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Deeply buried enzyme active sites are difficult to study electro-
chemically, as the tunneling of electrons to internal redox centers
often is too slow to be observed even when redox mediators are
employed-2 The amine oxidases are a case in point: AOs catalyze
the conversion of amines to aldehydes using copper and an organic
cofactor, topaquinone (2,4,6-trihydroxyphenylalanine quinone, TPQ), y
as redox centefs® Accurate determination of the cofactor reduction ol A E3
potentials is badly needed, as it is likely that electron transfers are
key steps in the AO catalytic mechanignm the enzyme from o
Arthrobacter globiformis (AGAO), the active center is only f1s
accessible to substrates through a hydrophobic channel th@0is
A deep8 Because electronic coupling mediated by polypeptide or
water at this distance is expected to be very w&githe AGAO- Is
electrode kinetics would be sluggish at best.

To enhance electron tunneling to and from the AGAO active
site11-29 we have synthesized a diethylaniline-terminated oligo- [
(phenyl-ethynyl)-thiol (DEA-OPE-SH) wire to bind in the substrate
channel, thereby allowing TPQ to be coupled more strongly to an
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The synthesis, which involves a series of Pd cross-coupling Potential {mV vs. SCE)

reactions, allows for modification of the headgroup and length of rigure 1. Cyclic voltammogram (black line) and background-subtracted
the molecule, to match specific requirements of the profein. voltammogram (red line) for AGAO on Au-bead electrodes modified with
Because competitive AGAO inhibition studies have shown that DEA-OPE-SH in 10 mM KPi, pH 7 (scan rate 100 mV/s). The background-
diethylaniline is a strong inhibitor of phenethylamine turno¥er, subtracted voltammogram is not to scale. Inset: peak current versus scan
the DEA end of the wire will act as the protein-specific functional- rate.

ity. With the opposite (thiol) end adsorbed on a Au surface, electron broadening of the peaks. The linear dependence of peak current
tunneling through the bridge of repeating phenyl-ethynyl units to on scan rate (Figure 1, inset) is in accord with expectation for a
the active site of wire-bound AGAO should be ragid? protein-surface conjugate.

Gold-bead electrodéswere soaked in millimolar solutions (1:1 The observed reduction potential, which is close to that reported
CH,Cl,:CH;3;0H) of DEA-OPE-SH for~24 h to functionalize the for quinone model complexé8yvaries linearly with pH; the slope
surface. Reductive stripping analyses of the resulting films indicated of ~ —60 mV/pH indicates a 2e 2H" TPQ reduction to the
~70% coverage of wires on the gold surf@elhe modified hydroxyquinol. A 2e, 3H" reduction of related quinones occurs
electrodes were subsequently incubated with AGAO for24 h between pH 4.5 and 8 in the absence of prot&ispparently, the
to allow binding to the adsorbed wires. Cyclic voltamm&trsing

electrodes prepared in this manner showed a reversible reduction E 26" 2H" E

at —140 mV versus SCE in phosphate buffer, pH 7 (Figure 1), ° N HO

whereas electrodes modified with thiol wire alone gave no response o OH
in this potential range. Background-subtracted voltammograms o- o-
recorded at slow scan ratesZ0 mV/s) revealed anodic and TPQ,, TPQrep

cathodic widths from~55 to 70 mV, with peak splittings ranging
from ~30 to 50 mV3” The wave shapes remained essentially nearby Cu(ll) center stabilizes the anionic form of the product
unchanged at scan rates up to 1 V/s, although there was a slightquinol, resulting in a lower I§, for the 4-hydroxy group in the

enzyme.
T i . .

*I\B/I%%@n?sl?aslttgufﬁ'iversity While AGAO coverages varied somewhat from electrode-to-
8 Occidental College. electrode, integration of the charge under the voltammetric peaks
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Figure 2. DEA-OPE-SH modeled into the substrate channel of AGAO.
Channel residues are purple, TPQ is red, and the Cu site is blue.

gave maximum surface concentrations on the orderbdfpmol/

cn. On the basis of crystallographic parametéttsis corresponds

to ~25% monolayer coverage by the enzyme. Gradual loss of
electrochemical signals resulted from prolonged exposure of the
AGAO-modified electrodes to buffer solutions, possibly due to slow
dissociation of the protein from the wire-modified surface. Substrate
inhibition experiments have demonstrated that wires similar to
DEA-OPE-SH bind tightly to AGAO, with estimated dissociation
constants of~10 uM.3! Addition of micromolar phenethylamine

solutions completely quenches the electrochemical response in the (23)

cell, providing further evidence that the enzyme specifically binds
to the electrode by insertion of the adsorbed thiol wire into the
substrate channel. As phenethylamine displaces DEA-OPE-SH from
this channel, the enzyme is decoupled from the electrode.
AGAO is electroinactive at underivatized gold surfaces, high-
lighting the importance of wire interactions with the protein in
establishing electronic coupling with the active site (Figure 2).
Studies of electron tunneling through phenyl-alkynyl bridges in self-

(3) Halcrow, M.; Phillips, S.; Knowles, FEnzyme Catalyzed Electron and
Radical TransferKluwer Academic/Plenum Publishers: New York, 2000;
Vol. 35, pp 183-231.

(4) McGuirl, M. A.; Dooley, D. M.Curr. Opin. Chem. Biol1999 3, 138—
144.

(5) Klinman, J. PChem. Re. 1996 96, 2541-2561.

(6) Dooley, D. M.J. Biol. Inorg. Chem1999 4, 1-11.
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9278.
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8187-8191.

(11) Other methods that have been employed to promote electron tunneling to
distant donors or acceptors include “wiring” redox enzymes into conduc-
tive polymer or gel films as signaling relays in electrochemical
biosensord?-17 exploiting association of proteins to functionalize self-
assembled monolayet&;2° and using protein filnd-2° to allow elec-
trochemical access to redox-active cofactors.
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D. H. J. Am. Chem. SoQ002 124, 9591-9599.
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(22) Butt, J. N.; Anderson, L. J.; Robio, L. M.; Richardson, D. J.; Flores, E.;

Herrero, A.Bioelectrochemistr2002 56.

Armstrong, F. A.J. Chem. Soc., Dalton Tran2002 661-671 and

references therein.

(24) Munge, B.; Pendon, Z.; Frank, H. A.; Rusling, JBtoelectrochemistry
2001, 54, 145-150.

(25) Njue, C. K.; Rusling, J. FJ. Am. Chem. So00Q 122 6459-6453.

(26) Ma, H. Y.; Hu, N. F.; Rusling, J. H.angmuir2000 16, 4969-4975.

(27) Lin, R.; Immoos, C.; Farmer, P. J. Biol. Inorg. Chem200Q 5, 738—
747.

(28) Bayachou, M.; Elkbir, L.; Farmer, P. thorg. Chem.200Q 39, 289
293.

(29) Bayachou, M.; Lin, R.; Cho, W.; Farmer, P.JJ.Am. Chem. Sod.998
120, 9888.
(30) Full synthetic details are in the Supporting Information.

assembled monolayers suggest that the distance decay constant i§31) Hess, C. RChemistry California Institute of Technology: Pasadena, 2002.

substantially lower (040.6 A-1)3233than that for tunneling through
peptides (1.1 AL) or water (1.7 A1).2 Assuming a normal protein
reorganization energy (0.8 e¥),we estimatek, > 4 x 10* st
(AG® = 0) for tunneling through the 22-A wire; the corresponding
rate through polypeptide would be3 s1, and that through water
would be <10~ s~%. Importantly, the CVs obtained at scan rates
up to 1 V/s place a lower limit of 2351 for tunneling to the TPQ,
confirming that the DEA-wire is the coupling element at this
distance.
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