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Abstract: The preparation of integrated, electrically contacted, flavoenzyme and NAD(P)*-dependent
enzyme-electrodes is described. The reconstitution of apo-glucose oxidase, apo-GOx, on a FAD cofactor
linked to a pyrroloquinoline quinone (PQQ) phenylboronic acid monolayer yields an electrically contacted
enzyme monolayer (surface coverage 2.1 x 1072 mol cm~2) exhibiting a turnover rate of 700 s™* (at 22 +
2 °C). The system is characterized by microgravimetric quartz-crystal microbalance analyses, Faradaic
impedance spectroscopy, rotating disk electrode experiments, and cyclic voltammetry. The performance
of the enzyme-electrode for glucose sensing is described. Similarly, the electrically contacted enzyme-
electrodes of NAD(P)*-dependent enzymes malate dehydrogenase, MalD, and lactate dehydrogenase,
LDH, are prepared by the cross-linking of affinity complexes generated between the enzymes and the
NADP* and NAD™" cofactors linked to a pyrroloquinoline quinone phenylboronic acid monolayer, respectively.
The MalD enzyme-electrode (surface coverage 1.2 x 1072 mol cm~2) exhibits a turnover rate of 190 s,
whereas the LDH enzyme-electrode (surface coverage 7.0 x 1072 mol cm~2) reveals a turnover rate of
2.5 s71. Chronoamperometric experiments reveal that the NAD™ cofactor is linked to the PQQ-phenylboronic
acid by two different binding modes. The integration of the LDH with the two NAD™ cofactor configurations
yields enzyme assemblies differing by 1 order of magnitude in their bioelectrocatalytic activities.

Introduction of the enzymes by the redox-tethéis, the lack of inappropriate
alignment of the enzymes with respect to the electrode. Very
efficient electrical communication between redox-proteins and
electrodes was achieved by the reconstitution of apo-enzymes
on relay-cofactor monolayers associated with electrédesor
example, apo-glucose oxidase was reconstituted on a relay-FAD
monolayer, and apo-glucose dehydrogenase was reconstituted
on a pyrroloquinoline quinone (PQQ)-modified polyaniline film
associated with an electro8@hese procedures for the electrical

Electrical contacting of redox-enzymes with electrodes is a
key process in the tailoring of enzyme-electrodes for bioelec-
tronic applications such as biosensasbiofuel cell element3.
While redox-enzymes usually lack direct electrical communica-
tion with electrodes, the application of diffusional electron
mediators’ the tethering of redox-relay groups to the protgin,
or the immobilization of the enzymes in redox-active polyrhers
was widely applied to establish electrical communication : - ?
between the redox-proteins and the electrodes. Nonethelesstontacting of redox-enzymes with electrodes may be applied
relatively inefficient electrical contacting of the enzymes with ©ON Proteins that include an embedded redox center such as
the electrode is achieved due to the nonoptimal modification flavoenzymes, hemoprotein$, or pyrroloquinoline quinone
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(PQQ)-containing enzymés.The vast majority of redox-
enzymes are, however, NAD(FINAD(P)H-dependent biocata-
lysts, and their electrical contacting reveals fundamental diffi-

integrated NAD -dependent enzyme-electrode was generated
by the two-dimensional cross-linking of an affinity complex
generated between a PQQ-NAmMonolayer and the respective

culties due to the diffusional nature of the operation of these cofactor-dependent enzyme, for example, lactate dehydroge-

cofactors. That is, the biocatalytic activity of these enzymes
involves the diffusion of the NAD(PYNAD(P)H cofactors into

nase?? Nonetheless, the generation of the electrically contacted
flavoenzyme-electrode, or of the NARdependent enzyme-

the proteins, the formation of temporary complexes that enable electrode, required the use of the scarce amino-functionalized
electron (hydride) transfer between the redox center and theFAD and NAD' cofactors?® respectively. This turned the
cofactor, and the subsequent diffusion of the reduced (or reconstitution of the enzymes or the lateral cross-linking of the

oxidized) cofactor from the protein matrixészor the design

of enzyme-electrodes for bioelectronic applications, however,

NAD*-enzyme complexes to yield electrically contacted enzyme-
electrodes to be of limited applicability.

it is essential to generate integrated biomaterial-electrodes that Recently, we reported in a preliminary communication on

lack diffusional components. A further difficulty accompanying
NAD(P)*/NAD(P)H-dependent enzymes relates to the poor
electrochemical properties of the NAD(PNAD(P)H cofactors.
The direct electrochemical oxidation of NAD(P)H or the direct
reduction of NAD(PJ is kinetically unfavored leading to high
overpotential®¥ that structurally change the respective cofactors
and inhibit their biological functio®! Different redox-mediators
were employed for the catalyzed oxidation of NAD(PYH4
Electroactive relays, such agjuinonesp-quinones, phenazine,

the use of a boronic acid-functionalized relay monolayer as an
active interface for the ligation of native flavin adenine dinucleo-
tide, FAD, and for the surface reconstitution of the flavo-apo-
enzyme glucose oxidase on the monolayer to yield an electrically
contacted enzyme-electrodeHere we wish to present the
detailed comprehensive study characterizing the generation of
integrated electrically contacted enzyme-electrodes of the fla-
voenzyme glucose oxidase, the NADependent enzyme lactate
dehydrogenase, and the NAD#Elependent biocatalyst malate

phenoxazine, and phenothiazine derivatives, ferrocenes, and Osdehydrogenase by the ligation of the native FAD, NARNnd

complexes, were used as catalysts for the oxidation of NAD-
(P)H. A particularly effective catalyst for the electro-oxidation
of NAD(P)H is pyrroloquinoline quinone (PQQ®3.6 The
enhanced electrocatalyzed oxidation of NAD(P)H in the pres-
ence of Ca™-ion was reported® and the electrocatalytic
regeneration of NADP in a PQQ-malic enzyme monolayer
assembly was achievé#Similarly, electrocatalyzed reduction
of NAD(P)* was accomplished in the presence of Rh-
complexes’

Modified NAD* derivatives were linked to polymer ma-
trixes'® and coupled to NAD-dependent enzymé$. The
coimmobilization of the polymer-bound cofactors and biocata-
lysts led to the design of bioreactors for biocatalytic transforma-
tiong® and to the organization of biosensor devigesn
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NADP* cofactors to a relay boronic-acid monolayer associated
with a Au-electrode. The surface-reconstitution of the apo-
glucose oxidase on the FAD monolayer, or the two-dimensional
cross-linking of the complexes generated by the NA&r
NADP* monolayers with the respective enzyme, led to the
electrically contacted enzyme-electrodes.

Experimental Section

Chemicals.Lactate dehydrogenase (LDH, EC 1.1.1.27 from rabbit
muscle, type Il), malate dehydrogenase (MalD, EC 1.1.1.40 from
chicken liver), and glucose oxidase (GOx, EC 1.1.3.4 fAspergillus
niger) were purchased from Sigma and used without further purification.
Apo-glucose oxidase (apo-GOx) was prepared by a modificZtmin
the reported metho#. The cofactors of LDH, MalD, and GOx
B-nicotinamide adenine dinucleotide (NAR 3-nicotinamide adenine
dinucleotide phosphate (NADP, and flavin adenine dinucleotide
(FAD), respectively— were purchased from Sigma and used without
further purification. All other chemicals, including pyrrologquinoline
quinone (PQQ), 3-aminophenylboronic acid,' 2j&hio-bis(ethaneam-
ine) (cystamine), dithiobis(succinimidylpropionate), 1-tetradecanethiol,
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES),
tris(hydroxymethyl)aminomethane hydrochloride (Tris), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), glutaric dialdehygep-
(+)-glucose, lactic acid,-malic acid, and ferrocene monocarboxylic
acid, were purchased from Sigma and Aldrich and used as supplied.
Ultrapure water from Seralpur Pro 90 CN source was used in all
experiments.

Modification of Electrodes. Au-electrodes (0.5 mm diameter Au
wire, geometrical area ca. 0.29 gmoughness factor ca. 1.4) were
used for modifications. The Au-electrodes were cleaned by boiling in
2 M KOH for 1 h followed by rinsing with water. The electrodes were

(21) Leca, B.; Marty, J.-LBiosens. Bioelectrorl997 12, 1083-1088.

(22) (a) Bardea, A.; Katz, E.; Bkmann, A. F.; Willner, I.J. Am. Chem. Soc.
1997 119 9114-9119. (b) Katz, E.; Heleg-Shabtai, V.; Bardea, A.; Willner,
|.; Rau, H. K.; Haehnel, WBiosens. Bioelectrorl998 13, 741—-756.

(23) (a) Bickmann, A. F.; Wray, V.; Stocker, A. IMethods in Enzymology:
Vitamins and Coenzyme$/cCormick, D. B., Ed.; Academic Press:
Orlando, FL, 1997; Vol. 280, Part 1, p 360. (b)&mann, A. F.; Wray,
V. Biotechnol. Appl. Biochen1992 15, 303-310.

(24) Zayats, M.; Katz, E.; Willner, IJ. Am. Chem. SoQ002 124, 2120~
2121.

(25) Morris, D. L.; Buckler, R. T. InMethods in Enzymology.angone, J. J.,
Van Vunakis, H., Eds.; Academic Press: Orlando, FL, 1983; Vol. 92, Part
E, pp 413-417.

J. AM. CHEM. SOC. = VOL. 124, NO. 49, 2002 14725



ARTICLES Zayats et al.

Scheme 1. Covalent Coupling of FAD Cofactor to a Phenylboronic Acid-Functionalized Au-Electrode: (Route a) Formation of a Mixed
FAD/Long Chain Thiol Rigidified Monolayer; (Route b) Reconstitution of Apo-GOx on an FAD-Functionalized Electrode
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stored in concentrated sulfuric acid. Prior to the modification, the groups. The Au-electrodes were reacted with 10 mM dithiobis-
electrodes were rinsed with water, soaked for 10 min in concentrated (succinimidylpropionate) in dry dimethyl sulfoxide (DMSO) for 30 min,
nitric acid, and rinsed again with water. A cyclic voltammogram rinsed with DMSO, and then briefly rinsed with water. The active ester-
recordedm 1 M H,SO, was used to determine the purity and roughness functionalized Au-electrodes were reacted with 1 mM 3-aminophenyl-
of the electrode surface just before modificattéThe Au-electrodes boronic acid solution in 0.1 M HEPES-buffer, pH7.2, for 2 h, washed
were soaked in a solution of 0.05 M cystamine in waterIch and with water, and then reacted with 1 mM FAD solution in 0.1 M
then rinsed thoroughly with water to remove the physically adsorbed phosphate buffer, pH= 7.0, fa 2 h to generate Au-electrodes
cystamine. The cystamine-modified Au-electrodes were incubated for functionalized with FAD cofactor units covalently bound to the surface
2 hin a 3 mMsolution of PQQ in 0.1 M HEPES-buffer, pH 7.2, in by the phenylboronic acid ligand. These electrodes were used for two
the presence of 5 mM EDC. The PQQ-functionalized electrdaese kinds of experiments: (i) The FAD-functionalized Au-electrodes were
then reacted with 1 mM 3-aminophenylboronic acid solution in 0.1 M reacted with 1 mg mt! apo-GOx in 0.1 M phosphate buffer, pH
HEPES-buffer, pH= 7.2, in the presence of 5 mM EDC for 2 h. The 7o, far 5 h toobtain GOx-reconstituted electrodes that lack the PQQ-
electrodes were then rinsed with water to remove the physically relay units. (i) The FAD-functionalized Au-electrodes were treated with
adsorbed material. The Au-electrodes functionalized with PQQ and the 1 3\ 1-tetradecanethiol (GH2sSH) in ethanol fo 2 h to obtain a

covalently bound phenylboronic ligand were used for further function- yigigified monolayer of the FAD cofactor with a stretched spacer.
alization with NAD", NADP*, or FAD cofactors. The functionalized

Au-electrodes were reacted with 1 mM of the respective cofactor
solution in 0.1 M phosphate buffer, pH 7.0, for 2 h, and then washed
with water. This resulted in the Au-electrodes functionalized with PQQ
redox-relay and the respective cofactor unit (NADNADP™", or FAD)
covalently bound to the monolayer interface via phenylboronic acid

ligand units. The PQQ-FAD-functionalized Au-electrodes were reacted All potentials are reported with respect to .the S,CE' Argon bubblipg
with 1 mg mL-! apo-GOx in 0.1 M phosphate buffer, p 7.0, for 5 was used to remove oxygen from the solutions in the electrochemical

h (unless stated differently) at room temperature. The Au-electrodes cell, unless'otherwise stated. The cell was placed in agrounded Faraday
were washed with water to yield the GOx-reconstituted electrodes for €@9€- Cyclic voltammetry, chronoamperometry, and impedance mea-

Electrochemical Measurements A conventional three-electrode
cell, consisting of the enzyme-modified Au working electrode, a glassy
carbon auxiliary electrode isolated by a glass frit, and a saturated
calomel reference electrode (SCE) connected to the working volume
with a Luggin capillary, was used for the electrochemical measurements.

biocatalytic oxidation of glucose. The PQQ-NADand PQQ-NADP- surements were performed using an electrochemical analyzer composed
functionalized Au-electrodes were reacted with 1 mg#LDH and of a potentiostat/galvanostat (EG&G model 283) and frequency response
1 mg mL~* MalD, respectively, in 0.1 M phosphate buffer, pH7.0 detector (EG&G model 1025) connected to a computer (EG&G software

for 20 min at room temperature, briefly washed with water, and then NO- 270/250 and PowerSuite 2.11.1 for cyclic voltammetry/chrono-
reacted with 10% (v/v) glutaric dialdehyde in 0.1 M phosphate buffer, @mperometry and impedance spectroscopy, respectively). Faradaic
pH = 7.0, for 20 min. The resulting Au-electrodes were washed with impedance measurements were performed in the frequency range of
water to yield the cross-linked LDH-NADintegrated electrodes for ~ 100 mHz to 10 kHz. The impedance spectra were plotted in the form
the biocatalytic oxidation of lactate and cross-linked MalD-NABP ~ of complex plane diagrams (Nyquists plots). The experimental imped-
integrated electrodes for the biocatalytic oxidation of malic acid, ance spectra were fitted to a theoretical equivalent circuit using
respectively. To characterize the binding mode of the FAD cofactor, commercial software (Zview, version 2.1b, Scribner Associates, Inc.).
Au-electrodes were functionalized with FAD units omitting PQQ relay A Au rotating disk electrode (RDE) (geometrical area 0.16%cm
roughness factor ca. 1.2) was polished with an alumina suspension (0.3
(26) Woods, R. InElectroanalytical ChemistryBard, A. J., Ed.; Marcel um, Buehler, IL), rinsed with water, and then modified with PQQ-
Dekker: New York, 1980, p 1. FAD and reconstituted GOx as described above for the Au wire

(27) Katz, E.; Schlereth, D. D.; Schmidt, H.-U. Electroanal. Chem1994 ’ -
367, 59-70. electrodes. The rotating disk electrode (RDE) measurements were
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performed with an electrode rotator (model 636, EG&G). The rate of 10
rotation was increased stepwise, and after each step the anodic current
was measured when it had stabilized (after a few seconds).
Microgravimetric Measurements. A QCM analyzer (Fluke 164T

multifunction counter, 1.3 GHz, TCXO) linked to a computer with a
homemade software was used for microgravimetric measurements. <ol
Quartz-crystals (AT-cut, ca. 9 MHz, EG&G) sandwiched between two =
Au-electrodes (geometrical area 0.2%cmoughness factor ca. 3.5) were
used. The Au-electrode surfaces were washed with ethanol and modified St
in the same way as described above for the Au wire electrodes.
Frequency changes of the quartz-crystals were measured in air after

each modification step. All of the measurements were carried out at M 0s 0% 05 wes  0s  ais

ambient temperature (22 2 °C). E /'V (vs. SCE)

Results and Discussion ‘4 B H L
Alkyl or aryl boronic acids form boronate complexes with g7

vicinal diols and specifically diols in rigidifiedis-configura- E] ] %j F

tions. A flavin adenine dinucleotide (FAD) monolayer was 2] . i

linked to a Au-surface as outlined in Scheme 1. = B S S

Time / ms

A N-hydroxy-succinimide active ester monolayer was as- i .
sembled on a Au-electrode. 3-Aminophenylboronic atjdvas

reacted with the monolayer to yield the phenylboronic acid ot : T T T *
interface. The resulting monolayer was then interacted with FAD Time / ms
(2), to yield the FAD-boronate complex on the electrode support. 14 preer e

Figure 1A, curves a and b, shows the cyclic voltammograms
of the phenylboronic acid interface before and after the binding
of FAD through the formation of the FAD-boronate complex,

respectively. The FAD-monolayer reveals a quasi-reversible i“ ' ‘
redox-wave (peak-to-peak separativE = 50 mV at 200 mV Zef B
s1) at a formal potentialE® = —0.49 V (pH = 7.0). oF 3

Coulometric assay of the redox-waves of the FAD units indicates
a surface coverag€gap, that corresponds to 1.7 1071° mol

cm~2. The resulting FAD monolayer was then rigidified with ;
1-tetradecanethiol (GH29SH) to yield a densely packed inter- 2 bbb bbb,

0 0.1 02 0.3 04 0.5 0.6 0.7 08

face, Scheme 1, route a. The cyclic voltammogram of the FAD/ E / V (vs.SCE)

C14H295H'm!xed monolayer, Figure 1A, curve c, Sh.OWS. the  Figure 1. Electrochemical characterization of a FAD-phenylboronic acid-
electrochemical response characteristic to the FAD units without functionalized Au-electrode. (A) Cyclic voltammograms of a Au-electrode
alteration of the redox potential and the surface coverage, putmodified with the following: (a) 3-Aminophenylboronic acid covalently

. L . - linked to a cysteic acid monolayer. (b) Covalently linked FAD to the
with a significant decrease of a capacitance current typical for 3-aminophenylboronic acid layer. (c) The FAD-monolayer rigidified with

densely packed monolayers. This process was used to probec;H,,SH thiol. Potential scan rate 200 mv'’s (B) Chronoamperometric
the binding mode(s) of the FAD unit to the phenylboronic acid current transient resulting from the application of a potential step fro
interface. As the FAD contains the cyclic ribose unit, and the to —0.6 V on the phenylboronic acid-FAD-rigidified monolayer-function-
. . . . " alized Au-electrode. Inset: The semilogarithmic plot of the current transient.
linear oligohydroxyl Ch"?“n’ two binding _mOdes to yield th? (C) Cyclic voltammograms of GOx reconstituted on the phenylboronic-
boronate complex are, in principle, possible. Previous studies FAD-functionalized Au-electrode in the presence of the following: (a) 50
have indicated that the interfacial electron-transfer rate constants";'\/llglucose(, gbs)ol m’\'/\lfl fleffocene gﬁinoch?rfboxyllc acyjif the %bse?ce y
_ . f : . -+ Of glucose, (C mM glucose an m errocene monocarboxylic aci
to redox-active units gssocllated with the electrode are sensmve(g). Potential scan rate 5 mv'5 The data were recorded in 0.1 M phosphate
to the structural orientation and alignment of the redox pyffer, pH= 7.0, under Ar.
components with respect to the electré8lt.was demonstrated _ ) o ) o
that redox components linked in a rigidified monolayer structure 9€cay (cf. Figure 1B, inset), indicating a single-mode binding
to the electrode by two different binding modes reveal biex- of FAD on the boronic acid interface. The interfacial electron-
ponential interfacial electron-transfer kinetics with different transfer rate constant was derived from etf thereke: is the
electron-transfer rate constants to the redox units in the two iNterfacial electron-transfer rate constant, &p is the charge
binding modes. Thus, the linkage of the FAD to the electrode associated with the reduction of the surface-confined FAD units.
in the form of two different boronate complexes is anticipated 1h€ surface coverage of the FAD unifs;ap, can be found
to yield a biexponential electron transfer rate between the redox USing €4 2, wheré\is the real electrode areajis the number
unit and the electrode. Figure 1B shows the chronoamperometric®f électrons involved in the reduction process of a single FAD

current transient upon the application of a potential step from Melecule,n = 2, andF is the Faraday constant.

—0.4 to —0.6 V on the rigidified FAD-boronate monolayer | =

=K, expKk,et 1
associated with the Au-electrode. The current transient, corre- Kot Qeap EXP(Her'D) @
sponding to the reduction of FAD, reveals a monoexponential I'eap = Qpap/(N*F-A) (2)
(28) Katz, E.; Willner, I.Langmuir1997, 13, 3364-3373. The interfacial electron-transfer rate constant corresponkls to
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Scheme 2. Reconstitution of Apo-GOx on a PQQ-Phenylboronic Acid- FAD Functionalized Au-Electrode
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= 900 s!, and the preexponential factdrQrap, is ca. 4.1 Figure 2, curve a, shows the cyclic voltammogram of the
mA, which translates to a surface coverage of ca.x1 7010 PQQ-monolayer-functionalized electrode. A quasi-reversible
mol cm2, similar to the value derived by the coulometric redox-wave atE° = —0.13 V (pH = 7.0) is observed.
analysis of the redox-wave of the FAD units. It is known from Coulometric assay of the reduction (or oxidation) wave of PQQ,
literature that boronate complexes with cydtis-diols reveal and taking into account a two-electron redox-proéésxjicates

association constants that are larger by 2 orders of magnitude
than those with linear vicinal dio. Thus, the single mode of
binding of FAD to the boronic acid monolayer can be attributed
to the formation of the boronate complex with the ribose unit
(vide infra).

The monolayer of the FAD-boronate complex was reacted
with apo-glucose oxidase (apo-GOx) to yield the surface-
reconstituted enzyme-electrode, Scheme 1, route b. Comple-
mentary microgravimetric quartz-crystal microbalance experi- 10 -
ments revealed that the apo-GOx was reconstituted on the
phenylboronic acid-FAD monolayer associated with a Au-quartz
crystal. The surface coverage of the reconstituted enzyme was
estimated to be 2.% 10~ mol cm 2. The resulting reconsti-
tuted enzyme-electrode is inactive toward the bioelectrocatalyzed
oxidation of glucose, Figure 1C, curve a. The reconstituted
enzyme exists, however, in a bioactive configuration on the
electrode support, and addition of ferrocene carboxylic &®)id (
as diffusional electron mediator activates the bioelectrocatalyzed
oxidation of glucose, as reflected by the electrocatalytic anodic
currents developed by the enzyme-electrode in the presence of
glucose, Figure 1C, curve c.

To generate an integrated, electrically contacted, enzyme-
electrode by the boronate-FAD reconstituted biocatalyst, we
decided to reconstitute apo-GOx on a relay-FAD monolayer -10 L L L L
assembly, where the relay unit acts as mediator that facilitates 038 0.6 04 0.2 0 0.2
electron transfer from the FAD site to the electrode. Scheme 2 E / V vs.SCE
depicts the stepwise assembly of the integrated enzyme-Figure 2. Cyclic voltammograms of the PQQ-phenylboronic acid-FAD-
electrode. Pyrroloquinoline quinone, PQ®),(was covalently functionalized Au-electrode upon its interaction with apo-GOx: (a) PQQ-

: : . phenylboronic acid-functionalized Au-electrode prior to the binding of FAD
linked to a cystamine monolayer assembled on a Au electiode. cofactor. (b) PQQ-phenylboronic acid-FAD-functionalized Au-electrode

Covalent linkage of 3-aminophenylboronic acid) (to the prior to the interaction with apo-GOx. {d) The PQQ-phenylboronic acid-
monolayer, followed by the formation of the boronate-FAD FAD-functionalized Au-electrode after 1, 2, 3, and 4 h of interaction with
complex, yields the relay-FAD interface. Apo-glucose oxidase 2P0-GOx, respectively. The data were recorded in 0.1 M phosphate buffer,

. . - pH = 7.0, under Ar, potential scan rate 200 m¥:.sReconstitution was
was then reconstituted on the latter interface to yield the enzyme- o tormed in the presence of 1 mg mMLapo-GOx at room temperature.

-

°
s

Tpop X 10°° / mole cnc®

o
a

s
=

I/vA

Sk

electrode. Inset: The surface concentration of the electrochemically active FAD at
time intervals of the reconstitution process. Th@p values were derived
(29) Lorand, J. P.; Edwards, J. D. Org. Chem1959 24, 769-774. from the cathodic peaks of the respective cyclic voltammograms.
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a surface coverage that corresponds to>1.8071° mol cnT2 80
Figure 2, curve b, shows the cyclic voltammogram of the FAD-
PQQ-monolayer that reveals the redox wavel’at —0.49 V 6or
andE°® = —0.13 V (at pH= 7.0) for the FAD and PQQ units,
respectively. sr
The surface coverage of the FAD units corresponds to<1.6 20l
10719 mol cnT2. Thus, almost a quantitative formation of a
PQQ-FAD dyad (PQQ:FADB= 1:0.9 molar ratio) was achieved 0
upon binding of the secondary FAD units to the primary PQQ nr e o
units assembled on the electrode surface. Interaction of the PQQ-
FAD monolayer-modified electrode with apo-GOx results in = 5, 20 o
the time-dependent depletion of the electrical response of the =~ . . o
FAD sites, but the electrical response of the PQQ units is N-E 15 F * *
unaffected, Figure 2, curvesh. The decrease in the electrical o
response of the FAD sites may be attributed to their reconstitu- 10 Fo o€
tion into the apo-enzyme, which leads to the electrical insulation 5 © o o
of the cofactor sites. The unaffected electrical response of the 5B, ° ° o
PQQ units implies that the relay units are positioned at the * % b °9; - 2 $
exterior of the protein, or close to its surface periphery. Figure N o ‘ .
2, inset, depicts the time-dependent decrease of the surface 0 10 20 30 40 50 60 70 80
content of FAD units which communicate with the electrode, Z. /kQ
as a result of t_hg surface r(_aconstitution process. I%vidently, ca. Figure 3. Faradaic impedance spectra (Nyquist plots) of the PQQ-
63% of the original FAD sites (1.6 107° mol cni?) lose phenylboronic acid-FAD-functionalized Au-electrode at time intervals of
their electrochemical activity. Thus, ca.x 1071° mol cnr2 apo-GOx reconstitution (apo-GOx, 1 mg mil): (a) 0.1 h, (b) 0.25 h, (c)

of the FAD sites are electrically insulated upon reconstitution. 0-5h. (d) 1 h, (€) 2 h, (f) 4 h. The data were recorded in 0.1 M phosphate
. . . . buffer, pH= 7.0, in the presence of [Fe(C§§~4~ (1:1), 10 mM, biasing
Parallel microgravimetric quartz-crystal microbalance, QCM, potential 0.17 V, at room temperature. Inset: Fagvalues of the electrode

analyses were performed, where the stepwise reconstitution ofas a function of the reconstitution time.
apo-glucose oxidase is performed on a Au-quartz crystal. We
find that the surface coverages of the PQQ, phenylboronic acid
ligand, and coupled FAD are 1.8 10719 1.6 x 1071 and

1.6 x 10719mol cn1?, respectively, very similar to the surface
coverages derived from the electrochemical experiments. The
surface reconstitution of the apo-GOx enzyme resulted in a
frequency change aff = 200 Hz, which translatésto a surface
coverage of 2x 10712 mol cnm2. This surface coverage is
characteristic of a densely packed monolayer of GOx. Assuming
that a single GOx molecule has a footpfinbf 58 nn?, an
ordered densely packed monolayer of the enzyme exhibits a
surface coverage of 2.&% 10712 mol cnT?, and this value
translates to a surface coverage of 2002 mol cnm 2 for

the random densely packed GOx monolayer (ca. 70% of the
ordered packing}® Realizing that apo-GOx includes two
subunits for the binding of the FAD cofactor, this surface
coverage is ca. 25-fold lower than the surface coverage of the
FAD sites that are insulated upon reconstitution of the apo-
GOx. This may be attributed to the nonspecific incorporation
of FAD sites into the protein, resulting in the blocking of their
electrical communication with the electrode.

The surface-reconstitution of apo-GOx on the PQQ-FAD
monolayer is further supported by Faradaic impedance spec-
troscopy measurements, Figure 3. The interfacial electron-
transfer resistanceRe; (approximately the diameter of the
semicircle domain in the Faradaic impedance spectra plotted
as a Nyquist diagran®f, increases upon binding of protein

molecules to an electrode surface, which results in a barrier for (33) (a) Bard, A. J.; Faulkner, L. FElectrochemical Methods: Fundamentals
and ApplicationsWiley: New York, 1980. (b) Stoynov, Z. B.; Grafov, B.
M.; Savova-Stoynova, B. S.; Elkin, V. \Electrochemical Impedance

40+

Ry / KQ

[ ° Time / h

electron exchange between the conductive support and a
solubilized redox probé& The exact values dR; were found

by computer fitting of the experimental impedance spectra with
an equivalent electronic circuit of Randles and Ershler &jge.
When the reconstitution of apo-GOx proceeds and the enzyme
molecules bind to the FAD-modified electrode surface, the
interfacial electron-transfer resistané®;, increases and then
levels off as a result of saturation of the electrode by the
reconstituted enzyme. From the time-dependent increase in the
interfacial electron-transfer resistance, Figure 3, inset, the pseudo
first-order reconstitution rate constaRfeconst, IS €stimated to

be ca. 1 h'. However, it should be noted that the measured
rate constant corresponds to the formation of the enzyme layer
on the modified electrode surface, which does not necessarily
mean it exists in a biocatalytically active state.

Figure 4 shows the cyclic voltammograms corresponding to
the bioelectrocatalytic currents of the reconstituted enzyme-
electrode at a constant glucose concentration »fi®-2 M, at
different times of reconstitution. It can be seen that as the
reconstitution time is longer, the bioelectrocatalytic anodic
current is enhanced, and it levels off and reaches a saturation
value after ca. 5 h, the optimal time for the saturation of the
surface with the reconstituted GOx. Figure 4, inset, shows the
electrocatalytic anodic currents Bt= 0.2 V at variable times
of reconstitution. This curve represents the kinetics of recon-
stitution, and the derived pseudo first-order rate conskagss

(30) Buttry, D. A.; Ward, M. D.Chem. Re. 1992 92, 1355-1379. Nauka: Moscow, 1991.
(31) Nakamura, S.; Hayashi, S.; Koga, Biochim. Biophys. Actd976 445, (34) (a) Katz, E.; Alfonta, L.; Willner, 1.Sens. Actuators, B001, 76, 134—
94—308. 141. (b) Alfonta, L.; Bardea, A.; Khersonsky, O.; Katz, E.; Willner, I.
(32) (a) Bourdillon, C.; Demaille, C.; Gueris, J.; Moiroux, J.; Save J. M.J. Biosens. Bioelectror2001, 16, 675-687.
Am. Chem. Sod 993 115 12264-12269. (b) Weibel, M. K.; Bright, H. (35) (a) Randles, J. E. Biscuss. Faraday S0d.947 1, 11-19. (b) Ershler,
J.J. Biol. Chem1971, 246, 2734-2744. B. V. Discuss. Faraday Sod.947 1, 269-277.
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Figure 4. Cyclic voltammograms of the PQQ-phenylboronic acid-FAD-  Figure 5. Cyclic voltammograms of the PQQ-phenylboronic acid-FAD-
functionalized Au-electrode at variable time intervals of reconstitution with functionalized Au-electrode reconstituted with apo-GOx, 1 mg #b h,
apo-GOx, 1 mg mtL: (a) 0 h, (b) 0.1 h, (c) 0.25 h, (d) 0.5 h, (e) 1 h, ()  in the presence of different concentrations of glucose: (a) 0 mM, (b) 5
2 h, (g) 4 h. The data were recorded in 0.1 M phosphate buffer=pHD, mM, (c) 10 mM, (d) 15 mM, (e) 20 mM, (f) 25 mM, (g) 35 mM, (h) 40

in the presence of glucose, 80 mM, under Ar, at room temperature, potential MM, (i) 50 mM. The measurements were performed in 0.1 M phosphate
scan rate 2 mV g Inset: The electrocatalytic currents produced by the buffer, pH = 7.0, under Ar, potential scan rate 2 mv!sinset: The

electrode in the presence of glucose, 80 mME at 0.2 V at variable time calibration curve measured Bt= 0.2 V.
intervals of the reconstitution (derived from the respective cyclic voltam- o
mograms). ca. 700 s! (molecules of glucose oxidized by one GOx

molecule per second). The obtain€Bmax value is similar to
= 1 h™1, coincides nicely with thateconst, Obtained from the that of a natural glucose oxidase with its native €ectron
impedance spectroscopy results. It should be noted that theacceptof®
present rate constant corresponds to the increase of the bio-

catalytic activity of the electrode upon building up the layer of TR pax= leat T(FnT 5o, A) 3)
the reconstituted enzyme. Thus, it can be concluded that both
rate constantskeconst and keeconst, the first reflecting the Further characterization of the kinetics of the bioelectrocata-

formation of the enzyme layer on the electrode, and the secondlyzed oxidation of glucose by the reconstituted GOx-monolayer-
reflecting the increase of the biocatalytic activity of the enzyme electrode was accomplished by rotating disk electrode, RDE,
associated with the electrode, correspond to the same proces§xperiments (see Supporting Information, Figure S1, and the
of the enzyme reconstitution in its biocatalytic form. respective discussion).

Figure 5 shows the cyclic voltammograms of the reconstituted ~ The reconstituted GOx-electrodes show a ca. 7% decrease
enzyme-electrode at different concentrations of glucose (a in their electrical responses upon continuous operation for 24 h
saturated GOx monolayer was generated nuoh of the at room temperature (22 2 °C). The GOx-electrodes are stable
reconstitution process). The electrocatalytic anodic currents Upon their storage in dry state under argon &G4 and no
indicate the effective bioelectrocatalyzed oxidation of glucose. noticeable degradation of the electrodes was observed upon their
As the electrocatalytic anodic current begin€at —0.13 V, storage for 2 months.
the redox potential of the PQQ units, we conclude that PQQ The possibility of linking cofactor units to a phenylboronate
mediates the electron transfer between the FAD redox centerligand associated with a Au-electrode is not limited to the FAD
of the reconstituted enzyme and the electrode. The electrocata£ofactor. Other cofactors such as the nicotinamide cofactors,
lytic anodic currents increase as the concentration of glucose isA-nicotinamide adenine dinucleotide (NAR and -nicotin-
elevated, and they level off at a glucose concentration that @mide adenine dinucleotide phosphate (NADRclude ribose
corresponds to ca. & 102 M, Figure 5, inset. units and hence could be linked to the boronate ligand. Thus,

Taking into account the saturated electrocatalytic curtggt this binding motif may be useful for the design of integrated
= 1104A, and knowing the real electrode arela= 0.4 cn? enzyme-electrodes that include NAD{RJependent enzymes.

the surface coverage of the reconstituted enzyfae, = 2 x The development of integrated NAD(Pylependent enzyme-
10712 mol cmr2, and the number of electrons obtained upon electrodes is of substantial interest for tailoring of biosensors

oxidation of one glucose molecule,= 2, we estimate Using 55 eicenniener, H. G.; Schultz, G. WaturwissenschafteB969 56, 563-
eq 3 the maximum turnover rat€Ryax Of the enzyme to be 564.
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Scheme 3. Assembly of a Cross-Linked-Integrated Malate Dehydrogenase (MalD) Electrode on a PQQ-Phenylboronic
Acid-NADP*-Functionalized Surface
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or biofuel cells, and is accompanied by severe limitations. In ments indicate that the coverage of the phenylboronic acid ligand
contrast to the FAD cofactor that is fixed to the protein, the monolayer and of the associated NADEofactor layer is 1.4
NAD(P)" cofactors act diffusionally, and their confinementto x 10-°and 1.3x 10-®mol cn?, respectively (PQQ:NADP

the protein assembly is need&durthermore, the NAD(P)does = 1.4:1— molar ratio). The resulting NADPRmonolayer is then

not exhibit direct reversible electrochemistry. The two-electron interacted with the malate dehydrogenase, MalD, to generate
electrochemical oxidation of the reduced 1,4-dihydronicotin- an affinity complex between MalD and the NADRofactor,
amide cofactor, NADH or NADPH, generated upon the bio- and subsequently cross-linked with glutaric dialdehyde to
catalyzed oxidation of the respective substrates, is accompaniedyenerate an integrated two-dimensional enzyme layer. QCM
by high overpotentials. Different molecular catalysts were measurements indicate that the surface coverage of the MalD
reported to catalyze the two-electron oxidation of NAD(P)H to is 1.2 x 10712 mol cn12. The theoretical coverage of a random
NAD(P)*.12-14 Pyrroloquinoline quinone, PQQ, acts as an densely packed MalD monolayer is ca. %3102 mol cni 2,
electrocatalyst for the two-electron oxidation of NAD(Py+$ assuming an enzyme footprint of ca.» 10712 cm2 per

and the electrocatalytic process is particularly efficient in the molecul&® and taking into account ca. 70% filling in the random
presence of Ca-ions as cocataly$t These properties of PQQ  densely packed layer configuration.

were utilized to construct integrated NARIependent enzyme- Figure 6 shows the cyclic voltammograms corresponding to
electrodeg? The synthetid\ 8-aminoethylS-nicotinamide ad- the bioelectrocatalyzed oxidation of malic acid in the presence
enine dinucleotide was covalently linked to a PQQ monolayer of the PQQ-NADP-MalD-integrated enzyme-electrode. A
associated with a Au-electrode. The affinity complexes gener- bioelectrocatalytic anodic current begins at the redox potential
ated between the NADdependent enzymes lactate dehydro- of the PQQ electron-relay. The anodic currents increase as the
genase or alcohol dehydrogen&seere cross-linked on the  concentration of malic acid is elevated. Control experiments
electrode supports to yield integrated electrically contacted reveal that neither the PQQ-monolayer electrode nor the PQQ-
enzyme-electrode®. This concept was broadened by the use NADP* monolayer-electrode is active toward the electrocata-
of native NAD(P) cofactors and the phenylboronic acid as a lyzed oxidation of malic acid. Figure 6, inset, shows the
bridging unit.5-Nicotinamide adenine dinucleotide phosphate calibration curve which corresponds to the electrocatalytic
(NADPT, 5) includes a single ribose unit for its association to currents (derived from the respective cyclic voltammograms at
the boronic acid ligand (a phosphate group restricts such reactionE = 0.2 V) at different concentrations of malic acid. The anodic
for the second ribose unit). Scheme 3 shows the assembly ofcurrent levels off at a malate concentration of cax 8073 M.

an integrated electrode consisting of the NABdependent Using the saturated value of the anodic current, and the surface

malate dehydrogenase. coverage of MalDI'wap = 1.2 x 1072 mol cn?, we estimate
A pyrroloquinoline quinone, PQQ, monolayer is assembled the maximum turnover rate of the enzyme in the integrated
on the Au-electrode, surface coverage of £.2071°mol cn2, electrode assembly to be 196's(molecules of malic acid

3-Aminophenylboronic acid is covalently linked to the surface, oxidized by one MalD molecule per second). This value is
and the resulting phenylboronic acid surface is reacted with substantially lower than the maximum turnover rate of the native
NADP* to yield the phenylboronate-NADPcomplex on the

surface. Microgravimetric quartz-crystal microbalance measur

e- (38) The molecular dimensions of the respective proteins were estimated using
commercial software HyperChem (Release 2) for Windows. The protein
structures were taken from the Protein Data Bank (Brookhaven National

(37) Kharitonov, A. B.; Alfonta, L.; Katz, E.; Willner, J. Electroanal. Chem. Laboratory, http://www.rcsb.org/pdb). The error in the calculated dimen-

200Q 487, 133-141. sions of the proteins is estimated to £& A.
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Figure 6. Cyclic voltammograms of the integrated enzyme-electrode o= o A
obtained by cross-linking of malate dehydrogenase (MalD) associated with 0 50 100 150 200 250 300 350
the PQQ-phenylboronic acid-NADFfunctionalized electrode in the pres- 7 /kQ
ence of different concentrations of malic acid: (a) 0 mM, (b) 0.25 mM, (c) re

0.5mM, (d) 1 mM, (e) 1.7 mM, (f) 3.3 mM, (g) 5.6 mM. The data were  Figyre 7. Faradaic impedance spectra (Nyquist plots) of the integrated
recorded in 0.1 M Tris-buffer, pH 7.0, with 10 mM CaClnder Ar, at enzyme-electrode obtained by cross-linking of malate dehydrogenase (MalD)
room temperature, potential scan rate 5 m¥, fnset: The calibration curve associated with the PQQ-phenylboronic acid-NABRnctionalized elec-

of the electrocatalytic currents measuredtat 0.2 V. trode in the presence of different concentrations of malic acid: (a) 0 mM,
(b) 0.25 mM, (c) 0.5 mM, (d) 1 mM, (e) 1.7 mM, (f) 3.3 mM, (g) 5.6 mM,
enzyme with diffusional NADP, 5 x 108 s71.3% The Michaelis- (h) 8.0 mM. Note the different scales in the main part of the graph and in

the inset. The data were recorded in 0.1 M Tris-buffer, pH 7.0, with 10

= 2
Menten constant{y = 1 x 107 M, was calculated from the mM CaCl, under Ar, at room temperature, biasing poteriar 0.25 V.

calibration plot using the LineweaveBurke proceduré? and

this value is significantly higher than the Michaetislenten  terization of amperometric enzyme biosensors. The impedance
constant of the native enzymBunative) = 3.9 x 1074 M4 spectrum of a bioelectrocatalytically active enzyme-electrode
Several reasons may cause the lower turnover rate and the highesllows the determination of the electron-transfer resisteRge,
Michaelis-Menten constant for the enzyme in the integrated of the system. The electron-transfer resistance translates into
PQQ-NADP"-MalD electrode: (i) The NADP cofactor is in  the exchange current under equilibriutg, eq 4, and then the
a rigidified configuration in the integrated assembly, which respective heterogeneous electron-transfer rate conksangn
prohibits the free diffusion of the cofactor to the enzyme redox pe evaluated, taking into account the dependende;oh the
center where electron transfer proceeds. (ii) The generatedapplied potential, eq 5, whef® = 8.31 J mot! K is the gas
NADPH is locked in the integrated assembly in a rigid constant] = 298 K is the temperature,= 2 is the number of
configuration where its oxidation by the PQQ units is kinetically electrons involved in the oxidation of the substrate molecule,
disfavored. F = 9.65 x 10* C equiv'!is the Faraday constarly is the

The bioelectrocatalytic oxidation of malic acid was character- exchange current under equilibriurky is the heterogeneous
ized by impedance measurements. Faradaic impedance speclectron-transfer rate constant, [S] is the substrate, malic acid,
troscopy is often used for the characterization of biomaterial- concentrationg ~ 0.5 is the electron-transfer coefficient, and
modified electrodes, particularly in immunosensing or DNA 5 is the overpotential applied to the electrode. Because the
sensing, by following the isolation of an electrode surface upon exchange current at equilibriur, is controlled by the substrate
deposition of the respective biomolecufésin this type of concentration (under the condition that the enzyme is not
experiment, a layer of redox-inactive biomolecules that associ- saturated by the substrate), the electron-transfer resistance of
ates to the electrode surface creates a barrier for an electrothe electrode is controlled by the substrate concentration. Thus,
chemical reaction between an external solubilized redox probeby following Re; at different substrate concentratiorks, can
and the electrode support. We have already discussed thebe derived. The later rate constant corresponds to the limiting
application of this method to follow the reconstitution process step in the bioelectrocatalytic oxidation (or reduction) of the
of the apo-GOx on the PQQ-FAD-functionalized electrode (cf. substrate.
Figure 3). Nonetheless, the primary application of Faradaic

impedance spectroscopy is in the kinetic analysis of electro- Ree= (RT)/(nFl) (4)
chemical reaction® This method is rarely used in biosensors,

although it might be a very powerful method for the charac- lo = F-Ake[S] exp[(—a:nFn,)/(RT)] (5)

(39) Schrock, H. L.; Gennis, R. BBiochim. Biophys. Acta98Q 616, 10—21. Figure 7 shows the Faradaic impedance spectra of the
(40) lBarmzérl,gT. EEnzyme HandboolSpringer-Verlag: New York, 1985; Vol. integrated PQQ-NADP—MaID electrode in the presence of
(41) R’uptt%r, W. J.; Lardy, H. AJ. Biol. Chem1958 233 374-382. different concentrations of malic acid. Approximate values of
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Scheme 4. Assembly of a Cross-Linked-Integrated Lactate Dehydrogenase (LDH) Electrode on a PQQ-Phenylboronic
Acid-NAD*-Functionalized Surface
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the electron-transfer resistance for each spectrum correspondve calculated the overall rate constant that reflects the reaction
to the diameters of semicircle domains of the respective spectra;of malic acid with the enzyme assemblyyerai= 8 x 1P M1
however, precise numbers f&; were obtained by computer s

fitting of the spectra to a theoretical equivalent circuit. The  Similarly, an attempt was made to fabricate an integrated,
simplest equivalent circuit of the Randles and Ershler¥fe  electrically contacted, electrode of the NAflependent enzyme
showed a good correlation with the experimental data, and |actate dehydrogenase, LDH, Scheme 4. In contrast to NADP
therefore this model was used to find tRe values from the  g-nicotinamide adenine dinucleotide (NADG) has two ribose
experimental impedance spectra. Whereas the spectrum meagnits available for the reaction with the phenylboronic acid
sured in the absence of malic acid (curve a) shows a very largeligand, one close to the nicotinamide unit, similar to the NADP
electron-transfer resistancBe: > 1 MQ, the values of the  cofactor, and a second ribose unit adjacent to the adenine
electron-transfer resistance decrease upon increasing the malicomponent. Accordingly, two binding modes of the NAD
acid concentration (curves—h), reachingRe; = 10 kQ at 8 cofactor to the phenylboronic acid ligand are possible. Thus,
mM of malic acid (note different scales in the main graph and 3-aminophenylboronic acidlf was linked to the PQQ-func-
the inset). The calibration plot &% at various concentrations  tionalized electrode, and the resulting electrode was interacted
of malic acid was derived from the impedance spectra (seewith NAD™, to yield the assemblies with the two different
Supporting Information, Figure S2). It should be noted that to binding modes, Scheme 4. Microgravimetric QCM analyses
obtain this calibration plot, much longer experiments were indicate that the surface coverage of the PQQ units is cax 1.9
performed, and much more sophisticated electrochemical equip-10-1° mol cn2 and the surface coverage of the NADnits is
ment was used than for the related amperometric measurementsa. 2.0x 10719 mol cnm2 (PQQ:NAD" = 0.95:1 molar ratio).

(cf. Figure 6). Therefore, this experiment was mainly performed The generated NAD-modified electrode was interacted with
for kinetic characterization of the biocatalytic system rather than lactate dehydrogenase, LDH, and the resulting cofactor-enzyme
for obtaining the calibration plot. Using egs 4 and 5, assuming affinity complex” formed on the electrode was cross-linked with
o~ 0.5, and taking into account that the spectra were recordedglutaric dialdehyde to yield the integrated relay-cofactor-
atE = 0.25 V (7 = 0.38 V vs the potential of the terminal enzyme-electrode. Quartz-crystal microbalance measurements

electron mediator PQQ), we found that~ 2.56 x 1073/([S]- indicate that the surface coverage of the cross-linked LDH is
Re), Where [S] is malic acid concentration (mol#. We found ca. 7.0x 10> mol cnmr2.
from the experimental data that &~ 6.8 x 10* mol m~3 Figure 8 shows the cyclic voltammograms observed upon the

Q and that the electron-transfer rate constepts 3.8 x 10°° treatment of the integrated PQQ-NAR.DH-electrode with

cm s'L. It should be noted that the rate constant can be derived different concentrations of lactate. An electrocatalytic anodic
from a single impedance spectrum in the presence of the current starts at a potential characteristic to the redox potential
substrate (malic acid). The measurements of the impedanceof PQQ,E° = —0.13 V (pH= 7.0). The electrocatalytic current
spectra with different concentrations of the malic acid are not increases as the concentration of lactate is elevated. Figure 8,
necessary, and they were performed to demonstrate the posinset, shows the calibration curve that corresponds to the anodic
sibility to follow the biocatalytic reaction with the Faradaic current atE = 0.2 V at various concentrations of lactate. It can

impedance spectroscopy and to find an average vallke af be seen that the electrocatalytic anodic current reaches a
different substrate concentrations. Taking into account the saturation value at a lactate concentration that corresponds to
surface coverage of Mal@yap = 1.15 x 10712 mol cn?, ca. 1.0x 1072 M. Control experiments reveal that no electro-
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L4p o5 T units, and hence two binding modes of the NADo the
. Yy & monolayer interface are feasible, Scheme 4. Thus, a fundamental
[ et question is whether the two binding modes are coexistent in
1 203 the integrated enzyme-monolayer structure, and if both NAD
:,_:ﬁ 02 structures are present, do they differ in their electrical contacting
< 08f e features. Chronoamperometry proved to be an effective method
~ o6F " to determine electron-transfer rates to (or from) redox units
- P B d associated with monolayers on electrodes. It was also demon-
04p 0 2 4 6 8 10 1271416 strated that redox species differing in their spatial orientations
[Lactate] / mM . . .
e relative to the electrode, or redox species linked to the electrode
. by tethers of different lengths, reveal different electron-transfer
0 rate constants at the electrode interf&&he complexity of
L the present system originates from the fact that the NAD(P)

0504 03 02 01 0 01 02 03 cofactors are not electrochemically active by themselves and

E/Vvs. SCE their chronoamperometric responses upon potential steps cannot

Fgufe ﬁ- . Cyclic I\_/Oil(t_ammfolgré:ﬂls (;)fhthde integrate(dL De:)zyme-e_letd(;od_fih be directly measured as for FAD cofactor. However, the whole
optaine Yy Cross-linking ot lactate denyarogenase assoclated wi H H _ _ _
the PQQ-phenylboronic acid-NABfunctionalized electrode in the presence _blocatalytlc system, PQQ NADPMaID orPQQ NAU. LDH
of different concentrations of lactate: (a) 0 mM, (b) 0.5 mM, (c) 1.7 mm, in the presence of the respective substrates, malic acid or lactate,
(d) 3.3mM, (e) 5.6 mM, () 8.0 mM, (g) 10.0 mM. The data were recorded produces current upon application of a sufficiently positive
in 0.1 M Tris-buffer, pH 7.0, with 10 mM Cag| under Ar, at room potential to the electrode. The current formation includes the
temperature, potential scan rate 5 m\t.dnset: The calibration curve of ti ducti f NAD(P ltina in the f ti f
the electrocatalytic currents measuredat 0.2 V. enzymalic re l,JC lon o (P)resu mg n e, ,Orma lon o

] ] . NAD(P)H that is further electrocatalytically oxidized by PQQ.
catalytic anodic currents are observed in the absence of LDH. The transient current responses of this system can be described
Also, the direct linkage of LDH to PQQ does not lead to any py eq 6, wherek{ andke!’ are the electron-transfer constants
bioelectrocatalyzed oxidation of lactate. These results clearly for two differently positioned NA(P)D/NAD(P)H cofactor
indicate that the bioelectrocatalyzed oxidation of lactate by the ynits, andQy ao@eH and QuapeyH are the charges associated

integrated enzyme-electrode involves the biocatalyzed oxidationyith their oxidation upon the chronoamperometric experiment.
of lactate with the concomitant reduction of NARQo NADH,
followed by the PQQ-mediated electrocatalyzed oxidation of | = Kef*Quape)n €XP(Ket) + Kot “Quappy EXP(Ket 1)
NADH, a process that regenerates the cofattét.From the (6)
saturated electrocatalytic anodic current measurde =t0.2
V (Iaf2turated= 0 45 yA, cf. Figure 8, inset), and knowing the =~ The chronoamperometric experiment includes a potential step
surface coverage of the enzyme, the maximum turnover rate offrom the initial potential of—0.3 V where the biocatalytic
the enzyme is calculated to be 1:2 ¢émolecules of lactate are  currentis blocked to the final potential of 0.2 V where a transient
oxidized by one enzyme molecule per second). This turnover biocatalytic current appears. Accordingly, the transient bioelec-
rate of the enzyme in the integrated system is substantially lowertrocatalytic anodic current developed by the PQQ-NABP
than the turnover rate of the native LDH in solution, ca. 2300 MalD-integrated electrode should reveal monoexponential ki-
s 142 Nonetheless, the observed turnover rate is very similar netics due to a single binding mode of NADRvhereas the
to that observed for another integrated LDH enzyme-electrode, PQQ-NAD'-LDH-integrated electrode could show a biexpo-
where the affinity complex between LDH and a PQQ-amino- nential transient current, if both binding modes of the NAD
NAD* dyad is cross-linked on the electrode suppditaking cofactor coexist, and if both of them provide significantly
into account the value of the saturation current in the reported different electrochemical kinetics. Figure 9A shows the current
integrated system, and the surface coverage of the enzyme, wéransient observed for the integrated PQQ-boronic acid ligand-
calculate a turnover rate of 2.5% The low turnover rates of ~ NADP*-MalD electrode in the presence of malic acid upon the
the enzyme in both integrated assemblies are attributed to theapplication of a potential step on the electrode frBmya =
rigidity of the relay-cofactor-enzyme assembly. While the native —0.3 V to Esnal = 0.2 V. Figure 9A, inset, shows the time-
process involves a diffusional route where NAPenetrates dependent current decay in a semilogarithmic plot. Clearly, the
the protein, is being reduced, and the reduced cofactor diffusestransient follows a single-exponential decéy, = 14 s, as
out of the protein, the integrated system on the electrode includesexpected for a single-binding mode of NADRo the surface.
the cofactor in a structurally rigidified configuration. Electron Figure 9B shows the current transient corresponding to the
transfer in these systems proceeds probably by a tunnelingintegrated PQQ-boronic acid NABLDH electrode in the
mechanism through intraprotein borfds. presence of lactate upon the application of a potential step from
A further aspect that needs to be considered relates to theEinitat = —0.3 V t0 Efinay = 0.2 V. Figure 9B, inset, depicts the

binding modes of the NAD cofactor to the phenylboronic acid  time-dependent current decay in a semilogarithmic plot. The
ligand. While NADP" includes only one ribose unit for the current decay for this electrode reveals a biexponential decay,
association to the boronic acid ligand, NADcludes two ribose  kef = 1.3 x 10* s1 and ke'= 1.3 x 10° s”*. From the
preexponential factors, we derive tHatapn':Qnapn’’ ~ 1:1.
%3 g)dg‘%ﬁ_i.%’f’;'wgg% ET%?E?Scztrgghgfgc_ﬁgr%ﬁggz 438 4347, Thus, the kinetic analysis of transient bioelectrocatalytic currents

(b) Winkler, J. R. Di Bilio, A. J.; Farrow, N. A.; Richards, J. H.; Gray, H.  originating from the oxidation of lactate reveals that NAD

B. Pure Appl. Chem1999 71, 1753-1764. () Tezcan, F. A Crane, B.  pinds to the phenylboronic acid ligand by both of the possible

R.; Winkler, J. R.; Gray, H. BProc. Natl. Acad. Sci. U.S.£001, 98, X ; X
5002-5006. ligation modes. One of the integrated systems formed by cross-
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3. L . " L The integrated NAD/LDH and NADP*/MalD electrodes

10 et reveal ca. 10% degradation in their activity upon continuous
14 LT operation for 24 h at room temperature (222 °C). The
electrodes reveal, however, high stability upon their storage in

I the dry state under argon at°€. Under these conditions, no
observable degradation of the enzyme-electrodes was detected

0 S P R s S after storage for a period of 2 months.
Time / ms

3.04

2.54

I/ mA

2.0

Conclusions

The present study introduced a new method to construct
electrically contacted enzyme-electrodes by using a phenylbo-
ronic acid ligand as the building block for the association of
FAD or NAD(P)" cofactors. The surface-reconstitution of apo-
flavoenzymes, for example, apo-glucose oxidase on the pyr-
roloquinoline quinone (PQQ)-phenylboronic acid-FAD mono-
layer, yields an aligned, electrically contacted, GOx electrode.
Similarly, the cross-linking of affinity complexes generated
between PQQ-phenylboronic acid-NAD{Ahterfaces and the
biocatalysts MalD or LDH yields integrated electrically con-
tacted NAD(PJ-dependent enzyme-electrodes. While previous
3 ] reports that addressed the generation of electrically contacted

] enzyme-electrodes of flavoenzymes by the reconstitution of the
apo-proteing,or of NAD(P)"-dependent enzymes by the two-
] dimensional surface cross-linking of the protethsgquired the
] use of scarce synthetically modified cofactors, the present study
[ reveals the direct coupling of the native cofactors to the surface.
150 This new method turns the preparation of aligned flavoenzyme-
0 ! 2 Time 3/ g 5 6 electrodes or integrated NAD(Rjlependent enzyme-electrodes
) ) ) into an easy practice. The stability of the resulting electrodes,
Figure 9. (A) Chronoamperometric current transient recorded for the . .
integrated enzyme-electrode obtained by the cross-linking of malate @nd particularly the integrated nature of the NAD(#lependent
dehydrogenase (MalD) associated with the PQQ-phenylboronic acid- electrodes that does not reveal any leakage of the cofactors,

NADP*-functionalized electrode in the presence of malic acid, 10 mM, suggest that such electrodes could be applied as biosensors or
resulting from the application of a potential step fr@mia = —0.3 V to ti | ts of biofuel cell
Eina = 0.2 V. Inset: The current transient in a semilogarithmic plot. (B) as acuve elements or bioiuel cells.

Chronoamperometric current transient recorded for the integrated enzyme-
electrode obtained by the cross-linking of lactate dehydrogenase (LDH)  Acknowledgment. This study is supported by the Israel-

associated with the PQQ-phenylboronic acid-NAfDnctionalized electrode P -
in the presence of lactate, 10 mM, resulting from the application of a German Binational Program (DIP). M.Z. acknowledges the Levi

potential step fromEniia = —0.3 V 10 Esnar = 0.2 V. Inset: The current Eshkol fellowship, the Israel Ministry of Science.
transient in a semilogarithmic plot. The data were recorded in 0.1 M Tris-
buffer, pH 7.0, with 10 mM CaGJ under Ar, at room temperature.
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Supporting Information Available: Experimental details
(PDF). This material is available free of charge via the Internet

linking of LDH to the two boronic acid-NAD complexes is at http://pubs.acs.org.

10-fold more efficient than the second bioelectrocatalytic
complex. JA027919Y
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