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Abstract

A model system for the electrochemical investigation of vectorial electron trans-

fer in biological systems was designed, assembled and characterized. Gold

electrodes, functionalized with a -OCH3 terminated, aromatic self-assembled

monolayer, were used as a substrate for the adsorption of variants of copper-

containing, redox metalloprotein azurin. The engineered azurin bears a polyhis-

tidine tag at its C-terminus. Thanks to the presence of the solvent exposed tag,

which chelates Cu2+ ions in solution, we introduced an exogenous redox centre.

The different reduction potentials of the two redox centres and their positioning

with respect to the surface are such that electron transfer from the exogenous

copper centre and the electrode is mediated by the native azurin active site,

closely paralleling electron transfer processes in naturally occurring multicentre

metalloproteins.
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1. Introduction

Electron transfer (ET) reactions are essential steps of the energy transduc-

tion pathways in living systems [1]. In particular, vectorial ET, i.e. the uni-

directional, intra- or intermolecular flow of electrons occurring between different

redox centres [2], constitutes the basis for respiratory and photosynthetic pro-5

cesses. In living organisms, biological vectorial ET may be either intramolecular,

i.e. between multiple redox centres located within the same macromolecule (a

typical example is provided by multi-heme proteins), or take place between two

distinct biological partners that transiently form a complex, to facilitate the

intermolecular flow of electrons.10

The former kind has gained increasing attention in the last few years, with

the twofold aim of elucidating the mechanisms underlying these fascinating

molecular machineries [3, 4, 5, 6] and be inspired by systems such as multi-

heme proteins to design molecular wires for nanobiotechnological applications

[7, 8, 9, 10].15

Diheme cytochromes are one of the simplest multicentre metalloproteins:

electrochemical investigations of surface immobilized proteins featuring two

heme centres have paved the way for the elucidation of how structural and

dynamic features affect the relationship between interfacial and intramolecular

ET processes [11, 12, 13]. Although the number of multiredox metalloproteins20

that is being investigated is constantly increasing [14, 15, 16], the possibility

of possessing a simple, flexible model system, would certainly be a huge step

forward towards the elucidation of the molecular determinants to vectorial ET:

ideally, such a system should be easily engineerable and produced as a recom-

binant species in high yield, and feature two spatially separated metal centres,25

with sufficiently different reduction potential (E0′), to detect their redox process

as distinct electrochemical signals.
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Engineering a protein by introducing a polyhistidine-tag (His-tag hereafter)

at its N- or C-terminus has proved to be a tremendously efficient and time-saving

strategy for the purification of recombinant species [17]. The His-tag, typically30

composed by six units, is usually removed after the purification steps by en-

zymatic digestion. Nevertheless, its high affinity for metal cations can be con-

veniently exploited in the pursuit of technological goals, such as the controlled

binding of a biomolecule at a metal electrode, either bare (e.g. nickel [18, 19] or

gold [20, 21]) or functionalized with a self-assembled-monolayer (SAM),whose35

terminal group can chelate bivalent metal ions such as Ni2+[22].

Here, we exploited the presence of a terminal His-tag to implement an engi-

neered metalloprotein (azurin) that features two separate copper-based, redox

active sites, which could serve as a flexible model system for the investigation of

fundamental aspects of vectorial ET. Azurin from P. aeruginosa has been ex-40

tensively employed as a paradigmatic system for the study of biological electron

transfer [23, 1, 24, 25, 26, 27, 28, 29]. We used an azurin variant, which pos-

sesses a six-residues-long His-tag at its C-terminal end (we will address to this

species as to ”HT-Azu”). The peculiar structure of azurin is particularly suited

for our aims: in fact, its native type 1 (T1) site copper (whose coordination shell45

is composed by two histidines and one cysteine, yielding a trigonal geometry,

and two weak axial ligands) is asymmetrically located at one end of the protein,

while the C-terminus lies at the opposite side. We planned to exploit the sur-

face exposed His-tag to chelate Cu2+ ions, in order to obtain an azurin variant

featuring two redox centres, both containing a Cu ion, but characterized by50

different coordination sets and solvent exposure, and, most notably, separated

by the whole length of the azurin structure (approximately 3 nm). This system

would, in principle, allow to detect both interfacial ET from the native Cu site

to an electrode or to a redox partner, and intramolecular ET from one copper

site to the other. Our bioengineered interface relies on a bottom-up approach55

that takes advantage of an oligoarylene monodentate self-assembled monolayer,

which guarantees a robust HT-Az immobilization on polycrystalline gold. The

additional copper centre has been then grafted by means of His-tag present on
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top this functionalized electrode. We will describe the strategy that was used

to introduce the second metal centre, and present its peculiar electrochemical60

features.

2. Experimental

2.1. Protein expression and purification

HT-Azu from P. aeruginosa was expressed and purified as published else-

where [19]. Oxidised protein solutions were freshly prepared before use in 5 mM65

Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.

2.2. SAM formation, protein adsorption and electrochemical measurements

4-metoxy-terphenyl-4”-methanethiol (MTM) was synthesized following the

procedure reported in literature [30, 31]. A 1 mm diameter polycrystalline gold

wire was used as a working electrode (WE) in the electrochemical setup; a Pt70

sheet and a saturated calomel electrode (SCE) served as counter and reference

electrode (CE and RE), respectively. The area of the electrode was 16.5 mm2,

and its length was 5 mm. A Vycor (PAR) set ensured the electric contact be-

tween the SCE and the working solution. Potentials were calibrated against the

MV2+/MV+ couple (MV is methylviologen). All the redox potentials reported75

here are referred to as the standard hydrogen electrode (SHE). The gold WE was

cleaned according to previously published procedures [13, 32] and its active area

has been estimated by means of the Randles-Sevçik equation. Cyclic voltamme-

try (CV) experiments were carried out with a Potentiostat/Galvanostat PAR

mod. 273 A at different scan rates using a cell for small volume samples (0.5 ml)80

under an argon atmosphere. The formation of the MTM SAM on previously

cleaned polycrystalline gold electrodes was achieved by dipping the electrode in

a 0.1 mM MTM solution (dichloromethane as solvent) at room temperature for

20 hours, as previously described [33, 34, 35]. Once the SAM was formed, and

after thoroughly rinsing with dichloromethane, followed by methanol and water,85

the electrode was immersed in a 0.2 mM protein solution in 5 mM Hepes at pH
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7 for 5 hrs at 4 ◦C. The cyclic voltammetry (CV) experiments were then per-

formed by immersing the functionalized electrode in the working solution of the

electrochemical cell (typically 10 mM Hepes, 0.1M KCl, pH 7.3, except for the

measurements performed at variable scan rates). CVs at increasing scan rates90

were recorded to determine the ET rate constant at zero driving force, ks with

the Laviron method [36], and were performed at pH 9.2 (see Results and discus-

sion section). Correction for the ohmic drop was performed with the positive

feedback method. The exogenous engineered copper centre was introduced by

immersion the gold electrode, functionalized with both MTM and HT-Azu, in a95

5 mM aqueous solution of CuSO4 for 2 hours, followed by thorough rinsing with

water. The experiments were performed at least in duplicate and the formal

reduction potentials E0′ were found to be reproducible ± 0.005 V. Ultrapure

water (MILLIQ) was used throughout. The same three-electrode cell setup was

employed to perform Electronic Impedance Spectroscopy (EIS) measurements.100

EIS was used to measure the Charge Transfer Resistance to the reduction of

[Fe(CN)6]3−/4− (RCT ) and capacitance (C) of the SAM.

2.3. KPFM and XPS measurements

Kelvin Probe Force Microscopy (KPFM) measurements were performed in

air by employing a commercial microscope Multimode (Bruker) with Exten-105

der Electronics module. In order to obtain a sufficiently large and detectable

mechanical deflection, we used (k=2.8 Nm−1) Pt/Ir coated ultra-lever silicon

tips (SCM, Bruker) with oscillating frequencies in the range between 60-90 KHz.

KPFM measurements were obtained using second-pass technique: a topographic

line scan is first obtained by Atomic Force Microscopy (AFM) operating in Tap-110

ping Mode and then that same line is rescanned in Lift Mode with the tip raised

to a lift height of 10 nm. The acquired AFM and KPFM images (not shown

in the paper) reveal an uniform morphology and contact potential in the mi-

cron scale. For this reason, the values reported in the paper correspond to the

average calculated for five images, corresponding to a scanned area of 500 µm2.115

The X-Ray Photoelectron Spectroscopy (XPS) spectra were recorded with
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a Phoibos 100 hemispherical energy analyser (Specs) using Mg Kα radiation

(h̄ω =1253.6 eV). The X-ray power was 250 W. The spectra were recorded in

the constant analyser energy (CAE) mode with analyser pass energies of 40 eV

for the survey spectra and 20 eV for the high resolution ones. Charging effects120

were corrected by energy calibration on C 1s level relative to 284.5 eV. The base

pressure in the analysis chamber during analysis was 5 x 10−10 mbar. All the

XPS spectra were performed with an exposure time of about 1 h except the fine

spectrum acquired on the sample Au/SAM/HT-Azu having an exposure time

of 5 h. All the spectra were normalised to the corresponding acquisition time.125

During this period no signal alteration was ever detected.

Both KPFM and XPS measurements were performed on golden slides pur-

chased from Phasis (Geneva, Switzerland) with the followng specifications: Au,

50nm thick and 2-3 nm of Ti, as adhesive layer.

3. Results and discussion130

3.1. His-tagged-Azurin adsorbed on MTM

The first step of the bottom up approach to the implementation of the bio-

(in)organic interface was the formation of the MTM self-assembled monolayer

on the gold surface. Evidence of the SAM compactness was provided by EIS

measurements, yielding both RCT and C values for the SAM. We could fit135

the corresponding Nyquist plots by a Randles circuit composed by the solution

resistance (RS), a constant phase element (CPE), and the RCT : the fact that

the Randles circuit lacks the Warburg component is indeed indicative of the high

blocking capability of the SAM (see Figure S1 i the Supporting Information, SI,

for the corresponding Nyquist plot). The measured RCT and C values are140

895 ±1 kΩcm−2 and 218 ±2 nF cm−2, respectively, and are consistent with

previously reported values for pinhole-free, oligoarylene thiols-based SAMs on

polycrystalline gold [34].

Once the MTM self-assembled monolayer was successfully formed on the

gold surface, HT-Azu was immobilized on it. In this context, the azurin adsorp-145
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tion is likely governed by hydrophobic interaction, as already demonstrated in

literature [28, 27]. In particular, the broad hydrophobic region surrounding the

metal-binding His117 and Cu ion is most likely responsible for the interaction

with the oligoarylene-based SAM. To clear the field from other possible binding

patches on hydrophobic SAMs, we mapped the hydrophobic and hydrophilic150

surface areas of wild-type azurin (PDB code: 4AZU [37]) by using the Platinum

WEB server [38], which is based on the empirical concept of Molecular Hy-

drophobicity Potential (MHP)[39]. The results are displayed in Fig. 1, which

shows how the large hydrophobic region (depicted in red), mostly formed by

the loop that contains three of the Cu-binding residues and that is known to155

play a physiological key role [40], is almost the only non-polar, surface exposed

area of azurin. A further smaller hydrophobic region is placed on the two C-

terminal antiparallel beta sheets. It is therefore reasonable to conclude, as it

was previously anticipated [26, 27, 28], that azurin prevalently binds to -OCH3

terminated SAMs via the hydrophobic patch surrounding its redox active centre.160

A typical cyclic voltammogram (CV) for HT-Azu immobilized on MTM

SAM formed on polycrystalline gold is shown in Fig. 2. A single electro-

chemical quasi-reversible process can be observed, originating from the one-

electron reduction-oxidation of the protein copper ion. The peak current ratio

icathodic/ianodic is approximately 1 for all the investigated scan rates. The165

linear dependence of the peak currents as a function of the scan rate indicates

that the electrochemical response originates from a redox active species immo-

bilized at the electrode surface (see the top left inset in Fig. 2). The reduction

potential E0′ for this system is 0.269 V vs SHE, which closely parallels that for

wild-type azurin (WTAZ) immobilized on a decane-1-thiol (DT) SAM , centreed170

at 0.272 V at pH 7.7 [25]. This likely hints that the orientation of immobilized

azurin on MTM and DT monolayers is the same. The E0′ for adsorbed HT-Azu

is very close, though slightly less positive, to what we obtained for the freely

diffusing protein (0.288 V; see Figure S2 in the SI for the corresponding cyclic

voltammogram). This finding indicates that the properties of the metal site are175

scarcely influenced by the immobilization on the SAM, similarly to what was
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previously observed for WTAZ adsorbed on different alkanethiolate SAMs [25].

The surface coverage for azurin was estimated to be 1.5 pmol cm−2. This data

corresponds to a sub-monolayer coverage, as the full monolayer for azurin on

hydrophobic SAMs was estimated to be as high as 25 pmol cm−2 [41]. Our180

value for the surface coverage is in line, although slightly lower, with previously

reported values of surface coverage of azurin on alkanethiol-based SAMs on Au,

whose values were found to range from 4.2±0.6 pmol cm−2 on decanethiol [42]

to 7±1 pmol cm−2 on octanethiol [41].

The ET kinetics between the immobilized protein and the electrode was in-185

vestigated by the Laviron method, recording CVs at different scan rates [36].

This method allows for the kinetic constant for ET at zero driving force (ks) to

be determined for strongly adsorbed electrochemical systems. It was previously

reported [24, 25] that, in order to obtain ks for surface-immobilized azurin, one

must perform measurements at variable scan rates at pH values falling outside190

the 6.0-8.5 pH range, where the ET process is coupled to a slower proton trans-

fer associated with (de)protonation of His35. For this reasons, we performed

variable scan rate measurements at pH 9.2. Some representative CVs, obtained

at increasing scan rates, are shown in Fig 3. For HT-Azu on MTM, we obtained

ks = 1093 ±100 s−1.195

Well defined cathodic and anodic peaks can be obtained by applying scan

rates as high as 80 V/s, thus providing evidences for the robustness of the

protein/SAM adduct and for its efficiency in terms of ET. The obtained ks

value is higher than that for WTAZ on DT, which was estimated to be 570 s−1

at pH 9.2 [25].200

The ET process from a SAM-immobilized redox protein to an electrode can

be described as a tunneling mechanism through a non homogeneous medium; in

the present case, through three different media (the protein matrix, the interface

between the protein and the SAM head group, and the SAM), each characterized

by its exponential decay factor (βprotein, βinter and βSAM , respectively) [26].205

The rate constant for proteins immobilized on SAMs can be then expressed as
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follows [26]:

ks = k
′

0 e
−βproteindprotein e−βinterdinter e−βSAMdSAM (1)

where dprotein is the distance between the redox active centre of the biomolecule

and the electronic coupling site located on the protein surface at the interface

with the SAM; dinter represents the intermolecular distance between the latter210

electronic coupling site and the one located on the SAM head group; dSAM is

the thickness of the SAM.

We can use Eq.1 to gain insights into the features of the MTM monolayer.

We can compare the rate constant values that we obtained for HT-Azu on MTM

with that for WTAZ on DT: we can safely assume that the orientation of the215

protein is the same on both SAMs, therefore the differences in ks are not related

to either e−βproteindprotein nor e−βinterdinter terms, and k
′

0 also takes the same

value in both cases. The thickness of the DT SAM can be evaluated to be 13.5Å

by considering a 1.5Å contribution from each methylene group [43, 44], and that

of the MTM monolayer was previously estimated by means of spectroscopic220

ellipsometry, yielding a 18.9Å value [31]. We then have the following:

570 = const e−βDT 13.5 (2)

1093 = const e−βMTM18.9 (3)

By dividing Eq.3 by Eq.2, we get βMTM = 0.79βDT . If we assign the atten-

uation factor βDT a value of 0.87Å−1[45], we get βMTM = 0.69 Å−1, which is

consistent with previously reported β for aromatic SAMs [46, 47].

3.2. Vectorial electron transfer225

So far, we have described the intermolecular ET process occurring between

the protein active site and the electrode. Nevertheless, our engineered azurin

also bears a C-terminal hexahistidine tag, which is known to bind metal ions,

such as Cu2+. We incubated our functionalized electrodes in a 5 mM aqueous

solution of CuSO4. After thoroughly rinsing the electrode to get rid of unbound230
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Cu2+ ions, CVs were recorded. A typical result is shown in Fig.4: both ca-

thodic and anodic signals, corresponding to the faradic process involving the

native copper T1 site, are still present, featuring an E0 value that is almost

unaltered with respect to that displayed before incubation with Cu2+ solution.

Furthermore, a second anodic signal, which lacks its cathodic counterpart, ap-235

pears at an Ep,a value of 0.504 V. While in the CV shown in Fig.2 the cathodic

and anodic peaks area are roughly the same, the area of the single cathodic

peak in Fig.4 approximately corresponds to the sum of that of the two anodic

signals.

The electrochemical features of the CV displayed in Fig.4 are consistent with240

the following scenario: after incubation with the Cu2+ solution, the immobilized

HT-Azu molecules bind an additional copper ion, very likely coordinated by the

side chains of the C-terminal histidines. Therefore, two metal, redox active cen-

tres are now present in each azurin molecule, namely the naturally occurring

Cu T1 site (native hereafter) and the exogenous one (exo hereafter), i.e. the245

His-tag-coordinated copper ion. Control experiments support these hypothesis:

in fact, further incubation with 10 mM EDTA, pH 7.0 causes disappearance of

the exo signal without affecting the native one, which can be restored via fur-

ther incubation with a Cu2+ aqueous solution. Moreover, incubation of surface

immobilized WTAZ, which lacks the C-terminal hexahistidine tag, in a 5 mM250

aqueous solution of CuSO4 yields no additional electrochemical signal to those

of the native Cu redox centre (data not shown). The same negative response is

obtained when gold electrodes functionalized with MTM only are incubated in

a Cu2+ aqueous solution. Therefore, the second electrochemical signal in Fig.

4 can be unambiguously ascribed to the exo metal centre.255

Experimental evidences of the presence of the additional exo copper ion

were provided by KPFM and XPS measurements. The stepwise functional-

ization protocol, which eventually leads to the presence of surface-immobilized

azurin bearing both native and exo centre, consists of three steps, namely i) for-

mation of an MTM-based SAM, ii) HT-Azu adsorption and iii) exo Cu uptake,260

coordinated by the His-tag. KPFM and XPS are extremely sensitive techniques
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in order to characterize the Au surface evolution during each functionalization

step. In particular, KPFM measurements provide to monitor the surface po-

tential (a.k.a. contact potential difference, CPD) of the Au surface. Panel A of

Fig.5 displays the relative CPD changes during all the steps respect to the po-265

tential of the pristine gold substrate (i.e. CPAu = 0 mV). Hence, the measured

CPD corresponds to the changing of the charge density of the overlayer (see ref.

[48] and references therein). The 1st step shows a dramatic shift of CPD equal

to 300 mV. The protein adsorption (2nd step) results in the solvent exposure

of the hydrophilic face of the protein causes a further potential variation (CPD270

≈ 620 mV). Such a variation can be ascribed to the fact that the hydrophobic

-OCH3 terminal group of the SAM gets involved in the hydrophobic interaction

with the azurin, which exposes its hydrophilic face to the solution, as it closely

parallels the one that has been observed for a change from hydrophobic to hy-

drophilic terminal group [35] of an oligoarylene thiol SAM. The 3rd step yields275

a CPD of about -80 mV, due to the adsorption of the exo copper atom, most

likely through coordination by the His-tag.

The presence of Cu atom onto the Au surface has been confirmed by XPS

analysis. The presence of the protein film has been verified by monitoring the

presence of gold (Au4f), nitrogen (N1s) carbon (C1s), oxygen (O1s), sulphur280

(S2p) and copper (CuNAT 2p) contributions in the measured spectra (data not

shown). Being XPS a surface-sensitive technique, the gold contribution de-

creases with the increasing of multi-layer thickness. C and O contributions do

not change appreciably due to the presence of contaminants and constituents of

the adsorbed molecules such as SAM and protein. S contribution is measured in285

all the samples, except for the bare gold. Finally, N and CuNAT contributions,

due to the presence of the protein, were only measured after the 2nd and 3rd

steps. In particular, the measured ratio between these two elements (CuNAT /N

= 0.007 ± 0.001) is in good agreement with literature [49]. It is important to

point out that the ratio value does not directly correspond to the stoichiometry290

of the system because it depends on the position of the atoms inside the sample.

In particular, being the copper close to the interface with SAM, its contribu-
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tion results to be underestimated. Panel B of Fig.5 reports the XPS spectra

acquired before (black line) and after (red line) the 3rd step, in order to gain

further evidences of the presence of a protein-bound, exogenous copper ion. X295

and Y axes represent the binding energy (BE) of the initial bound state of the

photoelectron and total counts (CPS), respectively. The first evidence of the

immobilization of the exo copper ion on the immobilized SAM/protein layer is

provided by the increase of one order of magnitude of the copper peak after the

3rd (red) with respect to the black one. The measured copper signal depicted is300

contributed by both CuNAT and CuEXO. We estimated the relative amount of

the two different copper atoms by using a simple geometrical model which takes

into account both the effects of a) the photoelectron mean free path λ and b)

the different position of the two ions within the protein. λ defines the effective

sub-surface region probed by the XPS technique corresponding to about 1 nm,305

while for b), we considered all the CuEXO atoms as lying on the surface (depth

= 0 nm) and all the CuNAT ones at a depth of about 2 nm [49]. Under this

approximation, the ratio between the areas A of the Cu peaks measured after

and before the 3rd step step can written in terms of number of atoms of the

probed region NCuNAT
and NCuEXO

as in the following relationship:[50]310

A3rdstep

A2ndstep

=
αlNCuEXO

+ βlNCuNAT

βlNCuNAT

, αl = exp{−z/λ}|z=0 βl = exp{−z/λ}|z=2

(4)

The ratio can be measured directly from the spectra, and the obtained value

is 8.4 ± 0.4, while αl and βl represent the penetration length for atoms at the

surface (z = 0) and buried (z = 2), respectively. The solution of eq.4 yields

NCuNAT
≈ NCuEXO

, suggesting that after the 3rd step each protein molecule

contains approximately two copper ions. A further issue regards the energy315

position and the shape of the peak, which do not show an appreciable difference

between the two steps: this finding indicates that for both and CuNAT and

CuEXO the copper ion is coordinated, and that the overall electron donating

effect of the two coordinative kernels is similar.
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No significant changes in the CV could be detected upon continued cycling,320

indicating that the copper ions in the exo sites are stable even upon repeated

reduction/oxidation cycles, which most likely do not proceed through a Cu0

metallic state. Most notably, the fact that the electrochemical signals displayed

in Fig.4 are conserved after the first cycle implies that, although the cathodic

counterpart of the faradic process at the exo site is lacking, there must be a325

mechanism which can restore its Cu2+ state.

Such electrochemical features very closely parallel those observed for surface

immobilized diheme P. stutzeri cytochrome c4 [11], P. haloplanktis cytochrome

c4 [13] and diheme S. baltica cytochrome c [12], where vectorial electron transfer

processes took place. These proteins possess two separate heme centres, whose330

electron exchange mechanism to/from the electrode was proven to be mediated

by their relative position with respect to the surface: in particular, the ET

processes from the distal heme is mediated by the vicinal one, lying closer to the

surface. This leads to an unsymmetrical electrochemical behavior [11, 13, 12],

composed by a single two-electrons peak in one scanning direction and in two335

one-electron peaks when scanning the potential in the opposite direction. If the

vicinal heme has a higher (more positive) E0′ than the distal heme, two one-

electron cathodic peaks would be observed, and a single 2e− anodic signal would

be recorded. Reverse electrochemical features would be obtained if the vicinal

heme featured a more negative E0′ than the distal one. The striking resemblance340

of the electrochemical response of the system under investigation with that of

adsorbed diheme cytochromes suggests that vectorial electron transfer processes

between exo and native metal sites and the Au electrode can be invoked.

The behavior of the system under investigation can be framed into the fol-

lowing rationale (see Fig.6): two redox active sites are present, native and exo345

(CuNAT and CuEXO, respectively), and the difference between their reduction

potentials is large enough to allow the detection of separate electrochemical

signals. The native site has a lower E0′ , and is located much closer to the sur-

face than the exo site, which features a significantly higher reduction potential.

Starting from an anodic poise, both centres are in their oxidized state, Cu2+
NAT350
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and Cu2+
EXO. When performing a cathodic scan, thermodynamically the first

centre to undergo reduction should be the exo one, but it cannot communicate

directly with the electrode, as it lies too far away from it. Therefore, no ca-

thodic peak for exo can be observed until the potential of the more negative

native site is reached. Only when the native centre is reduced electrons can flow355

from the electrode to the native Cu and can also be immediately transferred to

exo, through a thermodynamically favored, fast intramolecular ET. Both native

and exo centres are reduced, originating the fast two-ET process associated with

the 2e− cathodic signal in Fig.4 and yielding the doubly reduced state, Cu1+
NAT

and Cu1+
EXO. During the anodic scan instead, the two centres are sequentially360

oxidized: the native centre is the first one to undergo oxidation, generating a

mixed oxidized-reduced state Cu2+
NAT /Cu1+

EXO, while the exo copper ion is oxi-

dized at more positive potential, and its ET to the electrode takes place via the

native Cu.

The changes in the electrochemical behavior of the present system as a func-365

tion of the scan rate are also worth mentioning (see Fig. 7): in fact, the anodic

signal associated with the exo Cu centre cannot be observed anymore for scan

rates higher than 1 Vs−1. This finding indicates that the value of the rate con-

stants for the intermolecular ET (between native Cu centre and the electrode)

and for the intramolecular ET (between exo and native copper ions) significantly370

affects the electrochemical response of the system.

In order to gain further insights on the rate of the intramolecular ET process,

we adapted a previously published model for intramolecular ET in metallopro-

teins featuring two metal centres [51, 11]. In the model depicted in Panel A of

Fig.8, C1 and C2 represent the native and exogenous copper centres of HT-Azu,375

respectively.

The surface concentration of reduced C1, labelled as Cred,surf1 , can be ex-

pressed as:

Cred,surf1 = P1Γ (5)

where Γ is the total surface concentration of the protein HT-Azu and P1 is the
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fraction of the reduced species C1, with P1 ≤ 1.380

It follows that surface concentration of oxidized C1, Cox,surf1 , can be ex-

pressed as:

Cox,surf1 = (1− P1)Γ (6)

Similarly, we can define Cred,surf2 and Cox,surf2 as:

Cred,surf2 = P2Γ (7)

and

Cox,surf2 = (1− P2)Γ (8)

Clearly, P2 ≤ 1. Under the assumption of α=0.5, the rate constant for the385

ET processes between C1 and the electrode can be expressed as follows:

k1(t) = k0 e
−FE(t)

2RT (9)

k2(t) = k0 e
FE(t)
2RT (10)

where k0 is the kET for E = E0 and

E(t) = Ei + vt (11)

with Ei the starting potential of the voltammetric scan and v is the scan

rate.

The current I that goes through the interface between the electrode and the390

C1 centre can be described by the following expression:

I = AΓFk0{e−
FE(t)
2RT (1− P1)− e

FE(t)
2RT P1} (12)

But P1, and obviously also (1−P1), also depend on the intramolecular elec-

tron exchange process taking place between C1 and C2, which can be described

in terms of rate constants k3 and k4. Please note that k3 and k4 are not depen-

dent on the electrode potential, and therefore are true rate constants, as they do395
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not depend on time variation of the potential during the CV scan, at variance

with k1(t) and k2(t) [51].

The time-dependent variation of the P1 and P2 values are related by the

following differential equation system:

dP1

dt
= k1(t)(1− P1)− k2(t)P1 − k3P1(1− P2) + k4(1− P1)P2 (13)

dP2

dt
= k3P1(1− P2)− k4(1− P1)P2 (14)

This differential equation system cannot be solved analytically, but can be400

resolved by numerical approaches such as the Runge-Kutta method, by inserting

values for ks, k3, k4, Ei and v. The numerical approach to the solution of the

system was implemented on Matlab. Solving the differential equation system

yields the time dependance of P1 and P2. The former can be then inserted in

eq.12. The aforementioned approach was used to simulate the electrochemical405

response displayed in Fig.4, in order to calculate the rate constants k3, k4,

assuming for ks a value of 1000 s−1. The best accordance with the experimental

data in Fig.4 was found for 1800 s−1 for k3 and 0.1 s−1 for k4, at a scan rate

of v=50 mv s−1. The simulated CV is displayed in Panel B of Fig.8. Values

of rate constants for long range, intramolecular electron transfer in azurin from410

Pseudomonas aeruginosa have been previously reported [52, 53, 54]: such values

display a marked dependence on the pH, as they can range from 285 s−1 at pH 4

to 15 s−1 at slightly alkaline pH values. These values are invariably smaller than

that obtained in the present study, but the differences can be tentatively ascribed

to different electron transfer pathways being involved in the intramolecular ET415

processes: in fact, the aforementioned values were obtained by pulse radiolysis

generating a RSSR− anion at the disulfide cystine formed by residues 3 and 27,

while in the present case the second centre is probably located at a different

position on the protein surface, though probably at comparable distance. The

three-dimensional structure of HT-Azu is not presently available to support this420

hypothesis, but the significant effect of the composition of the protein matrix

separating donor and acceptor on the rate of ET processes has been widely
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investigated [55, 56].

4. Conclusions

We presented a bio-(in)organic interface which could serve as a model sys-425

tem to investigate the molecular determinants of biological vectorial electron

transfer. Among the most important features of our approach are its versatility

and simplicity: the use of C- or N-terminal His-tag is now possible on almost

any system; therefore, the same strategy can be applied to introduce a novel,

exogenous redox centre in virtually any protein. The use of MTM monolayers430

in the design of such interfaces can also be extended to robustly immobilize any

protein with a sufficiently large, surface exposed hydrophobic patch. Never-

theless, what is characteristic to this system, and crucial to its electrochemical

features, is the spatial position of the two metal centres with respect to the

surface, which causes the intra- and intermolecular ET rate constants to differ435

largely enough, to be able to turn off the former process, by adjusting the scan

rates.
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Figures

Figure 1: Left: Cartoon representation of the backbone of wild-type azurin. The Cu atom

is represented as a pink sphere, and the C-terminal residue (Lys128) in green Van der Waals

spheres. Centre and Right: Surface Hydrophobic Potential of wild type azurin from P. aerug-

inosa, calculated with the Platinum web server. Hydrophobic regions and hydrophilic regions

are depicted in red and green, respectively.
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Figure 2: Cyclic voltammogram for HT-Azu immobilized on a polycrystalline Au electrode

functionalized with MTM self-assembled monolayer. Working solution: 10 mM Hepes, 0.1M

KCl, pH 7.3. Scan rate 50 mV/s. Top left inset: plot of the scan rate dependance of the

cathodic peak current. Bottom left inset: electrochemical signal after subtraction of the

background current, which corresponds to the current recorded for the polycrystalline Au

electrode functionalized with MTM self-assembled monolayer before incubation with HT-Azu.

Figure 3: Scan rate dependance of the CVs obtained for HT-Azu immobilized on a MTM

SAM on polycrystalline Au electrodes.
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Figure 4: Cyclic voltammogram for HT-Azu immobilized on a polycrystalline Au electrode

functionalized with MTM self-assembled monolayer, after incubation with a 5 mM aqueous

solution of CuSO4. Working solution: 10 mM Hepes, 0.1M KCl, pH 7.3. Scan rate 50 mV/s.

Figure 5: Panel A: CPD, obtained by means of KPFM measurements, at each functionalization

step is shown. The black broken line is only a guide for the eye. Panel B: Overlay of the two

XPS spectra corresponding to the Cu peak, black for the HT-Azu adsorption and red for the

exo Cu uptake.
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Figure 6: Schematic representation of the ET processes underlying the electrochemical features

in Fig.4, displayed in the box on the upper right corner. The single two-electrons cathodic

peak, labelled with a grey box, is associated with the simultaneous reduction of both centres.

The anodic signal lying at ≈Ep,a = +0.25 V (purple label) derives from the intermolecular

one-electron ET from native Cu to the electrode, while the second anodic signal (tan colored)

comes from the one-electron oxidation of the exo Cu, whose ET to the electrode takes place

via the native Cu.
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Figure 7: Cyclic voltammograms at different scan rates for HT-Azu immobilized on a poly-

crystalline Au electrode functionalized with MTM self-assembled monolayer, after incubation

with a 5 mM aqueous solution of CuSO4. Working solution: 10 mM Hepes, 0.1M KCl, pH

7.3. In the inset, only the voltammograms recorded at low scan rates (20 mV/s and 50 mV/s,

in red and black, respectively, are depicted, as their details cannot be appreciated in the full

picture.

Figure 8: Panel A: Scheme of the inter- and intramolecular ET processes for immobilized

HT-Azu with exo copper centre, as discussed in the model adapted from refs. [51] and [11],

which was used to calculate the intramolecular rate constants k3 and k4. Panel B: Simulated

cyclic voltammogram for HT-Azu with exo copper centre adsorbed on an MTM SAM on gold

electrodes.
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