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Abstract: A novel concept is introduced for the oriented incorporation of membrane proteins into solid
supported lipid bilayers. Recombinant cytochrome c oxidase solubilized in detergent was immobilized on
a chemically modified gold surface via the affinity of its histidine-tag to a nickel-chelating nitrilo-triacetic
acid (NTA) surface. The oriented protein monolayer was reconstituted into the lipid environment by detergent
substitution. The individual steps of the surface modification, including (1) chemical modification of the
gold support, (2) adsorption of the protein, and (3) reconstitution of the lipid bilayer, were followed in situ
by means of surface-enhanced infrared absorption spectroscopy (SEIRAS) and accompanied by normal-
mode analysis. The high surface sensitivity of SEIRAS allows for the identification of each chemical reaction
process within the monolayer at the molecular level. Finally, full functionality of the surface-tethered
cytochrome c oxidase was demonstrated by cyclic voltammetry after binding of the natural electron donor
cytochrome c.

Introduction

Membrane proteins play a central role in the physiology of
living cells and fulfill a number of important functions, for
example, energy metabolism, cell-cell interaction, or uptake
of nutrients and ions. In fact, many hereditary and acquired
diseases are attributed to defects in the functionality of
membrane proteins. Despite their importance, the structure-
function relation of many membrane proteins is not fully
understood because of the complexity of the structure and the
intricacy of the molecular reactions.

Monolayers of proteins employ a solid support with which
the functional properties of the tethered proteins can be
conveniently controlled. The design of such biofunctional
surfaces is a major topic in contemporary nanobiotechnology.1

It is the goal to immobilize proteins under preservation of their
structural integrity and functionality. The chemically modified
electrode (CME) approach has achieved great success on the
immobilization of several water soluble proteins.2 However, the
application of this methodology to membrane proteins is still
difficult.3

An experimental challenge is the sensitivity of membrane
proteins to degeneration as soon as they are removed from the
native lipid bilayer and solubilized with the help of detergents.

To mimic the native lipid environment, solubilized membrane
proteins are re-integrated (reconstituted) in artificial lipid bilayers
or lipid analogues. Several reconstitution strategies on solid
supports have been applied,4 such as the insertion into hybrid
lipid bilayer membranes of self-assembled monolayers of alkane
thiols and phospholipids,4 tethered lipid bilayer membranes
(tBLMs),5,6 polymer membranes,7 and Langmuir-Blodgett
films.8 With all of these techniques, it is extremely difficult to
control the orientation as well as the surface concentration,
which is crucial for the analysis of its function.

To overcome these obstacles, we have developed a novel
methodology for surface reconstitution of membrane proteins.9

This novel approach combines two common experimental
concepts. First, the metal surface is modified by attaching a
nitrilotriacetic (NTA) moiety to the metal via a sulfhydryl group
at the other end. After complex formation with Ni2+, a
recombinant membrane protein engineered to bear a stretch of
six consecutive histidine residues at the C- or the N-terminus
is attached by the affinity to the Ni-NTA moiety. This concept
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is well-known from metal ion affinity chromatography10 and
has already been employed to selectively attach proteins to metal
surfaces.11-17 Second, the oriented, surface-attached, and de-
tergent-solubilized protein is reconstituted in a lipid environment
by in situ dialysis.9 In situ dialysis has been employed
before;4,17,18 however, it was not combined with the oriented
attachment of the protein. The combined concept ensures both
the oriented immobilization and the restoration into a physi-
ologically natural matrix that enhances the stability of the
membrane protein and preserves its functionality.

Besides the surface design of the membrane protein mono-
layer, a serious experimental predicament is the structural
assessment of such a layer. Basic requirements for the charac-
terization comprise: (1) High surface sensitivity and selectivity
to detect monolayer amounts of the sample (in the order of pmol/
cm2) without contributions from material in the bulk medium,
(2) measurements are performed underin situ conditions, that
is, in aqueous media to preserve the integrity of the protein
monolayer, and (3) a favorable technique would provide
information on the molecular or even atomic level. Infrared
spectroscopy can fulfill all of these requirements when surface-
enhanced infrared absorption spectroscopy (SEIRAS) is em-
ployed. There, the noble metal surface exhibits a strong
electromagnetic field that leads to the enhancement of vibrational
transitions of bound molecules. The enhancement decays rapidly
with the distance from the surface (<8 nm), which eliminates
the bulk contribution to the IR spectrum and selectively detects
signals from the adsorbed monolayer even when the surface is
immersed in water.19-24

In this work, we employ SEIRAS to demonstrate the
successful reconstitution of an oriented monolayer of cyto-
chromec oxidase (CcO) into a lipid bilayer along the solid
surface of gold. SEIRAS, which exploits the surface enhance-
ment, monitors each single step of the surface modificationin
situ. The assignment of the observed vibrational bands related
to the each surface reaction step has been performed by quantum
mechanical calculations. We used recombinant CcO from the
proteobacteriumRhodobacter sphaeroideswith a His-tag en-
gineered into the C-terminus of subunit I that orients the CcO
to have the cytc binding site freely accessible to the aqueous
bulk phase. Previous work on CcO adhered to a gold

surface4,5,25-27 suffered from the lack of orientational control
on the protein, which is mandatory for an unidirectional electron
transfer.

CcO is the terminal protein of the respiratory chain that
catalyzes the fission of molecular dioxygen to form water. The
released energy contributes to the transfer of four electrons from
four reduced cytochromec molecules, consumes four protons
for the chemical conversion of each dioxygen molecule, and
pumps four additional protons across the membrane.28 The net
movement of charge contributes to the electrochemical gradient
that is used to drive ATP synthesis. A team of heme and copper
cofactors and a series of conserved amino acids coordinate the
transfer of electrons, the pumping of protons, and the reduction
of dioxygen.29-31 Though the structure of this respiratory
enzyme has been determined to high resolution,32-34 the details
of the intricate mechanism are far from being well-understood.
Recent infrared experiments are elucidating the involvement of
particular residues in the catalytic reaction sequence.35,36

Materials and Methods

Surface Modification. Figure 1 illustrates the various steps involved
in the modification of the gold surface to attach the histidine-tagged
protein via the affinity to Ni-NTA. The bare gold surface is exposed
to a solution of 1 mg/mL dithiobis(succinimidylpropionate) (DTSP,
Fluka) in DMSO. DTSP forms a monolayer spontaneously with the
metal surface through covalent linkage to the sulfur group (Figure 1A).
After monolayer formation, the surface is rinsed with pure DMSO
several times and dried in a nitrogen stream. In the next step, the self-
assembled monolayer (SAM) is immersed in an aqueous solution of
150 mMNR′,N R′′-bis(carboxymethyl)-L-lysine or amino-nitrilotriacetic
acid (ANTA, Fluka) in 0.5 M K2CO3 buffer (pH 9.8). The amino group
of ANTA reacts with DTSP to form a carboxamide linkage (Figure
1B).37 Excess ANTA is removed by washing with ultrapure water.
Finally, the NTA-terminated surface is incubated with 50 mM NiSO4

(Sigma) solution to ligate the Ni2+ ion via the three carboxylates and
the tertiary amine of NTA.

After rinsing with water, 2µM CcO dissolved in 0.1% dodecyl-
maltoside (DM, Anatrace, sol-grade 3105) and 50 mM phosphate buffer
was added to the Ni-NTA-coated Au surface. CcO with a 6× His-tag
fused to the carboxy-terminus of subunit I was homologously expressed
in R. sphaeroidesand purified according to ref 38. CcO adsorbs to the
Ni-NTA moiety via the coordination of the nitrogen of two of the
imidazole side chains of the 6× His-tag (Figure 1C). After formation
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At this stage, the surface is covered by a monolayer of detergent-
solubilized CcO. To retain full functional integrity, the solid supported
membrane protein is incorporated into a lipid layer (Figure 2) as was
shown in parallel by surface plasmon and electrochemical impedance
spectroscopy.9 The surface-adsorbed CcO layer is mixed with detergent-
destabilized lipid vesicles (liposomes) of di-myristoyl-phosphatidyl-
choline (DMPC from Sigma). Macroporous Bio-Beads (SM2 from Bio-
Rad) are added to the mixture to remove the detergent. By these means,
the lipid spontaneously assembles around the protein to form the
protein-tethered bilayer lipid membrane.9

In Situ Electrochemical FT-IR Spectroscopy.The experimental
setup and procedures for SEIRAS have already been described.22,39

Briefly, a thin gold film is formed on the flat surface of half-cylinder-
shaped silicone prism by a chemical deposition technique. After
electrochemical cleaning, the gold-coated prism is set into a glass cell.
The IR beam from the interferometer of the FT-IR spectrometer (Bruker
IFS 66v) is coupled into the prism at an incident angle of 60°. The
reflected beam is recorded with a mercury cadmium telluride detector.
Typically 100 to 640 scans were co-added for each spectrum. Neither
baseline corrections nor any smoothing procedure has been applied to
the data. Cyclic voltammetry has been performed with a potentiostat
(Autolab PGSTAT 12, Metrohm, Filderstadt, Germany). Ag/AgCl in

3 M KCl solution and platinum mesh have been used as a reference
and a counter electrode, respectively. All potentials are quoted versus
NHE (+211.5 mV vs Ag/AgCl/3M KCl at 20°C).

Quantum Mechanical Calculations and Normal-Mode Analysis.
The calculations have been performed with Gaussian 0340 on the IBM
p690 cluster (Ju¨lich multi-processor supercomputer, JUMP). Density
functional theory (DFT) calculations were carried out with the B3LYP
hybrid functional using the expanded basis set 6-31+G(d), where a
set of polarization and diffuse functions for heavy atoms has been added
suitable for large anions and electron lone pairs. For the uncharged
thio(succinimidylpropionate) (TSP), solvation effects have not been
considered, whereas for the strongly charged ANTA hydration effects
have been taken into account by the SCRF Onsager model. For
comparison with experimental spectra, scaling by a wavenumber linear
function of the calculated frequencies is necessary.41 The parameters
of the scaling functionνscal ) νunscal (b + m‚νunscal) are obtained by
fitting calculated data to the experimental data of ANTA, yieldingb )
1.34059 andm ) -0.00023. These parameters have been verified by
using reference data for Na-acetate.

Results and Discussion

Recombinant membrane proteins can be specifically tethered
to a solid surface via the strong affinity of a genetically
introduced His-tag for Ni-NTA. We will present the sequence
of chemical modification steps that are required to build up a
Ni-NTA modified gold surface. Finally, the oriented membrane
protein monolayer of cytochromec oxidase is embedded into a
lipid layer directly on the solid support. It is the great advantage
of SEIRAS toin situ probe all of the modification steps of the
gold surface. The catalytic activity of the surface-bound and
reconstituted CcO is proven by cyclic voltammetry.

Self-Assembling the TSP Monolayer.The first step in the
construction of a Ni-NTA layer is to employ the heterobifunc-
tional cross-linker DTSP, which forms a covalent thio-adduct
with the gold surface. For thein situobservation of this process
by SEIRAS, a background spectrum was taken of the bare Au
surface immersed in DMSO. Then, DTSP dissolved in DMSO
was added, and IR spectra were recorded (Figure 3A) to monitor
the self-assembling process of the TSP monolayer. After the
addition of DTSP, three bands appear at 1809, 1782, and 1739
cm-1, which increase in intensity over time. The frequency of
these bands corresponds to the CdO stretching modes of the
succinimidyl ester of TSP. On the basis of DFT calculations
(Table 1), we assign the bands at 1739 and 1782 cm-1 to the
asymmetric and symmetric stretching, respectively, of two Cd
O groups of the succinimidyl ring (see Figure 1A). The band
at 1809 cm-1 is attributed to the CdO stretching vibration of
the ester group of TSP.

The binding kinetics is revealed by plotting the intensity of
the strongest band at 1739 cm-1 against adsorption time (Figure
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Figure 1. Reaction sequence of the surface modification process. (A) Self-
assembly of the TSP monolayer on the bare Au surface by spontaneous
splitting of the disulfide bond of DTSP. (B) Cross-linking of ANTA with
the TSP monolayer. (C) Adsorption of cytochromec oxidase on the Ni-
NTA modified Au surface via the His-tag at the C-terminus of subunit I.
Two nitrogen atoms of the imidazole rings from two of the histidines of
the His stretch are coordinating the Ni2+ ion. The coordinating histidines
residues are not necessarily adjacent in the primary sequence as drawn in
the figure, but the secondary structure of the His-tag determines which of
the histidine residues serve as ligands to the Ni2+ ion.
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3B). The intensity of the band is saturated at about 200 s,
suggesting that the self-assembly of the TSP layer is completed
within this short time range.

Coupling of TSP to ANTA. The surface-bound succinim-
idylester moiety of TSP is employed to react with the primary
amine of ANTA (cf. Figure 1B). This reaction yields an NTA
surface dedicated to finally ligate a Ni2+ ion. After formation
of the TSP monolayer on gold, the sample is rinsed with DMSO
and dried under a stream of nitrogen. The TSP monolayer is
covered by an aqueous solution of 0.5 M K2CO3 buffer (pH
9.8), and a reference IR spectrum is taken. Then, an aqueous
solution of ANTA is applied, and a series of IR spectra is

recorded during the cross-linking process (Figure 4). The
negative bands in the difference spectra indicate the vibrations
of the reactant at the surface (TSP), while positive bands
represent the product species (NTA). Three negative features
are observed at 1808, 1781, 1733 cm-1. Since all of these bands
have been assigned to the succinimidylester vibrations of TSP,
this provides direct evidence for the reaction of the succinim-
idylester. Concomitant with the appearance of the negative band
of DTSP, two intense bands appear at 1658 and 1571 cm-1.
These bands originally exist in neither the bulk spectra of ANTA
nor DTSP (data not shown). The bands are assigned to the amide
I (CdO stretching vibration) and the amide II mode (CdN
stretch coupled to the N-H bending vibration) of the carbox-
amide (-CONH-) linkage,42 respectively. The appearance of
these bands provides unequivocal evidence for the presence of
the cross-link between ANTA and TSP.

The bands of the asymmetric carboxylate vibrations are also
expected at around 1600 cm-1.42 These bands could not be
clearly resolved due to the overlap with the amide I band of
the carboxamide. The normal mode calculations on the depro-
tonated ANTA (Table 1 and Figure 1B), however, show that
the broad band feature around 1600 cm-1 (Figure 4) involves
the asymmetric vibrations of the terminal carboxylates of
ANTA.

The bands at around 1400 cm-1 region are assigned to the
corresponding symmetric stretching modes of the three car-
boxylate groups of NTA. Accordingly, three peaks are resolved
at 1440, 1413, and 1402 cm-1. The DFT calculations (Table 1)
reveal that multiple symmetric COO- stretching vibrations
appear in the range of 1424-1380 cm-1 for each of the three
carboxylates. However, the detailed assignment of the symmetric
carboxylate vibrations is hampered by the strong coupling to
the C-H in-plane bending and the C-N stretching modes of
the molecule.

It should be noted that the occurrence of the carboxylate bands
is suppressed by the addition of a 1:4 mixture of amino-ethanol
and ANTA (data not shown). This result suggests that amino-
ethanol reacts with TSP and, thus, prevents the coupling reaction

(42) Venyaminov, S. Y.; Kalnin, N. N.Biopolymers1990, 30, 1259-1271.

Figure 2. Schematic representation of the reconstitution of surface-tethered cytochromec oxidase into a lipid bilayer. The surface-adsorbed cytochromec
oxidase via the affinity of the His-tag to the Ni-NTA surface (see Figure 1) is surrounded by the detergent dodecylmaltoside (left). After reaching maximum
surface coverage, the protein is exposed to detergent-destabilized lipid vesicles (DMPC), and microporous Bio-Beads are added. The retreat of the detergent
molecules by the beads drives the lipids to form a layer around the membrane protein (right).

Figure 3. (A) SEIRA spectra of the binding of DTSP to the Au surface.
The displayed spectra are taken at 0, 10, 20, 30, 60, 120, and 200 s after
the addition of DTSP. The reference spectrum is taken from the solvent
DMSO in contact with the bare Au surface. (B) Adsorption kinetics of DTSP
to the bare Au surface. The peak height of the strongest band at 1739 cm-1

is plotted against the adsorption time.
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with ANTA. Hence, this experiment supports our conclusion,
which assigns the bands around 1400 cm-1 to the symmetric
carboxylate vibrations of the NTA layer.

Complexation of Ni2+ by NTA. Figure 5 depicts the
difference spectrum of surface-bound NTA before and after the
addition of 50 mM NiSO4. Complexation of Ni2+ leads to only
small spectral changes. However, two bands at 1581 and 1413
cm-1 are apparent in the IR spectrum. These bands are assigned
to the asymmetric and the symmetric stretching mode of the

terminal carboxylate groups of NTA that get deprotonated during
complexation of the Ni2+ ion.

The experiments thus far demonstrate the great potential of
the SEIRAS methodology. Monolayers of these small molecules,
TSP and NTA, can be hardly detected by common surface-
sensitive methods such as surface plasmon resonance (SPR) or
quartz crystal microbalance (QCM).9 Hence, SEIRAS is the only
means to follow self-assembly and coupling in real time and,
moreover, to obtain structural information about such molecules
on the surface.

Adsorption of Detergent-Solubilized CcO to the Ni-NTA
Layer. After activation of the gold surface, CcO is bound
through the affinity of the genetically introduced His-tag for
the Ni-NTA layer (Figure 1C). To monitor the adsorption of
CcO by SEIRAS, a reference spectrum is taken in the presence
of buffer solution (including 0.1% dodecyl-maltoside as deter-
gent). Then, detergent-solubilized CcO was added to yield a
final concentration of 2µM, and the IR measurements were
started. As shown in Figure 6A, bands appear at 1658, 1550,
1436, and 1290 cm-1. The former two bands are readily assigned
to the amide I and the amide II modes of the protein backbone
vibrations of CcO, respectively.43 The peak position of the amide
I band is characteristic for a predominantlyR-helical protein
such as CcO. The increase of the band intensities in the course
of incubation reflects the accumulation of CcO onto the Ni-
NTA surface. The contribution of CcO from the bulk phase is
negligible since its signal is hardly detectable at this concentra-
tion (2µM). Moreover, the observed IR bands (Figure 6A) arise
exclusively from surface-bound CcO molecules because the
effective distance of the SEIRAS enhancement is less than 10
nm.24 In addition, the specific and reversible attachment of the
CcO to the Ni-NTA layer has been demonstrated by SPR and
QCM.9

The assignment of the bands at 1436 and 1290 cm-1 is
unclear. These bands do not arise from CcO since they appear
at the same position irrespective of the nature of the protein
used (data not shown). Neither of the detergent dodecylmaltoside
exhibits such vibrational bands. Therefore, we suggest that they
originate from the Ni-NTA layer, which may experience a
conformational change due to the adsorption of CcO. Conse-

(43) Krimm, S.; Bandekar, J.AdV. Protein Chem.1986, 38, 181-364.

Table 1. Comparison of the Experimental with the Calculated IR Frequencies of the Carbonyl Stretching Vibrations of
Thiobis(succinimidylpropionate) (TSP, see Figure 3 for the data) and of the Carboxylate Vibrations of Amino-Nitrilotriacetic Acid (ANTA, see
Figure 4 for the data)

νexptl [cm-1] νscal [cm-1] νunscal [cm-1] type of vibrations

TSP
1809 1812 1907 ν CdO succinimidyl ring+ ν CdO ester
1782 1784 1878 ν CdO succinimidyl ring+ ν CdO ester
1739 1740 1832 ν CdO succinimidyl ring

ANTA
overlapped by
amide I and II
(1658-1571)

1575 1630 νasymCOO- (R) + δ C-H
1564 1612 νasymCOO- (R′′) + δ C-H
1557 1600 νasymCOO- (R′) + δ C-H

1440
1413
1402

1424 1397 νsym COO- (R) + δ C-H
1412 1382 νsym COO- (R + R′′) + δ C-H
1405 1371 νsym COO- (R) + δ C-H + ν N-C
1391
1388

1350 νsym COO- (R + R′) + δ C-H

1388 1346 νsym COO- (R′′) + ν N-C+ δ C-H
1383 1339 νsym COO- (R + R′ + R′′) + δ C-H
1380 1335 νsym COO- (R′ + R′′) + ν N-C+ δ C-H

Figure 4. Surface-enhanced IR difference absorption (SEIDA) spectra of
the coupling process of ANTA with the surface-bound TSP monolayer
recorded at 10, 20, and 30 s, and 1, 2, 5, 10, 15, 30, 60, and 85 min after
the start of the reaction. The reference spectrum is taken from the TSP-
modified Au surface. The negative bands correspond to the vibrations of
the molecules which are consumed at the surface (reactant), while the
positive bands arise from those formed at the surface (product).

Figure 5. Vibrational changes of NTA induced by complexation of Ni2+.
The reference spectrum has been taken in the presence of 50 mM K2SO4,
and the difference spectrum has been recorded 15 min after addition of 50
mM NiSO4. The pH has been kept constant at 4.8.
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quently, the band at 1436 cm-1 can be assigned to the symmetric
stretching vibration of the carboxylate group of NTA which
complexes the Ni2+ ion. As soon as the His-tag of CcO ligates
the Ni2+ ion, the interaction with the carboxylates of NTA may
be disturbed and the corresponding vibrational bands may be
shifted, finally.

The kinetics of adsorption of His-tagged CcO to the Ni-
NTA surface is depicted in Figure 6B, where the intensity of
the amide II band (filled circles) is plotted versus the adsorption
time. The continuous line represents an exponential fit to the
data, which yields a time constant ofτ ) 213 s for the adsorption
kinetics. The intensity becomes saturated at about 2000 s.

Desorption of Bound CcO by Imidazole. To exclude
nonspecific adsorption of CcO to the Ni-NTA surface, we
added excess imidazole to replace those CcO molecules that
are specifically bound via the His-tag. This strategy is commonly
used in metal-chelate affinity chromatography to elute the
protein from the column. Figure 7A shows the difference spectra
of CcO bound to the Ni-NTA surface after the addition of 230
mM imidazole. The depletion bands at 1659 cm-1 (amide I)
and 1554 cm-1 (amide II) clearly indicate the desorption of CcO.
The comparison of the band intensities of the adsorption process
(Figure 6A) and the desorption process (Figure 7A) reveals that
almost all CcO molecules are detached from Ni-NTA by adding
imidazole. This suggests that the binding of CcO to the Ni-
NTA layer through the His-tag is very specific. Vibrational

bands of molecular imidazole are not detectable because they
cancel in the difference experiment with those of the histidine
side chain.

Figure 7B shows the intensity decrease of the amide II band
of CcO by the time of desorption. It is clear that the desorption
kinetics (τdesorption) 10 s) is much faster than the adsorption
kinetics (τadsorption) 213 s, Figure 6B).

It is important to note that after imidazole has been removed
by rinsing with buffer solution, CcO can again be adsorbed to
the Ni-NTA surface. The binding kinetics of CcO (triangles
in Figure 6B) on such a regenerated Ni-NTA modified gold
surface shows very similar binding kinetics albeit with a reduced
final surface coverage (about 60% as compared to the initial
adsorption experiment, see filled circles in Figure 6B). Although
the efficacy of binding is apparently reduced, it is nevertheless
demonstrated that the His-tagged membrane protein can be
repeatedly adsorbed to the Ni-NTA SAM surface. The decrease
in the binding curve at long incubation times indicates some
loss of protein (<20% after 1 h). These results are fully in
accordance with SPR and QCM data.9

Reconstitution of Surface-Tethered CcO into a Lipid
Layer. The binding procedure of CcO to the Ni-NTA modified
Au surface involves the use of detergent to solubilize the
membrane protein. For embedding the protein into a membrane-
like environment, we devised a new strategy for functional
incorporation of the surface-tethered membrane protein into a
lipid layer directly on the solid surface by adding Bio-Beads as
a substitute forin situ dialysis used in our other study.9

The surface-tethered CcO was exposed to 1 mL of buffer
solution (50 mM phosphate, pH 8.0) of 1 mg DMPC dissolved
in 0.1% dodecylmaltoside (DM). A spectrum was measured
under these conditions and stored as reference. Then, 50 mg of

Figure 6. (A) SEIRA spectra of cytochromec oxidase adsorbed to the
Ni-NTA modified Au surface via the affinity for the genetically introduced
His-tag. The rising bands indicate the binding of the protein to the surface
and are discussed in the text. (B) Adsorption kinetics of CcO on the Ni-
NTA SAM/Au surface. The peak height of the amide II band at 1550 cm-1

is plotted versus adsorption time. The filled circles represent the first
adsorption of CcO, while the triangles represent the adsorption process of
CcO after removing the previous CcO layer by imidazole.

Figure 7. (A) SEIDA spectra of the desorption of CcO from the Ni-
NTA surface by incubation with an aqueous solution of 230 mM imidazole.
The reference spectrum is taken from the surface covered by CcO. (B)
Desorption kinetics of CcO followed by the peak at 1550 cm-1 (amide II).
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Bio-Beads was added to the solution, and sample spectra were
recorded over time. The incorporation of DMPC is clearly
indicated by the appearance of vibrational bands in the region
between 2800 and 3000 cm-1 and at 1740 cm-1 (Figure 8).
The former bands can be readily assigned to the C-H stretching
modes of the two alkyl chains of DMPC (symmetrical and
asymmetrical CH3 and CH2 modes), while the latter band is
due to the CdO stretching mode of its ester headgroup.44 The
positive differential absorbance in the C-H stretching region
indicates that the number of C-H groups increases when the
lipid DMPC replaces the detergent DM. This plausible sugges-
tion is well supported by the appearance of the CdO stretching
vibration, which is present in DMPC but absent in DM.

It is important to note that we did not observe any vibrational
changes of the adsorbed proteins in this dialysis experiment.
This suggests that the protein is steadily bound to the surface
and does not dissociate from the Ni-NTA surface during the
course of exchange from detergent to lipid.

IR spectroscopy, however, is not designed to prove bilayer
formation. Electrochemical impedance spectroscopy (EIS) mea-
surements of the reconstitution revealed a considerable decrease
of the capacitance and an increase of the resistance which is
compatible with the formation of a lipid bilayer encompassing
a high protein concentration (for details, see ref 9). More
significantly, EIS also revealed a fully reversible decrease of
the resistance in the presence of cytochromec, which is
considered due to active proton transport, feasible only across
an intact lipid bilayer.9

Probing the Functionality of the Surface-Tethered CcO.
Finally, it has been checked whether electron transfer takes place
in this biomimetic system in a comparable manner to the
physiological situation. Electron transfer is probed by cyclic
voltammetry. It is advantageous that the His-tag on the
C-terminus of SU I orients the CcO to have the binding site for
the natural electron donor cytc freely accessible to the aqueous

bulk phase. Therefore, cytc (from horse heart) is added to a
final concentration of 2µM. The ionic strength of the aqueous
medium was set to 75 mM KCl (pH 8.0) where the complex of
horse heart cytc and bacterial CcO exhibits the most efficient
electron-transfer kinetics.45

The cyclic voltammogram (Figure 9) demonstrates the
reversible redox reaction between cytc and the surface-tethered
CcO. The midpoint potential is 244.1 mV vs NHE as determined
by a faster scan rate of 50 mV/s (data not shown). This value
is very close to that determined by Haas et al. (225 mV vs
NHE).27 In the absence of the electron donor cytc (lower trace
in Figure 9), CcO exhibits only a capacitive current of the
dielectric layer, but the current indicating electrocatalytic activity
is not observed. This suggests that CcO is not electrically
coupled to the electrode, and thus direct electron transfer does
not take place. However, as cytc is added, a reductive current
starts to flow at a potential lower than 270 mV. At even lower
potential, cytc is electrochemically reduced by the electrode
and thus readily donates electrons to CcO. The donation of
electron initiates the oxygen reduction performed by CcO. This
appears as a reductive current in the negative potential region.
After reaching a potential of-111 mV, the sweep direction is
reversed and the current decreases again. At a potential above
270 mV, the current in the two cyclic voltammogram starts to
merge. Since this is the potential range where cytc is in the
oxidized form, the electron donation from cytc to CcO is
suppressed above 270 mV. The catalytic activity of the cyt
c/CcO complex is drastically reduced when the ionic strength
of the aqueous solution is changed (data not shown), demon-
strating the specificity of cytc binding.

These results are supported by EIS, which probes active
proton transport catalyzed by dioxygen reduction.9 Proton
transport was shown to be reversible, suppressed by removing
cytochromec, and specifically inhibited by cyanide. Therefore,
the assumption seems justified that the activity of the protein
is preserved when it is immobilized on the surface.

The same enzyme, however, with the His-tag engineered into
the C-terminus of subunit II that orients the CcO to have the
cyt c binding on the inner side of the dielectric layer and hence
not accessible to the aqueous bulk phase, was also immobilized
and reconstituted according to the same protocol. It was then
investigated by surface-enhanced resonance-Raman spectros-
copy. This technique is extremely sensitive to the structure and(44) Lewis, R. N. A. H.; McElhaney, R. N. Vibrational Spectroscopy Spec-

troscopy of Lipids; InHandbook of Vibrational Spectroscopy; Chalmers,
J. M., Griffiths, P. R., Eds.; Wiley: Chichester, U.K., 2002; pp 3465-
3480.

(45) Wang, K.; Geren, L.; Zhen, Y.; Ma, L.; Ferguson-Miller, S.; Durham, B.;
Millett, F. Biochemistry2002, 41, 2298-2304.

Figure 8. SEIDA spectra of the reconstitution process of CcO into a lipid
layer of DMPC. The reference spectrum is taken from surface-bound CcO
solubilized in the detergent dodecylmaltoside. Detergent removal and the
formation of the lipid layer are initiated by the addition of Bio-Beads to
the solution. Spectra have been recorded at an interval of 5 min. The positive
bands that appear in the difference spectra indicate the presence of DMPC
along the surface. Saturation of the adsorption kinetics occurs about 1 h
after the addition of Bio-Beads. The baseline drift in the spectra results
from instabilities over the very long observation time (1 h).

Figure 9. Cyclic voltammogram of the surface-tethered and membrane-
reconstituted CcO in complex with the natural electron donor cytc as
compared to that of CcO alone. Scan rate is 2 mV/s.
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functionality of the heme binding sites. Redox states of the fully
oxidized and fully reduced enzyme could thus be detected, and
direct electron transfer could be shown to take place from the
metal electrode to the protein,46 in this case with no interaction
with cytochromec. All of these results provide immediate
evidence for the orientation-dependent functionality of the
reconstituted and surface-tethered CcO.

Conclusions

In this work, we are pursuing a novel strategy for the
reconstitution of a membrane protein monolayer in a lipid layer
on a solid support. Each step of the reconstitution process is
monitored by SEIRAS. These steps are: (1) Self-assembly of
the active ester TSP on the metal support, (2) formation of the
Ni-NTA layer by cross-linking of the active ester with ANTA
and complexation with Ni2+, (3) adsorption of the His-tagged
protein on the Ni-NTA layer, and (4) integration of the protein
monolayer into the lipid layer. The experimentally observed
vibrational frequencies of the various steps have been unam-
biguously assigned to normal modes by quantum mechanical
calculations.

Cross-linking of NTA via a thio-alkane chain to the metal
surface (steps 1 and 2) employs only commercially available
products, which makes it a simple and cheap approach. Since
the introduction of a His-tag becomes nowadays a routine task,
surface-tethering via the affinity for Ni-NTA represents (step
3) a very versatile technique applicable to virtually any
recombinant protein. Finally, the reconstitution of the surface-
tethered protein into a lipid layer (step 4) leads to enhanced
stability of the protein mimicking the natural environment of a
biological membrane.

It is evident that the specific binding of the protein via the
affinity tag orients the bound proteins in a homogeneous manner.
This simplifies or even enables studies on vectorial ion and
electron transfer of membrane proteins which require almost
perfect orientation. Moreover, the His-tag can be attached to
the opposite side of the membrane protein surface, which
elegantly reverses the orientation of the protein layer with
respect to the electrode.

The presented methodology will be extended to investigations
of the reaction mechanism of membrane proteins. An extremely
powerful technique for these studies is IR difference spectros-
copy, which selectively probes the vibrational changes associated
with functionality.47,48 Proper orientation of the protein mono-
layer is mandatory for time-resolved studies of the dynamics
of those molecular machines that act as rectifiers, like those
involved in vectorial electron transfer across the membrane.
Such studies will be accomplished by surface-enhanced IR
difference spectroscopy and are currently underway. The
presented methodology is applicable to those membrane proteins
that are gated by a membrane potential and, thus, opens a new
avenue to study the mechanism of these medically and
pharmaceutically very important class of proteins on the atomic
level.
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