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Abstract: This paper presents a strategy to tune the orientation of immobilized proteins on electrodes of general
applicability to different types of proteins. We orient ferredoxin:NADi@ductase molecules onto a modified

gold electrode by introducing a genetically engineered metal binding site on a selected region of the protein
surface and covering the gold surface with a self-assembled monolayer of thiols appended with nitrilotriacetic
acid groups complexed with metal transition ions. Two mutants were designed to have a histidine pair (His-
X3-His) on surface-exposetthelices located in one of the two protein domains. It was first demonstrated that
the mutant proteins in solution retain their full activity and that the kinetic constants of the redox catalytic
steps are not affected by the mutations. The enzyme-modified gold electrodes were then analyzed for the
amount and distribution of protein on their surface and for their activity using atomic force microscopy and
cyclic voltammetry. The two electrode-bound mutant enzymes manifested differences in the amount and
distribution of bound molecules, in the kinetic constants of their redox catalytic steps, and most interestingly,
in their ability to transfer electrons to a redox mediator covalently attached to the self-assembled monolayer.
We conclude that the position of the mutatedhelix determined the orientation of the protein with respect to

the surface and, as a result, its competence to establish direct electrical communication with the electrode.

Introduction coupled supramolecular structures with spatially controlled
electron transfet.

Some of the successful general procedures used up-to-date
r oriented protein immobilization are based on a modification
of the macromolecule by molecular engineering to introduce a
specific affinity motif that subsequently binds to a functionalized
surface. This approach requires a detailed knowledge of the
position of the modification introduced in the protein as well
as of the distribution of the binding motifs on the functionalized
surface. Site-directed mutagenesis protocols for protein modi-
fication® and self-assembled monolayers (SAM) for substrate

The interest in controlling the orientation and order of
macromolecules immobilized on solid surfaces has grown fo
greatly in recent years, the aim of most of the developed
strategies being to optimize the interactions between im-
mobilized macromolecules, e.g., nucleic acids, antibodies, or
peptides, and their corresponding target molecules in solution
as well as with the solid device interfate!. These strategies
are also required for the development of biomimetic electrode-
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T Instituto de Caitisis del C.S.I.C. modification’ meet these requirements, the remaining being the
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such that different orientations can be produced at will, and (d)
applicability to different types of proteins. Reversibility would
be an added value for some applications such as controlled
release.

Previous work from this laboratory demonstrated that the
chimeric protein produced by the fusion of a choline binding
domain from the (acetylmuramoyl}jalanine amidase (C-
LYTA) from Streptococcus pneumoniaad the N-terminal end
of the -galactosidase fronkEscherichia colibinds to a gold
substrate where choline had been previously introduced through
a step-by-step chemical modification of a thiol based SAM.
The binding was shown to be specific and reversible and to
leave the hydrolase activity of the galactosidase unaffected.
However, the use of such a binding motif restricted the
orientation of the protein with respect to the surface to only
one position determined by the structure of the chimera protein,
since a fusion of the choline binding domain to the C-terminal
end of thes-galactosidase resulted in a chimera protein without His294
catalytic activity. In the present work we use a targeting strategy
that is also specific and leaves the enzyme activity unaffected,
with the additional advantages of allowing different orientations
of the same molecule and of being general enough to be
applicable to any type of protein. To this aim metal binding
sites were genetically engineered on selected regions of a protein
surfac@ and offered to self-assembled monolayers terminated
on nitrilotriacetic groups complexed with metal transition ions
(SAM-TOA-ANTA-Cu2t).

The protein used for these studies is the enzyme ferredoxin:
NADP* reductase (FNR) from the cyanobacteridmabaena
PCC 7119° This enzyme catalyzes the reduction of NADP
to NADPH during photosynthesis by mediating the transfer of
two electrons from photosystem | to NADRia ferredoxin in
two successive one-electron stépJhis enzyme was chosen
as a model protein in this study for the following reasons: first,
oxidoreductases have enzymatic properties which can be
exploited for various device applications after incorporation into
organized bioassembliés.Second, their incorporation into
interfacial architectures on the surface of solid electrodes can
be followed by electrochemical techniguésin particular,
electron transfer between the prosthetic group and the electrode
can be conveniently used to monitor the orientation of the Figure 1. Structural model for the ferredoxin-NADPXxidoreductase
protein molecules with respect to the surface. To this aim FNR protein with the engineered metal-binding site: (a) mutant FNR K290H/
is a particularly interesting reductase because the edge of theK294H (these histidine residues are located in a surface-expebetix
isoalloxazine ring system, which constitutes the reactive part of the NADPH binding domain) and (b) mutant FNR T119H (the
of the FAD cofactor in electron transfer with ferredoxin, is well replaced histidine _residue and the_na_turally oc_curring_ histidine 123
exposed to the solvefitand therefore could establish electrical P€lond to ana-helix of the FAD binding domain). (Figures were
contact with properly oriented redox groups anchored onto the obtained with the ICM program for modeling proteftis.
monolayer surface. Furthermore, its X-ray structure at 1.8 A is
availablé? and its synthetic genetic machinery has been cloned
and expressed iB. coli, allowing site-directed mutagenesfs'®

The two mutants designed in this work have a histidine pair
(His-X3-His) in surface-exposed-helices® located in one of

the two protein domains (Figure 1). The axis of the helix in the
NADPH-binding domain (FNR-II double mutant) is orthogonal
to the plane of the isoalloxazine ring of the FAD prosthetic
group, whereas the modified helix in the FAD-binding domain
(FNR-I single mutant) is parallel to this plane. A predicted
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Chelfz- E_ﬁdg'a?* ':1158 1k2k254;|12§68~_w <heek P.Nucleic Acids R investigated through electrochemical analysis. The enzyme-
1950 ) i, M. F; Bakker, H. A. C.; Weisbeek, P.Nucleic Acids Res. o ified gold electrodes were then analyzed for the amount
(15) Gamez-Moreno, C.: Martinez-beez, M.: Fillat, M. F.: Hurley, J.; and distribution of the proteins on their surface and for their

Tollin, G. Photosynthesis: from Light to Biosphehdathis, P., Ed.; Kluwer activity using Atomic Force Microscopy (AFM) and Cyclic
Academic Publishers: Dordrecht, The Netherlands, 1995; Vol. Il, pp-627
632. (16) Arnold, F. H.; Haymore, B. LSciencel991, 252 1796-1797.
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Figure 2. Schematic depiction of FNR engineered mutants (double and single) immobilized through the interaction of-alisisaXstif () with
Cu?* chelated to a SAM-TOA-ANTA. Electrons from NADPH can be fed to the gold electrode either through soluble redox mediatodized,
M reduced) (a) or through covalently attached om@s(b).

Voltammetry (CV). Mixed SAMSs of nitrilotriacetic-Cdr and Anal. (Ci7H2eN20-Fe) Calcd: C, 58.95; H, 7.51; N, 8.09. Found: C,
ferrocene were used to investigate how the orientation of the 58.92; H, 7.58; N, 8.09.

enzyme on the SAM modulates the wiring of its active site to  Synthesis of N-(5-Amino-1-carboxypentyl)iminodiacetic Acid
redox groups on the monolayer. (ANTA). The compound bN-(CH,)s-CH(COOH)N(CHCOOH), was
synthesized fronN®-benzyloxycarbonyl-lysine (Sigma) as described
by Hochuli et al*® The product was stored under nitrogéhIMR
spectrum (RO) 1.22-1.79 (6H, m), 2.64 (2H, tJ = 6.70 Hz), 3.05
(4H, d; J = 3.81 Hz), 3.28-3.33 ppm (1H, m)m/z 262 (M"). Anal.

were polished and cleaned and their effective areas (typically 038 cm E:C:msl_l'l;’\,lﬁ_'o%%?lﬁld'lzcélsé'l;é g 7.83; N, 12.17; O, 27.83. Found:
determined from chronocoulometric Anson plots with ferricyanide as —* =777 "7 7T 7 ST e TR ) o

previously describedl.Glass supports (1.k 1.1 cm) covered with Synthesis of SAM-TOA modified with Nitrilotriacetic-Cu 2.
evaporated gold layers (0-D.3 um) deposited over a chromium Amidation of _NHS—esters 01_‘ SAM-TOA was effected overnight in a
adhesion layer (34 nm) (Metallhandel Sctiey GmbH) were used for ~ 0:15 M solution of ANTA in DMF/HO (2:1), followed by DMF
AFM; they were cleaned with piranha solution following the method Washing (SAM-TOA-ANTA). Alternatively, mixtures of ANTA and
and warnings described by Bain etHlfollowed by 2 min of annealing ~ €thanolamine (EA; Aldrich) were used to prepare electrodes in which
in a gas flame. After the cleaning treatment, the gold surfaces were the ANTA ligands were diluted with shorter hydroxy-ending molecules
covered with a monolayer of dithioctic acid (TOA; Sigma) and subjected (SAM-TOA-[ANTA-EA]). The last step consisted of dipping the

Experimental Section

Gold-Supports Preparation. Polycrystalline gold wire electrodes

immediately to carboxylic activation witN-hydroxysuccinimide (NHS; ~ modified electrode in a 40 mM CuS@ater solution at pH 5.5 (acetate

Sigma) as describet. buffer 50 mM) for 1 h. All electrode preparations were run in duplicate.
Synthesis of 1-N-(methylferrocenyl)amino]-8-amino-3,6-dioxa- All solutions were prepared with Millipore (Milli-Q plus) water (18.2

octane. This molecule (DADOOFc) was synthesized with a variation M€ cm).

of the method described by Schuhmann €€ &errocenecarboxalde- Synthesis of SAM-TOA-[ANTA-DADOOF<c]. In a similar way,

hyde (250 mg; Sigma) dissolved in 20 mL of methanol was added to mixtures of ANTA and DADOOFc were used to prepare electrodes in
a solution of 1,8-diamino-3,6-dioxaoctane (DADOO; Merck) (0.68 mL) which the redox mediator was covalently bound to the SAM-TOA.

in 30 mL of anhydrous methanol d A molecular sieve, at room Detection of SAMs. Control electrodes were used for SAM
temperature. Then, an excess of sodium borohydride (146 mg) in water e\ ajyation with cyclic voltammetry in 0.5 M KOH in the potential range
was dropped into the solution, and the reaction mixture was stirred g 15 —1.1 V. The presence of a reductive wave—t.0 V was taken
overnight. The solvent mixture was rotavaporated to dryness and the 55 eyidence for the existence of a thiol SAM. From the peak charge

residue was dissolved in water, pH adjusted to 10 with potassium e g rface coverage by sulfur atoms was estimated, assuming a value
carbonate, extracted with ethyl ether, dried with anhydrous sodium ¢ oo alectron per sulfur atof
sulfate, filtered, concentrated, and eluted through a silica gel column . o .

. : : : Preparation and Characterization of the FNR Mutants. Single
employing trichloromethane as mobile phase. Yield 68%dNMR (250 (T119IF—)| FNR-I) and double (K290H/K294H, FNR-Il) mutants gof the
MHz) 6 1.8 pm (s, 3H), 2.77 (t, 4H), 3.42 (m, 4H), 3.52 (m, 6H), 4.03 : A '

(t, 2H), 4.07 (s, 5H), 4.13 ppm (t, 2Hz 346 (M" 44), 199 (100). enzyme ferredoxin:NADPreductase fronrAnabaena®CC 7119 were

(17) Bain, C. D.; Evall, J.; Whitesides, G. M. Am. Chem. S0d.989 (19) Hochuli, E.; Ddeli, H.; Schacher, AJ. Chromatogr.1987 411,
111, 7155-7164. 177-184.
(18) Schuhmann, W.; Ohara, T. J.; Schmidt, H.-L.; Heller,JAAm. (20) Walczak, M. M.; Popenoe, D. D.; Deinhammer, R. S.; Lamp, B.

Chem. Soc1991 113 1394-1397. D.; Chung, C.; Porter, M. CLangmuir1991, 7, 2687-2693.
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generated by introducing mutations in the gene of the enzyme'+NR
by site-directed mutagenesis using the method described by Deng and
Nickoloff.?* Mutations did not alter chromatographic properties during 0k
FNR purification, so mutant proteins were purified in essentially the
same way as recombinant wild-type FNfRKinetic and spectral
properties of mutant proteins indicated no major structural modification
with respect to the native protein.

The ability of mutant proteins to bind metal ions was determined
by immobilized metal ion affinity chromatography (IMAG),using
iminodiacetic acid (IDA)-agaro$gpre-packed columns from Sigma.
The columns were filled with Gt or Ni2* ions by loading five volumes
of 20 mM CuSQ or Ni(NOs), solutions, respectively. Columns were
equilibrated with 20 mM sodium phosphatieM NaCl, pH 7. Purified
proteins were dialyzed against the standard buffer (20 mM sodium 1.0
phosphatel M NacCl, pH 7) prior to being poured into the columns. ?
Weakly bound proteins were eluted by a pH change with 20 mM sodium
acetatel M NaCl, pH 5.5, while strongly bound proteins were eluted
with 30 mM imidazole in 20 mM sodium phosphateM NacCl, pH 7. 0'4 0.2
All chromatography experiments were performed atGl Mutants ’ ’
K290H/K294H and T119H strongly bound &ulDA-agarose columns. Potential (V vs Ag/AgCl)
Mutant Il strongly bound to Ni* columns while mutant | binding was
weaker, suggesting that metal ion binding sites introduced in mutant
Il is stronger than the one formed in mutant I. This is in agreement
with previous reports that the metal binding affinity toward imidazol
follows the order Cu(ll)> Ni(ll) > Zn(ll) > Co(ll).>**Wild-type FNR

Current (pA)
o
wh

fan N 8

Figure 3. Cyclic voltammograms of 2@M ferrocenemethanol on a
gold electrode, before and after the addition of 2 mM NADPH, in the
presence of catalytic amounts (ZOM) of (a, solid line) FNR-II
mutant, (b, dotted line) FNR wild type, (c, dashed line) FNR-I mutant,
was retained neither in @t nor in Ni2* columns. and (d, solid line) FNR-II in the absence of substrate. Scan rate 10

Enzymatic Assays and Protein MeasurementsThe diaphorase mV s71. Conditions: 50 mM phosphate buffer plus 0.15 M KC, pH
activity of soluble FNR (wild-type enzyme and mutants) was assayed "~
spectrophotometrically at 28C with 0.035 mM 2,6-dichlorophenol-
indophenol (DCPIP; Sigma) as electron acceptor and 0.12 mM NADPH
(Sigma) as electron donor in 50 mM phosphate buffer, pH4This
assay was also used to estimate the amount of protein immobilized on ‘
_the electrodes after desorption of the protein with 100 mM |m|_da_zole ENR + NADPH PREN ENR—NADPH (1)
in 50 mM phosphate buffer, pH 7.5, followed by 2.5 times dilution kg
with imidazole-free buffer containing 0.25 mM NADPH, 0.058 mM
DCPIP. Control experiments showed that 40 mM imidazole did not Ky
inhibit FNR activity under the assay conditions. Diaphorase activity FNR-NADPH + H" — FNRH, + NADP" (2)
was also assayed electrochemically with ferrocenemetiRaAokibod-
ies raised against FNR were used for independent measurements of

methanol (FM,)?°> according to the following sequence of
reactions:

electrode-immobilized protein in a conventional ELISA immuno- FNRH, + 2FMOX—k3> FNR+ 2FM, 4+ 2H" 3
competition assa$f.
Apparatus. Cyclic voltammetry and X-ray Photoelectron Spectros-  The first step consists of the reversible binding of the enzyme

copy (XPS) data were obtained as previously descfiligldctrochemi-

cal meaurements were carried out using an Ag/AGCM NaCl to the NADPH substrate forming the transient complex FNR

reference electrode. All potentials are reported with respect to this EQBPH (gq ELI')H Whlchh a||(:jWS tze transfer of th? hydr:'delto the
reference electrode. Copper content in solutions was determined with (eq 2). Then, the reduced enzyme transfers the e gctrons
an Atomic Emission Inductively Coupled Plasma (AES-ICP) spectro- 10 the FMy generated at the surface of the electrode during the

photometer, Optima 3300 DV (Perkin-Elmer). AFM was carried out anodic scan in a cyclic voltammogram, two GMnolecules
with a Nanoscope Ill Microscope (Digital Instruments) in the tapping being required to regenerate the initial oxidized form of FNR.

mode in solution. The electrochemical responses of ferrocenemethanol on a gold
electrode, before and after the addition of NADPH, in the
Results presence of catalytic amounts of the double mutant are shown

in Figure 3a. The increase of the anodic current until reaching
a plateau and the disappearance of the reduction peak on the
voltammogram of ferrocenemethanol after the addition of
NADPH are the two most noticeable features. The cathodic scan
almost retraces the anodic one, indicating, first, that the catalytic
reduction of FMy is faster than the diffusion of ferrocenemetha-
nol to the electrode and, second, that the consumption of

Electrochemical Analysis of the Two Mutant Proteins in
Solution. The FNR has, besides the genuine ferredoxin-NADP
oxidoreductase activity, the capability of catalyzing the oxidation
of NADPH with artificial electron acceptors (diaphorase activ-
ity).24 Our previous work showed that FNR also catalyzes the
oxidation of NADPH with the oxidized form of ferrocene-

(21) Deng, W. P.; Nickoloff, J. AAnal. Biochem1992 200, 81—88. NADPH within the diffusion layer is negligible. Comparable
so L Dporath, J.; Carlsson, J.; Olsson, J.; Belitage@ure 1975 258, Cvs are obtained with the wild-tyeand the single mutant
(23) (a) Porath, J.; Olin, BBiochemistryl983 22, 1621-1630. (b) Todd, ~ (Figure 3, traces b and c, respectively). _
R.; Van Dam, M. E.; Casimiro, D.; Haymore, B. L.; Arnold, F. Proteins The kinetic constants of the two mutants in solution, at pH
%29411,7110,51157&161- (c) Sundberg, R. J.; Martin, R. Bhem. Re. 1974 7.5, were extracted from cyclic voltammograms with different
’(24) Koike, M.: Hayakawa, TMethods Enzymoll97Q 18, 298-307. concgntratlons of sybstrates, according to the methodology
(25) Madoz, J.; Fefiralez-Recio, J.; Quez-Moreno, C.; Fefmalez, V. described by Bourdillon et &f. The ferrocenemethanol con-
M. Bioelectrochem. Bioenerd-998 47, 179-183. centration ranged from 1.2% 107 to 104 M and that of
(26) (a) Engvall, EMethods Enzymol.98Q 70,419-439. (b) O’Kennedy,
R.; Byrne, M.; O’'Fagain, C.; Bern$;. Biochem. Educl990, 18, 136— (27) Bourdillon, C.; Demaille, C.; Gueris, J.; Moiroux, J.; Sang J.-

140. M. J. Am. Chem. S0d.993 115 12264-12269.
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Table 1. Calculated Rate Constants for NADPH Oxidation their diaphorase activity with NADPH as electron donor and
enzyme ks (M~1s7) ke (s7Y) Keea (M1 570) ferricinum methanol as electron acceptor. Figure 5 shows a
- - cyclic voltammogram of ferrocenemethanol using SAM-TOA-

- in solutton ANTA-CU2* gold electrodes which, prior to insertion in th
native FNR (7.0:1.4)x 106 430490 (1.5+0.7)x 10¢ gola electrodes which, prior to insertion in the
FNR K290H/K294H (6.2 1.5)x 10F 410+ 70  (1.8+ 0.4) x 10° electrochemical cell, were incubated in 50 mM phosphate buffer
FNR T119H (6.2+0.4)x 10° 400+ 160 (1.7+0.3)x 10* solutions containing 5 mM imidazole and respectively AM

electrode of (a) wild-type FNR, (b) FNR-II mutant, and (c) FNR-I mutant.
FNR K290H/K294H (6.8 0.5)x 10 420+ 60 (1.9+ 0.6) x 10 Only the electrodes incubated in the presence of the genetically
FNR T119H (4.8£0.9)x 10° 240+ 100 (0.9+0.4)x 10¢ modified proteins gave an electrochemical response in the

presence of the substrate NADPH.

The activity of the electrode-bound enzyme was also meas-
NADPH from 5 x 104 to 5 x 1073 M. The enzyme ured spectrophotometrically monitoring the color changes
concentration was maintained constant throughout all experi- @&companying DCPIP reduction with NADPH as electron
ments at 107 M. The values of rate constants, ks, andk.eq donor?® Electrodes incubated in the presence of mutated enzyme
= kiko/(k_1 + ky) calculated for the wild-type enzyme and for and introduced in a cuvette with magnetic stirring produced a
the two mutants are given in Table?dlt can be observed that decrease in the absorption at 600 nm, whereas the electrode
the introduction of the histidine pairs in these two different Previously incubated in the presence of the wild-type protein
a-helices of native FNR does not change the catalytic parametersdid not produce any changes in the absorption at this wavelength
of the soluble form of the enzyme. (data not shown).

Stepwise Construction of the Nitrilotriacetic-Functional- The amount of enzyme bound to the electrode surface was
ized SAM. The starting monolayer used in these studies is a calculated from activity measurements after desorption with 100
TOA-SAM with an estimated surface coverage near the mono- MM imidazole. The solubilized protein was also measured by
layer, (7.54 0.6) x 10719 mol cnt2, that has been shown to  an ELISA assay and the measurements gave consistent values
have the required stability and permeability to electrochemical with the amount of protein inferred from enzymatic activity
probes® The carboxy terminal groups in the monolayer were (Table 3).
activated by esterification witN-hydroxysuccinimide in diox- Dependence of the Protein Binding on the Composition
ane, to facilitate the covalent link of ANTA through the free of the Monolayer. In their work on the optimization of biotin-
amine groups. The reductive desorption wave of the monolayer functionalized monolayers for avidin adsorption, Spinke &t al.
modified with nitrilotriacetic acid had a charge that corresponds found that the best results were obtained by dilution of the
to a thiolate surface coverage of (220.6) x 1071 mol cni? biotinylated chain with shorter hydroxythiols. Consequently,
(n=5), which implies that the further modification of the TOA ANTA was diluted with variable amounts of EA for the coupling
monolayer did not significantly affect the gold thiol coverage. reaction with the activated carboxylic SAM. We have used

In the present work we have used two differently charged different dilutions of ANTA with EA, at the second step of
electrochemical probes to ascertain the incorporation of Cu(ll) monolayer construction, to study the influence of this dilution
to the NTA groups on the SAM-TOA-ANTA. The response of effect on the FNR mutants binding. If we assume a similar
the electrode to different electrochemical probes provides reactivity of EA and ANTA toward hydroxysuccinimide esters
information on the degree of ionization of the exposed functional of thiocarboxylic monolayer, then the molar fraction of nitrilo-
groups of the monolayer. At pH 5.5 a full suppression of the triacetic in the monolayei{g) corresponds to the molar fraction
response to ferricyanide of TOA covered electrodes was of ANTA present in the reaction with succinimide esters.
observed (see Supporting Information, Figure Sla), and also with Dilution of ANTA with the shorter hydrophilic chain, EA,
SAM-TOA-ANTA coverage (Figure Slb). Soaking the SAM-  produces a large increase of the bound protein reaching a plateau
TOA-ANTA electrode durig 1 h in a 40 mMCuSQ, water atXg = 0.2 (Table 4). Spinke et &%.observed a similar effect
solution at pH 5.5 partially restored the response to ferricyanide of surface-biotin dilution on the adsorption of streptavidin
(Figure Slc) which is indicative of a neutralization of carbox- molecules and explained it as being due to steric hindrance in
ylates by metal chelation. the undiluted biotin layer. A similar explanation could apply to

The presence of Cul in the monolayers was confirmed by our case. The larger value && at which maximum protein
XPS and was quantified by atomic emission spectroscopy (AES- adsorption is observed would be due to the lower size of the
ICP). XPS analysis of the SAM-TOA-ANTA-Ct monolayer FNR molecules as compared with streptavidin.
indicated the presence of S, C, N, O, and Cu, besides Au (Table Binding Specificity. To confirm that the binding was due to
2). No other element was detected. The atomic ratios found werethe formation of a complex between the chelate and the two
0.46 for Cu/N and 0.85 for S/N. The amount of<Ciions bound histidines introduced in the protein, the electrodes were incu-
to the monolayer was also estimated by AES-ICP after reductive bated in the presence of 100 mM imidazole for 30 min (Figure
desorption of the monolayer in alkali (10 min atl.2 V vs 6b). This analogue of the histidine residue was capable of
Ag/AgClin 0.5 M KOH), and was 2.8 1071°mol cnm2. The reversibly displacing the proteins from the electrode surface.
copper recovered from the electrode indicates that more thanOther proofs of the specificity of the binding domain were that
80% of the dithioctic chains have been complexed t8'Cu  the absence of Cti in the monolayer prevented the binding of
Taken together, the results described above support the structuréne mutant proteins to the electrode (Figure 6c), and that addition
proposed for the SAM-TOA-ANTA-CAI in Figure 4. of 100 mM ethylenediaminetetraacetic acid (EDTA) for 30 min

Enzyme-Modified Electrode.Evidence of the binding of the  prompted the desorption of the protein, as indicated by CV
mutant proteins to the electrode was obtained by analysis of experiments (Figure 7b).

(28) Slightly higher values d& andk, previously reported in ref 25 for Electrochemical Characterization of the Two Enzymatic

the wild-type FNR were obtained with a different batch of enzyme. The Electrodes. The kinetic constants of the single and double
experiments reported in the present work were done with samples of wild-
type and mutant enzymes prepared at the same time and stored under similar (29) Spinke, J.; Liley, M.; Schmitt, F. J.; Guder, H. J.; Angermaier, L.;
conditions. Knoll, W. J. Chem. Phys1993,99, 7012-7019.

an = 8 measurements for every set of experiments.
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Table 2. XPS Analysis of the SAM-TOA-ANTA-C%" Monolayer Indicated the Presence of S, C, N, O, and Cu, besides Au

SAM structure Audip, Cls N1s Ols S2p Cugp Cu/N SIN
SAM- TOA-ANTA 284.9 531.8
83.8 400.7 161.8
286.5 533.0
288.¢
SAM-TOA-ANTA-Cu?* 284.9 531.5
83.8 400.3 162.8 934.2 0.46 0.48
286.5 532.3
288.4

2 The atomic ratios found, 0.46 for Cu/N and 0.85 for S/N, were consistent with the proposed structure of the monolayer in Figure 4. The
assigned atomic species were the following (designated by superscript numi®rs(1) Au; (2) C-C; (3) C—N; (4) C=0; (5) —CN; (6) C—OH;
(7) C=0; (8) $; (9) Cu.

O. O.
. . 2

Ay
fffffff

Au

Figure 4. Proposed structure of a monolayer containing TOA-[ANTA:EARCuhains. Alternatively, mixtures of ANTA and aminoferrocene
were used to prepare electrodes in which the redox mediator was covalently bound to the SAM-TOA.

1 Table 3. Calculated Amount of the Coverage of the Two Protein
Mutants Per Unit Geometric Area of the Modified Electrodes

enzyme Te (mol x cm™?) n

FNR K290H/K294H (4.4:0.7)x 10712 10
FNR T119H (7.6 1.5)x 10712 10

Table 4. Estimated Amount of Protein Bound to the Modified
Electrode as a Function of the Mole Fraction of ANTA in the
Monolayer Synthesis, Obtained from a FNR Diaphorase Activity
Assay (see Experimental Sectién)

Current (uA)

X amount of protein (ng) T2 x 10'2(mol cnm2)

1 132+ 12 4.6+ 0.4
0.2 1444+ 15 5.0+ 0.5
0.11 109+ 12 3.8+ 0.4
0.03 26.3£ 3.5 0.9+ 0.1
0.01 5.3+ 0.3 0.2+ 0.0
-3 L . L . L . 0 (control) 0 0

06 04 02 0 02 aNote that XB does not necessarily represent the mole fraction of

Potential (V vs Ag/AgCl) nitroltriacetic groups in the monolayer.

Figure 5. Cyclic voltammogram of ferrocenemethanol using SAM-

TOA-ANTA-F:u2+ gold electrodes which, prior to insertion in the  gquare root of the scan rate up to 10 V4sthe anodic-to-
electrochemical cell, were incubated in 50 mM phosphate buffer cathodic peak potential separation remains equal to 60 mV up
solutions containing 5 mM imidazole and 14 of (a)_natlve FNR, _to 1 V s, and both peaks have similar currents. The
(t_)) FNR-1I mutant, and (c) FNR-I mutant. Other conditions were as in het lectron-t f t t for f )
Figure 3. eterogeneous electron-transfer rate cons dqjsfor ferro
cenemethanol measured with SAM-TOA-ANTA-Cuelec-
mutants immobilized on SAM-TOA-ANTA-CY gold elec- trodes after incubation in solutions of FNR-I or FNR-II were
trodes were also measured by cyclic voltammetry, according "eSpectively 0.04t 0.01 f = 6) and 0.05+ 0.01( = 6) cm
to the method developed by Bourdillon et'&Previous to the st
characterization of the system, it is necessary to check that the For the electrocatalytic activity measurements of the FNR
binding of the enzyme does not affect the reversibility of the electrodes, ferrocenemethanol concentration was fixed @10
mediator on the SAM-modified electrode. In the absence of the (there is no need in this method to vary the mediator concentra-
NADPH substrate, at pH 7.5 (0.15 M ionic strength), the tion'3) and that of NADPH ranged from 2.& 104 to 5 x
mediator FM gives rise to a one-electron (chemically and 10~3 M. The maximum value ol‘g (total amount of enzyme
electrochemically) reversible cyclic voltammetric wave (not present on the electrode surface) was determined to beH1.1
shown). The anodic peak current remains proportional to the 0.5) x 10-12 mol with the 0.5 mm diameter gold wire electrodes
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Figure 6. Cyclic voltammetry measurements of the enzymatic activity
of SAM-TOA-ANTA-Cu?* electrodes incubated in (a) a 1/M
solution of FNR-II mutant (control experiment), (b) a solution of FNR-
Il mutant but in the presence of 100 mM imidazole, and (c) a solution
of FNR-Il mutant in the absence of €uin the monolayer. Other
experimental conditions were as in Figure 3.

-1.0F

Current (UA)

0.2 0
Potential (V vs Ag/AgCl)
Figure 7. Cyclic voltammogram of 2@M ferrocenemethanol in the
presence of 2.5 mM NADPH measured with a SAM-TOA-ANTAZCu
electrode incubated in mutant FNR-II solution (a) and 30 min after the

addition of 100 mM EDTA (b). Dashed lines give the CV in the absence
of NADPH. Other experimental conditions were as in Figure 3.

we used for the CV experiments, that is, (4:40.7) x 10712
mol cnT2 (Table 3) per unit geometric area. Figure 8 shows

Madorp@Ee et al.

0.5}
ok
= -05F
5 no NADPH
E‘ NADPH 0.25 mM
O NADPH 0.50 mM
10k NADPH 1.0 mM
NADPH 2.0 mM
a5k NADPH 5.0 mM
0.6 04 0.2 0 0.2
Potential (V)

Figure 8. Cyclic voltammograms of 2QuM ferrocenemethanol
obtained with a SAM-TOA-[ANTA-EA, 1:4]-C&" modified electrode,
run in different NADPH concentrations (from 0 t0x51072 M). Other
experimental conditions were as in Figure 3.

5
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Figure 9. Cyclic voltammogram in 50 mM phosphate buffer (pH 7.5,
0.1 M KCI) of gold electrode covered with SAM-TOA-DADOOFc
(solid line). The dashed line gives a CV of DADOOFc in solution (1.0
M). The scan rate was 0.1 Vs The inset shows the linear correlation
between the peak current and the scan rate of immobilized DADOOFc.

investigated the electrocatalytic NADPH oxidation mediated by
ferrocene covalently bound in a mixed SAM-TOA-[ANTA-
DADOOFc, 1:10].

First of all, we investigated the electrochemical behavior of
a SAM-TOA-DADOOFc (Figure 9, solid line). The nearly
symmetric CV is suggestive of species immobilized on a
monolayer? The peak current densitigg,andj., had the same

typical voltammograms of the catalytic reactions ocurring when value and increased linearly with the scan rate (inset of Figure

NADPH is added into the bulk solutions where the enzymatic
electrodes are placed. We checked that the magnitudg;;of

9). A surface concentration of 2.5 1071° mol cm2 for the
immobilized ferrocene was determined from the charge of the

was independent of the scan rate, as predicted by Bourdillon etCV peaks, assuming a one-electron reduction. This coverage

all3 The values of rate constanks, ks, andk.eq for the two

agrees quite well with that reported by Rowe and Credder

enzymatic electrodes are also given in Table 1. Figures S2 SAMs of the single thiol Fc-6SH. The redox potential of the
and S3 (see Supporting Information) show examples of the One-electron oxidation of immobilized ferroceff€ = 375 mV)
plots used to calculate these constants for a series of experiWas significantly more positive than the oxidation potential of

ments.

Orientation of the FNR Molecules on the Electrode
Surface. As an indication of a different orientation of FNR
molecules, dependent on the binding motif position, we

ferrocene in solutiofE® = 278 mV) (Figure 9), in agreement
with previous report§3! AE, observed was 10 mV and the

(30) Abruta, H. D.Coord. Chem. Re 1988 86, 135-189.
(31) Rowe, G. K.; Creager, S. Eangmuir1994 10, 1186-1192.
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Figure 10. Electrochemical behavior of electrodes of SAM-TOA-
[ANTA-DADOOFc, 1:10]-C¢". (la) CV of the electrode incubated
with FNR-II mutant in the presence of 1 mM NADPH without soluble
mediator. (Ib) As above, recorded after the addition of ferrocenemetha-
nol, final concentration 5QM. (2a) CV of an electrode incubated with
FNR-I mutant in the absence of soluble redox mediator, NADPH 1
mM. (2b) CV of the same electrode after addition of ferrocenemethanol,
50 uM. Dashed lines show the cyclic voltammograms of the SAM-
TOA-[ANTA-DADOOFc, 1:10]-Ci* electrodes prior to NADPH  Figure 11. Surface topography of a SAM-TOA-ANTA-Ctimodified
addition. Scan rate 10 mV'5 The supporting electrolyte was 50 MM glectrode: (a) incubated with FNR-II protein; (b) incubated with FNR-I
phosphate buffer with 50 mM NaClOpH 7. protein; and (c) incubated in buffer solution. The white arrows indicate
the direction of protein alignment. The insets show the height profile
width of the peak at half-height was 94 mV, close to the of the white lines indicated in the pictures. In all three cases the height
theoretical value of 90.6/mV (n = 1) expected for an ideally ~ and length of the insets are 2 and 50 nm, respectively.
reversible process of immobilized species on a monolayer.

Electrodes covered with SAM-TOA-[ANTA:DADOOFc, separation of the rows is 10 nm, the percentage of electrode
1:10]-C** were incubated with FNR-I or FNR-II mutants and surface covered by protein measured directly from the images
analyzed for catalytic activity after NADPH addition (Figure is 60%, which corresponds quite well with the expected covered
10). The electrode with mutant FNR-II showed catalytic activity area calculated from the surface projection of the amount of
in the presence of NADPH, whereas the electrode with FNR-I protein measured using other techniques (Table 3). The surface
only showed catalytic activity after addition of NADPH plus of the electrode incubated in mutant FNR-I (Figure 11b)
soluble ferrocenemethanol. These results indicate that the FNR-Ipresented a different structure, since although also fully covered
enzyme on the electrode, although catalytically active, was with a protein layer, the individual protein molecules were more
unable to establish electrical communication with the gold closely packed and presented short range order only. The
substrate. On the contrary, the mutant FNR-Il was wired to the distance between the protein rows wasédnm, which is close
gold substrate through ferrocene molecules in the monolayer.to the width of the individual protein molecules. The low

Structural Characterization of the FNR Electrodes. Analy- contrast of the images is therefore due to the tightness of the
sis of the surface of the modified electrode with scanning force protein array, which does not allow the microscope tip to
microscopy provided information about the coverage and penetrate between rows. This denser appearance of the protein
disposition of the enzyme molecules on the electrode surface.monolayer is in accordance with the other experimental results
After incubation with a solution of mutant FNR-II, the surface that show that this mutant yields 1.7 times more protein per
is fully covered by an ordered array of proteins (Figure 11a). unit electrode area than the mutant FNR-IIl. At least three
The width of the protein rows corresponds to the expected 5 electrodes with each of the mutants were analyzed with different
nm width'© of the individual protein molecules oriented with microscope tips, and the described difference in protein ar-
their long axis parallel to the substrate. Considering that the rangement was observed in all of them. For the sake of
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comparison, Figure 11c shows the appearance of the goldbetween neighbor protein molecules on the electrode surface
surface modified with SAM-TOA-ANTA-C#d'. was also affected by the mutation position. After immobilization

. . FNR-II must have the positively charged ferredoxin binding site
Discussion oriented toward the gold surface, while the membrane-binding

The increasing number of available Crystallographic structures hydrophobic pocket is exposed to the solu#idmn the Contrary’

of proteins is a source of inspiration for the design of proteins FNR-| should have both interaction sites exposed when bound
with novel functions. For example, the knowledge that metal tg the electrode. This could explain the tendency of FNR-II to
ions play important roles in the function and stability of protein ajign in equally spaced rows favored by the interaction of the
structures has prompted the synthesis ex novo by site-directethydrophobic regions of two adjacent molecules, whereas in the
mutagenesis of metal binding sites, either to mimic the geometry ENR-| the more complex interactions prevent them from
and Cataiytic features of natural sites or to endow the proteins Organizing in structures Showing |0ng_range order.

with new specific propertie¥: Several studies by Arnold have e also explored the effect of the oriented immobilization
evidenced the usefulness of this approach for the stabilizationon the kinetic constants of the enzyme reaction. The analysis
or purification of engineered proteiA%¥ The simplest metal-  of the catalytic parameters shown in Table 1 indicates that,

binding sites are those in which two amino acids with metal- within experimental error, the immobilization does not affect
complexing capabilities, mainly histidine residues, are provided the performance of either mutant | or I, and that all the

by the protein. In the present work sites of this kind, formed molecules immobilized on the SAM covered gold electrode are
by His-X5-His,'633 have been created in solvent-accessible gctive.

a-helices of the enzyme FNR. The FNR-Il mutant was the result  Fyrther proof that the position of the histidine residues in

of the replacement of lysine residues 290 and 294 by histidines. the protein affects the orientation of the protein relative to the
In the other mutant protein used in the present work only one go|d substrate was obtained from the results of experiments in
residue, threonine 119, was replaced by a histidine thus formingwhich the redox mediator ferrocene was covalently incorporated
the binding site together with the genuine histidine 123 of the jntg the SAM34 The orientation of the mutant ENR-II, with
native pl’Otein. The mildness of the mutation introduced in the the p|ane of its isoalloxazine ring perpendicu|ar with respect to
a-helices of the enzyme FNR is confirmed by the analysis of the electrode surface, was shown to be appropriate for establish-
the kinetic behavior of the mutants. Table 1 shows that the |ng direct electrical contact between the FAD ring and the
values of the rate constantgeq k2 andks, of the two mutants  ferrocene in the monolayer, since electrocatalytic activity was
remain basically unchanged as compared with the rate constantgpserved in the presence of the enzyme substrate (NADPH).
calculated for the wild-type enzyme, allowing us to conclude On the contrary, the mutant FNR-I with an orientation of the
that the introduction of binding sites in the native structure of ring para"el to the SAM Surface’ and therefore further away
FNR has not changed the catalytic parameters of the enzymefrom the attached ferrocene, did not show catalytic activity under
at all. the same conditions. However, both electrodes displayed similar
It was our aim to investigate if these two Sti'UCtUraiiy identical, Ca’[a|ytic currents with soluble ferrocene, Suggesting that the
but differently located, metal binding sites could orient the |ower specific activity of the immobilized single mutant (Table
binding of the respective FNR on gold surfaces covered with 1) was compensated by a higher amount of protein per unit
SAMs of thiol terminated with nitrilotriacetic groups, which  area (Table 3). The experimental results reported here confirm
form tetravalent chelates with metal cations such &% Gour what we expected, that the distance between the prosthetic group

results indicate that both FNR mutant prOteinS bear aCCGSSibieand the electrode surface depends on the location of the b|nd|ng
His-Xs-His sites that interact specifically with the two vacant motif on the protein surface.

sites of ANTA-C#" ligands. Therefore, the position of the

binding motif in the protein mutants should tune the orientation Conclusions

and distance of the redox center of the protein to the electrode We have shown that the b|nd|ng strategy presented here

surface. achieves the goals sought: the mutations introduced in the
All our experimental results are consistent with the interpreta- protein did not alter its kinetic behavior in solution but they

tion that the proteins are bound to the substrate only through determined its specific orientation on the surface of the electrode.

the two histidine residues introduced in ttaéhelices. The two Therefore' a genera| s[rategy app”cab]e to a |arge number of

mutants bind reversibly and specifically to gold surfaces covered proteins with known tertiary structure has been established. This

with SAM-TOA-ANTA-Cu?*, as is demonstrated by the fact strategy could find application in the design and building of

that, in the absence of either the metal in the monolayer or the three-dimensional structures such as redox multienzyme

binding motif on the protein, no binding was observed. The complexe$52in the preparation of micrometer-sized micro-

available crystallographic information predicts that once bound analytical minielectrodé8® and also in the preparation of

through the histidine metal binding motif, FNR-Il would have enzyme crystals, as it has been shown that different crystal

its longitudinal axis parallel to the substrate, whereas mutant groups can been obtained by introducing a tag at different

FNR-I would have its axis perpendicular to it. The projected positions of a protein envelofé.

area of the two proteins on the electrode surface differs by a
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