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ABSTRACT. Effects of interfacial interactions on the electrocatalytic activity of protein-tethered 

bilayer lipid membranes (ptBLMs) containing cytochrome c oxidase (CcO) for the oxygen 

reduction reaction are studied by using protein film electrochemistry and surface-enhanced 

infrared absorption (SEIRA) spectroscopy. Mammalian CcO was immobilized on a gold electrode 

via self-assembled monolayers (SAMs) of mixed alkanethiols. The protein orientation on the 

electrode is controlled by SAM–CcO interactions and is critical to the cytochrome c (cyt c) binding. 

The CcO-phospholipid and CcO-cyt c interactions modulate the electrocatalytic activity of CcO 

and more densely packed ptBLMs show higher electrocatalytic activity. Our study indicates that 

spectroscopic and electrochemical studies of ptBLMs can provide insights into the effects of 

relatively weak protein-protein and protein-lipid interactions on the enzymatic activity of 

transmembrane enzymes.  
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TEXT. 

In the mitochondrial respiratory chain, the stepwise electron transfer occurs from nicotinamide 

adenine dinucleotide (NADH), which can be generated from the food we eat, to oxygen, which 

can be taken from the air we breathe, between three major transmembrane protein complexes: 

complexes I, III and IV. The dysfunction of this electron transfer chain including a lack of 

electronic communication between protein complexes can cause mitochondrial disease.1-4 The 

functionality of the transmembrane protein complexes can be modulated by relatively weak 

interactions at protein–protein1-2,5-6 and protein–lipid7-8 interfaces. Fundamental studies of impacts 

of such weak interactions on the enzymatic activity and intermolecular electron transfer would 

allow us to understand mechanistic insights into the dysfunction of the respiratory chain.  

Complex IV, which is also known as cytochrome c oxidase (CcO), receives electrons from 

Complex III via a natural electron shuttle of cytochrome c (cyt c) and then reduces oxygen to water 

at the terminal respiratory chain.6,9 The oxygen reduction reaction (ORR) catalyzed by CcO is 

coupled with pumping protons across the mitochondrial inner membrane, and then the proton 

motive force that is produced across the membrane drives the ATP synthesis by the ATP synthase. 

The enzymatic activity of CcO has been studied not only in vivo but also in vitro. For example, 

protein film electrochemistry (PFE) is an emerging technique to understand the redox behavior 

and enzymatic activity of redox proteins, where thin films of redox proteins are prepared on the 

surface of an electrode and then applying potentials to them initiates redox reactions of the proteins 

immobilized.10-14 PFE can be coupled with surface-sensitive spectroscopic techniques such as 

surface-enhanced infrared absorption (SEIRA) spectroscopy, allowing us to understand the 

enzymatic activity, conformational changes, and protein–protein and protein–lipid interactions of 

redox enzymes including transmembrane proteins at the electrolyte–electrode interface.15-19 
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In this work, to quantitatively understand effects of protein interfacial interactions on the CcO 

enzymatic activity, we prepared protein-tethered bilayer lipid membranes (ptBLMs) of bovine 

CcO with phospholipids on SEIRA-active gold electrodes and then performed SEIRA 

spectroscopy and protein film electrochemistry of the ptBLMs in the presence or absence of the 

cyt c (Figure 1). Bovine CcO was immobilized on the gold surface via self-assembled monolayers 

(SAMs) of mixed alkanethiols of 3-mercaptopropionic acid (MPA) and 3-mercapto-1-propanol 

(MPL), which are terminated with carboxylate and hydroxyl groups, respectively. SAM–protein 

interactions can control the protein orientation of CcO on the electrode. The ptBLMs of CcO were 

reconstituted with phospholipids of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), which have different alkyl chain lengths, to 

understand the effect of lipid–protein interactions on the CcO activity for the ORR in the ptBLM. 

Then, cyt c was attached to ptBLMs to investigate effects of the protein–protein interactions on 

the ORR activity.  

 

Figure 1. Schematic representation of immobilization of bovine CcO on a SAM on a SEIRA-
active Au electrode, preparation of a ptBLM with a phospholipid of DMPC or DPPC, and cyt c 
binding to the ptBLM. 
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SEIRA-active Au films on half-cylindrical Si prisms were coated with mixed SAMs of 

alkanethiols with a 1:3 or 3:1 molar ratio of MPA–MPL (Figure 1). Since thiol groups react with 

the Au surface and terminal hydroxyl (-OH) and carboxylate (-COO–) groups are exposed to the 

electrolyte solution, changing the molar ratio of MPA:MPL allows us to change the distribution of 

the protein orientation of CcO immobilized on the mixed SAM.14 The carboxylate group of MPA 

is able to react with surface residues of lysine on CcO in the presence of amido coupling reagents 

of NHS and EDC 12. Surface-exposed lysine residues can be mainly found on the protein surface 

exposed to the inside and outside of the mitochondrial inner membrane.9 Similar protein 

immobilization methods have been used for large oxidoreductase proteins including 

transmembrane proteins.12,17,20-21 In the following text, the mixed SAMs of 1:3 and 3:1 MPA–MPL 

are denoted as SAMOH and SAMCOOH, respectively.  

The surface immobilization of CcO on SAMOH or SAMCOOH was tracked by SEIRA 

spectroscopy (Figure 2). Positive bands were observed at 1650 and 1460 cm–1, which can be 

assigned to amide I’ and amide II’ bands in D2O, respectively.22 These band intensities increased 

over time and remained even after the gold surface was rinsed. Thus, CcO was successfully 

immobilized on either SAMOH and SAMCOOH-modified Au surfaces.  

 

Figure 2. SEIRA spectral changes during the CcO immobilization on the mixed SAM of (a) 
SAMCOOH and (b) SAMOH recorded in a 50 mM phosphate-buffered D2O at pD 6.5. A polarization-
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modulated SEIRA spectrum recorded in the phosphate-buffered D2O solution containing no CcO 
was used as the reference spectrum (t = 0 min). 

 

Peak intensity ratios of amide I’ to amide II’ in D2O (∆Iamide I’/∆Ιamide II’) in Figure 2 were 

determined to be 2.6 and 2.2 for SAMCOOH and SAMOH, respectively. These values are higher 

than that of CcO in solution (approximately 1.7).23 SEIRA spectroscopy has a surface selection 

rule: vibrational modes with dipole moment perpendicular to the SEIRA-active surface are 

strongly enhanced whereas those parallel to the surface are weakened.24 Furthermore, the amide 

I’ mode of the α-helix is parallel to the helix axis whereas the amide II’ mode is perpendicular to 

it.22,25 The mammalian CcO is composed of 13 subunits and has 22 transmembrane helices in 

Subunits I, II, III, and IV-1 (Subunit I: 12 transmembrane helices; Subunit II: 2; Subunit III: 7; 

Subunit IV-1: 1).9,26 Thus, transmembrane helices of the CcO either on SAMCOOH/Au or 

SAMOH/Au adopt a more upright orientation (vertical to the Au surface). More details on the 

protein orientation of CcO on each SAM are discussed later with SEIRA spectra of the cyt c 

binding to CcO.  

The BLM of DMPC (BLMDMPC) was formed on CcO/SAMCOOH/Au or CcO/SAMOH/Au. DMPC 

was dissolved in the phosphate-buffered solution (pH 6.5) containing a surfactant of DDM and the 

addition of bio-beads, which adsorb and remove DDM, initiated the formation of the BLM.15-16,27 

The formation process of BLMDMPC was tracked by SEIRA spectroscopy (Figure 3). A negative 

band increased from 3000 to 3700 cm–1 and can be assigned to the OH stretching mode, ν(OH).28 

Two positive bands were observed from 2840 to 2870 cm–1 and from 2910 to 2940 cm–1 and can 

be assigned to the symmetric and asymmetric stretching modes, νs(CH2) and νas(CH2), 
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respectively.15,17 The peak position of νas(CH2) was found at 2923 cm–1. These results indicate that 

the ptBLM of the CcO formed on either SAMCOOH/Au or SAMOH/Au. 

 

Figure 3. SEIRA spectral changes during the BLMDMPC formation on (a,b) CcO/SAMCOOH/Au 
and (c,d) CcO/SAMOH/Au recorded in a 50 mM phosphate-buffered solution (pH 6.5). A 
polarization-modulated SEIRA spectrum recorded just after the addition of DMPC solution at t = 
0 min was used as the reference spectrum. For (a,b), the SEIRA spectra in black indicate the spectra 
at t = 22 and 247 min. For (c,d), the SEIRA spectra in black indicate the spectra at t = 22 and 187 
min. The SEIRA spectra in red and blue show the spectra at t = 67 and 112 min after the addition 
of bio-beads at t = 60 and 100 min, respectively. 

 

The binding processes of cyt c to the ptBLMDMPC on SAMCOOH and SAMOH was tracked by 

SEIRA spectroscopy and the enzymatic activity of CcO before and after the cyt c biding was 

checked by cyclic voltammetry (Figure 4). After the addition of cyt c in the 50 mM phosphate-

buffered D2O solution, amide I’ and II’ bands positively increased for SAMCOOH whereas a 

marginal increase was observed for SAMOH (Figure 4a and 4b). These bands were still observed 

even after rinsing the surface with the buffered solution for SAMCOOH whereas these bands 
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disappeared and the same spectrum as the initial one was observed for SAMOH. For control 

experiments, the cyt c binding processes to CcO/SAMCOOH and CcO/SAMOH in the absence of 

BLM was also tracked (See Figures S1 and S2 in Supporting Information). Since the bands 

remained even after rinsing the surface with the buffered solution, we confirmed that cyt c was 

attached to either CcO/SAMCOOH or CcO/SAMOH in the absence of BLM. These results indicate 

that cyt c binds to CcO on SAMCOOH but not on SAMOH in the presence of BLMDMPC. In the case 

of ptBLMDMPC/SAMOH, the cyt c binding site of CcO is directed toward the electrode substrate 

and covered with the BLMDMPC, resulting in the inhibition of the access of cyt c to the binding site 

of CcO. In contrast, the cyt c binding site of CcO is directed toward the solution on SAMCOOH and 

exposed to the solution even after ptBLMDMPC formation, allowing for the cyt c binding.11,14  

 

Figure 4. SEIRA spectral changes during cyt c binding to (a) BLMDMPC-CcO/SAMCOOH/Au and 
(b) BLMDMPC-CcO/SAMOH/Au recorded in a 50 mM phosphate-buffered D2O solution (pD 6.5). 
A polarization-modulated SEIRA spectrum recorded in the phosphate-buffered D2O solution 
before the addition of cyt c was used as the reference spectrum (t = 0 min). The SEIRA spectra in 
red indicate the spectra recorded at t =127 min. The SEIRA spectra in blue indicate the spectra 
collected after rinsing the electrode surface with the buffered solution. CVs recorded at 10 mV s–

1 in 50 mM phosphate buffered aqueous solution (pH 6.5) for (c) BLMDMPC-CcO/SAMCOOH/Au 
and (d) BLMDMPC-CcO/SAMOH/Au before and after the cyt c binding. The electrodes were 
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prepared step by step as follows: CcO/SAMCOOH/Au, BLMDMPC-CcO/SAMCOOH/Au and then cyt 
c/BLMDMPC-CcO/SAMCOOH/Au for (c); CcO/SAMOH/Au, BLMDMPC-CcO/SAMOH/Au and then 
cyt c/BLMDMPC-CcO/SAMOH/Au for (d). 
 

We also constructed a BLM of DMPC on SAMCOOH in the absence of CcO and tracked cyt c 

binding to BLMDMPC/SAMCOOH (Figure S3). Although the BLMDMPC formed on SAMCOOH in the 

absence of CcO, no adsorption of cyt c to BLMDMPC/SAMCOOH occurred because no positive 

increase of amide I’ and II’ bands was observed during the cyt c binding process. In contrast, cyt 

c was adsorbed to SAMCOOH in the absence of BLMDMPC (Figure S4). These control experiments 

suggest that no adsorption of cyt c occurs on BLMDMPC, supporting that cyt c can be attached to 

the cyt c binding site of CcO of ptBLM/SAMCOOH but highly unlikely to BLMDMPC.  

The ptBLM formation process was also tracked by electrochemical impedance spectroscopy 

(EIS). To exclude effects of the model used for EIS data analysis, capacitances were estimated by 

reading out the diameter of the first semicircle of the frequency-weighted Cole–Cole plots at high 

frequencies (Figure S5) because the first half semicircle describes the capacitive behavior of the 

entire SAM or BLM.29-30 Capacitances tend to decrease in the following order: SAMCOOH (5.8 µF 

cm–2) > CcO/SAMCOOH (4.1 µF cm–2) > BLMDMPC-CcO/SAMCOOH (1.5 µF cm–2 ). The value for 

BLMDMPC-CcO/SAMCOOH is lower than that of CcO/SAMCOOH, indicating the formation of ptBLM. 

This can be rationalized based on higher dielectric constants of embedded membrane proteins (ε 

~ 2-40), compared with the hydrophobic core of the phospholipid (ε ~ 2).30 The absolute value of 

the capacitance of BLMDMPC-CcO/SAMCOOH indicates the formation of the single-layered ptBLM. 

To understand the electrocatalytic activity of CcO for the ORR, cyclic voltammograms (CVs) 

of CcO/SAMCOOH/Au and CcO/SAMOH/Au before the cyt c binding were recorded and cathodic 

currents were observed under oxygen but not under Ar (Figure 4c and 4d). The cathodic currents 
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observed under oxygen are associated with the enzymatic activity of CcO for the ORR.11,13,31 CcO 

is believed to show the anti-cooperative redox behavior: the reduction of one heme inhibits the 

reduction of the other.10 The first electron shows an equal affinity for heme a and a3. For bovine 

CcO at pH 7, the first reduction process is reported to occur at 0.34 V vs. SHE between the fully 

oxidized a3+a3
3+ and the half-reduced state, which is a mixture of the a2+a3

3+ and a3+a3
2+, and then 

the second and the third reduction processes occur at 0.26 and 0.19 V vs. SHE, respectively,10,32-

33 where a copper center is likely involved as the third redox site. 

The binding of cyt c to BLMDMPC-CcO/SAMCOOH/Au increases cathodic currents for the ORR 

(Figure 4c): BLMDMPC-CcO/SAMCOOH/Au before and after the cyt c binding showed current 

densities of –0.88 and –1.12 µA cm–2 at –0.1 V vs. SHE for the ORR, respectively. Based on these 

current densities, a factor of 1.3 enhancement for the electrocatalytic ORR was obtained for the 

cyt c binding to BLMDMPC-CcO/SAMCOOH/Au. In contrast, no such enhancement was observed for 

BLMDMPC-CcO/SAMOH/Au (Figure 4d). These results imply that the cyt c–CcO protein–protein 

interaction could affect protein structures and the interfacial electron transfer from the Au electrode 

to the binuclear active site of heme a3 and CuB of CcO via electron tunneling because the binuclear 

active site is placed near the electrode surface for CcO/SAMCOOH/Au. 

To understand protein–lipid interactions in detail, we also tracked the formation of BLM of 

DPPC (BLMDPPC) on CcO/SAMCOOH/Au and then the cyt c binding by SEIRA spectroscopy. We 

observed the increase of the negative ν(OH) band and positive νs(CH2) and νas(CH2) bands (Figure 

5a and 5b), which are similar to the BLMDMPC formation on CcO/SAMCOOH/Au (Figure 3a and 

5b). The peak position of νas(CH2) for BLMDPPC was found at 2919 cm–1 (Figure 5b), which is 

lower than that for BLMDMPC-CcO/SAMCOOH/Au (2923 cm–1) (Figure 3b), as mentioned above. 

The νas(CH2) band position for BLMDPPC is close to that of the well-ordered alkyl chains (2918 
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cm–1).34 The νas(CH2) peak position is related to the average number of gauche conformers in 

hydrocarbon chains and the wavenumber of νas(CH2) increases with increasing the number of the 

gauche conformers.17,35 Thus, ptBLMDPPC is more densely packed than ptBLMDMPC. This can be 

caused by the difference in chain length: DPPC has acyl chains 16 carbon-atoms long whereas 

DMPC has acyl chains 14 carbon-atoms long (Figure 1). This difference leads to the formation of 

the densely packed BLMDPPC.36  

 

Figure 5. SEIRA spectral changes during (a,b) the BLMDPPC formation on  CcO/SAMCOOH/Au in 
a 50 mM phosphate-buffered solution (pH 6.5). A polarization-modulated SEIRA spectrum 
recorded just after the addition of DPPC solution at t = 0 min was used as the reference spectrum. 
The SEIRA spectra in black indicate the spectra at t = 22 and 247 min. The SEIRA spectra in red 
and blue show the spectra at t = 67 and 112 min after the addition of bio-beads at t = 60 and 100 
min, respectively. (c) SEIRA spectral changes during cyt c binding to BLMDPPC-
CcO/SAMCOOH/Au in a 50 mM phosphate-buffered D2O solution (pD 6.5). A polarization-
modulated spectrum recorded in the phosphate-buffered D2O solution before the addition of cyt c 
was used as the reference spectrum (t = 0 min). The traces in red indicate SEIRA spectra recorded 
at t = 127 min. The traces in blue indicate the spectra collected after rinsing the electrode surface 
with the buffered solution. (d) CVs recorded at 10 mV s–1 in a 50 mM phosphate-buffered aqueous 
solution (pH 6.5) for BLMDPPC-CcO/SAMCOOH/Au before and after the cyt c binding. The 
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electrodes were prepared step by step as follows: CcO/SAMCOOH/Au, BLMDPPC-
CcO/SAMCOOH/Au and then cyt c/BLMDPPC-CcO/SAMCOOH/Au for (d). 

 

 

For ptBLMDPPC, the addition of cyt c into the phosphate-buffered D2O solution initiated an 

increase of positive amide I’ and II’ bands (Figure 5c). Since these bands remained even after 

rinsing the electrode with the buffered solution, cyt c can be attached to ptBLMDPPC on SAMCOOH. 

CVs of BLMDPPC-CcO/SAMCOOH/Au showed the cathodic currents under oxygen (Figure 5d). 

The cyt c-BLMDPPC-CcO/SAMCOOH/Au gave a cathodic current density of –1.53 µA cm–2 at –0.1 

V vs. SHE under oxygen whereas CcO/SAMCOOH/Au in the absence of DPPC and cyt c showed –

0.55 µA cm–2 (Figure 5d). These current densities enable us to calculate an enhancement factor 

of 2.8, caused by the ptBLMDPPC formation and the cyt c binding. This enhancement factor is 

higher than a factor of 2.0 obtained for the cyt c-ptBLMDMPC electrode from the comparison 

between current densities of –1.22 µA cm–2 for cyt c-BLMDMPC-CcO/SAMCOOH/Au and –0.57 µA 

cm–2 for CcO/SAMCOOH/Au (Figure 4d). The difference in the enhancement factor indicates that 

the cyt c binding to the densely packed ptBLMDPPC could increase the electrocatalytic CcO activity 

for the ORR. The BLM packing density can affect the interfacial resistance for oxygen 

permeability and/or oxygen solubility in BLMs,4,8,37-39 resulting in the improvement of the ORR 

activity of CcO in ptBLMs.  

 In summary, we immobilized bovine CcO on SEIRA-active Au electrodes via mixed SAMs, 

reconstituted ptBLMs of phospholipids, and then attached cyt c to the ptBLMs. Each step was 

tracked by SEIRA spectroscopy and the effect of interfacial interactions on the enzymatic activity 

of CcO was investigated by PFE. The cyt c binding site of CcO on SAMCOOH is directed away 
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from the electrode substrate pointing to the solution whereas it on SAMOH is directed to the 

electrode substrate. CcO immobilized on SAMCOOH electrostatically interacts with cyt c but it does 

not on SAMOH. Since the cyt c binding increased the enzymatic activity of CcO in the ptBLM, 

protein–protein interactions between cyt c and CcO can modulate its catalytic activity. SEIRA 

spectra for the BLM formation indicate that DPPC forms more densely packed BLMs than DMPC 

in ptBLMs of CcO. The ptBLM with DPPC showed higher electrocatalytic activity for the ORR 

than that with DMPC. Thus, protein–lipid interactions in ptBLMs also modulate the enzymatic 

activity.  

This work demonstrates that PFE coupled with SEIRA spectroscopy is a powerful analytical 

technique to understand impacts of interfacial interactions of membrane proteins with 

biomolecules including water-soluble proteins and phospholipids on the protein functionality in 

ptBLMs. This technique would enable us to gain mechanistic insights into protein dynamics, 

functionality and synchronization at bio-membrane interfaces involving protein-protein and 

protein-lipid interactions and encourage us to develop electrocatalysts 40-41 and electrochemical 

devises including bio-fuel cells and biosensors.42-43 
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