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Abstract: A four-helix bundle de novo synthesized protein is assembled as a monolayer onto a Au electrode.
Two of the helices include each two histidine units. This allows the reconstitution of the de novo protein with
two Fe(lll)—protoporphyrin IX units. Electrochemical characterization of the bis-heme-functionalized de novo
protein, surface coverage 2:6 10711 mol-cm™2, reveals that the heme site close to the electrode surface
exhibits a redox potentiak® = —0.43 V (vs SCE), whereas the heme center in the remote position with
respect to the electrode exhibits a more positive poterifat: —0.36 V (vs SCE). This enabled the use of

the de novo protein as a rectifier element in which rapid vectorial electron transfer occurs. The bis-heme-
functionalized de novo protein assembled onto the electrode forms an affinity complex with the cytochrome
b;-dependent nitrate reductase (NR, E.C. 1.9.6.1). The affinity complex was cross-linked with glutaric dialdehyde
to yield an integrated, electrically contacted, enzyme electrode for the effective bioelectrocatalyzed reduction
of NOs™, current yield 80%. Similarly, the bis-heme-reconstituted de novo protein assembly forms an affinity
complex with Co(ll)-protoporphyrin-reconstituted myoglobin, CotHyib. Cross-linking of the affinity complex
between the de novo synthesized hemoprotein and Cal) with glutaric dialdehyde results in an integrated
bioelectrocatalytic electrode for the electrocatalyzed hydrogenation of acetylene dicarboxylR) &wichéleic

acid @), current yield 85%.

Introduction of the biocatalysts in redox-functionalized polymers, provides

Directionality of electron transfer is a basic feature of many means to establish electrical communication between the redox

biological processes, e.g., photosynthagiie organization of centers_ |n_the proteins and the electrode surfadescently,
ordered redox-active protein arrays for vectorial electron transfer réconstitution of apo-flavoenzymes on a relay-FAD monolayer-
is still a challenging scientific topizOne possible approach to ~ functionalized electrode was reported to yield an aligned
tailor directional electron transfer in biomaterial assemblies Piocatalyst on an electrode support that exhibits effective
involves the engineering of surfaces, e.g., electrodes, with redox-electrical contact with the electrode surfdcghis concept of
act|ve Components exh|b|t|ng an approprlate thermodynam|c tallonng |ntegrated and allgned bloe|eCtrocata|ytIC Comp|exeS
gradient for an electron-transfer cascade. For this purpose, it 3) (@) Feller, AJ Phys. Chemi992 96, 3579, (b) Schmidt, L
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is, however, e_ssentla_l to design the electrical communication g ¢ ih | \Whiosens. Bioelectrort996 11 127, (0) Katz, E.. Heleg-
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was further broadened to organize enzyme electrodes by thethe kinetics of electron transfer between the electrode and the
cross-linking of cofactorbiocatalyst affinity complexes onthe  synthetic hemoprotein, and identify a vectorial electron transfer
electrode surface. The resulting electrically contacted enzymein the assembly and the function of the system as a reciffier.
electrodes were then applied as biosen&dreconstitution of We also demonstrate that the synthetic hemoprotein monolayer
apo-proteins with semisynthetic or synthetic groups analogousacts as an electron-transfer mediator for native redox proteins,
to the native active site was recently employed as a means toe.g., nitrate reductase, or a semisynthetic chemically engineered
engineer new functions of proteins. Reconstitution of apo- protein, i.e., Co(ll}-protoporphyrin IX-reconstituted myoglobin.
glucose oxidase or apo-amino acid oxidase with a ferrocene-Mediated electron transfer from the synthetic de novo hemo-
tethered FAD cofactor generated redox enzymes exhibiting protein to the redox enzymes proceeds via the formation of
electrical communication with electrode surfagd®econstitu- affinity complexes between the components. By cross-linking
tion of apo-myoglobin with Co(lh-protoporphyrin IX, and the two-dimensional affinity complex arrays on the electrode
substitution of the protein with a chromophore, was reported support, integrated and stable electrically contacted enzyme
to yield a “photoenzyme” where photoinduced electron transfer, electrodes for biosensor and bioelectrocatalytic applications are
followed by charge separation, enables the photocatalyzedgenerated. Methods for assembling the functionalized electrodes
hydrogenation of acetylenes, e.g., acetylenedicarboxylic acid toare discussed, and means to regenerate the modified electrodes
maleic acidl® Various enzymes, e.g., cytochrome oxidase or are addressed.

lactate dehydrogenase, were electrically contacted with elec-
Experimental Section

trodes via the formation of affinity complexes with the low
molecular weight cytochrome& hemoprotein. Other redox
proteins such as nitrate reductase or Ce{fljotoporphyrin IX-
reconstituted myoglobin exhibited, however, electrical com-
munication with electrodes only in the presence of heme-
derivatized oligopeptides, e.g., microperoxidase®1el.

Materials. The de novo protein was synthesized as described
previously* from unprotected, HPLC-purified peptides by the reaction
of bromoacetyIN-lysine residues (of helix B) and bromoacetylglycine
residues (of helix A) which were coupled to cysteine SH groups of the
template. Cb-derivatized myoglobin, Co-Mb, was prepared as

Extensive research efforts are directed to the de novo Previously describetf 2-Chloro-3-(3-carboxypropylamine)-1,4-naph-

synthesis of proteins that provide a methodology of wide
variability in biomimetic chemistry®12 In particular, the
approach to prepare synthetic proteins by antiparaléklix

thoquinone {) was synthesized according to the published procedure.
All other chemicals, including\-succinimidyl-3-maleimidopropionate
(2), cystamine (2,2diaminodiethyl disulfide), cysteamine (2-amino-
ethanethiol), glutaric dialdehyde, acetylenedicarboxylic a8)d Fe-

elements on a cyclic peptide provides an efficient strategy for (1) —protoporphyrin 1X, 1-[(3-dimethylamino)propyl]-3-ethylcarbo-

the synthesis of predetermined structi#®&$his method was
successfully applied in tailoring a synthetic cytochrorne

diimide (EDC), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
sodium salt (HEPES), myoglobin (from horse heart), and nitrate

analogue by the assembly of four antiparallel helices containing reductase (cytochrome kind, E.C. 1.9.6.1, fr&scherichia coli,5 u

two heme binding sites in the hydrophobic intefdtrThe
elucidation of the catalytic properties and tailored redox

functions of these synthetic proteins remains a challenging

perspective in the future design of bioelectronic systems.
Here we report on the assembly of a four-helix-bundle
synthetic protein as a monolayer on a Au electrode. We
demonstrate the stepwise reconstitution of two Fe(lpijoto-
porphyrin IX complexes into the synthetic protein. We analyze

(7) () Willner, 1.; Heleg-Shabtai, V.; Blonder, R.; Katz, E.; Tao, G.;
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B.; DeGrado, W. FJ. Am. Chem. S0d.998 120, 1138. (e) Gilney, B. R.;
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1996 93, 15041.
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Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L.; Mulholland,
S. E.; Pidikiti, R.; Lear, J. D.; Wand, A. J.; DeGrado, W. F.; Dutton, P. L.
Nature 1994 368 425. (c) Rabanal, F.; DeGrado, W. F.; Dutton, PJL.
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g~Y) were used as supplied (Aldrich or Sigma). Ultrapure water Elgastat
UHQ source was used throughout this work.

Electrode Modification. Au electrodes (0.5 mm diameter Au wire,
geometrical area ca. 0.2 énroughness factor ca. 1.3) were cleaned
as previously described.In some specially indicated experiments, the
electrode surface was rougheffedy its amalgamation with mercury
and further dissolution of the amalgam layer in HNQhis latter
treatment results in a typical roughness factor of ca-Z@ Rough
Au electrodes of larger size (gold plate, geometrical area ca.?2 cm
were used in some measurements. A cyclic voltammogram recorded
in 0.5 M H,SQO, was used to determine the purity of the electrode surface
just before modificatioR® The real electrode surface area and roughness
coefficient were estimated from the same cyclic voltammogram by
integrating the cathodic peak for the electrochemical reduction of the
oxide layer on the electrode surface. Smooth Au electrodes were used
to characterize electrochemical properties of the immobilized de novo
protein monolayer, and rough Au electrodes were applied to perform
biocatalytic transformations at modified surfaces.

Primary electrode modification with cystamine was performed as
described previousli£!® The cystamine-modified Au electrode was
reacted with 1x 1072 M solution of N-succinimidyl-3-maleimidopro-
pionate R) in DMSO for 2 h, followed by rinsing with water. The
maleimide-functionalized Au electrode was treated with the de novo
protein, 0.5 mg mt?, in 0.1 M phosphate buffer, pH 7.0, for 2 h,
followed by rinsing with water. The resulting de novo protein monolayer
was reconstituted with two Fe(lll) heme sites by its soaking ir 1
1073 M Fe(lll) —protoporphyrin IX solution in DMSO for 2 h, followed
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Scheme 1. Stepwise Assembly of the Fe(lHProtoporphyrin IX-Reconstituted de Novo Protein on the Maleimide
Monolayer-Functionalized Au electrode
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by its rinsing with DMSO. In the appropriate experiments, reconstitution 104 M Co(ll)—Mb) in 0.1 M phosphate buffer, pH 7.0, for 20 min,
of the de novo protein with two Fe(lll) heme sites was performed in a and briefly rinsed (2 s) in the phosphate buffer. Then the electrode
solution consisting of the de novo protein and Fettipyotoporphyrin was treated with a 10% (v/v) aqueous glutaric dialdehyde solution and
IX followed by purification as described previousfyThe de novo rinsed well with the phosphate buffer.
protein that includes the two Fe(lll) heme sites was then used for its  Reversible binding of the de novo protein to a Au electrode included
immobilization on the maleimide-functionalized Au electrode as the reaction of a cystamine-modified Au electrode (roughness factor
described above. ca. 1.5) with 1x 1073 M p-hydroxymercury benzoic acid in 0.1 M
The Au electrode functionalized with the de novo protein monolayer HEPES buffer, pH 7.3, in the presence 0k210-2 M EDC, for 2 h.
reconstituted with the Fe(lll) heme was used for further deposition of Then the electrode was reacted with the de novo protein that included
the biocatalytic proteins: nitrate reductase or Ce{N)b. In these two Fe(lll) heme sites, 0.5 mg mt, in 0.1 M phosphate buffer, pH
experiments, the Au support was roughened as described above priof7.0, for 2 h. To split the HgS bonds connecting the de novo protein
to the modification step with cystamine. The Fe(lll) heme-reconstituted from the surface, the electrode was reacted withx1102 M
de novo protein-modified Au-roughened electrode was soaked in the mercaptoethanol in 0.1 M phosphate buffer, pH 7.0, for 30 min. The
respective protein solution (0.1 unit/mL of nitrate reductase or<3.5  redeposition of the de novo protein on the electrode surface that was
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B Figure 2. Differential pulse voltammograms recorded after different

times of interaction of the de novo protein monolay&u electrode

with the Fe(lll)—protoporphyrin IX solution (Ix 104 M in DMSO):

(a) 20 min, (b) 40 min, (c) 60 min, (d) 80 min, and (e) 100 min. The
experiment was performed under argon in the background electrolyte:
0.1 M phosphate buffer, pH 7.0; potential scan rate 20-snV pulse
height 2 mV; Au electrode with a geometrical area of ca. 0.2 and

a roughness factor of ca. 1.3. Inset: Peak currents of the more negative
heme (b) and less negative heme (a) as a function of the reconstitution
time.

I/ uA

L . and then modified in the same way as the Au wire electrodes. The
0 ! ! } RDE measurements were performed with an electrode rotator (model

-0.5 -0.4 -0.3 -0.2 636 EG&G). The rate of rotation was increased stepwise, and after
E/V each step the cathodic current was measured when it had stabilized
Figure 1. (A) Cyclic voltammograms of the Fe(Il)protoporphyrin- (after a few seconds).

reconstituted de novo protein-functionalized Au electrode: reconstitu- ~ Constant-potential electrolysis was applied using the Fe(lll) heme-
tion with Fe(lll)—protoporphyrin IX was performed before (a) or after reconstituted de novo protein monolayéu electrode integrated with

(b) de novo protein immobilization on the maleimide-functionalized Nitrate reductase, or with Co(H)Vb in the presence of nitrate, 0.1 M,

Au electrode. Potential scan rate 200 eV (B) Differential pulse or acetylenedicarboxylic acid, 0.1 M, respectively. Nitrite formed upon
voltammogram (a) and deconvoluted voltammograms (b, c) of the bioelectrocatalytic reduction of nitrate was quantitatively analyzed by
Fe(lll)-reconstituted de novo protein-functionalized Au electrode. & spectrometric method based on diazotization of sulfanilamide and
Potential scan rate 20 m¥?, pulse height 2 mV. The cyclic coupling withN-1-naphthylethylenediamine dihydrochloride. Samples
voltammograms and differential pulse voltammograms were recorded (100 L) of the cell solution were transferred at time intervals of
under argon in the background electrolyte: 0.1 M phosphate buffer electrolysis into a cuvette; then 1 mL of each of the reagents was added,

pH 7.0; Au electrode with a geometrical area of ca. 0.2 amd a and the absorption at = 540 nm was measured after 10 min of
roughness factor of ca. 1.3. reaction. The concentration of maleic acid produced upon bioelectro-

catalytic hydrogenation of acetylenedicarboxylic acid was determined

. . by HPLC, using a Merck-Hitachi instrument equipped with a Shodex
already treated with mercaptoethanol was performed in the presence -~ g1 ionpack column (0.1%4RQ;) and an optical detector (190

1 . )
of 0.5 mg mL* de novo protein solution (0.1 M phosphate buffer, pH 370 nm).

7'0_')_ for 2.4 h. he A ¢ ith th leimid A quartz crystal microbalance analyzer (QCM) (EG&G model QCA
0 estimate the Au surface coverage with the maleimide groups, 917) linked to a personal computer was employed for the microgravi-
the maleimide-functionalized electrode was reacted with cysteamine i analyses. Quartz crystals (AT-cut, EG&G, fundamental fre-

(2-aminoethyl thi,OD' 1x 10°“ M for 5 min, rinsed W,ith water, and quency ca. 9 MHz) sandwiched between two Au electrodes (area ca.
then reacted with 32-chI9ro-3-(3-carboxypropylamlge)-1,4-na_phtho- 0.196 cnd; roughness factor ca. 3.5) were used. Modification of the
quinone (), 1 x 10 M, in the presence of Z 10 M EDC in Au/quartz crystal was carried out by procedures identical to those

HEPES buffer, pH 7.3, for 2 h ) employed for the Au wire electrodes.
Measurements Electrochemical measurements (cyclic voltammetry,

differential pulse voltammetry, chronoamperometry, and amperometry Results and Discussion

under constant applied potential) were performed using a potentiostat ) . .
(EG&G VersaStat) connected to a personal computer (EG&G research  The structure of the synthetic de novo protein was published
electrochemistry software model 270/250). All the measurements were recently’# and it is schematically shown in Scheme 1. The
carried out at ambient temperature @2 °C) in a conventional three-  protein consists of 128 amino acids, and it has a mass of 14 728
compartment electrochemical cell consisting of the chemically modified Da. Flexible Gly-Gly-Cys units are part of the helices B, and
Au electrode as a working electrode, a glassy carbon auxiliary electrode they provide a means for the covalent attachment of the protein
isolated by a glass frit, and a saturated calomel electrode (SCE)+q gn electrode surface (vide infra). The de novo protein includes
connected tg th?hwork'”g VO'“T]‘.e W'tfh a L“gg'rl‘ capnl(;aryAAll pof”é';'_s four histidine units, two in each of the helices A. The histidine
are reported with respect to this reference electrode. Argon bubbling | . o : . o
was used to remove oxygen from the solution in the electrochemical gfmliseglrle) Egﬁ;téogifgsotg ?ﬁg%srg?e::]eg:;fbﬁyo#}gxrﬁég;]gozﬁ'?gr

cell. Phosphate buffer (0.1 M, pH 7.0) was used as a background : . . .
electrolyte. assembling the de novo protein on a Au electrode is shown in

A rotating disk electrode (RDE) (4.5 mm diameter) was polished (21) (a) Laviron, E.J. Electroanal. Chem1979 101, 19. (b) Laviron,
with an alumina suspension (Qudn, Buehler, IL), rinsed with water, E.; Roullier, L.J. Electroanal. Chem198Q 115, 65.
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Scheme 1. A cystamine monolayer associated with a Au A -
electrode was reacted with the bifunctional readésguccin- . .
imidyl-3-maleimidopropionate?) to yield a maleimide-func- w k-
tionalized monolayer electrode. The resulting electrode was then
reacted with the cysteine-modified de novo protein to yield the
four-helix bundle protein monolayer on the electrode surface.
The intermediate maleimide-functionalized electrode was char-
acterized by its stepwise reaction with cysteine and then by the
covalent coupling of the naphthoquinone carboxylic derivative
(1).18 By coulometric assay of the reduction (or oxidation) of .
the quinone, and assuming that two electrons are involved in \\\

the reduction process, we estimate its surface coverage to be 0 100 200 300
4.8 x 107 mol-cm™2. This value should be considered as a Time / ms

lower limit for the surface coverage of the electrode by the

maleimide residues. Nonetheless, further attempts to react the B ¢
maleimide monolayer with thiol-functionalized redox-active
substrates failed to yield further noticeable modification of the

monolayer, suggesting that all of the maleimide residues reacted 0k ' X

with the quinone sites. The resulting de novo protein monolayer E T e
was interacted with Fe(llfyprotoporphyrin IX. Figure 1A e,
(curve a) shows the cyclic voltammogram of the resulting Fe- "

(1IN —protoporphyrin IX-reconstituted de novo protein mono-

layer. A single redox wave at a formal potential of &.=

—0.35 V, exhibiting a peak-to-peak separation of A& = 80 ‘\_“_
mV (200 mV+s™1), is observed, and at higher scan rates, the 0 . A Sttt
peak-to-peak separation increases, as predicted theorefkally. 0 100 200 300

Theoretical predictior?$ suggest that the peak-to-peak separation Time / ms

of a redox species confined to an electrode in a monolayer Figure 3. (A) Current decay upon application of the negative potential
configuration, and lacking intermolecular interactions AE step (from—0.2 to —0.45 V) resulting in the reduction of both heme
~ 0. Nonetheless, intermolecular interaction of the redox label Sites in the Fe(llh-protoporphyrin [X-reconstituted de novo protein
in the monolayer array could increase the cathodic and anodicMonolayer. The inset shows the semilogarithmic plot of the current
peak separatio?t® It should be noted that the de novo protein decay. (B) Current decay upon application of the positive potential step

. o . . (from —0.57 to—0.32 V) resulting in the oxidation of both heme sites
monolayer without reconstitution with Fe(l)protoporphyrin in the Fe(ll)-protoporphyrin [X-reconstituted de novo protein mono-

IX does not show any electrochemical activity. Differential pulse |ayer. The inset shows the semilogarithmic plot of the current decay.
voltammetry reveals that the electrical response of the heme(s)The experiment was performed in 0.1 M phosphate buffer, pH 7.0,
reconstituted into the de novo protein consists of two waves, under argon; Au electrode with a geometrical area of ca. 0 2acrd
Figure 1B, curve a. The two overlapping redox waves are a roughness factor of ca. 1.3.

deconvoluted to two separate electrochemical processes of twi
distinct and different heme sites: The reduction potential of
one of the heme centersi§ = —0.43 V, whereas the reduction
potential of the second heme site is positively shifted by ca. 70

mV and appears at c&®° = —0.36 V. These values are in fast €
complete agreement with redox potentials of the two Feflll) ~ o
protoporphyrin IX sites reconstituted into the de novo protein , /\
and assayed by potentiometric titrafié(E;° = —0.352 V and

E,° = —0.412 V vs SCE). Comparison of the deconvoluted —
redox peaks of the two heme sites reveals that the two Fe(lll)

protoporphyrin IX units are associated with the four-helix bundle Au . e Te —
ata 1:1 ratio, Scheme 1. The de novo protein was reconstituted o /‘

in solution with Fe(lll)-protoporphyrin 1X, and the resulting £
synthetic protein was covalently coupled to the maleimide fast

monolayer. Figure 1A, curve b, shows the cyclic voltammogram - e

of the resulting monolayer electrode. The cyclic voltammogram monolayer of the de novo protein is ca. %5L0~1! mol-cm™2
overlaps that obtained upon interaction of the de novo protein Thus, the experimental surface coverage of the de novo
monolayer electrode with the metal porphyrin, implying that synthesized protein is about 70% of the theoretical coverage of
surface reconstitution of the synthetic de novo protein monolayer the densely packed monolayer, and it is half of the surface
on the electrode surface yields a hemoprotein that is identical density of the maleimide anchoring sites. On the basis of these
to that obtained upon reconstitution of the synthetic protein in results, we suggest that the four-helix bundle protein is attached
solution. Coulometric assay of the redox wave that correspondsto the maleimide residues via its two cysteine bridging units as
to the de novo protein with the two heme sites indicates that its a tentative configuration. Figure 2 shows the differential pulse
surface coverage is ca. 2510~ mol-cm~2. Assuming* that voltammetry waves of the de novo protein monolayelectrode

the protein diameter consisting of the four-helix bundle assembly upon interaction with Fe(llF-protoporphyrin IX for different

is ca. 25 &, the footprint of the protein cylinder is ca. 6.35 time intervals. It is evident that the heme site exhibiting the
10714 cn?. Thus, the theoretical surface coverage of a dense slightly more negative redox potential reconstitutes more slowly
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Scheme 3.Reversible Binding of the Fe(Ilf)Protoporphyrin IX-Reconstituted de Novo Protein to the Mercury
Benzoate-Functionalized Au Electrode
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into the synthetic protein. Figure 2 (inset) shows the kinetics 20
of the reconstitution of the Fe(lll) heme sites exhibiting the more .
negative redox potential and more positive redox potential 15
(curves b and a, respectively). It should be noted that the redox
potentials of heme sites are controlled by the specific microen- ARy
vironment of the proteid? Thus, the different redox potentials =
of the heme centers, which are reconstituted into the de novo -5
protein assembly, can be attributed to different protéiame 100 200 300
interactions. In fact, recent EPR and ENDOR spectroscopy 0 :
measurementgon the bis-heme de novo protein indicate that )
L Time / ms

while one heme site is characterized by axial histidine ligands
exhibiting parallel histidine planes, the other heme component
includes histidine ligands with tilted or twisted histidine planes.
Thus, the different redox potentials of the heme centers in the
de novo protein could originate from the different histidine
coordination geometries.

(22) Tezcan, F. A.; Winkler, J. R.; Gray, H. B. Am. Chem. S04998
120, 1338.

(23) Fahnenschmidt, M.; Rau, H. K.; Bittl, R.; Haehnel, W.; Lubitz, W.
Chem. Eur. J.in press.

Figure 4. Transient current recorded with the Fe(protoporphyrin
IX-reconstituted de novo protein monolayer during the double-potential
step chronoamperometric experiment. The potential steps fror2

to —0.5 V to reduce the hemes in the protein, and after 70 ms the
potential steps back, from0.5 to—0.2 V to oxidize the reduced hemes.
The experiment was performed in 0.1 M phosphate buffer, pH 7.0,
under argon; Au electrode with a geometrical area of ca. 02acrd

a roughness factor of ca. 1.3.
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Scheme 4.Electrocatalaytic Reduction of Cytochromevia Vectorial Electron Transfer in the Heme-Reconstituted de Novo
Protein Monolayer
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Figure 5. Diﬁerential pulse voltammog.rams of .the Fe(tHprotopor- Figure 6. Cyclic voltammograms of the Fe(I)protoporphyrin IX-
phyrin IX-reconstituted de novo protein-modified Au electrode: (a) reconstituted de novo protein-modified Au electrode in the absence
after binding the Fe(llh-protoporphyrin IX-reconstituted de novo (a) and presence (b) of cytochrorng5 mM). The experiment was
protein to mercury benzoate groups on the electrode surface, (b) afterperformed under argon in 0.1 M phosphate buffer, pH 7.0. Potential
treating the electrode with mgrcaptoethan(_)l, (c) after secondary gecan rate 5 m\& % Au electrode with a geometrical area of ca. 0.2
attachment of the de novo protein. Inset: cyclic voltammogram of the cnp and a roughness factor of ca. 1.3. Inset: the electrocatalytic current
Au electrode modified with the Fe(IH)protoporphyrin IX-reconstituted (atE = —0.5 V) as a function of the cytochrongeconcentration.

de novo protein bound to the electrode via mercury benzoate groups. o .
Potential scan rate 200 m¥%; Au electrode with a geometrical area  Close to the electrode support exhibits the more negative redox

of ca. 0.2 crd and a roughness factor of ca. 1.3. potential 0.43 V). Rapid electron transfer to the heme site
near the electrode is accompanied by a fast intramolecular

To identify the position of the Fe(lliyprotoporphyrin 1X electron transfer to the second heme cent€d.86 V), due to
units in the de novo synthesized protein assembly, we appliedthe potential gradient existing between the two heme sites. Thus,
chronoamperometric experimeifs Previous studié8 have the electron-transfer rate of the entire assembly is controlled
indicated that the interfacial electron-transfer rates to or from by the primary electron-transfer rate to the heme site close to
redox sites associated with the electrode support are controlledthe electrode. It should be noted that the heterogeneous electron-
by the distance separating the redox species and the electroderansfer rate constant to the heme site close to the electrode
As the distance separating the redox component and thesurface is controlled by the potential applied on the electrode
electrode increases, the interfacial electron-transfer rate de-support. Thus, the rate of the electron-transfer cascade leading
creases. Thus, for the two heme sites, reconstituted into theto the reduction of the de novo protein assembly can be regulated
synthetic protein and positioned at different distances, we expectby the potential applied on the electrode. Two important
a biexponential current decay upon the reduction of the conclusions can be drawn from the analysis of the redox
assembly, Scheme 1. A fast electron transfer should occur tobehavior and the kinetic analysis of the electron transfer of the
the heme site positioned near the electrode surface, while a sloweconstituted protein at the electrode surface: (i) The microen-
electron transfer is expected to the second heme center in thevironment of the amino acids surrounding the heme sites
remote position, with respect to the electrode. Figure 3A shows influences the redox potential of the heme center. (i) The kinetic
the transient current response upon the reduction of the Fe-analysis of the interfacial electron transfer and the identification
(Ill) —protoporphyrin IX-reconstituted protein assembly. Kinetic 0f the vectorial electron-transfer cascade enable the identifica-
analysis of this curve, Figure 3A (inset), reveals a single tion of the positions of the two Fe(IH)protoporphyrin sites in
exponent electron-transfer rate constégt= 40 s'* (at —0.45 the de novo protein assembly. The heme site exhibiting the more
V vs SCE). This result is attributed to the vectorial electron negative reduction potential is positioned near the electrode
transfer occurring in the bifunctional Fe(Hprotoporphyrin support, whereas the second heme center is in a remote position

IX-reconstituted protein array, Scheme 2. The Fe(lll) heme site With respect to the electrode and close to the cyclic peptide
28 Katz, £ Wil m 597 15 3364 frame that ties together the four-helix bundle.
atz, E.; liiner, [.Langmuir A 3 . H ihi
(25) (a) Chidsey, C. E. DSciencel991 251 919. (b) Katz, E.; Itzhak, The fact that the heme site near the electrode exhibits the
N.; Willner, I. Langmuir 1993 9, 1392. (c) Guo, L.-H.; Facci, J. S.;  more negative reduction potential implies, however, that the

McLendon, G.J. Phys. Chem1995 99, 8458. pulsed oxidation of the reduced bifunctional heme assembly
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Scheme 5.Assembly of the Integrated Nitrate Reductase/Fe{iR)otoporphyrin IX-Reconstituted de Novo Protein-Layered Au
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would proceed via two independent routes of different kinetics,
Scheme 2. That is, oxidation of the reduced bifunctional Fe-
(I1) —protoporphyrin IX-reconstituted de novo protein cannot

preexponential factors indicate that 9gQ, ratio is 1:127 The
surface density of the more negative or more positive heme site
derived from Q; or Q,, respectively, is ca. 2.5« 107!

proceed by an intramolecular path, and the two reduced sitesmol-cm™2, identical to the surface coverage value of the

are oxidized independently with different electron-transfer
kinetics. The transient current respoffseill have a biexpo-
nential time dependence as expressed by eq 1, wQesnd

(1) = (QukeD)e " + (Quke e @)

hemoprotein on the electrode extracted by the coulometric assay
of its cyclic voltammogram. The fast component of the transient
anodic current is attributed to the oxidation of the reduced heme
site close to the electrode surface, while the slow component
of the anodic current belongs to the oxidation of the heme site
in the remote position relative to the electrode surface. It should
be noted that although we do not apply in the chronoampero-

Q, correspond to the charge associated with the oxidation of Metric experiments an overpotential for the complete reduction
the two heme centers akg! andk.£ are the interfacial electron-  (Or the oxidation) of the two heme centers, the coulometric assay
transfer rates between the heme site close to the electrode surfact" the determination of the surface coverage) of the two heme
and the heme center positioned at the remote site relative toSIt€S iS_possible by the kinetic analysis of the transient

the electrode support, respectively. Figure 3B shows the transien€UITeNts;*2°and the determination of the respective preexpo-

anodic current response upon the pulsed oxidation of the Fe-nential factors, eq 1.

(1) —protoporphyrin IX-reconstituted de novo protein assembly.

Figure 3B (inset) shows the kinetic analysis of the resulting

transient current response. The transient current follows biex-
ponential kineticsked = 40 s, ke = 1.0 54, and the respective

(26) (a) Forster, R. JLangmuir 1995 11, 2247. (b) Forster, R. J.;
Faulkner, L. RAnal. Chem1995 67, 1232. (c) Forster, R. Anal. Chem.
1996 68, 3143. (d) Forster, R. Analyst1996 121, 733.

The reduction of the Fe(lltyprotoporphyrin de novo protein
assembly proceeds by a fast unidirectional route that reduces
the remote heme center. The oxidation of the reduced assembly

(27) The applied potential step provides an overpotential that corresponds
to 130 and 40 mV with respect to the heme sites close to and remote from
the electrode support, respectively. According to the Nernst equation, these
overpotential values lead to the complete oxidation of the heme center close
to the electrode, and to 80% of the oxidation of the remote heme site. These
values were taken into account in calculating @eand Q; values.
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to the Fe(lll-protoporphyrin IX occurs by the separate electrode with the cysteine-modified Fe(Hprotoporpyhyrin
oxidation of the two heme sites, and particularly through the IX-reconstituted protein results in the differential pulse volta-
slow oxidation of the heme center located in the remote position mmogram shown in Figure 5, curve c. The redox response of
of the de novo protein, relative to the electrode support. Thesethe hemoprotein is partially restored, indicating that it re-forms
results suggest that the Fe(Hjprotoporphyrin IX-reconstituted  the mercury-thiolated protein bonds. The voltammogram ob-
de novo protein monolayer assembled on the electrode surfacdained upon the secondary immobilization of the hemoprotein
can act as a rectifier system, Figure 4. A double-step chrono- reveals, however, that only ca. 65% of the initial protein layer
amperometric experiment was performed to demonstrate theon the electrode is recovered after 24 h. The secondary
rectifier function of the system. The potential applied to the immobilization of the de novo protein on the modified electrode
Fe(lll)—porphyrin—protein assembly was stepped fron®.2 surface proceeds very slowly since it requires substitution of
to —0.5 V, and the step was interrupted after 70 ms. The reversethe mercaptoethanol bound to the mercury benzoate monolayer.
step from—0.5 to —0.2 V was then applied to oxidize the These results demonstrate that galeydroxymercury benzoate
reduced assembly. The duration of the cathodic step was tunedmnonolayer provides an active interface for the covalent attach-
to allow a single electron transfer per protein assembly. As ment of thiolated proteins, and enables the cyclic regeneration
previously indicated, the heme center near the electrode surfaceof the protein layer.
is rapidly reduced, and it mediates very fast electron transferto  Cytochromec is a low molecular weight hemoprotein that
the second heme site due to the potential gradient existing inacts as electron-transfer mediator for various redox enzgfnes.
the system. Thus, upon the application of the cathodic step andrecently, we demonstrated that a microperoxidase-11 mono-
the transfer of a single electron to the assembly, a fast cathodiclayer-modified Au electrode can provide electrocatalytic reduc-
current decay is observed, and the electron is ultimately tion of cytochromec.3° The redox potential of Cyt3! is E° =
positioned on the remote heme site. Upon the application of 0.01 Vv, and thus the Fe(IHprotoporphyrin IX-reconstituted
the reverse step, the system exists in a configuration where thede novo protein could mediate electron transfer to €ythe
heme center close to the electrode is in the Fe(lll) state, whereassynthetic bifunctional hemoprotein assembled onto the Au
the remote metalporphyrin site is in the reduced Fe(ll) state. electrode via the maleimide bridge, Scheme 4, was interacted
Upon the application of the oxidation step, only the very slow with Cyt c. Figure 6, curves a and b, shows the cyclic
oxidation of the remote Fe(Hporphyrin center is observed, voltammograms of the synthetic hemoprotein monolayer
giving rise to the very slow recovery of the initial assembly. electrode in the absence and presence of € yespectively.
Thus, the system operates as a rectifier and reveals fastNote that the cyclic voltammogram of the synthetic de novo
unidirectional electron transfer and slow electron transfer in the protein is hardly visible due to the slow scan rate. In the presence
reverse direction. of Cyt ¢, an electrocatalytic cathodic current is observed at the
A further aspect that was addressed in our study involves redox potential of the synthetic hemoprotein. Figure 6 (inset)
the development of other routes to immobilize the de novo shows the resulting electrocatalytic cathodic current at different
synthesized hemoprotein on the electrode support, and particu-concentrations of Cyt. The cathodic current increases as the
larly to develop means to regenerate the protein monotayer concentration of Cyt is elevated, and it levels off to a constant
electrode. It should be noted that we have emphasized thesaturation value at a concentration of @ytorresponding to
immobilization of the thiolated de novo protein by its covalent ca. 4 x 1073 M. These results suggest that electron transfer
attachment to maleimide residues comprising the base mono-from the synthetic hemoprotein monolayer to @ydccurs by
layer. Attempts to directly immobilize the de novo protein onto the formation of an affinity complex between the compounds.
the Au surface failed to yield a protein monolayer that could Upon saturation of the de novo hemoprotein monolayer with
be reconstituted with Fe(llfyprotoporphyrin IX. Thus, our Cyt ¢, the saturation value of the cathodic current is observed.

results imply that the primary assembly of a monolayer on the  Nitrate reductase, NR (cytochrome dependent, E.C. 1.9.6.1
electrode support is important for m|n|m|Z|ng the direct interac- from Escherichia Cou, is a non-heme meta”oprotein that
tions between the protein and the electrode surface. Scheme articipates in nitrate respiratidd The enzyme is of spherical
shows an alternative method to generate the Fe(fifptopo- shape and consists of two subunits (M¥\142 000 and 58 000).
phyrin IX-reconstituted protein monolayer on the electrode |t includes a molybdenum atom and ca. 40 iron atoms per
surface. The cystamine monolayer associated with a AU enzyme unit. The enzyme utilizes cytochrorhg as native
electrode was coupled @hydroxymercury benzoic acid that  electron donor. We recently reported on the electrocatalytic
provides active sites for highly specific and reversible binding reduction of NR using a microperoxidase-11 monolayer-
of the thiol groups® The resulting functionalized monolayer modified electrodé® We have attempted to use the de novo
was reacted with the cysteine-modified Fe(HProtoporphyrin hemoprotein assembled on the electrode and outlined in Scheme
IX-reconstituted de novo protein. Figure 5, curve a, shows the 1 as a functionalized interface to mediate electron transfer to
differential pulse voltammogram of the hemoprotein monolayer. NR and to activate the biocatalyst for the reduction of nitrate.
Figure 5 (inset) shows the cyclic voltammogram of the resulting
monolayer. Coulometric assay of the reduction (or oxidation) 2(22)8(261) k')-iill,,H- A. O.; Walton, N. J.; Hi_ﬁgins, I-g;EBSSLett.lgﬁl
WwaVes of the reconstiuted protein reveals a surface coveragel? 222 (BLLOTLRgE M, Kt € iher o Cren. coc_ cren,
almost identical to that obtained upon the modification of the A :'scheller, F. W Bioelectrochem. Bioenerd.996 39, 221.

maleimide monolayer with the synthetic protein, ca. 2.30~11 (30) Narvaez, A.; Dominguez, E.; Katakis, |.; Katz, E.; Ranijit, K. T.;
mol-cm~2. Reaction of the resulting hemoprotein-functionalized Ben-Dov, I.; Willner, 1.J. Electroanal. Cheml997 430, 227. _
monolayer with mercaptoethanol results in the differential pulse Ch(egr#). g%g'_?‘gﬁgm'jgg%ﬁﬁ%g’z E‘c‘)géémag”‘:h" H.; Yasukouchi, X.
voltammogram shown in Figure 5, curve b. The redox responses (32) (a) Takahashi, H.; Taniguchi, S.; Egami, F. Gomparatbe

of the heme sites are depleted, indicating that the Fe(lll) BiochemistryFlorkin, M., Mason, H. S., Eds.; Academic Press: New York,
porphyrin-functionalized protein is displaced from the mono- é?gi?m\ég'gysﬁle?shcﬂgfrsz’ F?acgklér(?_) '\égg(?fg;’éégi'c "F','re"‘s'?hoNdefN Igork
layer. Further interaction of the monolayer-functionalized 1978; vol. 53, Chapter 37, p 347. (c) Payne, W. J. Niethods in

EnzymologyFleischer, S., Packer, L., Eds.; Academic Press: New York,
(28) Katz, E.; Solov'ev, A. AJ. Electroanal. Chem1989 261, 217. 1978; Vol. 53, Chapter 60, p 634.
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Figure 7. (A) Cyclic voltammograms of the integrated nitrate 0 ! ! ! !
reductase/Fe(llFyprotoporphyrin IX-reconstituted de novo protein- 0 0.01 0.02 0.03 0.04 0.05
layered Au electrode at different concentrations of nitrate: (a) 0, (b) [NOS ]I/ M

12, (c) 24, (d) 46, and (e) 68 mM. Inset: calibration curve for the
amperometric responses @t —0.48 V) of the electrode at different
NO;~ concentrations. Potential scan rate 5 11¥; 0.1 M phosphate
buffer, pH 7.0; under argon; Au electrode roughness factor ca. 30;
geometrical area ca. 2 ém(B) Lineweaver-Burk analysis of the
experimental calibration plot.

Figure 8. (A) Electrocatalytic currents corresponding to the reduction
of 20 mM KNG; on the integrated nitrate reductase/Feftipyotopor-
phyrin 1X-reconstituted de novo protein-layered Au rotating disk
electrode vsv'% (a) experimentally measured electrocatalytic currents
at the applied potentid = —0.5 V, (b) theoretical Levich plot taking
into account only diffusional limitations. Inset: Koutecklevich plot

. . . for the experimental electrocatalytic current. Background electrolyte
Addition of NR and nitrate (N@") to the de novo hemoprotein 51 phosphate buffer, pH 7.0; under argon; Au disk electrode

monolayer-electrode results in an electrocatalytic cathodic roughness factor ca. 1.3. (B) Second-order rate constists.y for
current and the electrocatalyzed formation of nitrite GNO the reduction of N@ extracted from the RDE measurements.
The catalytic current and the formation of hWGQare observed

only upon the interaction of the functionalized monolayer
electrode with NR and N@. Elimination of any of these
components prevents the formation of NQindicating that
mediated electron transfer from the de novo hemoprotein to NR
activates the native biocatalyst for the reduction ofsNO'he
limited amounts of NR and its high cost eliminate, however,
the possibility of characterizing the system and, eventually, the
use of the assembly as a nitrate biosensor. To overcome these
difficulties, we attempted to tailor an integrated de novo
hemoprotein monolayer/nitrate reductaséectrode as depicted

in Scheme 5. The Fe(Ilprotoporphyrin IX-reconstituted four- 0 . ) ) ,
helix bundle protein assembled on the Au electrode was 0 20 40 60 80 100
interacted with NR. As the native protein is negatively t / min

charged*at pH 7.0,pl 4.2, and the 9'9 no_V(_) protein is positively Figure 9. (a) Coulometric analysis of the charge passing the electrolyte
charged at this pH, an electrostatic affinity complex between g during reduction of N@ (0.1 M KNO) electrocatalyzed by the
the two components is expected to form. Provided this affinity integrated nitrate reductase/Fe(Hprotoporphyrin IX-reconstituted de
complex is sufficiently stable, then lateral, two-dimensional, novo protein-layered Au electrode. (b) Calculated charge that passes
cross-linking of the enzyme is anticipated to yield an integrated, the electrolyte cell according to the analyzed product,N®@ack-
electrically contacted, nitrate reductase film associated with the ground electrolyte 0.1 M phosphate buffer, pH 7.0; under argon; applied
electrode. Figure 7A shows the cyclic voltammograms of the PotentialE = —0.5 V; Au electrode with a geometrical area of ca. 2
integrated de novo hemoprotein/NR-layered electrode in the S and a roughness factor of ca. 20.

absence of added nitrate (curve a), and in the presence ofhemoprotein implies that the synthetic protein mediates electron
variable concentrations of nitrate, curveséy The electrocata-  transfer to NR and activates the biocatalyst toward the electro-
lytic cathodic current observed at the potential of the de novo catalyzed reduction of nitrate (NO). Analysis of the reduction

0.5 T T T T
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Scheme 6.Assembly of the Co(lh-Myoglobin/Fe(lll)—Protoporphyrin IX-Reconstituted de Novo Protein-Layered Au
Electrode
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] To further characterize the kinetics of the electron-transfer
rate within the complex formed between the substratez(NO
and the bioelectrocatalytic enzyme layer, we followed the
electrocatalyzed reduction of NOusing rotating-disk-electrode
(RDE) experiment§9.33
The electrocatalytic currenlss;, is expected to be enhanced
4 ) , ) , , , upon the increase of the rotating speed, due to the elimination
07 06 05 04 03 02 01 0 of diffusional barriers for N@~ to the biocatalyst. Figure 8A,
E/V curve a, shows the Levich plot corresponding to the electro-
Figure 10. Cyclic voltammograms of the Fe(IHprotoporphyrin IX- catalytic current observed at d_ifferent _rotating speeds. Figure
reconstituted de novo protein-modified Au electrode in the presence 8A; curve b, shows the theoretical Levich plot for the system,
of different concentrations of Co(Hmyoglobin: (a) 0 M; (b) 5x assuming only diffusional limitations for the electrocatalyzed
106 M:; (c) 1 x 1075 M; (d) 2 x 10°5 M. Background electrolyte 0.1  reduction of N@™. The experimental deviation of the Levich
M phosphate buffer, pH 7.0; under argon; potential scan rate SniV plot from linearity implies the existence of electron-transfer
Au electrode with a geometrical area of ca. 0.22@nd a roughness  limitations in the electrocatalytic reduction of NO Figure 8A
factor of ca. 7. (inset) shows the KouteckylLevich plot (ca vs w2 for
product of NQ~, under constant electrolysis (vide infra), the electrocatalytic currents at various rotating speeds. From
indicates that nitrite is formed. Note that the cyclic voltammo- this plot the heterogeneous electron-transfer rate constants,
grams shown in Figure 7A originate from a cross-linked de novo (cmrs™) were evaluated using the different hfOconcentra-
hemoprotein/NR assembly organized on a rough Au electfode tions. The surface coverage of NR on the de novo protein layer
(roughness factor ca. 20). Figure 7A (inset) shows the was determined by complementary microgravimetric quartz-
electrocatalytic cathodic currents developed by the integrated crystal-microbalance experiments, where the NR was cross-
de novo protein/NR electrode at different concentrations of linked on a Au/quartz crystal modified with the de novo protein
nitrate. We see that the cathodic current levels off upon the monolayer. Taking into account the surface coverage of NR,
increase of the nitrate concentration and reaches a saturatiod nr ~ 2 x 1072 mol-cm2, the koveran values were extracted
value at ca. [N@] = 8.5 x 1072 M. As the observed cathodic ~ at different concentrations of NO (wherekoveral = Ked/I'nr).
current directly relates to the rate of the bioelectrocatalyzed Figure 8B shows the plot of theuerai * values at different Ng»
reduction of NQ~, we analyzed the curve shown in Figure 7A  concentrations. The fact that the plot does not reveal a constant
(inset) in terms of the MichaelisMenten model. Figure 7B value and exhibits a positive slope indicates the formation of a
shows the graphical LineweaveBurk analysis, eq 2, corre- complex between N§ and the bioelectrocatalytic interface,
sponding to the MI.ChaehSMemen kmeuc_mOdel' This plot (33) (@) Cenas, N. K.; Pocius, A. K.; Kulys, J. Bioelectrochem.
enables the extraction of the respectivg. = 130uA andKy Bioenerg.1983 11, 61. (b) Razumas, V. J.; Gudavicius, A. V.; Kulys, J. J.
= 42 mM values. J. Electroanal. Chem1986 198 81.

I1/nA




6466 J. Am. Chem. Soc., Vol. 121, No. 27, 1999 Willner et al.

10 - potential electrolysis of nitrate (Nf), Figure 9. Samples of
- the electrolyte solution were analyzed at time intervals of
electrolysis. Nitrite, N@~, was identified as the only reduction
product formed upon electrolysis. Figure 9, curve a, shows the

charge passed through the cell during the electrolytic process.

§ i b s This curve is obtained upon the integration of the current passed
- 20 E 3 over time. Figure 9, curve b, shows the calculated charge that
- 0 [ ¢/ ‘: should pass through the cell for the generation of the analyzed
) d” - quantities of NQ@" at the respective time intervals of electrolysis.
40 00' i (Note, these data assume a two-elect_ron reduc.tlon of N®©
[Acetylene dicarboxytic acid] / mM NO;"). The current yield for the formation of NO is ca. 80%.
50 e ‘ ‘ The deviation from the theoretical value is attributed to oxygen
0.6 0.5 0.4 03 02 leakage into the electrochemical cell during electrolysis.
E/V Previous reports addressed the transformation of native
Figure 11. Cyclic voltammograms of the integrated Coftthyoglobin/ hemoproteins to biocatalytic entities via the reconstitution of

Fe(lIl)—protoporphyrin 1X-reconstituted de novo protein-layered Au the apo-protein with metalprotoporphyrin 1X substituent®:c10
electrode in the presence of different concentrations of acetylenedi- Co(ll)—porphyrins act as catalysts for the hydrogenation of
carboxylic acid: (a) 0 mM, (b) 48 mM, (c) 78 mM, (d) 156 mM, and  acetylenes, presumably by the intermediate formation of a cobalt
(e) 190 mM. Background electrolyte 0.1 M phosphate buffer, pH 7.0; hydride species. For example, reconstitution of apo-myogt®bin
under argon; po'gential scan rate 5 rV; Au electrode roughness factor o apoe- or apoB-hemoglobir® with Co(ll)—protoporphyrin
ca. 20, geometrical area ca. 2%timset: amperometric responsesat |y anq secondary substitution of the respective proteins with a
= —0.52 V at different concentrations of acetylenedicarboxylic acid. . . .
chromophore, e.g., eosin, was reported to yield photobioelec-
trocatalytic proteins for the hydrogenation of acetylenedicar-
. boxylic acid to maleic acid. Thus, we tried to couple reconsti-
tuted native hemoproteins with the Fe(tHprotoporphyrin IX-
. a - reconstituted de novo protein monolay@&lectrode. Apo-
myoglobin was reconstituted with Co(Hprotoporphyrin IX.
The resulting Co(Il-protoporphyrin IX-reconstituted myo-
globin, Co(lly-Mb, was interacted with the de novo protein
monolayer-electrode. Figure 10 shows the cyclic voltammo-
grams of the functionalized electrode in the absence of Co(ll)
7. Mb, curve a, and in the presence of different concentrations of
40 ] . r Co(Il)—Mb, curves b-d. No electroreduction of Co(hHMb is
observed at a bare Au electrode. These results clearly indicate
20 7 - that the functionalized monolayer associated with the electrode
mediates electron transfer to CofHMb, presumably by the
0¥ , , , , formation of an affinity complex between the two protein
0 20 40 60 80 100 components.
t / min To generate an integrated, electrically contacted biocatalytic

Figure 12. (a) Coulometric analysis of the charge passing through electrode for. the hydroggnatlon of acetylengs, the Fe(lll)
the electrolyte cell during hydrogenation of acetylenedicarboxylic acid Protoporphyrin 1X-reconstituted de novo protein monolayer
(0.1 M) electrocatalyzed by the integrated Coflityoglobin/Fe(l1l)- electrode was interacted with Co(HMb to yield the layered
protoporphyrin IX-reconstituted de novo protein-layered Au electrode. affinity complex, Scheme 6. The latter assembly was then cross-
(b) Calculated charge that passes the electrolyte cell according to thelinked with glutaric dialdehyde to generate the two-dimensional
analyzed product, maleic acid. Background electrolyte 0.1 M phosphate cross-linked Co(IB-Mb array onto the functionalized electrode.
buffer, pH 7.0; under argon; applied potenia= —0.5 V; Au electrode  Figyre 11 shows the cyclic voltammograms of the resulting de
roughness factor ca. 20 and geometrical area ca. 2 émset: 46 hemoprotein/Co(HyMb-layered electrode in the absence
Concentration of electrogenerated maleic acid as a function of time. of acetylenedicarboxylic aci®), curve a, and upon the addition
Scheme 5. From the plot shown in Figure 8B the value for of different concentrations of acetylenedicarboxylic acd)l (
intracomplex electron transfer from NR to NQ k, = 8.3 x curves b-e.

10* 51, was determined, and the val#g, = 39 mM was In the presence o8, an electrocatalytic cathodic current is

deduced, eq 3. The biocatalyzed reduction of nitrate by the observed, indicating the electrocatalyzed reductio.ofhe
electrocatalytic current increases as the concentratiod ief

= kJ(K., + [NO.~ 3 elevated, and it levels off to saturation at a concentratiod of
Koveran = Kol (Koy + [NO5 ) ®) corresponding to 0.2 M, Figure 11 (inset). As the current

surface-modified electrode, assuming a Michadlienten-type response of the electrode relates to the rate of the electrocata-
surface kinetics, was analyzed by the model developed by Lyons'yzed _reducfuon of3, the latter curve was analyzed in terms of
et al34 The derived values, = 8.0 x 10* st andKy = 35 the Michaelis-Menten model to yieldmax = 40 uA andKy =

mM, are in good agreement to those derived by the Koutecky 80 mM. ) ) ]

Levich method. To identify the hydrogenation product 8f the electrically
The integrated de novo hemoprotein/NR monolayer —contacted integrated de novo hemoprotein/Co(Mb was

electrode was further examined in the constant-controlled- €mployed for the constant-potential electrolysi3¢f-0.5 V),

(34) Lyons, M. E. G.; Lyons, C. H.; Michas, A.; Bartlett, P. N. (35) Willner, I.; Zahavy, E.; Heleg-Shabtai, Y. Am. Chem. So4995
Electroanal. Chem1993 351, 245. 117, 542.
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Scheme 7.Mechanism of the Hydrogenation of Acetylenedicarboxylic Acid Catalyzed by Ca{ioglobin Electrically
Contacted via Fe(lIl-Protoporphyrin IX-Reconstituted de Novo Protein Monolayer
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Figure 12. The electrolyte solution was analyzed at time intervals A possible pathway for the formation of maleic acit) as

of electrolysis. The only reduction product that could be previously formulate®<1%35and involves the formation of a
identified was maleic acid4j, and no fumaric acid could be cobalt hydride species that is the active intermediate in the
identified. Figure 12, curve a, shows the charge passed throughhydrogenation 08, Scheme 7. Formation of the hydride species
the electrochemical cell. This curve was obtained by the was supported by the observation of an isotope effect upon
integration of the current over the time of electrolysis. Figure performing the hydrogenation in ;0.8 According to this

12 (inset) shows the concentration of maleic adidf¢rmed in scheme, a complex betweénhand the electrogenerated Co-
the cell at time intervals of electrolysis. Figure 12, curve b, (Ill) —H is formed, followed by the hydride transfer to the
shows the calculated charge that is expected to pass throughsubstrate, and formation df To support the formation of the
the cell to generate the analyzed quantities of maleic abid ( complex betweer3 and the de novo hemoprotein/CofH)Mb
(assuming that the transformation 8fto 4 involves a two- cross-linked assembly, and to elucidate the kinetics of intramo-
electron process). The current yield for the formation of maleic lecular hydride transfer, the electrocatalytic hydrogenation of
acid is ca. 85%, and the deviation from the optimal current yield 3 was characterized by RDE experiments.

is attributed to @ leakage into the cell. It should be noted that Figure 13A, curve a, shows the Levich plot corresponding
no reduction potential of the -©C triple bond of acetylene  to the electrocatalytic current resulting from the hydrogenation
compounds has been reporfédSpongy nickel, platinized  of 3 and the respective theoretical Levich plot, curve b. The
platinum, palladized palladium, and silver-plated copper cath- deviation ofl¢, from linearity as a function ah2implies that
odes were used for the reduction of acetylenic compounds atthe electrocatalyzed hydrogenation3fs limited by electron
extremely negative potentials corresponding to the electrolytic transfer at high rotating speeds. Figure 13A (inset) shows the
evaluation of hydroge?f"In a number of cases ethynes have respective KouteckyLevich plot from which the valueke
been reduced tois-olefins372

(37) (&) Campbell, K. N.; Young, E. El. Am. Chem. Sod 943 65,
(36) Encyclopedia of Electrochemistry of the ElemeBi&:d, A. J., Lund, 965. (b) Beloslyudova, T. M.; Sokol'skii, D. BElektrokhimiyal965 1,
H. Eds.; Marcel Dekker: New York, Organic Section, Vol. 11, pp-33. 1182.
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Figure 13. (A) Electrocatalytic currents corresponding to the hydro-
genation of 50 mM acetylenedicarboxylic acid on the integrated Co-
(1) —myoglobin/Fe(lll}-protoporphyrin IX-reconstituted de novo protein-
layered Au rotating disk electrode wé’% (a) experimentally measured
electrocatalytic currents at the applied potenfia= —0.5 V; (b)
theoretical Levich plot taking into account only diffusional limitations.
Inset: Koutecky-Levich plot for the experimental electrocatalytic

Willner et al.

associated with the electrode support. The redox potentials of
the Fe(llly-porphyrin sites reconstituted into the de novo protein
are tuned and controlled by the intimate protein microenviron-
ment. Similarly, the dynamics of the surface reconstitution of
the four-helix bundle protein by the two Fe(Hprotoporphyrin

IX sites is different, and the heme site exhibiting the more
negative reduction potential enters slowly into the protein.
Kinetic resolution and analysis of the interfacial reductive
electron transfer to the bifunctional Fe(Hprotoporphyrin 1X-
reconstituted de novo protein reveal a fast single exponent
electron transfer that was attributed to a rapid vectorial stepwise
electron transfer in the assembly. The intramolecular vectorial
electron transfer originates from the appropriate potential
gradient in the structurally ordered heme assembly. Kinetic
resolution of the interfacial oxidation of the reduced bifunctional
de novo hemoprotein assembly revealed, however, a biexpo-
nential kinetics, originating from a potential barrier in the system
that dictates a biphase, independent, electron transfer from the
two heme sites in the four-helix bundle assembly to the
electrode. The different interfacial electron-transfer kinetics for
the reduction and oxidation of the de novo hemoprotein
assembly enabled us to apply the functionalized electrode as a
molecular rectifier exhibiting unidirectional electron-transfer
properties.

The second aspect addressed in our paper relates to the surface
engineering of electrodes with the cysteine-functionalized four-
helix bundle protein. Direct immobilization of the protein into
the Au electrode perturbs the tertiary structure of the de novo
protein, presumably due to the nonspecific adsorption of amino
acid residues. Covalent attachment of the four-helix bundle
protein to monolayer matrixes of maleimide @hydroxymer-
cury benzoate preserves the tertiary structure of the synthetic
protein. The covalent coupling of proteins to the electrode by
the p-hydroxymercury benzoate linker is of particular interest
as it enables the regeneration of the surface with the active

currents. Background electrolyte 0.1 M phosphate buffer, pH 7.0; under protein monolayer.

argon, Au disk electrode roughness factor ca. 1.3. (B) Second-order

rate constantskvera) for the hydrogenation of acetylenedicarboxylic
acid extracted from the RDE measurements.

(cms™1) was evaluated, Figure 13B. By the determination of

the different heterogeneous electron-transfer rate constants a

different concentrations & and knowing the surface coverage
of Co(ll)—Mb on the bioelectrocatalytic interfacEcoq-mn =

1 x 10712 mol-cm™2, the respectivékoyerar Values at different
concentrations 08 were evaluated, Figure 13B. From this plot
the valuesk, = 8.2 x 10° s~t andKy = 75 mM were extracted.

It should be noted that the surface coverage of Ce(ip on

the bioelectrocatalytic interface was determined by microgravi-
metric, QCM experiments, where the Coftiylb was cross-
linked on an Fe(lll}-de novo protein monolayer associated with
a Au/quartz crystal.

Conclusions

The present paper has addressed the assembly of a bifunc-

tional Fe(lll)—protoporphyrin de novo synthesized four-helix
bundle protein monolayetelectrode on a Au electrode, and has

discussed the use of the system for different bioelectronic

applications. We have demonstrated that two Feflpioto-
porphyrin IX units can be reconstituted into the de novo protein

Finally, we discussed the use of the FeHprotoporphyrin
IX-reconstituted de novo protein as a synthetic cofactor for the
electron-transfer activation of native redox proteins and semi-
synthetic reconstituted redox proteins. It has been demonstrated
hat by the surface cross-linking of affinity complexes formed

etween the de novo hemoprotein and nitrate reductase, NR,
or Co(ll)—protoporphyrin-reconstituted myoglobin, CotH\b,
integrated, electrically contacted bioelectrocatalytic electrodes
were assembled. The two-dimensional synthetic hemoprotein/
NR layer assembly stimulated the bioelectrocatalyzed reduction
of nitrate (NQ") to nitrite (NO,™), and the potential application
of the electrode as a nitrate sensor was discussed. The integrated
synthetic hemoprotein/Co(HMb-layered electrode was used
for the electrocatalytic hydrogenation of acetylenedicarboxylic
acid to maleic acid. The flexibility to tailor and tune the
functions of de novo proteins opens a new methodology to
structurally engineer novel macromolecular assemblies for
bioelectronic applications.
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