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Direct Electrochemistry of Cofactor Redox Sites in a ferredoxins, whereas only very slow electron transfer occurred
Bacterial Photosynthetic Reaction Center Protein for these proteins in solution with bare electro8é¥.

In this work, we report direct reversible voltammetry for the
Jilie Kong, Zhongging Lu, Yuri M. Lvov, photosynthetic RC from purple bacteriuiRhodobacter (Rb.)
Ruel Z. B. Desamero, Harry A. Frank,* and sphaeroideswild-type strain 2.4.1, incorporated into films of
James F. Rusling* dimyristoylphosphatidylcholine (DMPC) on graphite or indium

Department of Chemistry, Urersity of Connecticut, U-60 tin oxide electrodes, or sandwic_hed between poly_cation_layers
Storrs, Connecticut 06269-4060 N gold electrodes. RCs from wild-tygeb. sphaeroidestrain

) 2.4.1 were obtained with negligible amounts of quinonea®
Receied May 4, 1998 gescribed previouslyf:

Conversion of light into chemical energy in photosynthesis is DMPC—RC films were made by spreading 4Q of 0.005 M
initiated in the reaction center (RC) protein. In photosynthetic DMPC vesicles and 0.25 mg mERC in pH 8 TRIS buffer onto
bacteria, a series of one-electron steps occur in RC after basal plane pyrolytic graphite electrodes, and drying overnight
photoexcitation of the primary electron donor (P), a dimer of at 4°C in the dark. This procedure incorporates proteins within
bacteriochlorophylls (BChl). Electron acceptors include a bac- multiple lipid bilayers®
teriopheophytin (BPhe) and a quinoneJQ Herein we show Layered polycationRC films were grown on Au treated with
that redox centers P, BPhe, and @ an RC protein in layered  3-mercaptopropanesulfonic acid (MPS) to provide a negative
films of phospholipid or polycations exchange electrons reversibly syrfacet3a Au—MPS electrodes were immersed into 2 mgThL
with an underlying electrode. Midpoint potentials measured by polydimethyldiallylammonium chloride (PDDA, MW 90 000) or
direct voltammetry are in excellent agreement with values from poly(ethylenimine) (PEI, MW 70 000) to adsorb a polycation
mediated optical redox titrations (Table 1). This ability to achieve layer. Subsequently, electrodes were washed with water and
direc_t electron _exchan_ge_ with electrodes v_vithout mediators immersed into pH 8 buffer containing RC (0.2 mg ML+ 0.06%
provides for rapid monitoring of electrochemical properties of Triton X-100), and a layer of negative protein was adsorbed. After
bound cofactors using only tiny amounts of protein. washing, an outer polycation layer was added. Adsorption times

Direct voltammetry may be inhibited by protein surface were 30 min, and RC and outer polycation layers were grown in
denaturation, lack of electrical access to prosthetic groups, orthe dark at 4°C.
unfavorable orientation of proteins at electrodes. Thus, while  \ass and thickness of individual layers were estimated on dry
pigments, BChl and BPhe, isolated from the reaction center (RC) fjims with a quartz crystal microbalance, by growing layers on
protein displayed reversible voltammograms in soluficrtp our MPS—gold on a quartz resonator (9 MHz AT cut, USI, Jap&h).
knowledge, no direct voltammetry on the RC protein has been Average thicknesses were 0.5 nm for MPS, 0.7 nm for PDDA,
reported previously. . , 0.5 nm for PEI, 6.4+ 0.6 nm for RC in PDDA-RC—PDDA,

Various strategies can achieve direct electron exchange betweenyng 5,84 0.5 nm for RC in PEFRC—PDDA. Comparison with
electrodes and water-soluble proteln$. Studies of membrane  olecular dimensions of polyiotsand RC protein (13 7 x 4
proteins are rare, buflvoltammetry of ayoxidase in lipid films nm) confirmed formation of monolayers at each step. The
has been describé&!* We recently developed two film types  thickness of the RC layer suggests that the ellipsoidal protein
which facilitate direct voltammetry of proteins. In the first, a |ies on its side.
rr_lixtgre of lipid vesicles and p_rotei_n are _deposited onto a surface, Cyclic voltammograms (CVs) of polyierRC and DMPG-
yielding films ordered in multiple lipid bilayer$. In the second  pc fijms gave oxidatiorreduction peaks (Figure 1a) which were
method,zﬁgternate layers of polyions and proteins are grown on a e roqucible during 1 month of storage in buffer at°@.
surface’>** Both methods provided films which gave reversible e\ ersible, fast electron transfer in thin films is characterized in

electron transfer between electrodes and iron heme proteins orcy, by symmetric oxidatiorreduction peaks of equal height at
" Permanent address: Chemistry Department, Fudan University, Shanghain€arly the same potentitd. Midpoint potentials Er) are esti-
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Table 1. Comparison of Midpoint Potentials for RC Redox Couples
Em, P/P Em, Qa/Qa~ method/ Em, BPh/BPh

sample V vs NHE (ref) V vs NHE (ref) T,°C pH V vs NHE (ref)
RC/soln 0.505 (22) —0.05 (25) 22 ORT/8.0 +0.60) (4Y free in CHCl,
RC/soln 0.485 (23) 8 ORT/7.4
RC/LB film 0.414 (17) —0.064 (17) 22 ORT/8.0
RC/soln 0.453 (24) 20 ORT/8.0
RC/soln —0.045 (26) —196 ORT/7.0
Au—MPS-PDDA—RC—PDDA 0.455+ 0.005 —0.050+ 0.005 1 CV/8.0 —0.53+0.01
Au—MPS—-PDDA—RC—PDDA 0.458+ 0.005 —0.047+ 0.005 1 SW\WV/8.0 —0.52+ 0.01
Au—MPS—PEI-RC-PEI 0.462+ 0.005 —0.055+ 0.005 1 CV/8.0 —0.55+0.01
Au—MPS—PEI-RC—PEI 0.465+ 0.005 —0.049+ 0.005 1 SW\WV/8.0 —0.54+ 0.01
PG-DMPC/RC 0.475t 0.005 —0.045+ 0.005 1 SWV/8.0 —0.50+ 0.01

2 ORT = mediated optical redox titration. Data from present work from €\¢yclic voltammetry and SWV= square wave voltammetr§ Av
for 10—-100 mV s ¢ Av for 50—120 Hz and pulse height 5050 mV.< From CV on free pigment not bound to RC protein.
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Figure 1. Voltammetry in argon-saturated pH 8.0 TRIS buffer in the
dark at 1°C. (a) CV at 5 mV s*: (1) Au—MPS—PDDA-Triton X-100-
PDDA electrode; RC-free 0.06% Triton X-100 solution used to assemble
film, (2) bare Au electrode in 30M RC, (3) Au-MPS-PDDA—RC—
PDDA electrode in RC-free buffer. (b) Background-subtracted SWV in
the dark of Au-MPS—PEI-RC—PEI film in RC-free buffer; pulse height

25 mV and frequencies 75, 90, and 150 Hz. (Oxidation current in negative
direction; reduction current in positive direction.)

Square wave voltammetry (SWA?)s a potential pulsed method
with superior sensitivity and resolution to CV. Background-
subtracted SWV provided improved resolution of the RC cofactor
peaks (Figure 1b). Scans at-7550 Hz (pulse widths from 13
to 7 ms) showed that electron-transfer involving the three redox
couples remained reversible (i.e., fast) on a time scale-df07
ms.

Midpoint potentials from SWV and/or CV for the films agree
quite well with values from optical redox titrations (Table 1).
Results suggest the following peak assignmenty P P +
e; () Qa = Qa + €7; and (Il ) BPhe = BPhe+ €.

For the PDDA-RC—PDDA films, 8.4 x 1072 mol cnm2 RC
was estimated by QCM, compared to & 1102 mol cm 2 from
integration of CV peak | using Faraday’s law. For PIRC—

PEI films, 7.5x 1072 mol cn 2 was found by QCM, compared

(19) Kalman, L.; Gajda, T.; Sebban, P.; Maroti,Btochemistryl997, 36,
4489-4496.

(20) Osteryoung, J.; O'Dea, J. J. Hectroanalytical ChemistryBard, A.
J., Ed.; Marcel Dekker: New York, 1986; Vol. 14, pp 20808.
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Figure 2. UV—uvisible spectroelectrochemistry of ROMPC film on
transparent ITO electrode with electrolysis at 0.6 V vs NHE for (a) O
min, (b) 10 min, and (c) 20 min. Following this, electrolysis at 0.0 V for
10 and 20 min gave spectra identical to (b) and (c), respectively.

to 6.8 x 1072 mol cnmr2 by CV. These data show that nearly
all the RC in the polyion films communicates with the electrode.
RC—DMPC films on transparent indium-doped tin oxide (ITO)
electrodes were made with sufficiently large optical absorbance
to demonstrate reversible electrochemical interconversion between
P and P by spectroelectrochemistry. Figure 2 shows that the
intial spectrum of RC in this film is nearly identical to that in
solution, with relative peak intensities and wavelength maxima
agreeing well with those in aqueous dispersiinElectrolysis
at 0.6 V in a spectroelectrochemical cell converted the initial
spectrum of P to the spectrum of" Bn 20 min (Figure 2).
Following this experiment, electrolysis at 0.0 V for 20 min
converted the P spectrum back to the original P spectrum.
Results above show that redox states of electron-transfer
components in the membrane-bound RQRbf sphaeroidesan
be interconverted reversibly by direct, nonmediated voltammetry
in layered films of polycations or lipids. Midpoint potentials from
CV and SWV are in good agreement with those obtained by more
tedious, time-consuming optical redox titrations. Further, CV and
SWV show peaks for BPhe, for which redox titrations in RC have
not been reported to our knowledge. More generally, the methods
described should be applicable to many other membrane-bound
proteins.
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