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Abstract Bioelectronic interfaces that facilitate electron transfer between the electrode and a
dehydrogenase enzyme have potential applications in biosensors, biocatalytic reactors, and
biological fuel cells. The secondary alcohol dehydrogenase (2° ADH) from Thermoanaerobacter
ethanolicus is especially well suited for the development of such bioelectronic interfaces
because of its thermostability and facile production and purification. However, the natural
cofactor for the enzyme, B-nicotinamide adenine dinucleotide phosphate (NADP"), is more
expensive and less stable than (-nicotinamide adenine dinucleotide (NAD"). PCR-based, site-
directed mutagenesis was performed on 2° ADH in an attempt to adjust the cofactor specificity
toward NAD" by mutating Tyr*'® to Phe (Y218F 2° ADH). This mutation increased the
Kn(app) for NADP' 200-fold while decreasing the K,,(app) for NAD" 2.5-fold. The mutant
enzyme was incorporated into a bioelectronic interface that established electrical communication
between the enzyme, the NAD", the electron mediator toluidine blue O (TBO), and a gold
electrode. Cyclic voltammetry, impedance spectroscopy, gas chromatography, mass
spectrometry, constant potential amperometry, and chronoamperometry were used to
characterize the mutant and wild-type enzyme incorporated in the bioelectronic interface. The
Y218F 2° ADH exhibited a fourfold increase in the turnover ratio compared to the wild type in
the presence of NAD". The electrochemical and kinetic measurements support the prediction
that the Rossmann fold of the enzyme binds to the phosphate moiety of the cofactor. During the
45 min of continuous operation, NAD" was electrically recycled 6.7 10* times, suggesting that
the Y218F 2° ADH-modified bioelectronic interface is stable.
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Introduction

Bioelectronic interfaces that allow electrons to be exchanged between an enzyme and an
underlying electrode have potential industrial applications, including biosensors [1, 2],
biocatalytic reactors [3, 4], and biological fuel cells [5, 6]. Dehydrogenase enzymes are of
particular interest for bioelectronic applications because they catalyze reactions that involve
direct electron transfer. Alcohol dehydrogenases (ADHs) are zinc-containing enzymes that
use either B-nicotinamide adenine dinucleotide (NAD") (EC 1.1.1.1), B-nicotinamide
adenine dinucleotide phosphate (NADP") (EC 1.1.1.2), or both (EC 1.1.1.71) as a cofactor
[7]. The ADHs are classified as either primary (1°) or secondary (2°) based on their
efficiency in reacting either primary or secondary alcohols, respectively.

The NADP'-dependent secondary ADH (2° ADH) from Thermoanaerobacter
ethanolicus is a especially attractive enzyme for bioelectronic interface development
because of its thermostability, ease of production, and ability to function in the presence of
molecular oxygen [8, 9]. The cloning, purification, crystallization, and reaction properties
for the 2° ADH have previously been reported [10-13]. Because NAD™ is more stable and
less expensive than NADP" [14], research is underway to engineer this enzyme so that it
can use NAD" as a cofactor.

Dehydrogenase enzymes often require cofactor diffusion into the Rossmann fold, where
electrons are transferred between the redox center of the protein and the cofactor. Thus,
modification of the Rossmann fold via site-specific mutagenesis may alter the cofactor
specificity. A triple mutation targeting the amino acids involved in cofactor binding has
recently been used to transfer cofactor specificity in amphibian Rana perezi primary ADH
(1° ADH) from NADP" to NAD" [15]. Peptide sequence alignments have shown that
thermophilic and mesophilic 1° and 2° ADHs use a unique Cys—His—Asp (Cys*’—His>—
Asp'®) motif for catalytic metal ligation [16] and Gly'*® as a residue responsible for
cofactor binding [17]. Thus, the Cys®’, His*®, Asp'>® and Gly'®® have been targets for
enzyme mutagenesis [17]. The replacement of Gly'*® with Asp resulted in a threefold lower
K.n(app) toward NAD" and a fivefold higher 2-propanol oxidation rate with NAD"
compared with the wild type, indicating a partial shift in cofactor specificity from NADP"
to NAD" [17]. However, Kleifeld and coworkers [18] found that Tyr*®”, Tyr*'®, Met*®>,
Arg®®, and His** residues affect the rotation of the side chains of the cofactor in the
Rossmann fold of Thermoanaerobacter brockii. Zeikus et al. (personal communication)
have shown that the amino acid sequences for 7. ethanolicus and T. brockii are the same,
suggesting that the Tyr*'® would be an amino acid on which to focus in the continued
pursuit of an NAD"-dependent 2° ADH.

Ideally, mutant dehydrogenase enzymes should not only have a desirable profile of
cofactor and product specificities but they should also function effectively when
incorporated into the bioelectronic interfaces suitable for industrial applications. The
development of such interfaces has been hampered by challenges associated with
regenerating the enzyme’s cofactor in situ [19-21]. Methods have been developed to
immobilize mediators, cofactors, and dehydrogenase enzymes at the electrode surface
including the use of diffusional electron mediators [22], the immobilization of the enzymes
in conductive polymers [23, 24], and the construction of a redox relay which conducts
electrons between the enzyme and electrode [14, 25]. However, these electrodes result in
the binding of the enzyme to the surface in a random orientation, resulting in inefficient
electrical communication [26, 27]. To overcome this problem, Zayats et al. [27, 28]
developed a linear molecular chain consisting of the electrode, mediator, cofactor, and
enzyme. However, this approach requires the use of an electron mediator that forms two
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bonds: one with the surface, and the other with the cofactor. We recently developed an
electron-transfer scaffold using a heterotrifunctional linking molecule (e.g., cysteine, CYS)
[29]. The electron mediator and cofactor were bound to opposite branches of the linking
molecule, allowing greater flexibility in scaffold formation and permitting the use of
electron mediators having a single reactive group.

This paper describes the site-directed mutagenesis of 7. ethanolicus 2° ADH to replace
the Tyr*'® with Phe, and this work also describes the characterization of the resulting
mutant enzyme (denoted Y218F 2° ADH). The K,(app) and V,.x values of the mutant and
wild-type enzymes were measured. The performance of the mutant enzyme immobilized in a
bioelectronic interface was also characterized using cyclic voltammetry, chronoamperometry,
constant potential amperometry, gas chromatography, mass spectroscopy, and electrochemical
impedance spectroscopy.

Materials and Methods
Chemicals and Reagents

A kanamycin-resistance GenBlock DNA cartridge used in the construction of the
expression vector was purchased from GE Healthcare (Pittsfield, MA, USA) [30]. DNA
for sequencing was isolated using a Wizard miniprep kit (Promega, Madison, WI, USA).
PCR products were cloned using a TOPO TA PCR product cloning kit (Invitrogen,
Carlsbad, CA, USA). Excised DNA from agarose gels was purified using a QIAEX II Gel
extraction kit (Qiagen, Valencia, CA, USA). Tryptone, yeast extract, dithiothreitol (DTT),
isopropyl-beta-D-thiogalactopyranoside (IPTG), and 5'-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside (X-gal) were purchased from Fisher Scientific (Pittsburgh, PA, USA).
All other chemicals, including NAD" and NADP', CYS, toluidine blue O (TBO), 3-
carboxyphenyl boronic acid (CBA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), glutaric dialdehyde (25% in water), 2-propanol,
ammonium sulfate, sodium phosphate monobasic, and sodium phosphate dibasic, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water (18.2 M{2) was
supplied by a Barnstead Nanopure-UV four-stage purifier (Barnstead International,
Dubuque, 1A, USA).

Mutagenesis

All DNA manipulations were done using the established protocols [31, 32]. A point
mutation was introduced into the 7. ethanolicus 39E adhB gene by PCR-based site-directed
mutagenesis [31]. An oligonucleotide primer (P1) complementary to the noncoding strand
was synthesized, including a Kpnl restriction site, the native adhB ribosome assembly site,
and the adhB translation initiation codon. A second oligonucleotide primer (P2) was
designed to include the complement to the adhB termination codon and an Apal restriction
site. The complementary 2545 base oligonucleotide primers containing the mutant bases
(Y218F: coding strand (P3) 5-GATATTGTAAACTTTAAAGATGGTCC-3', and the
noncoding strand (P4) 5-GGACCATCTTTAAAGTTTACAATATC-3") were used in
conjunction with the primers previously described to mutate and amplify the N-terminal
(using primers P1 and P4) and C-terminal segments (P2 and P3) of the adhB gene
separately. The two amplified segments were combined as a template in a final PCR
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reaction, using primers P1 and P2, to achieve the whole mutated adhB gene. The mutated
adhB gene was cloned into a pCR 2.1-TOPO vector. The plasmid was then transformed into
the Escherichia coli TOP 10 and grown on Luria—Bertani (LB) media (10 g L™! tryptone,
5 g L' yeast extract, and 5 g L' NaCl) with 1.2 and 0.5 mg mL™"' IPTG and X-gal,
respectively. The correct clone was expressed in pBluescriptll KS(+) containing a kanamycin-
resistance cartridge introduced in the EcoRI site. The Michigan State University Research
Technology Support Facility performed oligonucleotide synthesis and DNA sequence analysis.

Media and Strains

E. coli (DH5x pADH B1MIl-kan and DH5« pADH Y218F-kan) cultures containing the
recombinant plasmids for 2° ADH or the mutant Y218F 2° ADH, respectively, were grown in a
10-L fermentor (Bioflo 3000, New Brunswick Scientific, Edison, NJ, USA) in a rich complex
medium (20 g L™ tryptone, 10 g L™ yeast extract, and 5 g L' NaCl) under constant stirring
at 37°C in the presence of 25 ug mL ™' kanamycin and 100 pug mL™" ampicillin.

Enzyme Purification

The recombinant wild-type and mutant 2° ADH enzymes were purified aerobically from E. coli
(DHS5x pADH B1M1-kan and DH5x pADH Y218F-kan, respectively). After cell recovery
via centrifugation, the pelleted cells were resuspended (0.5 g wet weight/ml) in buffer A
(50 mM Tris/HCI, pH 8.0, 5 mM DTT, and 10 pM ZnCl,) containing 3 ug mL ™" lysozyme,
incubated at 37°C for 30 min, and French pressed under 15,000 psi pressure. The cell lysate
was treated with DNAse I and centrifuged for 30 min at 15,000xg to obtain the initial cell
extract. The clarified lysate was incubated at 85°C for 15 min, cooled on ice for 30 min, and
centrifuged for 30 min at 15,000xg. (NH4),SO, was added to the protein mixture to give a
concentration of 17.4 g L™ (50% saturation) and stirred at 4°C for 30 min to precipitate
unwanted soluble protein. The mixture was centrifuged at 15,000xg for 30 min, and the
supernatant was removed. To precipitate the enzyme, an additional 7.0 g L™ of (NH,),SO,
was added to the supernatant to achieve 70% saturation, and the solution was continuously
stirred at 4°C for 30 min. The resulting suspension was centrifuged at 15,000xg for 30 min,
and the pellet was dissolved in buffer A. The enzyme solution was then dialyzed against
buffer A for 24 h at 4°C, changing the buffer every 8 h. The enzyme was purified using a
DEAE-Sepharose fast-flow anion exchange chromatography column (column bed 2.5x%
17 c¢cm). Protein adsorbed to the column was eluted using a linearly increasing potassium
chloride gradient (0.0-0.3 M) in buffer A. The eluent was collected using a fraction collector,
and the protein solution was concentrated by ultrafiltration with a 30-kDa YM-30
ultrafiltration membrane (Millipore Corporation, Billerica, MA, USA) and stored in sealed
plastic tubes at —80°C.

Enzyme Kinetics

The assay used for thermostable 2° ADH activity measures NADP® reduction during the
enzymatic oxidation of 2-propanol at 60°C [33]. The enzyme was incubated at 55°C for
15 min before determining the activity. The pH of Tris buffer was adjusted to be 8.0 at 60°C
using a thermal correction factor of —0.031 ApH/°C. Assays to determine K,,(app) and
Vimax(app) for NADP" were conducted at 60°C using a 2-propanol concentration 20 times the
K (app) value. The activity of 2° ADH was determined as a function of the cofactor
concentration using a spectrophotometer at a wavelength of 340 nm. Kinetic parameters were
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calculated from nonlinear best fits of the activity data to the Michaelis-Menten equation
using Origin 7.5 (OriginLab, Northampton, MA, USA) [34]. Protein concentrations were
determined using the modified Bradford assay.

Bioelectronic Interface Fabrication

Gold electrodes (circular electrodes with a radius of 0.23 c¢m; roughness factor approximately
1.2) were cleaned by immersion in piranha solution (seven parts by volume concentrated
H,S0O, and three parts 30% aqueous H,0,). The electrodes were then rinsed with deionized
water, dried under nitrogen, and stored in 0.1 M phosphate buffer solution (PBS) pH 7.4. The
electrodes were treated with a Harrick plasma cleaner (Harrick Scientific Corporation,
Broading Ossining, NY, USA) for 1 min under 50 sccm flow of oxygen at a pressure of
0.15 Torr. The electrodes were then rinsed with deionized water for 10 min.

The clean gold electrodes were soaked in a 0.1-M aqueous solution of CYS for 1 h at
room temperature and thoroughly rinsed with water to remove weakly adsorbed CYS. The
CYS-modified gold electrodes were incubated for 2 h in PBS containing 1 mM TBO,
10 mM NHS, and 5 mM EDC to covalently link TBO to the CYS monolayer (CYS-TBO).
A 5-mM CBA solution was activated at room temperature with 10 mM NHS and 5 mM
EDC in PBS for 2 h. The activated CBA was then reacted with the CYS-TBO-modified
electrodes for 1 h at room temperature [28] and rinsed with deionized water to remove
weakly adsorbed CBA. The resulting CYS-TBO-CBA-modified electrodes were reacted
with a 1-mM solution of either NAD" or NADP" in PBS for 1 h and then washed with
water to remove any weakly bound cofactor. These modifications resulted in a gold
electrode functionalized with CYS, TBO, and either NAD" or NADP'. The CYS-TBO-
NADP*-functionalized gold electrodes were reacted with a 4.4-mg mL ' solution of wild-
type 2° ADH in PBS for 1 h and then cross-linked with 25% (v/v) glutaric acid in water for
20 min. The CYS-TBO-NAD"-functionalized electrodes were reacted with 3.7 mg mL ™"
Y218F 2° ADH in PBS for 1 h and cross-linked with 25% (v/v) glutaric acid in water for
20 min. The resulting bioelectronic interfaces were rinsed with water and used for the
biocatalytic oxidation of 2-propanol.

Electrochemical Measurements

A conventional three-electrode cell consisting of an enzyme-modified gold working
electrode, a platinum auxiliary electrode, and a silver/silver chloride (Ag/AgCl) reference
electrode was used for electrochemical measurements. All potentials are reported with
respect to a standard Ag/AgCl reference electrode. Electrochemical measurements were
made in a grounded Faraday cage (Bioanalytical Systems (BAS), West Lafayette, IN,
USA). Cyclic voltammetry, constant potential amperometry, and chronoamperometry were
performed using a potentiostat/galvanostat (BAS, CV-50W) connected to a computer
running BAS CV-50W (Version 2.3) software. Chronoamperometric and constant potential
amperometric experiments were conducted by stepping the potential of the working
electrode from —200 to 400 mV and measuring the current response. Cyclic voltammetric
experiments were conducted by sweeping the potential of the working electrode from —200
to 400 mV at a scan rate of 100 mV s ', causing analyte in the vicinity of the electrode to be
oxidized in the forward cycle and reduced in the reverse cycle. Impedance spectroscopy
measurements were performed using a potentiostat/frequency response detector (CH
Instruments, Model 650 A, Austin, TX, USA) connected to a computer running an
Electrochemical Bench software (Solartron Analytical, Farnborough, Hampshire, United



6 Appl Biochem Biotechnol (2007) 143:1-15

Kingdom). Impedance measurements were performed in the frequency range from 10" to
10* Hz at an open-circuit potential of 212 mV. A Randles’ equivalent-circuit model was fit
to the data using a Z-view software (Scribner Associates, Inc., Version 2.1b, Southern
Pines, NC, USA) [35, 36].

Measurement of Catalytic Activity

To confirm catalytic activity of the mutant enzyme, a Y218F 2° ADH-modified electrode
maintained at a constant potential of 400 mV was contacted with 10 mL of 25 mM 2-
propanol under constant stirring at room temperature for 45 min. At 400 mV, nicotinamide
adenine dinucleotide phosphate (NADPH) is oxidized in the presence of TBO [29]. Liquid
samples were analyzed for 2-propanol and acetone using a JEOL AX505H double-focusing
mass spectrometer (MS) (Japan Electronic Optics Laboratories, Peabody, MA, USA)
equipped with a Hewlett-Packard 6890J gas chromatograph (GC) (Palo Alto, CA, USA)
and a 30 DB1 fused silica column. The oven temperature was held at 40°C for 5 min and
then ramped at 10°C min~"' to 280°C.

Results and Discussion
Cofactor Specificity

Kinetic parameters for the wild-type and mutant 2° ADH are given in Table 1. The wild-
type enzyme exhibited a 150-fold lower K(app) for NADP" than for NAD" and a
Vmax(app) that was 16.5 times greater for NADP than for NAD'. When NAD" was the
cofactor, the mutant exhibited a 2.7-fold lower K,,,(app) and 5.5-fold higher V,,,.«(app) than
the wild type. When NADP™ was used as the cofactor, the mutant exhibited a 200-fold
greater K,(app) and a threefold lower Vi.(app) than the wild type. These trends are
consistent with the results of Kleifeld and coworkers [18].

Electrochemical Measurements

Figure 1 shows the cyclic voltammograms obtained at a constant 2-propanol concentration
of 2.5x1072 M for different times of wild-type 2° ADH adsorption on the CYS-TBO—
NADP"-modified electrode. The anodic current increased with time and reached a
saturation value after 1 h. Figure 1, inset, shows the peak anodic current as a function of
adsorption time. The pseudo first-order adsorption time constant (Ty.napp) derived from
the data was 18 min. When the experiment was repeated for the adsorption of the wild-type
2° ADH onto the CYS-TBO-NAD"-modified electrode, the anodic current reached a

Table 1 Apparent K, and V. values for the wild type and Y218F mutant.

Enzyme NADP* NAD"

Vinax(@pp) (Umg™)  Kiy(app) (mM) Viax(@pp) (Umg ") K(app) (mM)

Wild type 69 0.017 42 25
Y218F mutant 21 34 23 0.93

2-Propanol was used as the cosubstrate in all cases. The values of K, and V..« for the wild-type 2° ADH and
the Y218F 2° ADH mutant were determined for each cofactor.
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Fig. 1 Cyclic voltammograms of
the TBO-CBA-NADP"-
functionalized Au electrode after
various times of wild-type 2°
ADH reconstitution: A 1 min, B
5 min, C 15 min, D 30 min, E
60 min, and F 90 min. The data
were recorded in room-
temperature PBS, containing
3.0x1072 M 2-propanol, at a
potential scan rate of 100 mV s .
Inset Peak electrocatalytic current
at various time intervals
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saturated value after 3 h with a pseudo first-order time constant (tynap) Of 45 min (data
not shown). The decrease in the pseudo first-order rate coefficient suggests that the wild-
type 2° ADH has a greater affinity for NADP* than NAD". The pseudo first-order time
constant (Tyz srnap) for the Y218F 2° ADH on the CYS-TBO-NAD "-modified electrode
was determined to be 35 min (data not shown). This increase in the pseudo first-order rate
coefficient suggests that Y218F 2° ADH has a greater affinity for NAD" than the wild-type

2° ADH.

Fig. 2 a Chronoamperometric
current transient after a potential
step from Ejyia=—200 mV to
Efnai=400 mV for the wild-type
2° ADH associated with the
CYS-TBO-CBA-NADP"-
functionalized electrode. b Cyclic
voltammograms for the CYS—
TBO-NADP"-functionalized Au
electrode containing wild-type 2°
ADH in the presence of different
concentrations of 2-propanol: 4
5.0x107° M, B 1.0x10> M, C
15107 M, D 2.0x107> M, and
E2.5x107% M . The data were
recorded in room-temperature
PBS at a potential scan rate of
100 mV s™". Inset Peak
electrocatalytic current at various
2-propanol concentrations
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Figure 2a shows the chronoamperometric current response for the CYS-TBO-NADP"
2° ADH-modified electrode in the presence of 2-propanol after a potential step from —200
to 400 mV. The rate of change in current depends on the spatial orientation of the
components comprising the interface. Redox components with multiple binding modes
have been shown to exhibit a specific rate constant for each binding mode [27]. Because
NADP" has a single cis-diol moiety capable of forming a boronic acid linkage (Scheme 1),
a single exponential decay model, Eq. 1, was fit to the data [37]:

I = ketQ exp (—ket) (1)

where k. is the electron-transfer rate constant, and Q is the amount of charge transferred
after the potential step. Fitting Eq. 1 to the chronoamperometric data using Origin 7.5 gives
a ke value of 480 s~ for the 2° ADH-modified electrodes. The corresponding value of the
surface coverage (I) was calculated using Eq. 2 [27]:

r-2 )
nFA
where F'is the Faraday’s constant, 4 is the electrode area (0.16 cm?), and n is the number of
electrons transferred (n=2) in the reaction. The resulting I" value of 2.1x10""" mol cm >
represents the surface density of functional bioelectronic complexes being able to achieve
multistep electron transfer between the enzyme, cofactor, mediator, and electrode.

Figure 2b shows the cyclic voltammograms of the reconstituted enzyme electrodes at
different concentrations of 2-propanol. The anodic wave began at the oxidation potential of
the bound TBO (200 mV), suggesting that TBO mediates the electron transfer between the
bound cofactor and the electrode [27]. The peak anodic current varied linearly with 2-propanol

. ¢ LT
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Scheme 1 Molecular architecture of the bioelectronic interface used to couple the electron mediator and
cofactor to a cysteine-functionalized gold electrode
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concentration, Fig. 2b inset, indicating that interface can function as a 2-propanol biosensor. The
slope of this calibration curve, 0.85 A mM ', is a measure of the biosensor’s sensitivity. At
higher concentrations, the anodic current reached a saturation value (/3 = 23 pA). Using this
value, along with the surface coverage (I =2.1x 10" mol cm?), the electrode area, and the
number of electrons transferred during oxidation, the maximum turnover rate (7Ry.x) was

calculated to be 32 s~' using Eq. 3, where I, is the background current.

Isat _ 10
TRupax = -2—— 3
™ (FnlA) 3)

This value represents the number of molecules of 2-propanol oxidized per 2° ADH
molecule per second. The CYS-NADP —wild-type 2° ADH-integrated electrodes exhibited
2% degradation in activity after continuous operation for 24 h at room temperature. When
stored in 0.1 M borate buffer (pH 7.5) solution at room temperature for 2 weeks, the
electrodes exhibited no measurable loss in performance.

Figure 3a shows the chronoamperometric current for the CYS-TBO-NAD —wild-type 2°
ADH-modified electrode after a potential step from —200 to 400 mV. While NADP" has a
single cis-diol group that can bind to the boronic acid, NAD" has two; thus, two binding
modes are feasible, as shown in Scheme 1. For this reason, a biexponential decay model
(Eq. 4) was used to analyze the data [27]:

1=K aQ exp(—Kat) + K@ exp (—K"at) (4)
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2° ADH associated with the
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electrode containing wild-type 2°
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where &'y and k'’ are the electron-transfer rate constants for the two binding modes, and Q'
and Q" are the corresponding amounts of charge transferred by each binding mode. Fitting
Eq. 4 to the chronoamperometric data, using Origin 7.5, gives két and k; values of 45 and
1.4 s', respectively. The resulting surface coverages for the two binding modes were
determined to be 2.2x10"'% and 1.5x10™"" mol cm 2, giving a total surface coverage of 1.7x
107" mol em 2.

Figure 3b shows the cyclic voltammograms for the biocatalytic oxidation of 2-propanol
at the CYS-TBO-NAD"—wild-type 2° ADH-integrated electrode. The plot of the peak
current vs 2-propanol concentration, shown in Fig. 3b (inset), increases linearly with 2-
propanol concentration and has a slope of 0.07 uA mM '. At higher concentrations, the
anodic current reached a saturation value (4.0 pnA). The value was used, along with the
surface coverage (1.7% 10" mol cm 2), the electrode area, and the number of electrons
transferred during oxidation to calculate a TR, of 3.8 s~ using Eq. 3. Thus, the turnover
rate of the CYS-TBO-NAD —wild-type 2° ADH-integrated electrode is one-tenth that of
CYS-TBO-NADP —wild-type 2° ADH-integrated electrode, confirming that the wild-type
2° ADH has increased activity in the presence of NADP".

Figure 4a shows the chronoamperometric current for the CYS-TBO-NAD-Y218F 2°
ADH-modified electrode after a potential step from —200 to 400 mV. The kél and k;/t
values were determined to be 210 and 46 s', respectively. The increase in the electron-
transfer coefficients compared to the CYS-TBO-NAD'—wild-type 2° ADH-modified
interface suggests that the mutant enzyme exchanges electrons with NAD+ more
efficiently than does the wild type. The resulting surface coverages for the two binding

Fig. 4 a Chronoamperometric
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modes were determined to be 3.6x 1072 and 1.3x10™"" mol cm™2, respectively, for a total
surface coverage of 1.7x10 "' mol cm 2.

Figure 4b shows the cyclic voltammograms for the biocatalytic oxidation of 2-propanol
at the CYS-TBO-NAD"-Y218F 2° ADH-integrated electrode. The plot of the peak current
vs 2-propanol concentration increases linearly with a slope of 0.37 pA mM . At higher
concentrations, the anodic current reaches saturation at a current of 13 pA. The saturation
current, the surface coverage (1.7x10™"" mol cm ?), the electrode area, and the number of
electrons transferred during oxidation were used to calculate a TR,y of 23 s ' using Eq. 3.
Thus, the mutant exhibits a turnover rate four times higher than the wild-type enzyme.
Figure 5a shows the chronoamperometric step responses of the CYS-TBO-NAD'—Y218F
2° ADH-modified electrode after the successive addition of 500 uM acetone to PBS,
pH 7.4, under constant stirring at a constant potential of —200 mV. Figure 5b shows that the
anodic current increases linearly with the concentration between 500 uM and 3 mM, with a
sensitivity and a limit of detection of 0.9 uA mM ' and 50 uM, respectively. No
measurable loss of performance was observed for this interface upon storage in 0.1 M
borate buffer (pH 7.0) at room temperature for 2 weeks.

Fig. 5 a Constant potential am- 3.5 f
perometric measurements for the
TBO-CBA-NAD" electrode 3.0 1
containing Y218F 2° ADH in the 2
. 25 4
presence of different =
concentrations of acetone: ~ 20
a 1.0x107 M, b 2.0x107 M, c -
€3.0x10° M, d 4.0x107°> M, O 15
e 5.0x107° M, £6.0x107° M. =
b Calibration curve consisting of = 1.0
bioelectronic current plotted vs o
acetone concentration 0.5 1
OO T T T T T
0 10 20 30 40 50
Time (s)
3.5
T 0e ] :
4 .
3 25 .
N
- 2
c
g 1.5 1 ¢
S5 14 ¢
o .
0.5 b
0 w w x
0 2 4 6 8

Concentration (mM)
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Biocatalytic Reactor

Gas chromatography—mass spectrometry was used to confirm that a bioelectronic interface
containing the mutant enzyme could oxidize 2-propanol to acetone. The GC trace for the
reactant revealed a single peak (Fig. 6a), which MS analysis confirmed to be due to 2-
propanol. After the 45-min reaction period, the GC trace indicated two peaks (Fig. 6b),
which MS confirmed were due to 2-propanol (Fig. 6¢) and acetone (Fig. 6¢). Because 2-
propanol and acetone have similar molecular structures, the peak areas can be directly
compared to estimate the relative concentrations. Using this approach, the final concentration of
acetone (Cy.) was estimated to be about 2 mM. This value was then used to calculate the
average number of times that each NADP(H) molecule was electrically turned over (7;)
during the experiment using Eq. 5:

CacV
T, = 5

where V is the liquid volume. The calculated 7, value of 6.7x10% together with the
previously mentioned stability results, suggests that the bioelectronic interface containing the

Fig. 6 GC-MS analysis of the 138 a
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product after a 45-min reaction 80 90 100 110 120 130 140 150 160 170 180
period. ¢ Mass spectrum of the 14 16 18 20 22 24 26 28 30
GC peak eluting at a retention 138
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mutant enzyme has sufficient stability to be evaluated for commercial bioreactor and
biosensor applications.

Conclusions

This study demonstrated site-directed mutagenesis of Tyr*'® to Phe in thermophilic 7' ethanolicus
2° ADH. Using NAD" as the cofactor, the Y218F mutant enzyme exhibited a 5.5-fold higher
Vinax and a 2.7-fold lower K, for NAD" than the wild type. When immobilized on the CYS—
TBO-NAD-modified interface, the electron transfer coefficients for the Y218F mutant enzyme
were 210 and 46 s ' compared to 45 and 1.4 s for the wild type. The NAD-containing
bioelectronic interface containing the Y218F mutant exhibited a sensitivity of 0.37 pA mM '
compared to 0.07 uA mM " for the wild type. The electrocatalytic activity of the Y218F 2° ADH
measured using GC-MS indicated that the NAD" was recycled 6.7x 10* times during the course
of a 45-min experiment. Collectively, these results provide strong evidence that the Tyr*'® to Phe
mutation adjusted the 2° ADH cofactor specificity toward NAD".

The ability to use an NAD'-dependent 2° ADH offers potential for commercial
biosensors and biocatalytic reactors having increased stability and reduced costs.
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