounding pH, which controls the ionization state
of both the terminal functional groups and the
enzyme surface. An example illustrating this
situation is the case of HS-(CH;),-NH,, which at
pH 5.5 is positively charged, and consequently,
will develop attractive interactions with the CDH

molecules, promoting the DET process.”® The
apparent discrepancy observed between the
electrocatalytic efficiencies observed for Au-S-
C6H4-NH2-CDH and Au-s-(CHz)z-NHz-CDH
modified electrodes should be due to the higher
basicity of the aliphatic amines compared to the
aromatic ones.

However, besides the electrostatic nature, other
interactions such as hydrogen bonds, van der
Waals and hydrophilic/hydrophobic interactions
etc., should be considered in order to understand
why, for example, the Au-S-CsH;~-COOH-CDH
modified electrode showed the highest catalytic
activity among the investigated modified
electrodes. Additionally, one must keep in mind
that for efficient bioelectrocatalysis both an
intimate coupling and correct orientation between
the CYTcpy-domain and the electrode must prevail
as well as a flexibility between the two subunits
allowing rapid IET from DH¢py and CY Tepp.

2. Electrocatalytic behavior
of AU-SYX-CDH modified electrodes

In order to compare the electrocatalytic activity
of the investigated modified electrodes at different
pH wvalues, the electrocatalytic efficiency was
estimated as (I[S]-I[()])/I[o]), where I[s] and I[o] stand
for the catalytic current and the background
current, respectively. For all investigated
electrodes, except the Au-S-(CH,);;-COOH-CDH
modified electrode, the maximum electrocatalytic
efficiency was observed around pH 5 (Fig. 3).
Thus, the already reported preference of CDH
isolated from Neurospora crassa® > 3" for acidic
media was confirmed once again. The presence of
a maximum efficiency for a certain pH (around 5)
reflects a combination of two factors: (i) the
increase of the thermodynamic driving force due to
the decrease in the formal standard potential (E”)
of the heme of the CYTcpy, when the pH increases
until pH ~5.5;%® * % (ii) the decrease in the
catalytic activity of the enzyme caused by the
changes occurring in the enzyme’s conformation
with the pH increase, involving a less intimate
coupling between DHcpy and CYTepp.>
Concerning the last factor, this is related to the
efficiency of the internal ET between DHcpy and
CYTcpy, which is strongly affected by the change
of the distance between the two enzyme domains.
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Fig. 3 — pH dependence of the electrocatalytic efficiencies, calculated as (Ijs-Ijo))/Ijop), for Au-SYX-CDH modified electrodes, where
Y =-(CH,),- (A); -C¢Hy- (B) and -(CHy)y;- (C). Experimental conditions: applied potential, +200 mV vs. SCE; substrate, 5 mM lactose.
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Fig. 4 — Influence of the SAM type on the electrocatalytic efficiencies for Au-SYX-CDH modified electrodes. Experimental
conditions: applied potential, +200 mV vs. SCE; pH 5.5; substrate, 5 mM lactose.

Concerning the peculiar behavior of the Au-S-
(CH,);;-COOH-CDH modified electrode (Fig. 3C),
the pH increase induces a gradual ionization of the
carboxyl terminal group causing a monotone
decrease in the electrocatalytic efficiency. At pH
values higher than 5, the electrocatalytic activity of
the electrode vanishes, probably because the
unfavorable interactions between the CDH
molecule and the negatively charged surface of the
SAM.

The effect of the terminal functional group on
the electrocatalytic efficiency can be better put in
evidence when the maximum values of the
electrocatalytic efficiencies, estimated for all Au-
SYX-CDH modified electrodes, are plotted
grouped for the same -Y- unit (Fig. 4). Thus,
within the limits of experimental errors, it can be
stated that: (i) when the —COOH group is
connected to the thiol group (HS-) via a conducting

unit (-C¢Hy-) it will clearly enhance the
electrocatalytic activity; (ii) the higher basicity of
the aliphatic amines, compared to their aromatic
counterparts, will favor attractive interactions
between CDH and the modified electrode surface,
resulting in an increase in the electrocatalytic
efficiency of the electrode.

3. pH influence on E”
of the heme redox couple from CDH

The voltammetric responses corresponding to the
heme redox couple, hosted by CYTcpn, > were
recorded at different pH values for the Au-SYX-
CDH modified electrodes. Their characteristic
electrochemical parameters were estimated at pH 5.5

and are summarized in Table 1.
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Table 1

The electrochemical parameters of the heme voltammetric response observed
at different Au-SYX modified electrodes (pH 5.5)

Thiolic compound X AE, (mV) E” (mV)
-OH 50 -135
HS-(CHy)»-X -NH, 40 -130
-OH 70 -135
HS-C¢H-X -COOH 30 -135
-NH, 70 -135
-100{ =
w 110
[3) ] .
/2] “
g -120 - N
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€ -130- "
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Ju -140-
1 e n
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pH

Fig. 5 — pH dependence of the formal standard potential (E”) for the heme redox couple of the CYT¢py. Experimental conditions:

scan rate, 10 mV/s; supporting electrolyte, 50 mM citrate buffer; CDH was immobilized on the Au-S-C4H4-NH, surface. The dashed

line corresponds to the nonlinear fitting of the experimental data to the following equation: E”= -(149.0 % 1.1) + 29.5*log[ 1+10*(pK, —-pH)]
where pK, = (5.13 £ 0.04).

It can be seen that the formal standard potential
(E”) remains practically unchanged when the SAM
nature changes and the peak-to-peak separation
(AE,) points out to a surface confined redox
couple. The AE, lowest obtained value, observed
for the Au-S-CcHs;-COOH-CDH — modified
electrode, points out that in this case there are the
strongest interactions between CDH and the SAM,
resulting in the shortest distance of the enzyme
redox center to the Au surface, and at the same
time, a fast electron transfer process. This fact

the E° dependence on pH.*® These findings
confirm the hypothesis that the CDH extracted and
purified from Neurospora crassa immobilized on
Au-SYX-CDH modified electrodes is able to
sustain an efficient DET process, transferring the
substrate electrons, extracted by the DHcpy
domain, via a fast IET to the CYTcpy domain,
which is electrically connected to the electrode
surface.

corroborates well with the highest observed EXPERIMENTAL
electrocatalytic efficiency for the Au-S-CeHy-
COOH-CDH modified electrode. 1. Reagents

A typical pH dependence of the formal standard
potential (E”) for the heme redox couple from
CYTcpy is shown in Fig. 5. Using the non-linear
fitting of the experimental data to the equation
given in the caption to Fig. 5, the value estimated
for the pK, (5.13 £ 0.04) as well as the slope
involved in the heme redox response were found in
a very good agreement with the values reported in
the literature.™ The protonation/deprotonation of
heme proprionates that accompanies the redox
transformation of the heme bound Fe®™* redox
couple was suggested as a possible explanation of

Citric acid-1 hydrate and B-lactose were purchased from
Sigma-Aldrich  (Sigma-Aldrich  Chemicals,  Steinheim,
Germany). Sodium hydrogen phosphate monohydrate and
sodium hydroxide were obtained from VWR (VWR
International, Darmstadt, Germany), while hydrochloric acid
was purchased from Fluka (Fluka, Buchs, Switzerland). All
chemicals used were of analytical grade. The used thiols: 2-
aminoethanethiol, 2-hidroxy-1-ethanethiol, 2-sulfanylacetic
acid, 4-aminothiophenol, 4-mercaptophenol, 4-
mercaptobenzoic-acid, 11-mercapto-1-undecanol, 11-
mercaptoundecanoic acid, were purchased from Sigma-
Aldrich Chemicals (Steinheim, Germany). Their chemical
structures are presented in Table 2.



Cellobiose dehydrogenase 367

Table 2

Formulae of the thiolic compounds used for SAM construction

Compound Terminal functional group (X)
(HS-Y-X) -OH -COOH -NH,
2-hydroxy-1-ethanethiol 2-sulfanylacetic acid 2-aminoethanethiol
- - 0
HS HS
HS OH
4-mercaptophenol 4-mercaptobenzoic-acid 4-aminothiophenol
HS-C6H4-X oH
HS OH HS NH;
o

11-mercapto-1-undecanol
HS-(CHp)-X

FS\/\/\/\/\/\/M

11-mercapto-1-undecanoic

HS\/\/\/\/\/\H/OH

acid

o

Cellobiose dehydrogenase from Neurospora crassa
(CDH) was obtained and purified as previously described.”
The protein concentration was estimated using the Bradford
assay as 13.9 mg/mL. The enzyme activity, at pH 4 and 30°C,
was found to be 118.73 U/ml and 63.6 U/ml by using DCIP
assay and cyt ¢ assay, respectively.

The buffer solutions used in all experiments were prepared
using either a 50 mM citric acid solution (for pHs ranging
from 4.0 to 6.5) or a 50 mM sodium hydrogen phosphate (for
pHs placed in the 6.0 to 8.5 interval). The desired pH value
was adjusted with 4 M NaOH or 5 M HCI. The pH values
were measured with a pH meter (Metrohm 827 pH Lab,
Herisau, Switzerland). Before use, the buffer and the substrate
solutions were carefully degassed.

The thiol solutions were prepared using ethanol (99.7%);
buffers and other solutions were prepared using water purified
and deionized (18 MQ) with a Milli-Q system (Millipore,
Bedford, MA, USA).

2. Cyclic voltammetry measurements

Cyclic voltammetry (CV) experiments were performed
under anaerobic conditions (assured by a previous degassing
of the solutions and by using a flow of pure argon gas over the
working solution) with a BAS 100W Electrochemical
Analyzer (Bioanalytical Systems, West Lafayette, IN, USA).
A three electrode cell was used with the working electrode, a
saturated calomel electrode (SCE) as the reference electrode
and a Pt wire as the auxiliary electrode. A scan rate of 300
mV/s was used for the electrochemical cleaning procedure of
the Au electrodes and 10 mV/s for all other measurements.

3. Preparation of Au-SYX-CDH modified electrodes

The cleaning of the disc Au electrode (CH-Instruments,
Cordova, TN, USA; @ 2 mm and area of 0.033 cmz) started by
dipping the Au electrode in “piranha” solution (3:1 v/v
H,S0O4:H,0,) for 5 min. Caution: piranha solution reacts
violently with most organic materials and must be handled
with extreme care. Then, the eclectrode was mirror-like
polished with aqueous alumina FF slurry (1 and 0.1 pm,

Struers, Copenhagen, Denmark) deposited on Microcloth
(Buehler, Lake Bluff, IL, USA). Furthermore, the electrodes
were carefully rinsed with water, ultrasonicated for 5 min in
Milli-Q water, and electrochemically cleaned in 0.5 M H,SO,
by performing 20 cycles with a scan rate of 300 mV/s between
—100 and 1700 mV vs. SCE. Finally, they were rinsed again
with Milli-Q water.

The preparation of CDH-thiol-modified electrodes started
by 60 min immersion of the clean Au electrodes in a 1 mM
ethanolic solution of the thiol. The treatment resulted in the
formation of the SAM of the thiol on the electrode surface.
Before CDH deposition, the Au-SAM electrodes were
carefully rinsed with ethanol in order to remove the weakly
adsorbed thiols. Then, they were dried with Ar. The CDH
deposition on the Au-SAM modified electrodes was made by
spreading 2 puL of enzyme solution onto the thiol-modified Au
surface. The enzyme drop was allowed to gently dry in order
to avoid enzyme spreading outside the electrode area. A
dialysis membrane (Spectrum Laboratories Inc., Rancho
Dominguez, CA, USA, molecular weight cut off 6000-8000),
pre-soaked in the buffer solution, was applied onto the
electrode and fitted tightly to the electrode surface with a
rubber O-ring. For three equivalently prepared electrodes the
enzymatic activities were found to be reproducible within the
error limits of 5%.

CONCLUSIONS

Cyclic voltammetric measurements, performed
at different pHs for Au-SYX-CDH modified
electrodes (Y = -(CH,),-, -CsHy- and -(CH,)i;-;
X =-0OH, -COOH, -NH,) in absence or in presence
of the CDH substrate (lactose), allow estimation of
the electrocatalytic efficiencies of the immobilized
Neurospora crassa CDH towards lactose. The
variations observed between the different
electrocatalytic efficiencies were interpreted in
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terms of the influence of the SAM structure on the
DET between CDH and the Au electrode surface.

The obtained results reveal, in a systematic
manner, that the amperometric response recorded
at CDH modified Au electrodes can be explained
as a complex combination of three factors: (i) the
distance between the electrode surface and the
redox active center of the CYTcpy, which is
controlled by the length of the thiolic molecule;
(i1) the interactions existing, for a given SAM,
between the CDH molecule and the terminal
functional group; (iii) the connection flexibility
between the two subunits of the bound enzyme,
which controls the rate of the IET.

The pH dependence of the standard formal
potential of the heme group, validates the
hypothesis that the CDH extracted from
Neurospora crassa and immobilized on Au-SYX-
CDH modified electrodes is able to sustain an
efficient DET process, which consists of three
consecutive steps: (i) the substrate oxidation by the
DHcpy domain; (ii) the internal electron transfer to
the CYTcpy domain via a fast IET; (iii) the
electrical connection between the CYTcpy domain
and the modified electrode surface.
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