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The anionic soluble heme protein cytochrome b562 was electrostatically immobilised on Ag

electrodes coated with positively charged self-assembled monolayers of amino-terminated

alkanethiols. The structure of the heme pocket, the redox equilibria, and the electron transfer

dynamics were studied by stationary and time-resolved surface enhanced resonance Raman

spectroscopy, complemented by cyclic voltammetry measurements of the interfacial redox process.

The conformational and redox equilibria of the immobilised protein are compared to those of the

cationic heme protein cytochrome c immobilised on negatively charged electrode coatings.

Similarities and differences can be rationalised in terms of the respective electric fields at the

interfaces of amino- and carboxyl-terminated electrode coatings. The heterogeneous electron

transfer rate of cytochrome b562 only slightly increases with decreasing thickness from ca. 20 to

11 Å, implying that the electron tunneling is not the rate-limiting step. In contrast to cytochrome

c on carboxyl-terminated monolayers, this behaviour cannot be attributed to protein

re-orientation gating the heterogeneous electron transfer. Instead, it may reflect the interplay

between interprotein electron transfer and heterogeneous electron transfer via protein orientations

exhibiting particularly high tunneling probabilities for the electron exchange with the electrode.

Introduction

Long-distance electron transfer (ET) reactions play an essential

role in many biological processes such as photosynthesis and

respiration.1 In these processes, electrons are transferred

between proteins embedded in or (transiently) attached to

biological membranes. Thus, the reactions take place under

conditions that differ significantly from homogeneous ET

reactions in solutions. Instead, biological ET reactions share

various features of heterogeneous ET processes at electrodes.

This is particularly true when redox proteins are immobilised

on electrodes coated with self-assembled monolayers (SAMs)

of functionalized mercaptoalkanes.2,3 These SAMs can be

considered as simple models for biological membranes with

the alkyl chain and the tail groups representing the hydro-

phobic and polar or charged part of the lipid molecules,

respectively. The tail groups can be chosen to immobilize the

redox proteins mimicking the restricted mobility of proteins at

biomembranes.3 Furthermore, the electric field strengths at the

SAM/solution interface are comparably high as those at the

membrane/solution interface.4,5 As a consequence, the ET

processes of redox proteins immobilized on coated electrodes

and biomembranes are subject to similar reaction conditions,

specifically as far as the electrostatic forces acting on the

proteins are concerned.

Due to these analogies, heterogeneous ET reactions

of proteins have been in the focus of a large number of

experimental studies, promoted by the development of

sensitive electrochemical and spectroelectrochemical techniques.1

Among them, surface enhanced resonance Raman (SERR) is a

particularly powerful technique for studying heme proteins on

coated Ag electrodes.3,5,6 It combines the surface enhanced

Raman (SER) and the molecular resonance Raman (RR)

effects such that it selectively probes the vibrational spectrum

of the heme cofactor solely of the immobilized proteins. In this

way, one may obtain information about the heme structure

and its potential-dependent changes and, in conjunction with

the potential jump technique, the dynamics of the interfacial

processes.

On the basis of SERR spectroscopic and electrochemical

investigations, the most comprehensive set of data are

available for the heme protein cytochrome c (Cyt-c).3,5,6–25

Cyt-c is a soluble cationic protein that can be immobilized on

coated electrodes via electrostatic interactions using SAMs of

o-carboxyl alkanethiols (COOH-SAM). It could be shown

that at such devices the interfacial redox process results from a

complex interplay been electron tunneling, rotational diffusion

of the immobilized protein corresponding to transitions

between orientations of different electron tunneling

probability, and conformational changes affecting the redox

potential.22,25 The individual reaction steps, which can be

selectively probed by (time-resolved) SERR spectro-

scopy using different excitation lines,22 depend on the

interfacial electric field. With increasing field strength, protein
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re-orientation is slowed down and eventually becomes rate-

limiting. A further increase of the field strength induces

conformational changes in the heme pocket including the

removal of the axial methionine ligand of the heme that causes

the transition from the six-coordinated low spin (6cLS) to the

five-coordinated high spin (5cHS) configuration.3,9 The

electric field dependence of the interfacial processes of Cyt-c

can be well described on the basis of electrostatic models.9,26

Accordingly, the thickness and the surface charge density are

identified to be the crucial determinants of the electric field

strength. The electric-field control of the interfacial redox

process is not an unique property of Cyt-c. Similar effects on

the structure and reaction dynamics that can be attributed to

the interfacial electric field have also been observed for other

redox proteins carrying a net positive surface charge as a

prerequisite for immobilization to COOH-SAMs.27–31

In this work, we have extended the SERR spectroscopic

analysis of interfacial redox processes to a protein possessing

an excess negative surface charge, thus requiring immobiliza-

tion to the electrode via amino-terminated mercaptoalkanes.

We have chosen cytochrome b562 (Cyt-b562), a small

soluble b-type heme protein found in the periplasm of

Escherichia coli.32,33 Like Cyt-c, the heme group of Cyt-b562
is coordinated by a His and Met and also the redox potentials

in solution are similar for both proteins.34,35 Thus, the main

difference in Cyt-b562 is the excess of negatively charged Asp

and Glu residues as compared to Cyt-c with its positively

charged Lys-rich binding domain.35,36 This study is directed to

analyse the effect of electrostatic interactions on the structural

and electron transfer properties of the immobilized Cyt-b562
and to identify similarities and differences as compared to

Cyt-c bound to COOH-SAMs.

Materials and methods

Materials

Cysteamine (NH2-C2) purchased from Sigma-Aldrich as well

as 6-amino-1-hexanethiol hydrochloride (NH2-C6), 8-amino-

1-octanethiol hydrochloride (NH2-C8), and 11-amino-1-

undecanethiol hydrochloride (NH2-C11), all purchased

from Dojindo, were used without further purification. KCl,

K2HPO4, KH2PO4, and K2SO4 of high-purity grade were

purchased from Sigma-Aldrich. Expression and purification

of Cyt-b562 was reported previously.37,38 The water used in

all experiments was purified by a Millipore system and its

resistance was 18.2 MO.

Methods

SERR spectra were measured with cw excitation of a Krypton

ion laser (413 nm, Coherent Innova 300 K) and Argon ion

laser (514 nm, Coherent Innova 300) using a confocal Raman

microscope (LabRam, HR800) equipped with a liquid-

nitrogen cooled CCD camera. The spectral resolution was

2 cm�1 and the increment per pixel was 0.57 cm�1. The laser

power at the sample was 2–6 mW. The average accumulation

time for the stationary and time-resolved SERR spectra was

5 and 1.5 s, respectively. For the SERR experiments, a

home-built electrochemical cell was used.9,14

Ag ring electrodes were treated by repetitive electrochemical

oxidation/reduction electrochemical cycles in 0.1 M KCl to

create a SER-active nanostructured surface. For coating with

amino-terminated SAMs (NH2-SAM), the roughened

electrodes were immersed into a solution of amino-terminated

mercaptoalkanes (1–2 mmol L�1) in 4 : 1 (v/v) C2H5OH–H2O

at ambient temperature with average incubation times of 6, 50,

and 30 h for NH2-C2, NH2-C6 (NH2-C8), and NH2-C11,

respectively. Prior to measurement, the modified electrodes

were rinsed thoroughly with ethanol and immersed into

ethanol for 2–3 h to remove physically adsorbed amphiphiles

and then dried under nitrogen.

The SERR experiments were carried out in aqueous

solution containing a 12.5 mM potassium phosphate buffer

(pH = 7.0) and 12.5 mM K2SO4. The concentration of

Cyt-b562 was typically 0.1–0.2 mM. The electrode was kept at

�100 mV vs. Ag/AgCl for about 1 h to establish adsorption

equilibrium. All potentials cited in this work refer to the

Ag/AgCl (3 M KCl) electrode. Time-resolved SERR experi-

ments were carried out as described in detail previously.14 The

time response of the electrochemical cell was found to be

shorter than 150 ms.
Subsequent to background subtraction stationary and

time-resolved SERR spectra were subjected to a component

analysis according to the procedure described elsewhere.9

Cyclic voltammetry was carried out as described previously.39

ET rate constants were determined according to Laviron0s

method.40

Results

Conformational equilibria

The histidine/methionine ligation pattern of Cyt-b562 leads to

a 6cLS configuration of the heme in both the reduced and

oxidized form which is reflected by the characteristic marker

bands in the RR spectrum of the protein in solution.41 The

SERR spectroscopic analysis is focused onto this spectral

region since it allows quantification of the reduced and

oxidized forms as well as adsorption-induced conformational

changes that affect the heme pocket. Representative examples

of SERR spectra of Cyt-b562 adsorbed on NH2-C6-coated Ag

electrode are shown in Fig. 1. The spectra mainly reflect the

contributions from the native oxidized and reduced state

which exhibit the same frequencies and relative intensities as

observed in the RR spectra of the proteins in solution,

indicating the preservation of the native heme pocket structure

in the immobilized state. The same observations have been

made for Cyt-c9 even though, due to the opposite protein

surface charge, electrostatic adsorption of Cyt-b562 and Cyt-c

requires positively charged (NH2-SAMs) and negatively

charged SAMs (COOH-SAM), respectively. In analogy to

Cyt-c, these native forms of Cyt-b562 are denoted as ferric

and ferrous B1.

The most important marker bands that allow for distin-

guishing between both oxidation states originate from the n4
and n3 modes that, in the oxidized B1, are observed at 1370

and 1501 cm�1, respectively, and undergo a ca. 10-cm�1

downshift upon reduction. Further redox-sensitive modes are

This journal is �c the Owner Societies 2009 Phys. Chem. Chem. Phys., 2009, 11, 7430–7436 | 7431



the n11, n2, and n10 which vary in frequency by up to 10 cm�1

and display considerable changes in the relative intensities

upon redox transition. All these bands constitute the compo-

nent spectra of the two B1 forms representing the basis for an

initial global analysis of the experimental SERR spectra,

which, however, does not afford satisfactory results. In fact,

a careful inspection of the spectra reveals residual intensities at

positions characteristic of a ferric 5cHS state, as for example at

1489 cm�1 corresponding to the mode n3. Such a species,

denoted as B2(5cHS), was also observed for Cyt-c bound to

negatively charged surfaces.9 In fact, the component analysis

including the spectral parameters adopted from the B2(5cHS)

state of Cyt-c provides a consistent fit for all experimental

SERR spectra.

The analysis of the SERR spectra of Cyt-b562 further

indicates that the spectral contribution of the B2(5cHS) state

increases with decreasing potential from less than 2% at

+50 mV to ca. 4% at �80 mV for NH2-C6. Only at very

negative potentials (�400 mV), the B2(5cHS) species

disappears but it is recovered after setting the electrode

potential to a more positive value. Correspondingly, this

species cannot be related to an irreversibly denatured protein

state. For NH2-C8 and NH2-C11, the same potential-

dependence is observed but the overall contribution increases

with increasing chain length with a maximum value of ca. 12%

at �80 mV for NH2-C11.

The formation of the B2(5cHS) state does not result from

the direct binding of the protein to the metal surface due to

possible imperfections of the SAMs. First, in the potential

range considered here, Ag surfaces in contact with aqueous

solutions are covered by chemisorbed anions such that

negatively charged proteins like Cyt-b562 are repelled rather

than attracted. Second, SAM imperfections are known to

decrease with increasing chain length of the amphiphiles

whereas the relative contribution of B2(5cHS) varies in the

opposite order. Third, the NH2-SAMs form a largely ordered

structure with the trans conformation being the prevailing

form. This is demonstrated by the SER spectrum of NH2-C6

SAM, measured in the absence of protein with 514-nm

excitation. This spectrum displays the bands attributable

to the C–S stretching modes of the trans and gauche confor-

mation with an intensity ratio of ca. 15 : 1 (Fig. 2). No

time-dependent changes in the spectrum were observed during

continuous laser irradiation with 514 nm (6 mW) or 413 nm

(4 mW) for 5 min, i.e., conditions sufficient to measure SERR

spectra of Cyt-b562 with an acceptable signal-to-noise ratio.

Redox equilibria

The systematic measurements of SERR spectra as a function

of the electrode potential allow us to determine the redox

equilibria and thus the redox potentials of the immobilized

Fig. 1 SERR spectra of Cyt-b562 adsorbed on a Ag electrode coated

with NH2-C6 and measured with 413-nm excitation at different

potentials. The component spectra of the reduced B1, oxidized B1,

and oxidized B2(5cHS) states are represented by the black dashed,

black dotted, and grey solid lines, respectively. The intensity scale of

the right panel is expanded by a factor of 5.

Fig. 2 SER spectrum of the NH2-C6 SAM on an Ag electrode

surface in the absence of immobilized protein, measured with

514-nm excitation. The spectrum displays the region of the C–S

stretching modes.

Fig. 3 Nernstian plots for the redox processes of Cyt-b562 adsorbed

on Ag electrodes coated with different NH2-SAMs: NH2-C11, black

triangles; NH2-C8, grey circles; NH2-C6, black circles; NH2-C2, grey

triangles. The data were obtained from the component analyses of the

potential-dependent SERR spectra.
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proteins. The Nernstian plots obtained from the quantitative

analysis of the SERR spectra (Fig. 3) display nearly ideal

linear correlations with slopes corresponding to a number of

transferred electrons between 0.7 and 1.0 for the various

chain-lengths (Table 1). The redox potentials are more positive

than that of the protein in solution and this potential shift

distinctly increases with increasing chain length. (Table 1 and

Fig. 4). The same tendency is also observed in CV experiments.

Electron transfer dynamics

To probe the kinetics of the immobilized Cyt-b562, time-

resolved experiments were carried out with potential jumps

in a range from ca. �70 to +50 mV. In this range, the

equilibrium concentration of the B2(5cHS) state varies. The

conformational transition between the B1 and B2 states,

however, takes place within minutes and thus on a much

longer time scale than the interfacial ET (o100 ms).

Accordingly, we can restrict the analysis of the ET process

to the reactions of the native B1 state.

The potential jumps were chosen such that the final

potential Ef corresponds to the redox potential at the

respective NH2-SAM, i.e., the driving force for the ET was

equal to 0 eV, whereas the initial potential Ei was chosen to be

more negative. Thus, the resultant relaxation process that was

probed by time-resolved SERR spectroscopy referred to the

oxidation of the native ferrous B1 state. For small potential

jumps, i.e. DE = Ef � Ei D �50 mV, the temporal evolution

of the ferrous B1 state could be satisfactorily described by a

single exponential decay such that the reciprocal slope of the

semilogarithmical plot of the concentration changes over the

delay time corresponds to the relaxation rate constant kapp
(Fig. 5). In case of a pure ET reaction, i.e. a one-step

relaxation process, kapp is equal to the sum of the rate

constants for the forward and backward reactions which at

DG = 0 eV are equal and thus kapp = 2�kET.
These relaxation rate constants increase with decreasing

chain length corresponding to 68, 108, and 132 s�1 for

NH2-C11, NH2-C8 and NH2-C6 SAMs, respectively. Very

similar results were obtained by CV measurements leading

to kapp values of 76 and 124 s�1 for NH2-C11 and NH2-C6,

respectively (Fig. 6, Table 1). In all CVs the peak current varies

linearly with the scan rate indicating a surface-confined

process.

No reliable kinetic data could be extracted from CV

measurements from electrodes coated with NH2-C2 SAMs.

For such a short chain length, hydrophobic interactions

Table 1 Thermodynamic and kinetic parameters of the redox process
of Cyt-b562 on NH2-SAM-coated Ag electrodes

SAM

E0/mVa kapp/s
�1

SERR CV SERRbc CVcd

NH2-C2 +7 (0.7) N.d.e N.d.e N.d.e

NH2-C6 +32 (0.98) 32 132 (B130) 124 (108)
NH2-C8 +38 (0.92) n.d.e 108 N.d.e

NH2-C11 +42 (0.88) 39 68 76 (68)

a Values for the formal number of transferred electrons are given in

parentheses. The error for E0 is estimated to be lower than |�5| mV.
b Relaxation rate constants determined from a mono-exponential fit to

the experimental data. c The error is estimated to be �10 s�1. The

values in parentheses refer to kapp determined in the presence of 6.5%

sucrose in the bulk solution. d The values are obtained after multi-

plying the kET, derived from the CV measurements, by a factor

of 2. The values in parentheses refer to kapp determined in the presence

of 6.5% sucrose in the bulk solution. e N.d., not determined.

Fig. 4 Redox potentials (E0) of Cyt-b562 on Ag electrodes coated with

NH2-SAMs of different chain lengths (number of methylene groups in

the chain). The data were obtained from the component analyses of

the potential-dependent SERR spectra.

Fig. 5 Time-dependent changes of the relative concentrations of the

reduced Cyt-b562 (B1) adsorbed on an Ag electrode coated with

NH2-C6. The data were obtained from time-resolved SERR spectra

measured with 413-nm excitation at different delay times after

the potential jump from �18 mV to the apparent redox potential

(+32 mV).

Fig. 6 Cyclic voltammograms of Cyt-b562 on Ag electrodes coated

with NH2-C6 and NH2-C11, recorded with different scan rates

(20, 80, 100, 300, 600, 1000, and 1500 mV s�1).
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between the alkyl chains are too weak to ensure a well-ordered

SAM structure and the amino group may compete with the

thiol function for binding to the Ag surface. The poorly

ordered structure of NH2-C2 is reflected by the strong

intensity increase of the gauche vs. the trans marker band in

the SER spectrum.42

The increase of kapp by a factor of ca. 2 from NH2-C11 to

NH2-C6 SAMs cannot be rationalized in terms of the distance-

dependence of electron tunneling which predicts an increase by

ca. four orders of magnitude. In this respect, the kinetic data

of Cyt-b562 resemble those obtained for Cyt-c immobilized on

COOH-SAMs for which protein (re-)orientation has been

shown to control the ET process in the non-tunneling

regime.22 This re-orientation was found to be slowed

down upon increasing the viscosity of the bulk solution,

corresponding to a decrease of the relaxation rate constant

by a factor of 2 in the presence of 6.5% sucrose. To check

whether a similar mechanism also holds for Cyt-b562 on

NH2-SAMs, we have probed the intensity ratios of A1g and

B1g modes using 514-nm excitation. However, these experi-

ments did not reveal any potential- and time-dependent

changes of the relative band intensities that would reflect

changes of the orientational distribution of Cyt-b562. Further-

more, a sucrose concentration of 6.5% causes only a 10%

decrease of the rate constants determined by time-

resolved SERR spectroscopy and CV measurements. A more

substantial decrease to about 60% and 30%was only observed

when the sucrose concentration was raised significantly

to 20% and 34%, respectively. At such high sucrose

concentrations, however, a structural perturbation of the

SAM/protein complex cannot be ruled although the band

positions and intensities in the SERR spectra were not

affected.

Upon applying larger potential jumps with DED �100 mV,

the ET dynamics of Cyt-b562 become complex and a single

exponential function does not provide an adequate description

for the relaxation process. Moreover, in some experiments a

‘‘lag’’ phase was observed at very early delay times such that

the ET process starts after a delay between 2 to 6 ms. We do

not have a satisfactory explanation for this effect, but we can

rule out interference with the time constant of the electro-

chemical cell which was determined to be o150 ms. A lag

phase was never noted for small potential jumps such that we

have restricted the analysis of the interfacial ET dynamics of

Cyt-b562 to experiments with DE = Ef � Ei D �50 mV.

Discussion

Redox and conformational equilibria

The interfacial processes of Cyt-b562 display some similarities

but also a few striking differences compared to Cyt-c. The

redox potentials determined for the immobilized proteins

reveal the expected shifts ERC with respect to the redox

potentials in solution.9 The absolute values of ERC increase

with increasing SAM lengths and are quite similar for both

proteins. However, the signs are different, i.e., positive for

Cyt-b562 on NH2-SAMs and negative for Cyt-c on

COOH-SAMs.

For both proteins, the immobilization on electrodes

coated with SAMs, albeit oppositely charged, provide a

biocompatible environment since the native heme pocket

structure is preserved. However, both proteins undergo a

reversible conformational transition under dissociation of

the axial methionine ligand leading to the B2(5cHS) state.

For Cyt-c, this equilibrium is shifted towards the B2(5cHS)

state by increasing the interfacial electric field strength.9 Thus,

it is tempting to assume that the B2(5cHS) formation of

Cyt-b562 is induced by the interfacial electric field as well.

For COOH-SAMs the B2(5cHS) content increases with

decreasing chain length and increasing electrode potential.3,9

Here we note a striking difference for Cyt-b562 immobilised

on the positively charged SAM surface with the relative

contribution of B2(5cHS) increasing with decreasing potential

and increasing chain length.

Electric field strengths at the SAM/protein interface

Evidently, the electric field strength in the SAM/protein inter-

face varies in opposite directions for COOH- and NH2-SAMs.

To rationalize this difference we refer to the electrostatic

model employed for Cyt-c immobilized on COOH-SAMs.9

In that case it was shown that the electric field strength on the

SAM surface EF is given by

EF ¼
e0eSkERC � sC � sRC

e0eC
ð1Þ

where eS and eC are the dielectric constants in solution and in

the SAM, respectively; k denotes the reciprocal Debye length

and e0 the permittivity. The quantities sC and sRC are the

charge densities on SAM surface and at the redox center,

respectively. For a qualitative comparison of the electric field

strengths at COOH-SAM and NH2-SAM interfaces, it is

sufficient to consider only the first and the second term as

the absolute value of the third one is distinctly smaller.9 By

inserting the respective values for eS, eC, k, and e0, we re-write
eqn (1) according to

EF ¼
eSk
eC

ERC �
1

e0eC
sC

� ð0:6 � ERC � sCÞ � 1010 V m�1 ð2Þ

with ERC and sC expressed in V and C m�2, respectively. ERC

and sC have the same sign, i.e., they are positive for

NH2-SAMs but negative for COOH-SAMs. The charge

density sC is directly related to the pKA value of the tail

group, corresponding to

sCðNH2Þ ¼
1

1þ 10pH�pKA
sC;maxðNH2Þ ð3Þ

for NH2-SAMs and

sCðCOOHÞ ¼ 10pH�pKA

1þ 10pH�pKA
sC;maxðCOOHÞ ð4Þ

for COOH-SAMs with sC,max(NH2) and sC,max(COOH)

denoting the respective maximum surface charge densities.

The pKA values for COOH-SAMs are at around 8 and

increase slightly with increasing chain length.43–46 Thus,

according to eqn (4), the absolute values of sC(COOH)

decrease with longer chains at pH 7. The concomitant increase
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of |ERC| then causes a rapid decay of the electric field strength

with increasing chain length (see eqn (2)). For NH2-SAMs, the

pKA values are at ca. 6.5 and seem to increase as well with the

chain length,47–50 which at pH 7, however, corresponds to an

increase of the field strength with increasing chain length.

Furthermore, assuming sC,max(NH2) D sC,max(COOH), sC is

the dominant term in eqn (2) for NH2-SAMs such that the

contribution of the first term remains small and the absolute

value of the electric field strength is distinctly higher than for

COOH-SAMs.

These considerations can account for the increase of

the B2(5cHS) content of Cyt-b562 in the order NH2-C6 o
NH2-C8 o NH2-C11 as well as for the opposite tendency of

the B2(5cHS) content in Cyt-c on COOH-SAMs. Also the

potential-dependence of the conformational equilibria is

different for Cyt-b562 on NH2-SAMs and Cyt-c on

COOH-SAMs, which can be qualitatively understood in view

of the potential-dependence of the pKA. With decreasing

potential, the increased electron density on the metal destabi-

lizes the carboxylate groups of COOH-SAMs, corresponding

to an increase of the pKA and a decrease of the electric field

strength. Correspondingly, the protonated amino groups will

be stabilized concomitant with an increase of the pKA and an

increase of the electric field. These tendencies are consistent

with the experimental findings that the B2(5cHS) content

increases with more negative potentials for Cyt-b562 on

NH2-SAMs but increases in the opposite direction for

Cyt-c on COOH-SAMs.3,9

The dynamics of the interfacial redox process

The dynamics of the ET process of Cyt-c on COOH-SAMs

can be well understood in terms of orientation-dependent

tunneling probabilities of the immobilized proteins.22,25

Electrostatic adsorption of Cyt-c leads to a distribution among

various orientations, each of them associated with different

electron tunneling probabilities.25 At long chain lengths such

as COOH–C16, corresponding to weak electric fields, the

activation barrier for orientational changes of the protein is

low and thus re-orientation dynamics is fast (46000 s�1)

compared to electron tunneling (0.07 s�1).22 With decreasing

SAM length, the tunneling rate increases exponentially and the

re-orientation rate decreases due to the increase of the electric

field dependent activation energy. Thus, the distance-

dependence of re-orientation and electron tunneling rate

constants display a crossing point below a chain length of

COOH–C11. In this region and for shorter SAMs, the overall

ET is controlled by the electric-field dependent orientational

distribution and the re-orientational dynamics.

For Cyt-b562, the relaxation constant determined for

NH2-C11 (72 s�1) is comparable to that for Cyt-c at

COOH–C11 (83 s�1). With decreasing chain length, the rate

constant only slightly increases such that at NH2-C6 the

relaxation constant is even lower (130 s�1) than for Cyt-c at

the corresponding COOH–C6 SAM (250 s�1). In this case, no

potential- and time-dependent orientational changes could be

detected. Although we cannot rule out that the orientational

distribution is too narrow to allow for SERR-detection with

514-nm excitation, it appears to be more likely that the quasi

distance-independence of the ET rate constant has a different

origin. Waldeck and coworkers suggested a change of the ET

mechanism from a distance-dependent non-adiabatic to a

distance-independent adiabatic regime,15,17,18 which has in

fact been demonstrated for Cyt-c coordinatively bound

to pyridine-terminated SAMs19 but cannot account for

electrostatically adsorbed Cyt-c.22

For Cyt-b562 an alternative explanation is appealing in view

of the fact that, at pH 7, the electric field strength experienced

by the adsorbed protein is distinctly higher than for Cyt-c

on COOH-SAMs. Thus, one may assume that, unlike to

Cyt-c on COOH-SAMs, the mobility of the bound Cyt-b562 on

NH2-SAMs is essentially blocked due to a significantly higher

activation energy for rotational diffusion on the SAM surface.

As a result, the orientational distribution is ‘‘frozen’’ and the

heterogeneous ET of Cyt-b562 will proceed preferentially via

those orientations that are associated with the highest electron

tunneling probabilities. These orientations may also constitute

efficient ET ‘‘channels’’ for the remainder of protein orienta-

tions associated with low tunneling probabilities, implying

that for these protein populations interprotein ET precedes

the heterogeneous ET. This mechanism should be reflected by

a rather complex kinetic behavior. If, however, the relative

concentration of efficient ET channels is low, the overall redox

process may be reasonably well approximated by a single

exponential function (see Fig. 5). Then, the experimentally

determined ET rate is limited by interprotein ET between the

adsorbed proteins rather then by the fast heterogeneous ET via

the distinguished protein orientations. This model is consistent

with the very weak viscosity effect and the failure to detect

orientational changes of the adsorbed Cyt-b562 by SERR

spectroscopy. A similar mechanism has been previously

suggested for Cyt-c embedded in polyelectrolyte layers

on electrodes that as well are devices of restricted protein

mobility.51,52

Conclusions

1. NH2-SAMs provide a biocompatible coating of electrodes

for immobilizing anionic proteins without denaturation.

Conformational changes of Cyt-b562 as reflected by the SERR

spectra are reversible and refer to the dissociation of the

Met-ligand from the heme iron. This conformational change

depends on the electric field strength in the SAM/protein

interface similar to previous findings for Cyt-c on

COOH-SAM coated electrodes.

2. However, the conformational equilibria of Cyt-b562
display the opposite distance- and potential-dependence as

Cyt-c which can be rationalized in terms of the respective

electric field strength and sign on NH2- and COOH-SAMs.

3. Correspondingly, the experimentally determined redox

potentials display the opposite tendencies for Cyt-b562 and

Cyt-c on electrodes coated with NH2- and COOH-SAMs,

respectively.

4. Unlike Cyt-c on COOH-SAMs, the Cyt-b562/NH2-SAM

system does not provide evidence for protein reorientation

being the rate-limiting step in the distance-independent ET

transfer regime. Instead, heterogeneous ET may mainly occur

via ‘‘frozen’’ protein orientations exhibiting high tunneling
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probabilities for the electron exchange with electrode such that

interprotein ET between the immobilized proteins is the rate-

limiting event.
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