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The physiological reaction of a membrane protein is reconstituted on a solid-supported electrode by orientational
control via the position of an affinity tag. Recombinant cytochrome c oxidase (CcO) fromRhodobacter
sphaeroidesis immobilized on a chemically modified gold surface via the affinity of a histidine tag (His-tag)
to a nickel chelating nitrilotriacetic acid surface. Control of the orientation is achieved by the adsorption of
CcO through the His-tag engineered into the two opposite sites of the membrane protein surface. After
reconstitution into a lipid layer, the functionality of this enzyme film electrode is probed by surface-enhanced
infrared absorption spectroscopy and cyclic voltammetry. We demonstrate that cytochrome c (Cc) binds and
initiates the catalytic reaction of CcO only when the latter is orientated with subunit II facing the bulk aqueous
phase while Cc does not interact with the oppositely orientated CcO. We infer from the observed catalytic
dioxygen reduction at potentials below 240 mV (vs a normal hydrogen electrode) that reduced Cc mediates
electron input into CcO in a way similar to the physiological pathway. The quantitative analysis of the IR
spectra indicates the presence of an inactive population of Cc bound to CcO at equal amounts as the redox-
active population. This methodological approach demonstrates that the orientation of the membrane protein
can be controlled depending on the position of the affinity tag. The approach is considered to be of general
applicability as the introduction of affinity tags is routine in current biochemistry.

Introduction

Membrane proteins play a crucial role in many cellular and
physiological processes. Functionally normal membrane proteins
are vital to health, and specific defects are associated with many
known disease states. Despite the importance of membrane
proteins, the knowledge of their mechanisms of action has
lagged far behind the knowledge of these properties of proteins
in general.

A valuable approach for functional studies of membrane pro-
teins is the use of a solid support that allows control of the
properties of the tethered proteins. Integration of redox enzymes
with an electrode support and formation of an electrical contact
between the electrode and the protein is fundamental. Design
of such a bio-functional surface is one of the major issues in
contemporary nano-biotechnology.1 Key to the design is the
immobilization of the proteins under preservation of their native
structure and function.2-5

Recently, we have devised a system to immobilize a purified
protein via the affinity of a genetically introduced histidine tag
(His-tag) that selectively binds to a nickel chelating nitrilotri-
acetic acid (Ni-NTA) self-assembled monolayer (SAM) modi-
fied gold surface.6,7 Subsequently, the surface-anchored mem-
brane protein is reconstituted in a lipid environment by detergent
removal. Each of the surface reconstitution steps has been
monitored at the molecular level by surface-enhanced infrared
absorption spectroscopy (SEIRAS).8 The method establishes a
well-controlled model system for the biological cell membrane.

Orientational control is particularly relevant in experiments
where the vectorial function of the tethered protein is addressed,
which is the physiological task of many membrane proteins,
e.g., pumps, channels, and transporters.

The present work is focused on functional assaying the
reconstituted cytochrome c oxidase (CcO) film. For the variation
of surface orientation, we used recombinant CcO where the
genetically introduced His-tag is situated at opposite sides on
the surface of the membrane protein. The natural electron donor
cytochrome c (Cc) can bind to CcO only when its specific
binding site is exposed to the aqueous phase. In the opposite
orientation, i.e., when the binding site is facing the electrode
surface, the presence of the membrane layer barricades the
access of Cc to the binding site. The metal surface on which
the two different constructs have been attached to is not only
crucial for surface enhancement but is also used as an electrode
to initiate the catalytic reaction and to address the various redox
states of the enzyme.9-12

Cytochrome c oxidase is the central player in respiration as
it binds molecular oxygen and converts it into water. Apart from
the protons that are taken up for water formation, protons are
also translocated across the membrane to help establish a proton
gradient that drives ATP synthesis. The chemical reaction of
oxygen splitting requires electrons that are provided by water-
soluble Cc.13 The delivery of electrons requires Cc to rapidly
and specifically dock to the surface of CcO. We used recom-
binant CcO from the proteobacteriumRhodobacter sphaeroides
for the study of the binding ability with horse heart Cc. Horse
heart Cc has been found to transfer electrons efficiently toR.
sphaeroidesoxidase, and it has been used in most of the kinetic
studies.14-17

With the two different surface orientations of the membrane
protein, we evaluate the binding ability of Cc and the subsequent

* Author to whom correspondence should be addressed. Phone:
+49-(0)521-106-2055. Fax:+49-(0)521-106-2981. E-mail: j.heberle@
fz-juelich.de.

† Present address: University of Bielefeld, Biophysical Chemistry (PC
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catalytic activity of CcO film by cyclic voltammetry and surface-
enhanced infrared difference absorption (SEIDA) spectroscopy.
This provides molecular-level insight into the electrostatic
structure of the enzyme-substrate complex (Cc/CcO), the asso-
ciated electron-transfer reactions, and the dioxygen reduction.

Materials and Methods

Preparation of the Membrane Reconstituted CcO Film
on the Gold Surface.Details of the modification steps of the
gold surface to yield a Ni-NTA-terminated thiol self-assembled
monolayer have already been described.6 Briefly, a thin gold
film was prepared on the flat surface of a single reflection silicon
(Si) hemicylindrical prism by a chemical deposition technique.
Then, the rough surface of the gold film is modified by
successive reaction with dithiobis(succinimidylpropionate) (DTSP,
Fluka), amino-nitrilotriacetic acid (ANTA, Fluka), and NiSO4

(Sigma) to finally provide a Ni-NTA-terminated surface at
which His-tagged proteins can be tethered. Then, the surface
was exposed to a solution of 2µM CcO dissolved in 0.1%
dodecylmaltoside (DM, Anatrace, sol-grade 3105) and 50 mM
phosphate buffer (pH 8.0). CcO with a 6× His-tag fused to the
carboxy terminus of either subunit I or II was homologously
expressed inRhodobacter sphaeroidesand purified according
to ref 18. CcO adsorbs to the Ni-NTA moiety via the
coordination of the nitrogen of two imidazole side chains of
the 6× His-tag. After the formation of the CcO monolayer,
excess CcO is removed by rinsing the surface with buffer.

Incorporation of the membrane protein into the lipid layer is
achieved by immersing the surface-adsorbed CcO layer in a
solution of detergent-destabilized lipid vesicles (liposomes) of
di-myristoyl-phosphatidyl-choline (DMPC, Sigma). Microporous
Bio-Beads (SM2, Bio-Rad) are added to the mixture to remove
the detergent, thus creating the lipid-reconstituted CcO mono-
layer along the gold surface.

Kinetic FT-IR Spectroscopy To Monitor the Complexation
of Cc with CcO. A reference spectrum of the buffer solution
(75 mM KCl, 5 mM phosphate buffer, pH) 8.0) was recorded
with the lipid-reconstituted CcO monolayer adhered to the gold
surface. Subsequently, 4µM Cc was added to the solution at
open-circuit potential, and sample spectra were acquired at a
resolution of 4 cm-1. The first 15 spectra were recorded each
for 10 s. The subsequent series of 15 spectra have been taken
at an interval of 60 and 300 s, respectively.

Spectroelectrochemistry and Surface-Enhanced FT-IR
Difference Spectroscopy.The gold thin film is used as a
working electrode. It is connected via to a copper plate a
potentiostat (Autolab PGSTAT 12, Metrohm, Filderstadt, Ger-
many) that controls and determines the electrochemical response
of the CcO-modified surface by cyclic voltammetry. Ag/AgCl/3
M KCl and Pt mesh were used as a reference and a counter
electrode, respectively. All potentials given refer to the normal
hydrogen electrode, NHE (+0.212 V vs Ag/AgCl in 20°C). A
single-beam background IR spectrum was taken at 0.11 V vs
NHE. Then, the potential was continuously increased (sweep
rate of 2 mV sec-1), and sample spectra were acquired.
Typically, 200 scans were coadded to reduce the noise. The
spectral acquisition time took 10 s; thus each spectrum represents
the integration over a potential range of 20 mV. Experiments
have been performed on several samples, which were averaged
at the corresponding potentials until a sufficient signal-to-noise
ratio was achieved.

Results

The strategy of this study is schematically depicted in Figure
1. Two types of recombinant CcO, which carry the His-tag on

different subunits, have been expressed and purified. One of
the constructs of CcO carries the His-tag at the C-terminus of
subunit I (His-I) where the hydrophilic residues are exposed
toward the cytoplasmic side of the cell. The other construct has
the His-tag on the C-terminus of subunit II (His-II) where the
hydrophilic residues are exposed to the periplasm. The peri-
plasmatic extension of subunit II harbors the docking site for
Cc, which comprises an agglomeration of acidic residues.14,17

Since the His-tag binds specifically to the Ni-NTA-modified
gold surface, the His-I construct provides CcO with the
orientation where the cytoplasm side faces the gold surface;
i.e., the Cc binding site is exposed to the bulk solution (Figure
1a). The His-II construct binds to the Ni-NTA surface to orient
CcO with the periplasmic side toward the gold surface (Figure
1b). In this orientation, the binding site is not accessible to Cc
due to the barricade imposed by the lipid bilayer.

CcO Adsorption on the Ni-NTA-Modified Gold Elec-
trode. The gold surface has been modified by several steps to
generate a Ni-NTA-terminated self-assembled monolayer
(SAM). CcO is added to the electrolyte solution and binds with
high affinity to the chemically modified electrode (CME) via
the His-tag that has been genetically engineered into the
polypeptide sequence. Figure 2 shows the SEIRA spectra of

Figure 1. Conceptual design to produce a solid-supported monolayer
of an orientated membrane protein embedded in the lipid bilayer
(DMPC). (a) Cytochrome c oxidase (CcO) is adsorbed to the Ni-NTA-
terminated SAM layer via the His-tag (His-I) positioned at the
C-terminus of subunit I (red ribbons). The binding site for the natural
electron donor cytochrome c (Cc, purple) is exposed toward the
electrolyte solution. (b) Cytochrome c oxidase (CcO) is oppositely
orientated by positioning the His-tag (His-II) at the C-terminus of
subunit II (blue ribbons). In this orientation, Cc cannot reach the binding
site at CcO because of the presence of the lipid bilayer (crossed arrow).
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CcO after adsorption to the Ni-NTA SAM via the His-tag on
subunit I (His-I in part a) or via the His-tag on subunit II (His-
II in part b). Through the use of constructs with the His-tag on
opposite sides, the orientation of the protein is reversed with
respect to the gold surface. The recorded IR spectra show the
same features with the prominent amide bands to absorb at 1658
cm-1 (amide I, predominantly CdO stretching vibration of the
peptide bond) and at 1544 cm-1 (amide II, CdN stretch coupled
to N-H bending vibration),19 irrespective of surface orientation.
The intensities of these bands are also comparable, which
suggests that the surface coverage of the two CcO constructs
(His-I and His-II) is almost identical despite the difference in
their functionality (vide infra). It is expected from the short range
of the surface-enhancement effect (decay lengths in the range
of 5 nm20) that the opposite orientation of the two proteins may
lead to deviations in their IR spectrum. However, the current
signal-to-noise ratio does not allow for such a quantitative
analysis.

Orientational Effect on Cc Binding to CcO. Cc is the
natural electron donor to CcO in mitochondrial respiration. Cc
binds to a specific site at subunit II of CcO, which is geo-
metrically as well as electrostatically optimized for binding and
electron transfer. To mimic the physiological process, the
surface-bound CcO was reconstituted into a lipid bilayer, and
Cc was added to the electrolyte solution. Figure 3a shows the
recorded IR spectra during the adsorption of Cc to CcO
orientated with the Cc binding site toward the electrolyte
solution (His-I). Two prominent peaks appear at 1658 and 1550
cm-1 due to the amide I and the amide II modes of Cc, respec-
tively. The spectra correspond well to the absolute spectrum of
Cc when dissolved in the aqueous bulk phase or when adsorbed
to a chemically modified surface.6 The gradual increase in
intensity provides direct evidence for adsorption of Cc to the
reconstituted CcO.

The binding experiment has been repeated under identical
conditions albeit with CcO oppositely orientated, i.e., the Cc
binding site being sequestered from the bulk electrolyte.
Contrary to the former observation, amide bands from adsorbed
Cc are hardly observed even after 30 min of incubation of the

bilayer-reconstituted CcO (Figure 3b). This suggests that Cc
does not significantly adsorb to CcO when the binding site is
orientated toward the solid surface. Minor spectral contributions
may be caused by the adsorption of Cc to the lipid headgroups
or to the Ni-NTA surface through defects of the lipid bilayer.
Nevertheless, it is apparent from these results that Cc binds to
the reconstituted CcO only at a proper orientation of the latter.
Surprisingly, unspecific binding of Cc to the lipid surface
(DMPC) is negligible.

The kinetics of adsorption have been determined from the
evolution of the amide I band in the binding experiment and
plotted versus incubation time (bottom panel in Figure 3) for
the two oppositely orientated CcO constructs (a′ for His-I and
b′ for His-II). Although adsorption of Cc is obvious when CcO
is orientated with the binding site facing the bulk solution, the

Figure 2. Surface-enhanced infrared absorption (SEIRA) spectra of
detergent-solubilized cytochrome c oxidase adsorbed to the Ni-NTA-
modified gold surface through the His-tag on (a) subunit I (His-I
orientation, see Figure 1a) and (b) subunit II (His-II orientation, see
Figure 1b).

Figure 3. SEIRA spectra (a in the top panel) of cytochrome c (Cc)
bound to the solid-supported monolayer of cytochrome c oxidase (CcO).
CcO is orientated with the Cc binding pocket facing the aqueous bulk
solution (His-I orientation, see Figure 1a). Spectra are taken at 10 s,
30 s, 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, 60 min, and 90
min after addition of 4µM Cc. The spectrum of the cytochrome c
oxidase monolayer has been taken as a reference. Trace b corresponds
to the SEIRA spectrum taken after 30 min of incubation of 4µM Cc
with the reconstituted cytochrome c oxidase monolayer whose Cc
binding pocket faces the electrode surface (His-II orientation, see Figure
1b). The bottom panel corresponds to the derived adsorption kinetics
of Cc to cytochrome c oxidase in the His-I orientation (a′) or in the
His-II orientation (b′). The intensity at 1658 cm-1 (amide I band in the
top panel) is plotted versus the adsorption time.
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adsorption kinetics is not simple. In the initial phase of
adsorption (<20 min), the adsorption kinetics is monotonic
and obeys an exponential increase. It reaches a plateau after
about 30 min followed by an additional increase in coverage
of Cc. This kinetic behavior has not been observed in the case
of Cc adsorption to a carboxy-terminated alkane thiol surface
that exhibits a monotonic increase throughout the adsorption
kinetics.6

It is well-known that the oxidation reaction of Cc by CcO
depends on ionic strength.14,15,21The activity reaches a maximum
at 75 mM KCl and decreases as the ionic strength increases
due to dissociation of Cc from CcO.14 At 300 mM KCl, the
activity is close to zero, suggesting the complete dissociation
of the active Cc.15 As a control for Cc binding to the active site
of CcO, Cc was desorbed by increasing the ionic strength. The
top panel in Figure 4 shows the IR difference spectra after the
KCl concentration was increased from 75 to 300 mM. The
disappearance of the amide bands indicates the salt-induced

dissociation of Cc from CcO. The desorption proceeds rather
sluggishly and monotonically (bottom panel in Figure 4). It takes
∼80 min to reach steady-state desorption. Importantly, less than
half of the Cc molecules are desorbed by this procedure as
discerned from the limiting differential absorbance of-0.003
(compare toA ) +0.007 for the binding isotherm, a′ in Figure
3). This suggests that the binding constant has not moved far
enough for full dissociation of Cc even at 300 mM salt
concentration. Nevertheless, reduction of CcO from those Cc
that remain on the surface is not observed. Thus, we conclude
that the remaining Cc is inactive in terms of electron transfer
to CcO. It is evident from the experiments on CcO with the Cc
binding site occluded from the bulk solution (His-II orientation,
trace b of Figure 3) that Cc does not bind to the lipid layer.
Therefore, a second, albeit nonfunctional, binding site for Cc
has to be assumed on the surface of CcO.

Functionality of the Cc-CcO Complex.After Cc binds to
CcO, the functionality of the Cc-CcO complex is studied by
cyclic voltammetry in the presence of atmospheric O2. The
electrochemical response of the two proteins can be selected
by the sweep rate in cyclic voltammetry. At a fast sweep rate
of 50 mV/s (Figure 5a), the response of Cc is monitored when
it is redox-active (continuous trace). A midpoint potential of
+244 mV can be derived from the maximum and minimum of
the redox current. A response of CcO is not detectable under
these conditions because the turnover rate is too slow. Remark-

Figure 4. Surface-enhanced infrared difference absorption (SEIDA)
spectra of the desorption process of cytochrome c from the cytochrome
c oxidase monolayer (top) and the corresponding desorption kinetics
(bottom). Desorption is induced by increasing the electrolyte concentra-
tion from 75 to 300 mM KCl. Difference spectra have been taken at
10 s, 30 s, 1 min, 2 min, 5 min, 10 min, 30 min, 60 min, and 90
min after induction. For kinetic analysis, the intensity of the band at
1658 cm-1 (amide I vibration) is plotted versus the desorption time.
The dashed line is the best fit of a monoexponential decay. The
corresponding rate constant of desorption is determined tokdes ) 1.3
× 10-3 s-1.

Figure 5. Cyclic voltammograms (CVs) of the cytochrome c oxidase
modified electrode recorded with scan rates of (a) 50 mV s-1 and (b)
2 mV s-1. The solid traces correspond to the CV of surface-attached
cytochrome c oxidase in the His-I orientation in the presence of
cytochrome c. The dashed lines are CV traces from identical experi-
ments but in the absence of the natural reductant cytochrome c. The
dotted traces are from experiments on cytochrome c oxidase in the
His-II orientation in the presence of cytochrome c.
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ably, however, the Cc/CcO film displays substantial catalytic
activity at a low scan rate to allow for multiple turnovers. As
the potential sweeps at a rate of 2 mV s-1 (continuous trace in
Figure 5b), a drastic increase in the reduction current is observed
at potentials below+260 mV. This voltammetric behavior is
the catalytic wave characteristic of dioxygen reduction. The
inflection point of the wave corresponds to the formal potential
of Cc measured under the faster scan rate (continuous trace in
Figure 5a). This indicates that the electrons from the electrode
are transferred via Cc as a redox mediator to reach the catalytic
center of CcO. The catalytic current has also been observed by
Haas et al.10 using a different attachment strategy.

With the addition of Cc to CcO tethered to the electrode
where the binding site is inaccessible, the cyclic voltammogram
does not display any significant current, irrespective of the sweep
rate (dashed traces in Figure 5). This electrochemical observation
is in line with the FT-IR spectroscopic result (Figure 3, trace
b), which showed that Cc does not adsorb at this orientation of
CcO (His-II) to the film electrode.

In the absence of the natural electron donor Cc, CcO does
not exhibit any electroactivity at all, irrespective of the orienta-
tion (dotted traces in Figure 5). This suggests that there is no
direct electrical communication with the gold electrode under
our conditions.

From the charge flow of the redox wave in the cyclic
voltammogram, the number of Cc molecules can be calculated
that undergo electron transfer from the electrode. The redox
charge was determined by subtraction of the double-layer
charging current in the absence of Cc in the solution (dashed
trace in Figure 5a) from the presence of Cc (solid trace in Figure
5a). Through the use of the roughness factor of 2.5,22 the surface
coverage of electroactive Cc is determined to be 4.9 pmol cm-2.
This value corresponds very well to the coverage of a densely
packed monolayer of CcO on a glass substrate, 4.6 pmol cm-2,
prepared by the Langmuir-Blodgett technique.10 It is also very
close to the value of 6 pmol cm-2 as calculated from the crystal
structure of CcO (PDB code 1M5623) assuming an ellipsoidal
disk of 45 Å× 70 Å for the in-plane dimension of CcO from
R. sphaeroides. This result implies that the observed redox
current of Cc is mainly carried by those adsorbed to the active
site of CcO, which forms a densely packed monolayer on the
gold surface. Such a densely packed monolayer has been
observed by atomic force microscopy for reconstituted CcO
adhered to a Ni-NTA/Au(111) single-crystal surface.24

Potential-Induced Difference Spectra of the Cc/CcO
Complex Film. Electrochemically induced IR difference spec-
troscopy has been performed on the functional Cc/CcO complex
(Figure 6, continuous traces). The IR spectra have been recorded
simultaneously with the cyclic voltammogram (Figure 5b). As
the potential is increased, several sharp bands appear. The
negative peaks at 1692, 1643, 1626, and 1514 cm-1 correspond
to the reduced state, and the positive peaks at 1676, 1636, 1557,
1518, and 1506 cm-1 to the oxidized state of the complex. These
peak positions correspond very well to the redox-induced
difference spectra of Cc in the solution phase or when adsorbed
to a CME.25 Thus, these bands emanate from the conformational
changes of Cc induced by electrochemical oxidation when
adsorbed to the CcO surface. The detailed assignment of these
bands to molecular vibrations of Cc have already been pub-
lished.25 Briefly, the negative and positive pair at 1692/1676
cm-1 is assigned to an amide I mode of a type IIIâ-turn
structure of the amino acids 14-19 and/or 67-70 of the
polypeptide. The 1636/1626 cm-1 pair is assigned to the
extendedâ-turn structure comprising residues 37-40 and/or

57-79. The band at 1557 cm-1 is due to an amide II mode
while the bands at 1518/1514/1506 cm-1 are assigned to
different in-plane ring vibrations of tyrosine (Tyr48 and/or
Tyr67). Besides of these sharp bands, a broad negative band
centered at around 1650 cm-1, appears as the potential increases.
This broad feature does not originate from Cc but from the
Ni-NTA underlayer. This is evident from control experiments
performed in the absence of Cc (dashed traces in Figure 6) and
from experiments on the pure Ni-NTA layer (Figure S1 in
the Supporting Information). The appearance of bands from the
Ni-NTA SAM may due to the potential-induced reorientation
or Stark tuning effect.26 Since the Ni-NTA SAM is close to
the metal surface, it is prone to be affected by the change in
the electromagnetic field tuned by the potential (vibrational Stark
effect). Moreover, the intensity of the broad band shows a
potential dependence (+ in Figure 7) much different from the
potential dependence of Cc (O in Figure 7). The latter
corresponds very well to the charge flown during the redox
reaction of Cc (continuous trace in Figure 7). The increase in
peak height at 1644 cm-1 is rather proportional to the potential
increase and does not fit to the charge profile of Cc. These
results demonstrate that the discussed IR bands must be of
different molecular origin, indeed.

After the assignment of the broad background absorption
change to the Ni-NTA layer (dashed spectrum in Figure 6), it
is subtracted from the redox-induced IR difference spectrum

Figure 6. Set of potential-induced surface-enhanced IR difference
absorption (SEIDA) spectra of the cytochrome c/cytochrome c oxidase
monolayer adhered to the Ni-NTA-modified gold electrode. Spectra
have been recorded at oxidizing potentials of (a)+0.36, (b)+0.34, (c)
+0.32, (d)+0.29, (e)+0.27, (f)+0.25, (g)+0.23, (h)+0.21, (i)+0.18,
and (j)+0.16 V (solid traces) with a reference spectrum of the reduced
state taken at+0.11 V. The dashed traces represent the IR difference
spectra of the cytochrome c oxidase in the absence of cytochrome c.
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(continuous spectrum in Figure 6) to yield the pure vibrational
response of the Cc/CcO complex to oxidation (Figure 8a). This
double difference is remarkably similar to the potential-induced
difference spectrum of Cc adsorbed on a carboxy-terminated
SAM (mercaptoundecanoic acid, Figure 8b). It is noted that the
difference spectra of Cc when adsorbed to SAMs with terminal
groups of different chemical functionality (hydoxyl, zwitterionic,
or pyridine) exhibit completely different relative intensities (see
ref 25 for the spectra). Thus, it is concluded that the carboxy-
terminated surface of the thioalkane mimics the (physiological)
Cc binding site of CcO, which is dominated by negatively
charged amino acid side chains (Asp and Glu, see Discussion).

Discussion

Assessment of the Reconstituted Membrane Protein
Monolayer Electrode. We have succeeded to construct a

functional membrane protein monolayer electrode that provides
distinct advantages as compared to those reported earlier.9-11,27,28

First, the orientation of adsorbed CcO is freely controlled by
exploiting the binding ability of the His-tag to the preformed
Ni-NTA layer along the gold surface.

Hawkridge and co-workers9,11,29have also constructed aniso-
tropically orientated CcO films. Solubilized CcO was detergent-
dialyzed against a mixture of dioleoyl phosphatidylethanolamine
(DOPE) and dioleoyl phosphatidylcholine (DOPC) to form a
protein/lipid layer on a silver-deposited gold electrode that was
partially modified with an alkanethiol (octadecylmercaptan). The
orientation of the adsorbed CcO was driven by the hydrophobic
interaction of the enzyme and the SAM layer. However, it is
not trivial with this method to change the orientation of CcO.
Also, the application of the methodology to other proteins is
difficult due to their different structural and chemical nature.
In our method, the surface orientation of the enzyme is con-
veniently controlled by inserting the His-tag into virtually any
position of the protein by molecular genetic means. Moreover,
the methodology allows the adherence of any protein that is
amenable to recombinant techniques. Therefore, the Ni-NTA-
modified electrode represents a versatile and general nanotech-
nological approach.

The functionality of the CcO layer is demonstrated by
recording a catalytic reduction current in the negative potential
region. We conclude from the fact that this current is observed
only when Cc is bound at the dedicated site of CcO (Figure
5b) the electrons enter CcO via the physiological pathway. This
finding is corroborated by the observation that the catalytic wave
starts to appear as soon as Cc is reduced. These results are
consistent with those reported by Haas et al.10 who used a
detergent-solubilized Cc-CcO complex physisorbed to a 3-mer-
capto-1-propanol SAM.

Taking into account the considerable electron-transfer distance
from the electrode to Cc when adsorbed to CcO (Figure 1a),
“through-space” electron transfer is hardly conceivable. Nev-
ertheless, cyclic voltammetry (solid trace in Figure 5a) clearly
demonstrates electron transfer to Cc. Contact of Cc with the
electrode followed by diffusion to the CcO binding is excluded
by the fact that Cc is unable to penetrate the lipid bilayer. This
is demonstrated by the SEIRAS experiment (Figure 3b) where
no adsorption of Cc is detected when CcO is in the His-II
orientation (Figure 1b). It may be concluded from these
experimental results that CcO acts as a mediator that facilitates
electron transfer from the electrode to the distant Cc via a
“through-bond” mechanism.

The monolayer of the Cc-CcO complex displays catalytic
activity only at low sweep rates that allow for multiple turnovers.
Catalytic activity comprises all of the molecular reactions that
finally lead to dioxygen reduction including electron transfer
from Cc to CcO, electron transfer among the various redox
centers within CcO, proton uptake for water production, proton
translocation across the whole protein, and diffusion of oxygen
to the active site. The rate of the limiting reaction determines
the catalytic activity. If the potential sweep rate is faster than
the rate-limiting reaction of CcO, then the catalytic current is
not observable, but Cc is reduced by the solid electrode.

Several studies have reported on the direct electric coupling
between CcO and the electrode.9-11,27,28However, the associated
catalytic oxygen reduction has been scarcely reported. The
experiment with CcO orientated with the Cc binding facing the
bulk aqueous solution (His-I) did not show any detectable redox
contact between electrode and protein. This implies that the
distances between the oxidase redox cofactors are too far away

Figure 7. Plot of the intensities of selected IR difference bands (left
ordinate) versus the applied redox potential. Circle (O): Intensity
difference between the bands at 1692 and 1676 cm-1. Cross (+):
Intensity of the band at 1644 cm-1. The continuous trace represents
the charge flow (right ordinate) derived from the integration of the
redox current of Cc (solid trace in Figure 5a).

Figure 8. (a) SEIDA spectrum of cytochrome c when adsorbed to
cytochrome c oxidase (Cc/CcO). The spectrum has been calculated by
subtracting the redox difference of CcO bound to the Ni-NTA SAM
(dashed trace in Figure 6a) from the difference spectrum of Cc bound
to the solid-supported film of CcO (continuous trace in Figure 6a).
(b) Potential-induced redox difference spectrum of cytochrome c when
adsorbed to the mercaptoundecanoic-acid-modified Au electrode
(Cc/MUA).
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from the electrode to promote significant electron-transfer rates.
Alternatively, the CcO is not properly orientated in this
configuration. If the His-tag is put on subunit II, then CcO is
adsorbed such that the electron entering site to CuA is close
to the electrode surface (∼50 Å).30 Nevertheless, we could
not detect any current (dotted trace in Figure 5) induced by
direct electron transfer to CcO under the applied conditions.
Our experiments were performed in the potential region below
360 mV to avoid contributions from the redox reaction of
Ni2+/Ni3+ (Eox ) ∼0.5 V, Ered ) ∼0.35 V vs NHE) for the
Ni-NTA SAM (data now shown). However, this potential
region overlaps with the potential of the heme a3 redox site
(350 mV),9,31which has been reported for direct electron transfer
between CcO and the electrode. Thus, it is rather difficult to
disentangle these two contributions by cyclic voltammetry. It
is also not easily distinguished from IR signals of the Ni-NTA
layer, which appears around 1600 cm-1.

Structural Aspects of the Cytochrome c/Cytochrome c
Oxidase Complex as Determined by SEIDAS.The binding
of Cc and electron delivery to its cognate oxidase comprise
specific structural and electronic premises. The redox-induced
SEIDA spectrum of Cc when bound to CcO has been recorded
(Figure 8a). The comparison with the SEIDA spectrum of Cc
electrostatically attached to a SAM of the carboxy-terminated
alkanethiol mercaptoundecanoic acid MUA (Figure 8b) reveals
great similarity between the two spectra. We have shown in a
recent publication25 that the amplitude of the SEIDA bands of
Cc is critically sensitive toward the chemical nature of the SAM
surface. Only a carboxy-terminated SAM surface shows a
spectrum like in Figure 8b whereas SAMs with other terminal
groups (hydroxy, pyridine, or amino carboxylic acid) exhibit
distinctly different SEIDA spectra. Therefore, it can be inferred
that the physiological docking site of Cc comprises a preponder-
ance of carboxylate residues, i.e., those of the side chains of
aspartates or glutamates. Indeed, Ferguson-Miller et al.14 have
identified residues Glu148, Glu157, Asp195, Asp214, and
Trp143 (all in subunit II of CcO fromR. sphaeroides) as the
major interaction partners for horse heart Cc. This model is
supported by kinetic experiments16 and by computational
analysis.32 The conservation of these residues among CcOs from
various organisms17,33-35 points to their relevance in this respect.
These residues of CcO interact with the terminal ammonium
group of lysines at positions 8, 13, 27, 72, and 86/87 of horse
heart Cc.36-38 The similarity in the SEIDA spectra also
demonstrates that a carboxy-terminated surface represents a
viable model system for binding studies of Cc.

Despite the qualitative similarity in the potential-induced IR
difference spectra of Cc on MUA and CcO, several distinctive
differences are apparent in their adsorption behavior. First, the
IR absorption bands of Cc when adsorbed to CcO are unexpect-
edly strong as compared to the amount that is involved in
electron transfer as derived from the redox current (Figure 9,
solid lines). In the case of MUA, the amplitude of the amide I
band of adsorbed Cc is 10-2, and the surface coverage is 17
pmol/cm2. However, the amide I band is 7× 10-3 when Cc is
bound to CcO with a surface coverage of 5 pmol/cm2. Second,
the adsorption of Cc on carboxy-terminated surface is complete
within 30 min while that on CcO takes much longer (>90 min).
The latter reveals biphasic adsorption behavior with a plateau
reached after∼30 min and a second increase thereafter (Figure
3c). In contrast, the adsorption of Cc to a carboxy-terminated
surface is monotonic across the entire adsorption process.6

The ionic strength dependence of Cc desorption is also
disparate for MUA and CcO. On the carboxy-terminated MUA

SAM, the maximum surface coverage of Cc is reached at<10
mM KCl and gradually decreases as the ionic strength is
increased. About 80% of the monolayer coverage is desorbed
already at 80 mM KCl and completely desorbed in the presence
of 1 M KCl.39 When Cc is complexed with CcO, only 50% of
Cc is detached from CcO upon increasing the KCl concentration
to 300 mM (Figure 4). However, electron transfer from Cc to
CcO is completely suppressed at this high ionic strength.15 This
can be explained by the presence of a population of Cc that is
adsorbed on the CcO surface but does not participate in electron
transfer. The existence of an inactive binding site for Cc on
CcO has long been proposed40-42 based on the multiphasic
oxidation kinetics of Cc on CcO. For the explanation of this
behavior, the regulatory site mechanism has been introduced,
which envisages a single catalytic site per heme aa3. Adjacent
to the catalytic site is at least one regulatory site where Cc binds
without transferring electrons. Cc bound to the regulatory site
weakens binding of Cc at the catalytic site, thereby reducing
the affinity of the enzyme for both substrate and product. The
model explains the appearance of a low-affinity/high-velocity
second phase at high Cc concentration as well as the ionic
strength dependence of the overall reaction, provided that
product dissociation is rate-limiting.21

The fraction of the active and the nonactive Cc population
adsorbed on CcO can be quantitatively determined from the
analysis of the band intensities in the SEIRA and SEIDA spectra.
The band intensity in the absolute IR spectum (Figure 9a)
represents the total amount of surface-bound Cc, i.e., active and
nonactive. However, the band intensity in the potential-induced
IR difference spectrum (Figure 9b) reflects the amount of bound
Cc participating in the electron-transfer reaction to CcO. In the
case of Cc adsorbed on the MUA surface, the surface coverage
of redox-active Cc is 17 pmol/cm2 as derived from the redox
current in the cyclic voltammogram (Figure S2 of the Supporting
Information). This value is very close to full monolayer coverage
of Cc (15 pmol cm-2) calculated from the diameter of Cc.43

This suggests that all adsorbed Cc molecules are undergoing
electron transfer to the MUA modified electrode. Thus, the ratio
of the band intensities of the absolute and the potential-induced
IR difference spectra of Cc on MUA can be used as a reference
for 100% electron-transfer efficiency. The number of molecules
that undergo electron transfer (nET) is derived from the absor-
bance change of the redox-induced IR difference spectrum
(Figure 9b). The difference in amplitude of the negative band
at 1692 cm-1 and the positive band at 1676 cm-1 (∆A(1676-1692 cm-

Figure 9. Quantitative surface-enhanced IR spectroscopy of cyto-
chrome c. (a) Absorption spectrum of cytochrome c bound to the solid-
supported cytochrome c oxidase monolayer (continuous trace) and to
mercaptoundecanate (dashed trace). (b) Corresponding redox-induced
difference spectra of cytochrome c.
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1)) is used and normalized to the number of adsorbed cytochrome
c molecules (nads) by recording the absorbance of the amide I
band at 1658 cm-1 (Figure 9a)

The ratio of the IR signals is determined to be 9.7% for Cc
adhered to the carboxy-terminated SAM (MUA). The same
calculation for the bands of Cc when bound to the solid-
supported SAM of CcO yields a ratio of 5.2%. Taking the redox
reaction of Cc adsorbed to MUA as the reference for 100%
electron transfer (vide supra), only about half (53%) of the
adsorbed Cc is involved in electron transfer to CcO, leaving
the other half (47 %) inactive for electron transfer. Thus, the
ratio of ET active (or catalytic) Cc and inactive Cc molecules
is about 1:1. We would like to point out that the electrochemical
IR data provide the first direct evidence for the existence of an
inactive Cc population in this heterogeneous ET system.
Although such inactive but regulatory species may be present
in many bioenergetic systems, they are inherently difficult to
detect with conventional electrochemical techniques.

It is reasonable to conclude that the inactive Cc population
is adsorbed to the regulatory site of CcO as suggested by the
controlled binding model for the interaction between cytochrome
c and cytochrome oxidase.42 The spatial location of the
regulatory site is still controversial. Speck et al.42 suggested that
binding of Cc either to the phospholipid layer or to a protein
site close to the catalytic site influences the binding of (redox-
active) Cc at the catalytic site, leading to the observed
multiphasic kinetics. However, it is obvious from our experi-
ments on the orientational dependence (Figures 3a and 3b) that
Cc adsorbs to CcO only when the dedicated binding site on the
P-side is exposed. Neither the lipid layer nor the extramembrane
surface on the N-side bind Cc. Thus, it is straightforward to
conclude that the regulatory site must be on the same protein
surface as the catalytic binding site for Cc. Since it has been
shown that the chemical nature of the lipid influences the
catalytic activity, the lipid layer must interact indirectly with
the Cc/CcO complex. It is evident that further surface-enhanced
IR experiments, including the dependence on Cc concentration,
ionic strength, and pH, are required to elucidate the role of the
bound but nonproductive Cc population. Such studies are
currently underway.

Conclusions

In this work, we have addressed the functionality of a lipid-
reconstituted CcO monolayer that has been specifically bound
via His-tags to a Ni-NTA-modified gold electrode. Full control
of the orientation has been achieved by adsorbing the membrane
protein via an engineered His-tag into either the P- or the N-side
of the membrane surface. It is demonstrated that only with CcO
orientated to expose the binding site of Cc to the aqueous bulk
solution, reduction of dioxygen is achieved as monitored by a
catalytic current. Thus, proper orientation of the membrane
protein is mandatory for the physiological reaction to take place,
i.e., binding of Cc and electron transfer to CcO, which then
catalyzes the formation of water from dioxygen.

SEIRA spectroscopy has been employed to monitor each of
the surface modification steps. The potential-induced IR dif-
ference spectrum of Cc when adsorbed to the solid-supported
CcO film is very similar to the difference spectrum of Cc when
adsorbed to a carboxy-terminated SAM. This implies that the
former bears structural and electrostatic similarity to the latter.

Indeed, the terminal carboxylates of aspartyl and glutamyl side
chains of CcO have been found crucial for binding of Cc.14,17,35

Quantitative surface-enhanced IR spectroscopy determined a
bound but redox-inactive Cc population. As proposed earlier,42

these nonproductive Cc molecules are most probably involved
in the regulation of the physiological electron transfer from the
catalytically active Cc population to CcO. The orientational
dependence of Cc binding provided evidence that the nonpro-
ductive population is exclusively bound to the same membrane
side of CcO (P-side) as the redox-active population of Cc.

The presented methodology is a general approach as the
introduction of affinity tags is routine with modern genetic
techniques. Thus, orientational control can be conveniently
achieved. An oriented sample is crucial when the vectorial
function of a membrane protein is addressed. Many membrane
proteins are asymmetric in their functionality as they translocate
ions or solutes preferably in one direction or as their stimulus
operates only from one side. For instance, the application of a
potential difference across the lipid bilayer embedded membrane
protein drives the flow of ions in voltage-gated channels.44 Such
studies are now feasible and may contribute to the elucidation
of the molecular mechanisms of this neurologically relevant
class of proteins. Moreover, the presented methodology is
particularly helpful for high-resolution imaging studies (electron
and scanning probe microscopy) where a well-oriented sample
is often critical for data interpretation. We have applied scanning
probe microscopy and provided direct evidence for the molecular
architecture of surface-tethered and membrane-embedded CcO.24

Overall, the presented methodology opens an avenue to study
protein-protein interaction on the molecular level. It is certainly
most suited to membrane proteins. As we have demonstrated,
the interaction of a membrane protein with its native binding
partner (here Cc with CcO) can be followed on the atomic level
by surface-enhanced IR spectroscopy. We consider this approach
to be directly applicable to G-proteins interacting with their
cognate receptors (so-called GPCRs) to provide detailed insight
into the conformational changes associated with signaling.
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