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ABSTRACT: To investigate the effect of the orientation of large
and complex multi-subunit enzymes (MW > S0 kDa) on direct
bioelectrocatalysis, we immobilized enzymes known to be capable
of direct electron transfer (DET) via a site specific immobilization
technique to form a monolayer of biocatalysts with a uniform
orientation toward the gold electrode. Six recombinant pyrroloqui-
noline quinone-dependent aldehyde dehydrogenases (PQQ-
AIDHs) were employed, where the enzymes had been labeled
with six-histidine tags (His-tag) at the N- or C-terminus of each of
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the three subunits. His-tags were utilized as linking sites to perform

site specific immobilization of PQQ-AIDHs. Results show that the orientation of multi-subunit enzymes can affect DET greatly
by varying the electron tunneling distances. The favorable orientation allowing for a minimal heme ¢ electron transfer distance
showed a DET rate 6.6-fold higher than that with the orientation closest to the active site of the enzyme, while the unfavorable

attachment to a nonelectroactive subunit showed no DET.
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B INTRODUCTION

Using enzymes as biocatalysts in fuel cells not only has
expanded the diversity of the potential fuels and offered the
opportunity to utilize more complex fuel molecules (i.e.,
sugars,1 fatty acids,” and alcohols3) as energy sources but also
has allowed engineering of enzymes to be promiscuous and
utilize a variety of substrates® as well as allowed for deeper
oxidation of complex fuels via enzyme cascades.>® There are
two methods of coupling an enzymatic reaction to an electrode.
The first mechanism discovered was based on using a redox
mediator to transfer the electrons from the active site of the
enzyme to the electrode surface, which is commonly called
mediated electron transfer (MET). Early mediated electron
transfer systems involved small molecule diffusional mediators.
In this case, the mediators participated directly in the catalytic
reaction by reacting directly with the enzyme or its cofactor to
become oxidized or reduced and diffuse to the electrode
surface, where the rapid regeneration of the mediators takes
place. In the past two decades, many immobilized mediators
have been used.® This electron transfer (ET) mechanism
requires certain characteristics of the mediator. (1) The
mediators have to be stable at multiple oxidation states. (2)
The regeneration reaction at the electrode surface has to be
reversible. (3) Those mediators have to have long lifetimes
themselves.” Those requirements have been challenging for the
practical or commercial utilization of mediators in enzymatic
biofuel cells. The other electron transfer method is a
“mediatorless” process or direct electron transfer (DET).® In
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this process, the enzymes act as “electron transducers” and
directly convert the chemical signal to an electrical one through
internal charge transfer. Using enzymes that are capable of
facile DET eliminates the need for mediator molecules that can
be non-selective, decrease stability, and decrease the open
circuit potential of the biofuel cell, which limit the optimal
performance of the biofuel cell. The first studies of DET
enzymes involved examining enzymes such as laccase that
showed the ability to catalyze the four-electron reduction of O,
to H,O through direct electron transfer from the electrode
surface to the active site. More recently, O, reduction at a more
neutral pH was observed with the DET-capable enzyme
bilirubin oxidase (BOD).” These enzymes are both multicopper
oxidases, and to date, a variety of multicopper oxidases have
shown facile direct electron transfer for use in the cathode
compartment of enzymatic biofuel cells. Anodic direct
bioelectrocatalysis has been more rare. Although enzymes
capable of catalyzing oxidation at the anodic compartment of
biofuel cells have also been shown to demonstrate DET, many
anodic enzymes are NAD-dependent and therefore are not
capable of direct electron transfer. Many of the enzymes that
have been shown to perform direct bioelectrocatalysis contain
redox active metal centers that perform the intrinsic transfer of
electrons. For example, the heme group of several enzymes is
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capable of existing in several redox state and transfer resultant
electrons produced at the active site of the enzyme. One of the
prime examples of this has been cellobiose dehydrogenase,
which contains a FAD cofactor and a heme center and is
capable of direct electron transfer.'® Another class of heme-
containing enzymes that can undergo direct bioelectrocatalysis
consists of quinohemoproteins.

Pyrroloquinoline quinone (PQQ)-dependent enzymes have
shown to be able to catalyze the oxidation of substrates like
alcohol, aldehyde, and sugars."' These quinohemoproteins
contain multi-heme groups in different subunits, and electrons
can be transferred through single-heme or multi-heme
pathways before they arrive at the surface of the electrode.'?
PQQ-dependent enzymes are generally divided into three
types: (1) non-heme PQQ-dependent enzymes such as PQQ-
glucose dehydrogenase, (2) single-heme PQQ-dependent
enzymes such as PQQ-dependent sorbitol dehydrogenase,"
and (3) multi-heme PQQ-dependent enzymes. The most well-
known are PQQ-dependent alcohol and aldehyde dehydro-
genases. DET was reported to be achieved most frequently with
these multi-heme biocatalysts, and electron transfer was
demonstrated to occur through a single heme or multi-heme
pathway.'*

However, the conditions of DET for complex multi-subunit
proteins are closely related to the proximity and orientation of
the enzymes toward the electrode surface for electron tunneling
to occur,® allowing the biocatalytic reaction to be the limiting
process. In the case of quinohemoproteins, the closest heme
group in the enzyme to the electrode surface needs to be within
electron tunneling distance. For larger proteins, the orientation
of the enzyme toward the electrode surface will not only affect
the proximity of the redox active site and the electrode surface
but also determine whether the substrate active site is accessible
or blocked by the electrode. In the past few years, different
methods have been employed to increase the proximity.
Conductive polymers,m’ carbon nanotubes (CNTs),"® and
sol—gel/carbon nanotube composite electrodes'® have been
utilized to increase the electrode surface area and roughness,
thus decreasing the distance between the redox active site and
the electrode surface. However, all of these techniques decrease
the electron transfer distance with an anisotropic enzyme
orientation, and contributions to electron transfer from
differently oriented proteins were not discussed.

Approaches for isotropic alignment of the DET enzyme on
the electrode surface were reported with major methods,
including (a) the reconstitute apoenzyme on the preimmobi-
lized cofactor to yield a DET favorable orientation'’and (b)
binding of enzyme molecules through a unique functional
group, ® but most lack in their discussion of electron transfer
properties or comparison of electron transfer from different
orientations of the same protein.'” In this paper, we address
how the orientation of these multi-subunit, multi-heme
enzymes toward the electrode surface will affect the electron
transfer rate and thus influence the bioelectrochemical
performance, by aligning PQQ-AIDH on the electrode surface
through the six-histidine tag (His-tag) functional group. As
mentioned above, PQQ-dependent enzymes have been shown
to be capable of DET, because of the existence of multiple
heme ¢ groups that act as DET charge carriers. In this study, we
have chosen PQQ-dependent aldehyde dehydrogenase (PQQ-
AIDH) from Gluconobacter sp. to demonstrate the importance
of enzyme orientation. PQQ-AIDH consists of three subunits:
one subunit that contains cofactor PQQ and one heme ¢
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(subunit I), one subunit that contains three heme ¢ moieties
(subunit IT), and one small subunit that is a peptide that bridges
the two larger subunits together and maintains the integrity of
the whole protein structure but does not contain any
electroactive species (subunit IIT). Genetically modified PQQ-
AIDHs with a His-tag at the N- or C-terminus of each subunit
were used for different types of orientation specific
immobilization.

To control the orientation of the enzyme, we utilized a
reported method that was inspired by metal ion affinity
chromatography.*® The flat gold electrode surface was modified
by attaching a nitrilotriacetic (NTA) moiety to the metal
surface via a sulthydryl group. After Ni** had been incorporated
at the other end, a recombinant protein engineered to have six
consecutive histidine residues (His-tag) at either the C- or N-
terminus is attached by affinity to the Ni-NTA moiety. Thus,
control of the orientation of the enzyme toward the electrode
surface is established. The performances of DET bioanodes
with different enzyme orientations were characterized and
compared.

B EXPERIMENTAL SECTION

Bioengineered Gluconobacter sp. Growth. Six bioen-
gineered Gluconobacter sp. (DSM 3504) bacteria were provided
by Modular Genetics, Inc.; each bacterium was engineered to
express PQQ-AIDH with a His-tag in a different part of the
multi-subunit protein. The six resulting enzymes have the His-
tag on either the C- or N-terminus of one of the three subunits
(i.e., His-tag on the C-terminus of subunit 1, His-tag on the N-
terminus of subunit 2, etc.). Bacteria were cultivated aerobically
in a basal medium containing yeast extract, D-mannitol,
(NH,),HPO,, and MgSO, at 30 °C for 24 h, as per previous
procedures for the native bacteria.®’ The cell pastes were
centrifuged at 12000g, then washed twice in 50 mM potassium
phosphate buffer, and stored at —20 °C until they were used.

Isolation of Each His-Tag PQQ-AIDH. All six His-tag
PQQ-AIDHs with His-tags on different sites were isolated with
the same method. Bioengineered Gluconobacter was thawed and
suspended in 0.2 M phosphate buffer (pH 7.2) containing 1
mM CaCl,, 10% sodium deoxycholate (to a final concentration
of 0.5%), and 1 mL of lysozyme [10 mg of lysozyme in 1 mL of
0.3 M potassium phosphate buffer (pH 7.2)]. The solution was
incubated at 4 °C while being gently stirred for 1 h followed by
ultrasonication using a sonic dismembrator for 1 min at 4 °C.
The solution was then centrifuged for 1 h at 12000g to remove
insoluble materials. The crude extract was dialyzed against 0.1
M potassium phosphate buffer containing 10 mM imidazole
and 10 mM mercaptoethanol overnight.

Metal ion affinity chromatography (MIAC) (Thermo
Scientific) was utilized to purify target His-tag proteins with
10 mM imidazole equilibration buffer, S0 mM imidazole wash
buffer, and 500 mM imidazole elution buffer. Eluates were
washed with S0 mM potassium phosphate buffer to remove the
imidazole residue that can interfere with the enzyme activity
assay and electrode modification. The purity of the enzymes
was validated with native protein gels and sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) gels,
as per the procedures in the Supporting Information.
Representative gels are also shown in the Supporting
Information.

Surface Modification of Gold Electrodes. The self
assembled monolayer (SAM) electrode modification method
was reported by Ataka et al.*® Polished gold electrodes were
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exposed to 1 mg/mL dithiodis(succinimidylpropionate)
[DTSP (Fluka)] in dimethyl sulfoxide for 30 min. DTSP
forms a monolayer on gold through covalent linkage to the
sulfur group. The self-assembled monolayer (SAM) was then
immersed in an aqueous solution of 150 mM amino-
nitrilotriacetic acid [ANTA (Sigma)] in 0.5 M K,CO, buffer
(pH 9.8). Excess ANTA was removed with ultrapure water
washing. The TSP-NTA-modified electrode was then incubated
with S0 mM NiSO, (Sigma) to ligate the Ni** ion via the three
carboxylates and the terminal amine of NTA. Finally, the TSP-
NTA-Ni-modified electrode was incubated with 1 mg/mL His-
tag PQQ-AIDH solutions for 12 h. PQQ-AIDHs attach to the
Ni-NTA moiety through the coordination of the two nitrogens
of the imidazole side chains of the His-tag.

Enzyme Activity Assay. The enzyme reaction mixture
consists of 1.5 mL of S0 mM potassium phosphate buffer (pH
7.3), 0.2 mL of 600 M PMS (phenazine methosulfate), 0.1 mL
of 700 uM DCIP (dichlorophenolindophenol), 0.01 mL of the
enzyme solution, and 0.2 mL of a 0.2 M substrate solution. For
PQQ-dependent aldehyde dehydrogenase, acetaldehyde and
glyceraldehyde were used as substrates. The change in
absorbance during a 2 min interval for each sample is measured
at 37 °C at 0 and 2 min at 600 nm on a Genesys 20
spectrophotometer. The specific activity is calculated in units
per milligram, where 1 unit corresponds to converting 1 ymol
of substrate per minute. The molar absorptivity (&) of DCIP
was experimentally determined to be 30.

The immobilized enzyme concentration was measured with a
modified UV spectrophotometric protein assay utilizing the 280
nm characteristic protein absorbance peak on a Thermo
Evolution 260 Bio instrument. Each type of recombinant PQQ-
AIDH was immobilized on a 1 cm* TSP-Ni-NTA-modified gold
electrode with the method described above and then washed off
with 1 mL of 500 mM imidazole in 50 mM phosphate elution
buffer. UV absorbances of the wash solutions at wavelengths of
280 and 260 nm (A,g, and A, respectively) were measured
with elution buffer used as the blank. Statistical significance was
determined by the t test at 95% confidence for triplicate
measurements

Electrochemical Measurements. Cyclic voltammetry
(CV) was performed on a CH Instruments 611C potentiostat.
Platinum and Ag/AgCl electrodes were used as counter and
reference electrodes, and all measurements were performed in
50 mM potassium phosphate buffer (pH 7.4) with 0.1 M
sodium nitrate as the supporting electrolyte. Electrochemical
impedance spectroscopy was measured in the same buffer
solution, and this measurement was performed with a Bio-Logic
150SP potentiostat.

B RESULTS AND DISCUSSION

Six types of recombinant PQQ-AIDHs, which have a His-tag on
different subunits, have been expressed and purified. Two of the
constructs of PQQ-AIDH have the His-tag at the C- and N-
terminus of subunit I (His-IC and His-IN, respectively), which
is the subunit where the enzyme active site is located along with
a single heme c. Two of the constructs have the His-tag at the
C- and N-terminus of subunit II (His-IIC and His-IIN,
respectively), which contains multiple heme ¢ groups. Two of
the constructs have the His-tag at the C- and N-terminus of
subunit III (His-IIIC and His-IIIN, respectively), which is a
peptide subunit that provides structural integrity but contains
no electroactive species.
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The strategy of this study is schematically depicted in Figure
1. By immobilizing PQQ-AIDH with the orientation
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Figure 1. Schematic illustration of His-tag PQQ-AIDH with His-tag
orientation controlled via immobilization on gold electrodes, where
the black circles represent heme ¢ groups, the red triangles represent
PQQ cofactors, and the colored subunit represents the active site
subunit (subunit I). (A) His-tag on subunit I as the linking site, (B)
His-tag on subunit II as the linking site, and (C) His-tag on subunit III
as the linking site.

determined via the histidine tags as linking sites, we achieved
uniform orientations of the enzyme toward the electrode.
Different specific orientations were achieved by coupling the
enzyme to the electrode via His-tags on different subunits of
PQQ-AIDH. Because each specific orientation is different in
terms of the electron transfer distance, comparing their
electrochemical properties will demonstrate the effect of
enzyme orientation on direct electron transfer rate.

His-Tag PQQ-AIDH Activity Measurements. PQQ-
AIDH is a promiscuous enzyme that shows activity on a
variety of different aldehydes. Six recombinant PQQ-AIDH
specific activities toward two aldehydes (acetaldehyde and
glyceraldehyde) were monitored throughout the purification
process, as shown in Table 1. Via comparison of the specific
activities before and after MIAC, results showed a roughly 10-
fold purification with MIAC with all His-tag AIDHs. The purity
was verified by SDS—PAGE. All AIDHs showed slightly higher
activity toward glyceraldehyde than acetaldehyde. Therefore, all
further electrochemical and spectroscopic measurements used
glyceraldehyde as the enzyme substrate.

Gold Surface Modification. The gold surface has been
modified by several steps to form a Ni-NTA-terminated self-
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Table 1. Specific Activity Assay Results for Six Recombinant PQQ-AIDHs before and after Purification via Affinity
Chromatography with Acetaldehyde and Glyceraldehyde as Substrates

His-IC His-IN His-1IC His-IIN His-1IIC His-IIIN
(units/mg) (units/mg) (units/mg) (units/mg) (units/mg) (units/mg)
before MIAC acetaldehyde 0.25 £ 0.07 0.33 +£ 0.11 0.39 + 0.12 0.25 £ 0.08 0.32 £ 0.10 034 £ 0.11
glyceraldehyde 0.37 = 0.12 0.35 £ 0.14 041 £ 0.18 0.31 £ 0.09 0.34 = 0.11 044 £+ 0.19
after MIAC acetaldehyde 2.63 + 0.31 2.71 + 0.34 2.76 £ 0.2 3.40 + 0.35 3.06 + 0.25 3.24 + 0.31
glyceraldehyde 343 + 0.33 4.64 + 0.48 3.37 £ 0.39 3.65 + 0.33 342 +0.22 391 £ 0.34
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Figure 2. Gold surface modification process. (A) Self-assembly of the TSP monolayer on a flat gold electrode surface. (B) Cross-linking of ANTA
with the TSP monolayer. (C) Adsorption of recombinant PQQ-AIDH on the modified electrode surface via the His-tag site.

assembled monolayer as reported previously.”® The modifica-
tion process is depicted in Figure 2. The modification process
consists of three steps: (1) formation of a self-assembled
monolayer of TSP on a flat gold electrode surface, followed by
(2) cross-linking NTA with the TSP SAM to form a TSP-NTA
layer, followed by (3) immobilization of the His-tagged enzyme
on the TSP-NTA-Ni layer. To monitor the process of gold
electrode modification, each SAM formation step was
monitored with electrochemical impedance spectroscopy
(EIS). The results are shown in Figure 3. EIS results show
that, with addition of DTSP and ANTA on a gold electrode, the
impedance of the electrode surface increased with the
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Figure 3. Electrochemical impedance spectroscopy of the formation of
the immobilized layers. Measurements were taken in 50 mM
phosphate buffer over a frequency range of 100 kHz to 600 mHz
(Eappﬁed = 0.4 V vs SCE; purtubation +S mV).
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formation of the SAM, which indicated the formation of the
linker monolayer. To further prove the formation of the NTA
monolayer and its ability to attach to a metal ion, we have
performed cyclic voltammetry with a TSP-NTA-modified gold
electrode with Cu** for comparison with the previously
reported immobilized Cu** oxidation potential (see the
Supporting Information). A reversible peak at 0.2 V versus
Ag/AgCl corresponds to the one-electron oxidation from Cu(I)
to Cu(Il) that matches the previously reported value.”” This
result shows that the metal ion can be successfully attached to
the TSP-NTA layer.

Immobilized Enzyme Activity Measurement. To
demonstrate active His-tag enzymes are successfully attached
to modified electrodes, immobilized enzyme activity assays
(DCIP assay described above) were performed. His-tag
enzyme-loaded electrodes were exposed to assay solutions for
60 min, and absorbance changes at 600 nm were recorded. This
experiment was performed for the sole purpose of demonstrat-
ing active enzymes are attached to the modified electrodes.
Assay results are listed in Table 2. Glyceraldehyde was used as
the enzyme substrate in the assays.

All immobilized enzyme assay results showed all immobilized
recombinant PQQ-AIDHs have a statistically significant
absorbance change compared to the control except for His-
IIC, which indicates five active His-tag PQQ-AIDHs (His-IC,
His-IN, His-IIN, His-IIIC, and His-IIIN) were successfully
immobilized on modified gold electrodes. Whether His-IIC was
successfully coupled with a modified gold electrode needed to
be further measured with a protein concentration assay to
determine the enzyme density on the electrode.

To measure the enzyme-immobilized density on the
electrode for each of the six recombinant enzymes, we modified
1 ecm X 1 em gold foils as described above with six recombinant
enzymes. Then, we washed off the His-tag enzymes with a 500
mM imidazole solution. After being washed, the enzymes were

dx.doi.org/10.1021/cs400316b | ACS Catal. 2013, 3, 1756—1763
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Table 2. Enzyme Immobilization Densities and Specific Activities of Six Recombinant PQQ-AIDHs on Modified Gold

Electrodes
His-IC His-IN His-IIC His- 1IN His-1IIC His-ITIIN control
change in absorbance 0.056 + 0.012 0.019 + 0.011 0.004 + 0.001 0.245 + 0.035 0.192 + 0.011 0.213 + 0.017 0.000 + 0.002
enzyme density (ug/cm?) 8.5 7.0 0.7 8.5 8.5 7.0 0.7
Speciﬁc activity (units/mg) 0.73 + 0.16 0.20 + 0.11 0.63 + 0.16 3.21 + 0.52 2.52 + 0.14 2.23 + 0.18 0.00 + 0.32
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Figure 4. Cyclic voltammograms of the TSP-NTA-Ni (control)-modified gold electrode at different glyceraldehyde concentrations. The scan rate
was S mV/s. (A) Cyclic voltammograms of control electrodes with a scan window of 0—650 mV. (B) Cyclic voltammograms of control electrodes

with a scan window of —150 to 450 mV.
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Figure S. Cyclic voltammograms of (A) His-IC- and (B) His-IN-modified gold electrodes in a SO mM phosphate buffer (pH 7.4) with 0.1 M KNO,
supporting electrolyte at a scan rate of 5 mV/s. Concentrations correspond to increasing concentrations of glyceraldehyde.

rinsed with phosphate buffer to eliminate imidazole, and the
protein concentrations were measured with absorbance at 280
nm and are listed in Table 2. We also performed this
experiment with native PQQ-AIDH, and the results suggested
no nonspecific enzyme binding to the modified electrode (see
the Supporting Information).

Protein concentration assays showed that all recombinant
PQQ-AIDHs attached to the modified gold electrode with a
density of 7.0—8.5 ug/cm? except for His-IIC, which showed
no significant enzyme was immobilized on the electrode. This
could be that the C-terminus of subunit II cannot be sterically
reached by Ni-NTA. By coupling the results of the DCIP assays
and protein concentration assays, we calculated specific
activities of immobilized His-tag PQQ-AIDHs. From the
results, we can determine that subunit III and subunit II N-
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terminally tagged PQQ-AIDHs showed close to free enzyme
specific activity, which means immobilization did not deactivate
enzyme and the substrate is accessible to the enzyme. Subunit
I-labeled PQQ-AIDH showed a lower specific activity. Enzyme
activities in free solutions after purification showed similar
results for all six samples, which indicates that the His-tag is not
or only minimally affecting the kinetics of the enzyme. This can
be explained by either a change in the substrate accessibility or
minor conformational changes when enzymes are immobilized
on the electrode surface. To rule out the possibility of
nonspecific binding of the enzyme on the electrode, we
conducted immobilized protein assays with the native enzyme,
and the results showed no enzyme was bound to the modified
electrode surface (same results as the blank).
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Figure 6. Calibration curve of peak current vs glyceraldehyde concentration (A) and Lineweaver—Burk plot (B) of His-IC-modified gold electrodes.
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Figure 7. Cyclic voltammograms of (A) His-IIC- and (B) His-IIN-modified gold electrodes in S0 mM phosphate buffer (pH 7.4) with 0.1 M KNO,
as the supporting electrolyte at a scan rate of 5 mV/s. Concentrations correspond to increasing concentrations of glyceraldehyde.

Electrochemical Properties of Surface-Tethered PQQ-
AIDHs. Finally, the ability of the enzyme to conduct direct
electron transfer (DET) was investigated with different
orientations of PQQ-AIDHs. Electron transfer was probed by
CV. CV was conducted with the glyceraldehyde substrate at
various concentrations. TSP-NTA-Ni-modified gold electrodes
without enzyme loading were used as the control.

Cyclic voltammograms of linker-modified electrodes (control
electrodes without enzymes) with a wider scan window showed
an oxidation peak at around S00 mV versus AglAgCl (Figure
4A). This peak was identified as the oxidation peak of the Ni
ion catalyzing the oxidation of glyceraldehyde. PQQ-dependent
aldehyde dehydrogenase should have an oxidation peak at
~190 mV versus AglAgCl, because the electron transfer is
believed to occur through one of the heme ¢ groups in subunit
11, which has a potential of 190 mV versus AglAgCL>* A smaller
window scan was performed on the control electrodes, and no
peak was observed in the range of —150 to 450 mV (Figure
4B). Therefore, all studies of enzyme-modified electrodes used
this scan window. To rule out the possibility of nonspecific
binding of the enzyme on the electrode, we tested the
electrochemistry of the electrodes with the native enzyme.
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Cyclic voltammograms showed no catalytic peak in the scan
range, as shown in the Supporting Information.

After His-tag enzymes had been tethered to the modified
electrode surface, electrodes were tested at different glycer-
aldehyde substrate solution concentrations. Cyclic voltammo-
grams of His-IC and His-IN are shown in Figure S. Electrons
can be transferred either via the single heme ¢ group in subunit
I and then directly to the electrode surface or through the
multiple heme ¢ groups in subunit II before being released by
the protein to the electrode. With subunit I-tagged PQQ-AIDH,
electrons transferring to the gold electrode surface via the single
heme ¢ group in subunit I is a reasonable prediction. Cyclic
voltammograms of His-IC showed a small catalytic peak at 203
+ 4 mV versus Ag/AgCl, while His-IN showed no peak in this
scan window. The electrochemical measurements indicate that
even though the two His-tags are on the same subunit, the N-
and C-termini yield different orientations of the enzyme toward
the electrode that result in different heme—electrode distances.
The N-terminal His-tag is far from the heme c¢ group in subunit
I, which yields a longer space between the heme ¢ and the gold
electrode surface. Plots of peak current versus concentration
and the Lineweaver—Burk curve of His-IC-modified electrodes
are shown in Figure 6. The calibration curve of His-IC follows

dx.doi.org/10.1021/cs400316b | ACS Catal. 2013, 3, 1756—1763
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Figure 8. Calibration curve of peak current vs glyceraldehyde concentration (A) and Lineweaver—Burk plot (B) of His-IIN-modified gold electrodes.
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Figure 9. Cyclic voltammograms of (A) His-IIIC- and (B) His-IIIN-modified gold electrodes in S0 mM phosphate buffer (pH 7.4) with 0.1 M
KNO; as the supporting electrolyte at a scan rate of 5 mV/s. Concentrations correspond to increasing concentrations of glyceraldehyde.

Michaelis—Menten kinetics, and a Lineweaver—Burk plot gives
a K, of 3.89 + 0.52 mM and a V,,, of 1.19 + 0.16 nA; the
reported wild-type PQQ-AIDH K, is 12 mM.>* The results
show that the His-IC orientation is capable of DET; however,
the electron transfer rate is slow. This can be explained as the
substrate accessibility to the enzyme active site being inhibited
with this orientation arrangement and the distance between the
single heme ¢ group and the gold surface being too long for
efficient electron tunneling. His-IN showed no ability to
directly transfer electrons, which is in accordance with the
previous low-immobilized enzyme activity assays, combined
with the fact that this orientation is unfavorable for efficient
DET, because the PQQ active site is in this general area of
subunit L

Cyclic voltammograms of His-IIC and His-IIN are shown in
Figure 7. Subunit II is the subunit with multiple heme ¢ groups.
In those two orientations, enzymes are tethered to the
electrode surfaces by connecting subunit II to the Ni-NTA
linker, so electron transfer can occur through the PQQ cofactor
to multiple heme ¢ groups and to the electrode surface via the
closest heme ¢ group. Cyclic voltammograms of His-IIN show a
catalytic peak at 229 mV versus AglAgCl, which exhibits direct
electron transfer, while His-IIC shows no peak in this scan
range, which is expected because the immobilized enzyme
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assays showed no significant protein was bound to the gold
electrodes. A calibration curve and Lineweaver—Burk plot of
the electrochemical assay data for His-IIN-modified gold
electrodes are shown in Figure 8. The calibration curve of
His-IIN-modified gold electrodes also follows Michaelis—
Menten kinetics, and a Lineweaver—Burk plot gives a K, of
5.07 + 049 mM and a V,_, of 7.94 + 0.63 nA. His-IIN-
modified gold electrodes show a 6-fold DET rate increase over
that of His-IC-modified gold electrodes. This is expected,
because the multiple-heme ¢ subunit is attached to the
electrode surface allowing for facile electron transfer yet the
PQQ subunit (subunit I) is still exposed to the substrate.

Cyclic voltammograms of His-IIIC- and His-IIIN-modified
gold electrodes are shown in Figure 9. Subunit III is the peptide
subunit that has no known, nonstructural function. With this
subunit attached to electrode surface, no heme ¢ group or PQQ
cofactor is in the proximity of the electrode surface, so the
cyclic voltammograms showed no peak structure and no direct
electron transfer.

Lastly, for the purpose of direct comparison, His-IC-, His-
IIN-, and His-IIIN-modified gold electrodes are chosen to
represent different enzyme orientations toward the electrode.
The His-IIIN electrode showed no catalytic peak in the scan
range. This result is in accordance with our prediction; with the
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peptide subunit anchored on the modified surface, the heme-
containing subunits are stretched away from the electrode
surface, resulting in a long heme—electrode distance that
prevents electron transfer from occurring. The His-IC electrode
showed a small oxidation peak (1.01 + 0.11 nA) at 203 + 9 mV
versus AglAglICI and a clearer reduction peak at 123 + 6 mV
versus AglAgCl. Compared to the oxidation potential of the
His-IIN electrode (229 + 4 mV vs AglAgCl) and the reduction
potential of 98 &+ 2 mV versus AglAgCl, the oxidation potential
shifted by 26 mV and the reduction potential by 25 mV, which
can be caused by different internal electron transfer pathways.
The His-IIN-modified gold electrode showed a 6.6-fold
catalytic current increase (6.71 + 0.52 nA vs 1.01 + 0.11
nA), which indicates this orientation is preferable for fast
electron transfer. Our explanation for this result is that His-IIN
gives good accessibility of the substrate to the active site of the
enzyme and electrons can be quickly transferred via multi-heme
¢ groups and released to the electrode surface from the closest
heme ¢ group. This orientation has a comparatively small
tunneling distance. His-IC has its active site buried close to the
electrode surface, so it is more difficult for the substrate to
diffuse to the active site and the electrons produced at the
active site to transfer to the single heme ¢ group in subunit I
and then transfer to the gold electrode, which is a less optimal
pathway.

B CONCLUSIONS

In this work, we have addressed the importance of enzyme
orientation in efficient direct electron transfer. Control of the
orientation has been achieved by specifically binding six PQQ-
AIDHs to Ni-NTA-modified gold electrodes via His-tags on
different subunits of the enzymes. The ability of DET of each
orientation arrangement was measured with cyclic voltammetry.
It is demonstrated that only with PQQ-AIDH oriented to
expose its active site to the substrate and the good proximity
between heme ¢ groups and the electrode, efficient DET is
observed. Thus, proper orientation is mandatory for efficient
direct electron transfer.
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