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Abstract: An electrode surface is presented that enables the characterization of redox-active membrane
enzymes in a native-like environment. An ubiquinol oxidase from Escherichia coli, cytochrome bos (cbos),
has been co-immobilized into tethered bilayer lipid membranes (tBLMs). The tBLM is formed on gold surfaces
functionalized with cholesterol tethers which insert into the lower leaflet of the membrane. The planar
membrane architecture is formed by self-assembly of proteoliposomes, and its structure is characterized
by surface plasmon resonance (SPR), electrochemical impedance spectroscopy (EIS), and tapping-mode
atomic force microscopy (TM-AFM). The functionality of cbos is investigated by cyclic voltammetry (CV)
and is confirmed by the catalytic reduction of oxygen. Interfacial electron transfer to cbos is mediated by
the membrane-localized ubiquinol-8, the physiological electron donor of cbos. Enzyme coverages observed
with TM-AFM and CV coincide (2—8.5 fmol-cm~2), indicating that most—if not all—cbos on the surface is
catalytically active and thus retains its integrity during immobilization.

Introduction Indeed, many redox-active proteins are located in the mito-
chondrial, chloroplast, or plasma membrahés cytochrome

¢ has become an important test case for adapting electrode
surfaces to globular proteins, so too has cytochromeidases
(CcO) become an important test case for membrane prdfeifis.
Different strategies have been reported, each with their own
advantages and drawbacks, such as direct adsorption of detergent
solubilized protein on modified surfacé&s2° the incorporation

of CcO in supported membrar@sor hybrid bilayers#~17 and
attaching the membrane proteins to the surface followed by the

Since the first electrochemistry on a protein was reported
almost 30 years ago (cytochronm,2 much research has
focused on the preparation of “protein-friendly” electrode
surfaces. For cytochronealone, more than a hundred papers
have appeared that compare different electrode surfakésy
issue has been, and still is, to interface redox-active proteins
and enzymes to an electrode surface without changing their
structural integrity and functionality. A particularly powerful
metho_d has been to _|mmob|I|ze enzymes on the sur_face, reconstitution of the lipid bilayet®-12
removing the rate-limiting step of diffusion. Electrochemical o
studies of adsorbed enzymes allow an in-depth study of the Our aim is to develop an electrode surface that allows the
fundamental parameters that typify these enzymes, such agnvestlgatlon of a range of membrane proteins in a native(-like)
catalysis, inhibition, and electron flofv8
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in length and chemistry, similar phase separation is expected,
as is schematically shown in Figure 1. This will allow
phospholipids to enter both leaflets of the bilayer and provide
space for transmembrane proteins.

Here, we describe an innovation in which the tBLM system
is used to immobilize an ubiquinol oxidase, cytochrobwg
(cbos) from Escherichia colion an electrode surface. Lilkeg-
type cytochromec oxidases, bo; is a member of the heme-
copper oxidase famify—42 and is a redox-driven proton pump
that couples the reduction of water to the generation of proton-
motive force across the membrandcgis a four subunit protein
of 144 kDa that receives its electrons from the membrane

Tether component, ubiquinol-8. Here, we will show that tBLMs can
Figure 1. Chemical structures of 6-mercaptohexanol (spacer) and the SucceSSfu”y be formed from proteollpqsomes, ar?d thag s
cholesterol tether molecule used to form tBLMs. In the middle is a schematic CO-adsorbed on the surface in a functional and integral form.

representation of a tethered lipid bilayer formed on a mixed self-assembled
monolayer of tether and spacer molecules. Methods

[oI2189[0YD

S

b

AN

environment and is relatively easy to prepare using self-assembly Protein Purification and Reconstitution. Cytochromebos (Cbos)

mechanisms. To fulfill these aims, we have used the methodol-"/2S Purified as previously described from tecoli strain, GO105/
ogy of tethered bilayer lipid membranes (tBLM)12231 In pJRhisA, in which the His-tagged protein is overexpressaxkcept

. . . . . that the detergemt:-dodecylf-p-maltoside (DDM) was used throughout
tBLMs, the bilayer is attached to the surface via special chemical the purification (1% for solubilization of the membranes and 0.05%

anchors, which on one side are bound to the surface and on thgq, 5| subsequent steps in the purification). The purity of the sample
other side insert into a bilayer leaflet (Figure 1). For this purpose, was confirmed by SDSPAGE. The as-isolated protein had a Soret
lipid derivatives have been synthesized, which, via a hydrophilic peak at 409 nmsimilar to the 408 nm found previoughrand the
linker, are connected to a group that binds strongly to the protein concentration was estimated usifig nm= 188 mM* cm~1.42
surface. One such molecule we have synthesized and characterRrotein concentrations based on a Schaffiweissman assé&ywere
ized is the cholesterol derivative shown in Figure 1. The thiol about 30% higher than those based on the Soret bahd; @Was
group is separated from the cholesterol lipid via an ethyleneoxy "econsituted into vesicles of dh coli “polar” lipid extract (Avanti)
chain8-31 Importantly, to form a phospholipid bilayer instead as described by Carter et4dlLipid vesicles of about 100 nm diameter

of a monolayer of phospholipids on top of a monolayer of were prepared using a mini extruder (Avanti) to which octylglucoside

R . ... (OG) and protein were added (final concentrationst6 mg/mL lipid
cholesterol tethers, the cholesterol derivatives are mixed with ;= =" -\, 0G). Typically, 1% protein/lipid (wiw) was used. After

small spacer molecules (6-mprcapt9hexan9|). Self-assembleds_lo min incubation at £C, the lipid/protein mixture was rapidly

monolayers prepared from mixed thiol solutions are generally giluted (~100 times) with cold (4°C) buffer and centrifuged at

observed to form phase-separated domains on the nanoscaleLoo 00@ for 1 h tospin down the proteoliposomes. The resuspended
induced by differences in chain length3¢ or chemistry2’—3° proteoliposomes were used within 2 days. Protein yields after recon-

Since the two thiol compounds used here are very distinct, both stitution were determined with a SchaffréVeissman protein assay

and were between 40 and 50% of the starting material (for samples

(22) BB_rink, Gb Slggletltlsa Eg?Pzeéé?-; Sackmann,Biochim. Biophys. Acta: with 1 mass percent ratio). Depending on the amount of lipid lost during

lomemor.. — . . . . . .

(23) Bunjes, N.. Schmidt, E. K. Jonczyk, A.; Rippmann, F.. Beyer, D.; the preparation, this results in proteoliposomes witB.5% mgss
Ringsdorf, H.; Graber, P.; Knoll, W.; Naumann, Bangmuir 1997, 13, percent of bos. CD spectroscopy (Jasco J715 spectropolarimeter)
6188-6194. ; i i i ; T

(24) Krishna, G.; Schulte, J.; Cornell, B. A.; Pace, R.; Wieczorek, L.; Osman, confirmed that bos retalngd Its conformatlon during the recons.tltutlon
P. D.Langmuir2001, 17, 4858-4866. (see Supporting Information). All experiments were performed in buffer
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D. J.; Pace, R. J.; Wieczorek, Langmuir1998 14, 648—-659. . . . .

(26) Schiller, S. M.; Naumann, R.. Lovgjoy, K. Kaunz, H.; Knoll, Wngew. experlments, vesicles were prepared tha_t were treated identically to the
Chem., Int. Ed2003 42, 208-211. proteoliposomes, except thaba was omitted.

(27) Sinner, E. K.; Knoll, WCurr. Opin. Chem. Biol2001, 5, 705-711. ; e ; i

(28) williams, L. M.; Evans, S. D.; Flynn, T. M.; Marsh, A.; Knowles, P. F; Cytochro.me:) oxidase (€O) Was purlfleq and reconstltut(es(:ieas previ
Bushby, R. J.; Boden, N.angmuir1997, 13, 751-757. ously described from the. denitrificansstrain, AO1/pPDWT*>46Con-

(29) ';l/lelnkin;, é- .T(.)A..; BgdeDn: gl-:hBuﬁhby,l_li?: 3/ Evansé]S\.mD.; lérAOWb% P.F.; sequent handling of the proteoliposomes was identical to thataf ¢
15;55’121 5272535“286_ - Senonnerr, ., Vaneso, &.m. &hem. 5oc. Electrode Materials, Microscopy, and SpectroscopyGold sub-

(30) Jenkins, A. T. A.; Bushby, R. J.; Evans, S. D.; Knoll, W.; Offenhausser, strates for AFM, SPR, and electrochemical experiments were prepared

31) Ac'ﬂgrger\’(Si_I-D'Iézr&gewuirilz-ogislhsbfl;&f-lscolérkson S Evans s. . as described previousty. For the electrochemistry, 150 nm gold

Knowles, P. F.; Marsh, A.; Miles, R. ELangmuir1998 14, 839-844.

(32) Bain, C. D.; Whitesides, G. M. Am. Chem. Sod989 111, 7164-7175. (40) Carter, K.; Gennis, R. Bl. Biol. Chem.1985 260, 986—990.
(33) Chen, S,; Li, L.; Boozer, C. L.; Jiang, Bangmuir200Q 16, 9287-9293. (41) Rumbley, J. N.; Nickels, E. F.; Gennis, R. Biochim. Biophys. Acta:
(34) Shon, Y.-S,; Lee, S.; Perry, S. S.; Lee, TJRAM. Chem. So200Q 122, Protein Struct. Mol. Enzymoll997, 134Q 131—-142.
1278-1281. (42) Osborne, J. P.; Cosper, N. J.; Stalhandske, C. M. V.; Scott, R. A.; Alben,
(35) Folkers, J. P.; Laibinis, P. E.; Whitesides, G. M.; Deutcll, Phys. Chem. J. O.; Gennis, R. BBiochemistry1l999 38, 4526-4532.
1994 98, 563-571. (43) Abramson, J.; Riistama, S.; Larsson, G.; Jasaitis, A.; Svensson-Ek, N.;
(36) Tamada, K.; Hara, M.; Sasabe, H.; Knoll, Wangmuir1997, 13, 1558— Laakkonen, L.; Puustinen, A.; lwata, S.; WiksttpM. Nat. Struct. Biol.
1566. 200Q 7, 910-917.
(37) Chambers, R. C.; Inman, C. E.; Hutchison, L.&gmuir2005 21, 4615- (44) Schaffner, W.; Weissmann, @nal. Biochem1973 56, 502-514.
4621. (45) Riistama, S.; Laakkonen, L.; Wikstrg M.; Verkhovsky, M. I.; Puustinen,
(38) Smith, R. K.; Reed, S. M.; Lewis, P. A,; Monnell, J. D.; Clegg, R. S; A. Biochemistry1999 38, 10670-10677.
Kelly, K. F.; Bumm, L. A.; Hutchison, J. E.; Weiss, P. &.Phys. Chem. (46) Jasaitis, A.; Verkhovsky, M. I.; Morgan, J. E.; Verkhovskaya, M. L.;
B 2001, 105, 1119-1122. Wikstrom, M. Biochemistryl999 38, 2697-2706.
(39) Stranick, S. J.; Parikh, A. N.; Tao, Y. T.; Allara, D. L.; Weiss, PJS. (47) Jeuken, L. J. C.; Connell, S. D.; Nurnabi, M.; O'Reilly, J.; Henderson, P.
Phys. Chem1994 98, 7636-7646. J. F.; Evans, S. D.; Bushby, R. Jangmuir2005 21, 1481-1488.
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(Advent, 99.99%) was evaporated through a mask on a 10 nm chromium 2.0/

. ) ; o « Control .
adhesion layer on cleaned glass microscope slides (Deconex, sonication, 3 = - bilayer
methanol) with an Edwards Auto 306 evaporator<a& x 106 bar. L 15 ® +bilayer

. . . =
The mask consisted of a circular “electrode” area<@ mm) with a =
1 mm link for connection to the electrochemical equipment. The total § 1.04
area (circulart link) in contact with the electrolyte solutions is 0.25 5
=+ 0.03 cni. After evaporation, the electrodes were stored until used. E 0.5
Before usage, the slides were sonicated in DCM, rinsed with MeOH, 2
and dried under B Self-assembled monolayers (SAMs) were made by g o0/ g . . .
incubating the electrode slides forl6 h in a 2-propanol solution of o0 10 20 30 40

0.11 mM cholesterol tether and 0.89 mM 6-mercaptohexanol. The gold - Im. Admittance / o [uF cm™®]
slides were thoroughly rinsed with DCM and MeOH, dried with N
and used within a day. The surface ratio of the different thiols on the 20 c.b?g“ayer
surface was checked for each electrode with impedance spectroscopy, o +bilayer
assuming that the capacitance of a mixed SAM is equal to the summed
capacitance of the pure SAMs times the area occupied. This assumption
was previously checked and found to be correct with contact angle
measurementS.For the thiol mixture used, the surface area ratio was
typically found to be 50%/50% cholesterol tether/6-mercaptohexanol.
For the electrochemical experiments, a glass cell was used that
housed a calomel reference electrode, Pt counter electrode, and glass 0-%'0 10 20 30 240
slide with the gold electrode. The glass cell also housed a Clark-type ' ' ' i '
oxygen electrode and had an inlet for argon. The Clark-type oxygen
electrode was positioned5 mm from the working electrodes. Two
Clark electrodes were used: one from World Precision Instruments
(ISO, resolution+=0.1 mg/L) and one home-built electrode, which was
slower in response bu't had a higher resolutmﬂ@..oz mg/L). Oxygen mixture contains approximately 2B5% negatively charged phospho-
cqncentratlon was typlcal!y ‘regulated” by purging the cell thoroughly lipids (phosphatidylglycerol and cardiolipi}>?and the Ca(Il) might
Wlth_argon until anagroblc apd then stopping the argon TlOV\_’ while be necessary to overcome the electrostatic repulsion between the
;ontlnuogsly measuring cychc; vgltammograms and momton.ng t.he vesicles. In general, it was found that a tethered lipid bilayer was formed
Increase in oxygen concen_tranon in time due to slow oxygen diffusion within 1 h at 20°C. After bilayer formation, the surface was rinsed
into the cell via the argon inlet. . . several times with buffer solutions containing 1 mM EDTA to remove
For the AFM and force curve experiments, template stripped gold ca(ll) ions and remaining vesicles.
(TSG) surfaces were prepared by evaporating 150 nm gold on silicon
wafers. The gold surface was then glued with EPO-TEK 377 to glass Results
and cured for 120 min at 12@. After cooling, the slides were detached
from the silicon wafers to expose the TSG surface, which was directly ~ Structural Analysis. Tethered lipid bilayers were character-
immersed in the thiol solution (0.11 mM EO3-cholesterol and 0.89 ized with surface plasmon resonance (SPR), electrochemical
mM 6-mercaptohexanol) for 1 h. Using electrochemistry, it was impedance spectroscopy (EIS), and tapping-mode atomic force
confirmed that also on TSG surfaces the used thiol mixture results in microscopy (TM-AFM). Figure 2 shows the EIS results in the
a 50%/50% cholesterol tether/6-mercaptohexanol area ratio. AFM heightform of Cole-Cole plots, in which the diameter of the half-
images and force curves were recorded under fluid (buffer) &5 circle is equivalent to the double layer capacitance. It is

using a Multimode AFM on a Nanoscope llla or IV (Digital Instru- immediately clear that inclusion oboz has almost no effect

ments, V Metrol r Inc., CA) controller and silicon nitri . .
ents, Veeco Metrology Group, Inc., CA) controller and silicon nitride on the double layer capacitance of the tethered membrane. This
cantilevers (NP, Veeco Metrology Group). The cantilevers had a spring

constant of approximately 0.18 or 0.52 N/m. The height images reported 'r!d'cates thatleos d_oes not mduc_e _Iarg_e defects in the tethered
here are raw, unfiltered data obtained by tapping (dynamic) mode at a Pilayer. The capacitance of the lipid bilayers (6@.8 uF/cn?;
frequency in the range of-8 kHz. Force curvesz{Piezo extension see Supporting Information for EIS analysis) is only slightly
vs cantilever deflection) were recorder under identical conditions and larger than that of an ideal phospholipid bilayer (@&/cny)
converted into true forcedistance curves, showing force in nano- and similar to that reported previousi47:53.54
newtons as a function of true tifsurface separation in nanometers. The increase in bilayer thickness after self-assembly of
SPR experiments were performed on prisms evaporated with 50 nmyesijcles without bo; was determined with SPR to be 348
gold as described previousiyand the results were fit by a Levenberg 0.1 nm @ = 3). This corresponds with previous studies and is
Marquardt proceduré:*® _ , as expected when half the inner lipid layer is occupied by
Tethered Bilayer formation. Proteoliposomes withbm; (or control cholesterol tether® The presence oftms results in a bilayer

vesicles) were extruded in a mini extruder (Avanti) using 100 nm . L . =

nucleopore track-etched membranes (Whatman) and subsequently addet at_ IS. noisgggn Iflcantlly hthlckher (4.3 O'i nm,n » 96_|_stalr;dard

to the gold surface in the presence of 10 mM Ca(ll). We have shown eviation= 0.9 nm), although we note that a variabi '.ty. etyveen
previously that calcium ions are necessary to induce the formation of S@Mples was observed. To study the tethered lipid bilayers

tethered lipid bilayers when lipid extracts are used that are derived further, TM-AFM images of the electrode surface were recorded.

from E. coli*” (For a more thorough characterization of the effects of

calcium, we refer to the work of Richter and Briss8nThis lipid (51) Wilkinson, S. G. Gram-negative Bacteria.Nticrobial Lipids; Ratlegde,
C., Wilkinson, S. G., Eds.; Academic Press: London, 1988; Vol. 1.

(52) See also www.avantilipids.com.

1.51

1.01

0.5

Re. Admittance / o [uF cm?]

- Im. Admittance / w [uF cm'z]

Figure 2. Cole—Cole plots before and after formation of a tBLM measured
at 0 V vsSCE. Top: Control (withoutlwos). Bottom: With dos. The lines
represent fits as is described in Supporting Information.

(48) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNBmerical (53) Naumann, R.; Schiller, S. M.; Giess, F.; Grohe, B.; Hartman, K. B.; Karcher,
Recipes in C2nd ed.; Cambridge University Press: New York, 1992. I.; Koper, I.; Lubben, J.; Vasilev, K.; Knoll, W.angmuir2003 19, 5435~

(49) Hansen, WJ. Opt. Soc. Am1968 58, 380-390. 5443.

(50) Richter, R. P.; Brisson, A. RBiophys. J.2005 88, 3422-3433. (54) Terrettaz, S.; Mayer, M.; Vogel, Hhangmuir2003 19, 5567-5569.
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Figure 3. TM-AFM images of tBLMs on template stripped gold. Top:
Control experiment withouthos. For illustration purposes, we show an
image with an adsorbed vesicle, although these were very infrequently
encountered in control experiments. The arrow shows a single vesicle being
removed during the scan (scan direction is from bottom to top). Insert:
Typical force curve of tBLM layer (solid line, tip approaching surface;
dashed line, tip receding from surface). Analysis of this set of force curves
indicated an average penetration depth of the bilayer of4051 nm (S.D.

= 0.9 nm) and a “piercing force” of 1.58 0.02 nN (S.D.= 0.4 nN).
Middle: tBLM with cbos. Bottom: Height profile of the middle image
indicated by the line.

Figure 3 shows a set of TM-AFM results of tBLMs with and
without dbos. Without doos, a mostly flat surface (RMS: 0.5
nm) is observed very infrequently with a heightened area due
to an adsorbed vesicle. The presence of a lipid bilayer is con-
firmed by force measurements (insert of Figure 3 (top)), which
shows the typical behavior of a lipid bilayg&rWhen dos is

150

100

a
o
1

Current [nA]
2

Tethered Lipid Bilayer
-=-=-= Tethered Lipid Bilayer + CCCP

04 02 00 02
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-100
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(1
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(2)

(3)

Current [nA]

-100

(4) C

-150

05 04 03 02 01 00

Potential vs SCE [V]
Figure 4. Cyclic voltammograms (CVs) of tBLM systems (electrode area
=0.25 cn). (A) Control sample at 10 m¥¢~L; tBLMs (without doos) before
and after addition of 1@g/mL carbonyl cyanide 3-chlorophenylhydrazone
(CCCP). Baseline-subtracted signals are shown with an offset and 4 times
enlarged. (B) CVs at 1 m¢ ! before and after formation of a tBLM with
cboz. Oy in both CVs is~14 uM. (C) Baseline-corrected CVs at 1 n/?
of tBLM with cbos at different Q concentrations: (1)~0, (2) ~0.2, (3)
~0.9, and (4)~14 uM. CV (4) is derived from the same data shown in
(B).

due to the underlying gold surface. Furthermore, the raised areas
were damaged or dislocated by the cantilever tip in CM as
shown by TM-AFM scans afterward. On some of the prepared
samples with bos, adsorbed vesicles were encountered. These
vesicles were-20 nm high with diameters 150 nm. Important-

present, a large number of heightened areas are observed (Figur@,’ these vesicles were often removed or dislocated by the tip

3 (middle)). Most of these are5 2 nm in height and roughly
circular with a diameter of 3640 nm. Some of the areas are
larger with diameters up to 75 nm and a height-df0 nm. No
heightened areas were observed in contact mode AFM (CM-
AFM) at high forces £2 nN), confirming that they were not

(55) Dufrene, Y. F.; Boland, T.; Schneider, J. W.; Barger, W. R.; Lee, G. U.
Faraday Discuss1998 79-94.
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during TM scanning (see Figure 3 (top) for an example), indicat-
ing that they were loosely bound. We note that adsorbed vesicles
were more frequently observed for samples witlosc and the
amount of adsorbed vesicles was variable between samples.
Functional Analysis. Cboz from E. coliis a terminal oxidase
and functions as an ubiquinol-8 oxidase. Importantly, the control
experiments shown in Figure 4A indicate that #ecoli lipid
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extract-used throughout this workstill contains~0.3 mass
percent of ubiquinol-8 (UQ-8%¥ The redox signals in Figure
4A are assigned to UQ-8 based on control experiments with
EggPC/UQ-10 (not shown) and values reported in the litera-

ture4”:57 The peak separation increased at higher scan rates,

indicating that the electron transfer is kinetically controfé&?
This is partly due to protonation and deprotonation reactions
of UQ-8 as addition of the proton ionophore, CCCP, sharpens

the peaks and reduces the peak separation. Since UQ-8 is likely

to be oxidized or reduced while located at the interface between
the gold surface and the lipid bilayer, CCCP is thought to
facilitate the proton exchange between this interface and the
buffer solution on the other side of the lipid bilayer. The
interfacial redox kinetics are also limited by the high cooper-
ativity of the two-electron reaction of the quinones, which is
described in more detail by Marchal et’al(|AE°| ~ 0.6 V at

Side-view

Top-view

i
0
=3
w

Membrane unitll
wu Ql~
wu G~

4

~7nm

Figure 5. Space-filling representation of the structure of cytochrdime'
A relatively large extramembranous domain of subunit lltadds indicated
in the structure on the left.

not sufficient to accommodate the extramembranous domains
of cboz. However, it is also likely that the size is artificially
enlarged by the geometry of the cantilever ipiVe cannot

pH 7.4). From the peak area, it is determined that the averageexclude the possibility that multiple proteins are located within

coverage of UQ-8 is~2 pmotcm=2,

When a tethered bilayer is formed with vesicles containing
cbos, a sigmoidal wave is observed starting at the same potential
as the reduction of UQ-8 (Figure 4B), indicating two important
points: (1) bdo; located in the tethered membrane is at least
partly active; and (2) electrons are transferred from the gold
electrode to bo; via UQ-8. Varying the substrate (oxygen)

each heightened area or that some of the larger areas represent
semi-fused vesicles or defects.

A reconstitution procedure very similar to the one used in
this work has been shown give an unidirectional orientation of
cboz in the vesicle$! However, to acquire good quality tBLMs,
the reconstituted vesicles had to be extruded through a 100 nm
track-etched membrane, which might randomize the protein

concentration in the electrochemical cell changed the magnitudeorientation. Regretfully, due to the low resolution, the orientation

of the catalytic wave as expected (Figure 4C). The apparent
Km of cbos for oxygen in the electrochemical setup was found
to vary between experiments, which might reflect the instability
of the Clark-type oxygen electrodes or variable d¥fusion
gradients. However, th&&P? was always<3 «M. Addition of
extra UQ-10 to the membrane did not significantly increase
enzyme activity, indicating that the amount of UQ-8 adsorbed
on the surface is>Kn,. Addition of 1 mM CN- completely
inhibited dos, and consequently, UQ-8 oxidation/reduction

of cboz; could not be unambiguously determined with AFM.

Enzyme Activity. The tethered bilayers are formed by self-
assembly of vesicles with-0.5 mass percent ofbo; (see
Methods). If it is assumed that albo; assembles when the
tethered bilayer is formed and that half the surface is occupied
by cholesterol tethers,bo; coverage is expected to be 8
fmol-cm™2.%2 This is confirmed by the AFM results. Particle
analysis of the data shown in Figure 3 (middle) gives-150
175 molecules in a % 2 um area, corresponding to—G.5

peaks were observed that are similar to those shown in Figurefmol-cm2. Analysis over a larger set of data shows that the

4A.
Discussion

Surface Structure. The results demonstrate that it is possible
to incorporate the membrane proteifog, in a tBLM using

coverage varies between 2 and 7.5 froni 2. Importantly, the
same enzyme coverage is indicated by the electrochemical
results. Using the published maximum activity @og (Vimaxin
solution is 730 e-s™1)*! and the catalytic activity on the
electrode (406600 nAcm~2, Figure 4B), the active enzyme

self-assembly methods. Impedance spectroscopy indicates thatoverage can be estimated at 5.6 and 8.5 fonoi?. Analysis

the bilayer capacitance is identical to that of membranes without
cbos, suggesting that self-assembly tiog does not induce large
defects in the membrane.

TM-AFM results show that ooz is randomly distributed
across the surface. The heigt direction) is consistent with
that of dos, which is ~10 nm high (see Figure?*, and is

therefore expected to extend about 5 nm above the surrounding

lipid bilayer. In contrast, the size in they direction is much
larger (30-75 nm) than the size ofbw;. This could be due to
elevation of the lipid bilayer by the protein since the space
between the membrane and the surface in the tBLM system is

(56) The concentration of UQ-8 in the tBLM on the surface is approximately 2
pmokcm-2 Using the bilayer thickness of 3.8 nm (this is without the

cholesterol tethers as determined with SPR) and assuming an average weight

density of the lipid bilayer of 1.2 g/mL, the concentration of UQ-8 is 0.3
mass percent.

(57) Marchal, D.; Boireau, W.; Laval, J. M.; Bourdillon, C.; Moiroux, Jl.
Electroanal. Chem1998 451, 139-144.

(58) Laviron, E. Voltammetric Methods for the Study of Adsorbed Species. In
Electroanalytical ChemistryBard, A. J., Ed.; Marcel Dekker: New York,
1982; Vol. 12.

(59) Hirst, J.; Armstrong, F. AAnal. Chem1998 70, 5062-5071.

of more electrodes shows that the active enzyme coverage varies
between 3 and 8.5 fmaim2. These estimates confirm that a
large part-if not all—of the do; on the surface is active. In
this respect, it is important to note that maximum enzyme

(60) The lipids are expected to modify the AFM probe when imaging the bilayer
(this has also been observed by other groups performing AFM on bilayers;
see ref 50 and references therein). A tip with a radius of 10 nm would
have its asperities submerged and smoothed out and broadens the tip radius
to 13 nm. If 5 nm of bo; is sticking out of the bilayer, then an AFM tip
with a radius of 13 nm would result in an image of a hemispherical blob
~30 nm in diameter and losing the fine detail.

Verkhovskaya, M. L.; GarciaHorsman, A.; Puustinen, A.; Rigaud, J. L.;
Morgan, J. E.; Verkhovsky, M. I.; Wikstrom, MProc. Natl. Acad. Sci.
U.S.A.1997, 94, 10128-10131.

To estimate the coverage in frah 2, it is assumed that the surface area/
mass ratio of the lipichilayer is 0.05 A&-DaL. To our knowledge, this
value for the total lipid extract dE. coli has not been determined, but the
mean area of most phospholipids lies between 55 and B&hlle their
molecular weight lies between 700 and 800 Da. The surface area/mass
ratio of chos can be estimated at 0.028a ! (see Figure 5, MW of koo

is 144 kDa). Thus when 0.5% of the mass of the proteoliposomésois ¢
0.2% of the surface is occupied bpa@: 2 x 10743 x 10" m?is 7 x

102 cboz moleculesm=2, which is 10 fmofcm=2. Since half the surface is
occupied by cholesterol tethers, a quarter of the total tBLM will be filled
by the tether molecules, lowering thea coverage on the surface by a
quarter.

(61)

(62

—
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activity is achieved at @levels below 10uM (<0.3 ppm), since the electron transfer between cytochramand GO is
which is well below the level at which gold-catalyzed oxygen very different in nature than that between ubiquinol abds;c
reduction (i.e., the background) becomes a significant part of
the voltammogram.

Comparison with Other Systems.To our knowledge, five
groups have reported on the immobilization of cytochrame
oxidase (@O) on electrode surfacé®:2! Of these, slow, but
direct, electron transfer from the electrode to the immobilize
protein has been described by Hawkridge etalt’ Dong et
al.1*2%and Tollin et ak! However, as is also noted by Dutton
et al.18 in none of these systems did the interfacial electron
transfer induce catalytic oxygen reduction bgQC In contrast,
sigmoidal reduction waves typifying catalytic activity have been h ! LIV
observed by Naumann et &.putton et al18 and in the work for many proteins. We are, therefore, currently investigating

described here. Both Naumann et al. and Dutton et al. used theVhether similar tBLM systems can be prepared with total
physiological redox partner, cytochrorogto mediate electron membrane e.xtracts, omitting the purification and reconstitution
transfer from the electrode to the immobilized enzyfh&Our steps. In this respect, we note that recently the group of
work corresponds with these observations since the physiologicalBourdillon has succeeded in preparing tBLM structures from
electron donor, UQ-8, was needed to mediate electron transferiNNer mitochondrial membranés.

between the electrode andag. Furthermore, no catalytic Acknowledgment. CcO was purified from &. denitrificans
activity was observed when tBLMs were formed witbGCfrom strain, AO1/pPDWT, which was generously provided by Dr.
P. denitrificansnor was direct interfacial electron transfer to A. Puustinen and Prof. M. Wikstro (University of Helsinki).
CcO detected. To observe clearly a sigmoidal wave in the This research was supported by a UK BBSRC David Phillips
voltammograms, slow scan speeds are required fiV-s™1) fellowship to L.J. (24/JF/19090), and by BBSRC and EPSRC
so that the signals of the mediators (which depend on scan rate)grants to P.J.F.H., S.D.E., and R.J.B.

will be small relative to the catalytic currents. The catalytic
currents obtained after baseline subtraction-a56 18 ~13310
and~500 (this work) nAcm~2. These relatively small catalytic
currents (compared to most other voltammetric results of
globular enzymes) reflect either low enzyme coverage (as shown
for here for &0s), partially deactivated enzyme, or limiting JA056972U

activity of the e_IeCtron mediator. '_:urther Compariso_n _between (63) Elie-Caille, C.; Fliniaux, O.; Pantigny, J.; Maziere, J. C.; Bourdillon, C.
the work described here and previous work @®OGs difficult Langmuir 2005 21, 4661-4668.

Concluding Remarks

We have shown that redox-active membrane proteins can
conveniently be co-immobilized in tBLM systems using self-
assembly methodology. For enzymes that interact with the

g duinone pool, electrochemical interaction is possible using
quinone as the natural mediator. It is therefore expected that
this technique is readily applicable to a range of enzyme systems.
The tBLMs are prepared from proteoliposomes which require
purified proteins and reconstitution into vesicles. Although these
techniques are now used routinely, they are still far from trivial

Supporting Information Available: CD spectra of vesicle-
reconstituted loo; (proteoliposomes); further analysis of the
impedance data shown in Figure 2. This material is available
free of charge via the Internet at http://pubs.acs.org.
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