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Abstract This study summarizes results which have been

obtained by a mutational study of human cytochrome c. The

protein can be used as a recognition element in analytical

assays and biosensors for superoxide radicals since ferricy-

tochrome c reacts with superoxide to form ferrocyto-

chrome c and oxygen. Here lysine mutagenesis of the distal

surface (i.e., of exposed residues around the Met80 axial

ligand) of human cytochrome c was pursued to evaluate the

effect of the surface charges on the reaction rate with the

superoxide anion radical and on the redox properties of the

heme protein. The latter feature is particularly relevant when

the protein is immobilized on a negatively charged self-

assembled monolayer on an electrode to be used as a bio-

sensor. The observed effects of the mutations are rational-

ized through structural investigations based on solution

NMR spectroscopy and computational analysis of the sur-

face electrostatics. The results suggest the presence of a

specific path that guides superoxide toward an efficient

reaction site. Localized positive charges at the rim of the

entry channel are effective in increasing the reaction rate,

whereas diffused positive charges or charges far from this

area are not effective or are even detrimental, resulting in a

misguided approach of the anion to the protein surface.
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Abbreviations

HSQC Heteronuclear single quantum coherence

MU Mercaptoundecanol

MUA Mercaptoundecanoic acid

XOD Xanthine oxidase

Introduction

Superoxide radicals are produced by one-electron reduc-

tion of oxygen by several enzymes [1, 2]. The generation of

this reactive radical is of physiological relevance in both

animals and plants [3]. Several mechanisms, for example,

superoxide dismutase catalyzed dismutation, have been

developed to protect living systems from the action of these

species, which are also involved in several cellular sig-

naling pathways protecting the cells under stress conditions

[4–6]. Much attention has been focused on the clarification

of superoxide production by phagocytic NADPH oxidase

since the radical is liberated by activated neutrophils as

part of the defense systems [7]. Other areas of research are

devoted to radical production during brain injuries, ageing,

and ischemic situations in different tissues [8–10]. The

generation of O2
- by endothelial cells is relevant to their

function; understanding the mechanisms underlying the

regulated generation of O2
- can help with the design of

therapeutic strategies to tackle endothelial activation and
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dysfunction in conditions such as hypercholesterolemia,

atherosclerosis, hypertension, diabetes, and heart failure

[11]. Because of the widespread involvement of several

reactive oxygen species in pathophysiological situations,

the specific detection of individual species has received

special attention.

Ferricytochrome c reacts with superoxide anion radical

to form ferrocytochrome c and molecular oxygen [12]:

Cytochrome c ðFe3þÞ þ O�2 ! Cytochrome c ðFe2þÞ
þ O2

ð1Þ

The redox reaction has been used for the detection of

superoxide in solution for a long time [13, 14]. The

reaction can be also confined to surfaces and combined

with heterogeneous electron transfer from cytochrome c to

electrodes to result in a sensor allowing spatially resolved

measurements [15, 16]. This is advantageous, particularly

in the medical area, since not only the presence of

superoxide but also the time course of concentration

changes become accessible, as it has been demonstrated for

measurements in cell cultures [17, 18] and in vivo [19].

Cytochrome c is by far the most used recognition molecule

for superoxide sensor construction since alternatively

developed superoxide dismutase based systems [20, 21]

often suffer from stability problems in real samples.

The rationale of this research is to design cyto-

chrome c variants with increased rate of reaction with

superoxide to construct cytochrome c based biosensors with

higher sensitivity. Little is known about the mechanism of

the interaction of the small charged radical and the non-

uniformly charged redox protein. Earlier studies of the

reaction of superoxide radical with human cyto-

chrome c mutants [22] have highlighted that substitution of

neutral or negatively charged amino acids with lysines at

the protein surface is able to enhance the reaction efficiency

only if the mutation occurs in selected locations, thus sug-

gesting that specific intermolecular interactions are the

basis of this reaction. The initial selection of the mutants

was guided by earlier proposals [12] that the channel

defined by the 50s helix and the facing area of the distal site

might play an important role in the reaction with the

superoxide anion. In particular, the characterization of a set

of 11 mutants, namely, Y46K, A50K, A51K, Y74K, G77K,

I81K, F82K, E61K, D62K, E66K, and E69K (Fig. 1),

revealed four (E66K, E69K, Y74K, and F82K) with

increased reaction rates with respect to the wild-type pro-

tein. E66K was the most interesting one for sensor con-

struction, having a clearly higher sensitivity in comparison

with the wild-type-based sensor while retaining high

selectivity and showing good storage stability. Overall, the

results obtained on this set of mutants showed that there is a

strong dependence of the reaction rate on the position of the

engineered surface positive charges, but the most effective

sites do not fully confirm the initially proposed channel. The

underlying reaction mechanism that allows reduction of

ferricytochrome c and oxidation of superoxide remained

elusive. In this article, we address the mechanistic aspects

of the reaction, answering some key open questions. First of

all, does the reaction occur through a long-range electron

transfer process between the superoxide anion interacting

with a positive surface residue and the ferric heme ion or

does it require the anion to enter the heme cavity of cyto-

chrome c? The ability of small anions such as CN- and N3
-

to access the heme from the side of the M80 axial ligand

(distal site) is well documented; at high concentration they

are able to replace M80 from iron binding [23–25]. NMR

relaxation data and molecular dynamics calculations have

shown how this protein area is characterized by a relatively

high mobility [26–31] that may facilitate the entry of the

anions to the distal site. Moreover, what are the crucial

protein surface properties and what makes some positions

on the protein surface more effective than others in pro-

moting this reaction?

To address these issues, we prepared and characterized a

new set of nine mutants. Five new single lysine mutations

(I57K, T63K, N70K, V83K, I85K) were produced with the

aim of scanning a larger portion of the protein surface and

of defining the surface active area. Two double lysine

mutations (T63K-E66K, E66K-F82K) at the most reactive

positions were designed with the aim of exploiting

Fig. 1 Ribbon representation of the peptide part of human cyto-

chrome c. The heme skeleton is shown as red sticks. Blue spheres are

used to identify the residues mutated into lysine (and arginine in the

case of residues 63 and 66) to scan the protein surface searching for

productive guidance of superoxide anion. A color gradient is used to

represent the measured differences in the reaction rate, which

increases on going from light blue to dark blue
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cooperative effects. Finally, two single arginine mutations

(T63R, E66R) were characterized. Comparison of single

lysine and single arginine mutants at the key sites 63 and

66 was addressed to gain insight into the electron pathway.

The new mutants were investigated in the reaction with

superoxide radicals in solution and with respect to their

electrochemical properties. In addition, one-dimensional
1H and 1H–15N heteronuclear single quantum correlation

(HSQC) NMR experiments were performed for structural

analysis. Energy minimization and surface electrostatic

potential analysis provided the rationale for the observed

behavior that suggests the presence of a specific path that,

through localized positive charges, guides superoxide

anion from an entry point on the protein surface into the

distal cavity.

Materials and methods

Protein samples

Full-length human cytochrome c and its mutants were

expressed in Escherichia coli and purified in the unlabeled

and 15N-labeled forms, as reported in the literature [22, 32].

Determination of rate constants

To guarantee ultrapure samples for the determination of the

reaction rate of cytochrome c with superoxide, mutant and

wild-type cytochrome c were dialyzed before the spectro-

photometric kinetic measurements with 50 mM sodium

phosphate buffer pH 7.5 using Slide-A-Lyzer dialyses

cassettes (Thermo Scientific, Rockford, USA) with a

molecular mass cutoff of 3,500 kDa. The amount of oxi-

dized cytochrome c used for this measurement was calcu-

lated from the absorption spectrum of the dialyzed protein

before each measurement and the total amount of cyto-

chrome c in the sample which could be retrieved from

the absorption spectrum of reduced cytochrome c (treated

with dithiothreitol or sodium dithionite) (with e550-ox =

7.4 mM-1 cm-1 and e550-red = 32.02 mM-1 cm-1 deter-

mined with horse heart cytochrome c in 50 mM sodium

phosphate buffer pH 7.5).

A steady-state superoxide concentration was generated

in vitro using the enzyme xanthine oxidase (XOD) and its

substrate hypoxanthine [33]. The increase of absorbance at

550 nm after addition of XOD, with a final concentration

of 30 mU ml-1, was recorded for 60 s in the presence of

100 lM hypoxanthine with a spectrophotometer or a

stopped-flow spectrometer (SX.18MV stopped-flow reac-

tion analyzer, Applied Photophysics, UK). This corre-

sponds to a steady-state superoxide concentration of about

520 nM calculated using the following formula [33]:

½O�2 � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kg

2kD

½XOD�
r

ð2Þ

The rate constant for the enzymatic superoxide

generation with XOD, kg, was determined photometrically

to be 0.015 lM ml s-1 mU-1. The rate constant of

spontaneous dismutation kD (2O�2 þ 2Hþ ! O2 þ H2O2)

at pH 7.5 is 2.3 9 105 M-1 s-1 [34]. The initial rate of

reduction of cytochrome c was measured for seven different

cytochrome c concentrations (0.2–5 lM cytochrome c) for

each cytochrome c form. This was done at least twice. From

the resulting plot the reaction rate constant k1 for the

reaction of cytochrome c and superoxide (Eq. 1) was

derived.

Electrochemical measurements

Cyclic voltammetry was employed to determine thermo-

dynamic and diffusional properties of the purified

mutants. An Autolab PGSTAT 20 and a lAutolab type II

potentiostat (Metrohm, Germany) were used. Electro-

chemical investigations with cytochrome c in solution

were performed with mercaptopropanol-modified gold

electrodes. Gold wire electrodes were cleaned following

an established protocol [33]. Incubation with 20 mM

mercaptopropanol was conducted for 24 h. Cyclic vol-

tammograms were recorded with 20 lM cytochrome c in

1 M KCl and 10 mM sodium phosphate buffer, pH 7.0.

The redox potential, E0, was calculated as the mean of the

midpoint potentials, Ef, between the anodic and cathodic

peak potentials at different scan rates (50–400 mV s-1).

This is appropriate since Ef is almost independent of the

scan rate in the range from 50 to 400 mV s-1. Diffusion

coefficients were calculated from the peak currents at

different scan rates according to the Randles–Sevcik

equation [35].

Electrochemical investigations of adsorbed cytochrome

mutants on gold electrodes were also performed. Here

the needle electrodes were modified with mercaptoun-

decanoic acid (MUA) and mercaptoundecanol (MU;

incubation for 48–72 h in 5 mM solutions with a volume

ratio of 1:3). Subsequently the electrodes were incubated

for 2 h in 30 lM cytochrome c (in 5 mM potassium

phosphate buffer pH 7). The heterogeneous electron

transfer rate constant, ks, was determined by cyclic vol-

tammetry and variation of the scan rate between

100 mV s-1 and 15 V s-1, followed by evaluation of the

peak separation according to the method of Laviron [36].

The amount of redox-active cytochrome c (surface cov-

erage C) was derived from the charge using Faraday’s

law. The analysis of the voltammetric curves was per-

formed with the Autolab software (GPES versions 4.8

and 4.9).
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NMR spectra

The reduced and oxidized states of the proteins were

obtained by addition of dithiothreitol and excess of ferri-

cyanide, respectively. The oxidizing agent was then

removed by ultrafiltration before NMR data acquisition.

The protein concentration was 200 lM for all samples, in

20 mM phosphate buffer, pH 6.8 with 10 % D2O.

NMR experiments were conducted at 300 K using a

Bruker 800 MHz spectrometer equipped with a TXI

cryoprobe. One-dimensional 1H NMR spectra for the

detection of the diamagnetic part were recorded over a

spectral width of 20 ppm and with a 1.2 s recycle delay,

with excitation sculpting (zgesgp; Bruker library) for effi-

cient water suppression. Detection of the hyperfine-shifted

signals in the ferric form of the proteins was achieved using

a larger spectral width (100 ppm), faster repetition rates

(600 ms), and presaturation for water suppression. Two-

dimensional 1H–15N HSQC experiments were performed

with 1,024 9 256 data points, over a spectral width of

14 ppm for 1H and 40 ppm for 15N. Spectra were processed

and analyzed with the Bruker TopSpin software package.

Energy minimization

The first conformer of the published family of NMR

structures of reduced human cytochrome c [37] was used

as the starting configuration for energy minimization of the

variants T63K, T63R, E66K, and E66R and for the double

mutant T63K-E66K. The structures of the mutant proteins

were energy-minimized using AMBER [38] The AMBER

ff99SB force field [39] was employed and the parameters

describing the iron(II) heme were derived from previous

studies [40].

The energy minimization was performed using the

AMBER 10.0 implicit solvent approximation based on a

generalized Born formalism [41]. The backbone confor-

mation of all residues was fixed except for the mutated one;

this choice was justified by the invariant fingerprint of the
1H–15N HSQC spectra (see later and the electronic sup-

plementary material for further details). Two calculation

steps were performed. In the first step only the side chain of

the mutated residue was free to move during energy min-

imization, in the second step the side chains of the mutated

residue and of amino acids 51–74 were allowed to change

their orientations during energy minimization. Calculations

were performed via the AMPS-NMR web portal [42].

Electrostatic potentials

The structures resulting from energy minimization were

analyzed using the APBS tool [43] of PyMOL to derive

information about the surface electrostatic potentials. The

PQR input file was generated with the AMBER ambpdb

utility using topology and coordinates files from the energy

minimization calculation. The grid dimension for APBS

was derived using the PyMOL psize.py utility, resulting in

a grid of 97 9 97 9 97 points with fine mesh lengths of

61.5 Å 9 59.6 Å 9 56.4 Å; the default APBS tool setting

was used for the calculation. The images with the elec-

trostatic field gradient were generated with the program

VMD [44] using the previous APBS-calculated electro-

static grid potential file as input. The visualization

parameters were as follows: Gradientmag 8.3, min

length 1.00, max length 200.00, and color scale range from

-0.5 to 0.5.

Results and discussion

Reaction rate with superoxide in solution

The reaction rate constants with superoxide were deter-

mined in solution by recording the changes in absorption at

550 nm (increase in reduced cytochrome c) as a function

of time and protein concentration. The results obtained are

summarized in Table 1, where data from our previous

study [22] are also reported for comparative purposes.

Among single lysine mutants, those at E61, D62, N70,

G77, and I81 have reaction rates that are comparable with

those of the wild-type protein; six mutants (Y46K, A50K,

A51K, I57K, V83K, and I85K) show a reduced reaction

rate with superoxide, whereas T63K, E66K, Y74K, and

F82K show a higher rate constant in the reaction with the

radical compared with the human wild-type; the E69K

variant has a reaction rate constant just slightly greater than

the wild-type protein. This information is mapped on the

protein structure in Fig. 1. A further enhancement by

combining the two ‘‘highest-rate’’ mutation sites is not

achieved: in contrast, the double mutant T63K-E66K

exhibits a decreased reaction rate with superoxide. Single

arginine mutants at the highest-rate sites, namely, T63R

and E66R, both have reaction rates comparable to that of

the wild-type protein and therefore lower than those

observed for the single lysine mutations at the same

positions.

The above results clearly indicate that only specific

positions are effective in augmenting the reaction rate with

superoxide, whereas others are not effective or are even

detrimental. As it will be detailed in the following sections,

with the exception of the previously characterized Y46K,

F82K, and E66K-F82K, all the mutants maintain the same

spectroscopic and structural properties (as found by intact

electronic absorption and NMR spectra) of the wild-type

protein and only I57K and Y46K and, to a lesser extent,

F82K show different redox properties. As a whole, these
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data suggest that the introduction of an additional positive

charge at certain positions results in misguiding of super-

oxide. In contrast, the same additional charge at other

positions enhances the ‘‘productive’’ guidance of the

radical.

Electrochemical characterization in solution

Cyclic voltammetry was performed at different scan rates

to deduce the formal redox potential and the diffusion

coefficients of the different mutants (Table 1). Although

for most of the mutants no remarkable influence of the

mutation on E0 was observed, for I57K a value of

-30 ± 5 mV versus Ag/AgCl was determined, and this is

clearly below the range of the other proteins. The only

other variant showing a negative E0 is the previously

characterized Y46K (-40 ± 5 mV). Therefore, one can

conclude that the oxidized state of Y46K and I57K is

stabilized relative to the reduced state by the mutation; this

on the other hand diminishes the driving force for the

superoxide oxidation and may contribute to the low

reaction rate constant mentioned in the previous section.

Nevertheless, a slightly diminished E0 can be also noticed

for F82K (2 ± 5 mV), for which a higher radical reaction

rate has been observed [22].

The diffusion coefficients of all the mutants calculated

from the voltammetric measurements are rather similar to

the diffusion coefficient of the wild type and are of the

same order as those already reported for the first set of

mutants [22]. Only for F82K and the double mutants the

values are slightly smaller.

Mutants adsorbed on gold electrodes

The thermodynamic and kinetic properties of a subset of

mutants were characterized electrochemically with the

proteins adsorbed on a thiol-modified gold electrode. This

arrangement reflects the situation of the protein in a bio-

sensor application in which superoxide-induced reduction

of cytochrome c is coupled with a direct electron transfer

between the protein and an electrode, resulting in an oxi-

dation current proportional to the superoxide concentration.

Table 1 Reaction rate constant

with superoxide (k1), redox

potential (E0) in solution

(derived from the scan rate

dependence of the formal

potential calculated as the

midpoint potential from

oxidation and reduction peak

potentials), and diffusion

coefficient (D) for horse heart

cytochrome c, human wild-type

cytochrome c, and its mutants

Average errors on k1, E0, and

D are ± 2 9 104 M-1 s-1, ±

5 mV, and ± 0.4 9

106 cm2 s-1, respectively

Reaction rate with O2
- in solution Electrochemical properties in solution

k1/104 (M-1 s-1) E0 (mV) D 9 106 (cm2 s-1)

Unmutated cytochrome c

Horse heart 6.7 15 2.3

Human 6.6 17 1.7

Single lysine mutants

Y46K 2.5 -40 0.9

A50K 5 13 1.3

A51K 3 14 1.9

I57K 2 -30 1.8

E61K 7 18 3.1

D62K 6 13 1.4

T63K 11.3 7 1.9

E66K 12.5 20 1.6

E69K 8.8 11 1.6

N70K 6.4 22 1.3

Y74K 10.7 15 2.6

G77K 6 12 1.5

I81K 6.5 18 1.2

F82K 10.7 2 0.4

V83K 4.3 17 1.4

I85K 2.1 18 1.9

Double lysine mutants

E66K-F82K 2 10 0.1

T63K-E66K 1.8 10 0.3

Single arginine mutants

T63R 6.4 15 3.2

E66R 5.3 24 1.5
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The selected variants are the two single lysine mutants

T63K and N70K, the two single arginine mutants T63R

and E66R, and the double mutants T63K-E66K and E66K-

F82K. In Table 2 their properties are compared with those

of previously characterized variants and wild-type horse

heart and human proteins. All chosen mutants can be

adsorbed on the negatively charged MUA/MU layer. Fig-

ure 2 shows as an example the cyclic voltammogram of the

mutant N70K, which is similar to the voltammogram

obtained with the wild type.

The formal potential Ef can be calculated as the mean of

the midpoint potentials between the anodic and cathodic

peak potentials at low scan rates. The formal potential of

adsorbed proteins lies, in general, below the formal redox

potentials of the solution-state cytochrome c. This can be

explained by the electrostatic stabilization of the more

positive oxidized state over the reduced state of immobi-

lized cytochrome c owing to the negatively charged self-

assembled monolayer surface, which was also observed in

other work [45]. Within the subset of the mutants adsorbed

on MUA/MU gold electrodes, N70K and the double mutant

T63K-E66K reveal the largest increase in Ef compared

with the wild type. In the case of the double mutant T63K-

E66K, this can be attributed to a less effective electrostatic

stabilization of the oxidized state owing to a different

orientation of the protein. The orientation of adsorbed

cytochrome c on negatively charged self-assembled mon-

olayers, proposed by Xu et al. [45, 46], is depicted in

Fig. 3. Both exchanged amino acids of the double

mutant—E66 and T63—are normally not visible for the

electrode. In the case of the introduced positively charged

lysines, it is reasonable that the two charges cause a

Table 2 Electrochemical properties of cytochrome c adsorbed on mercaptoundecanoic acid/mercaptoundecanol (MUA/MU) modified gold

electrodes

Electrochemical properties of cytochrome c adsorbed on modified Au electrodes

Ef (mV) C (pmol cm-2) ks (s-1) Ew1/2 (mV)

Unmutated cytochrome c

Horse heart -7 13 55 102

Human wild type -8.6 10.7 61 101

Single lysine mutants

T63K -9.5 9.1 47 97

E66K 1 12 55 109

E69K 2 11 47 106

N70K 9.1 10.3 45 101

Y74K 0 7 113 97

F82K -19 6 139 96

Double lysine mutants

E66K-F82K 3.6 3.8 125 91

T63K-E66K 7.5 2.8 27 141

Single arginine mutants

T63R -14.8 5.6 68 110

E66R -1.4 6.9 60 125

Values were obtained in 5 mM potassium phosphate buffer, pH 7. Average errors on Ef, C, ks, and Ew1/2 are ± 5 mV, ± 3 pmol cm-2, ± 8 s-1,

and ± 5 mV respectively

Ef is the formal potential of the surface-fixed redox protein calculated from the mean of the midpoint potentials from oxidation and reduction

peak potentials detected at small scan rates, C is the surface concentration of electroactive cytochrome c, ks is the heterogeneous electron transfer

rate constant of cytochrome c, and Ew1/2 is half peak width of the voltammetric peaks

Fig. 2 Cyclic voltammograms of the mutant N70K and human wild-

type cytochrome c adsorbed on MUA/MU-modified gold electrodes

(5 mM sodium phosphate, pH 7, scan rate 100 mV s-1)
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different orientation. This hypothesis is also supported by

the decreased electron transfer rate, ks, and the increased

half peak width, Ew1/2, determined for this mutant. The

different orientation can cause a less effective heteroge-

neous electron transfer, probably due to a larger distance

between the heme and the electrode. Also the smaller

amount of protein which can be adsorbed on the electrode

for these mutants supports the altered situation described.

For N70K the increased formal potential without any

other significantly changed feature might be due to local

structural changes in the heme environment, which occur

only after immobilization of the protein. A smaller amount

of redox-active protein can be immobilized on the elec-

trodes for the two arginine mutants too. Here probably the

binding efficiency of the second binding region containing

residues 73, 79, 87, and 88 [45, 46] is diminished owing to

a charge distribution different from that of the lysine

mutants near this region (vide infra). In support of the role

of this second binding region, also Y74K shows a similarly

reduced amount of adsorbed redox-active protein.

The mutant F82K exhibits a decreased redox potential

and interestingly a drastically increased heterogeneous

electron transfer rate constant. This behavior indicates a

different situation on the surface originating from structural

changes of the mutant compared with the wild type and is

confirmed by 1H NMR and 1H–15N HSQC data that indi-

cate an opening of the mutant structure [22]. In addition, a

different mechanism for the interaction with superoxide

radicals cannot be ruled out. An analogous situation seems

to hold for the double mutant T63K-F82K. Both proteins

show a diminished amount of electroactive adsorbed pro-

tein on the electrode surface.

In summary, for the application of the mutants in a

cytochrome c based radical biosensor, not only a high

reaction rate with superoxide is important, but so are

structural integrity allowing full surface coverage in the

electrode immobilization process, unaltered redox proper-

ties, and fast electron transfer kinetics [33]. This

requirement can be achieved in particular by the following

mutants: T63K, T66K, T69K, and Y74K.

NMR spectra

As in our previous studies, NMR spectroscopy was used to

rationalize some of the electrochemical data in terms of

structural properties [22, 47] and in particular to verify the

structural integrity of the cytochrome c mutants produced.

One-dimensional 1H NMR spectra and 1H–15N HSQC

spectra of the ferrous and ferric forms of the wild-type

cytochrome c were used as a fingerprint of the iron axial

ligation and overall protein fold. For the initial set of 11

mutants [22] one-dimensional NMR spectroscopy revealed

that the M80 axial ligation is maintained for all the protein

variants, with the only exception being the oxidized form

of F82K, where M80 is replaced with another, unidentified

protein ligand. This structural transition and the subsequent

changes in the electronic structure of the paramagnetic iron

center induce important changes in the HSQC spectra of

ferric F82K. Redox-dependent conformational changes of

the same type are observed here for the double mutant,

E66K-F82K (Figs. S1, S2). Important structural changes,

with an essentially intact coordination, were found for both

oxidized and reduced Y46K. All the other mutants exhibit

only minor structural differences with respect to the wild-

type cytochrome c.

The 1H spectra of the reduced and oxidized forms of

wild-type cytochrome c and its T63K and T63R variants

point to a substantially intact axial coordination for the

heme iron in both oxidation states: signals of the axial M80

ligand resonate slightly upfield in the reduced form

(Fig. S1), whereas they are at around -30 ppm in the

oxidized protein (not shown). For the ferric case, the shift

pattern of the heme methyl signals is determined by the

arrangement and nature of the axial ligands. In these

mutants, the shift of the heme methyls resolved outside

the diamagnetic envelope is clearly the same as for the

Fig. 3 Orientation of

cytochrome c immobilized on a

self-assembled monolayer

modified electrode. Heme is

depicted as black spheres, and

mutation sites are depicted as

green spheres. Blue spheres
represent native positively

charged lysine residues. Left
view from the electrode. Right
view from the solution.

(From [30])
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wild-type protein (Fig. S3), providing further proof for an

intact coordination environment even in the ferric form of

the protein.

The 1H–15N HSQC spectra of the reduced proteins are a

fingerprint of the protein fold and show that chemical shift

differences between the wild type and the mutants are small

and clustered around the mutation site (Fig. S4). In partic-

ular, affected residues are located on the so-called 60s helix,

which contains the mutated residue, and the two facing

helices (70s and 50s); chemical shift changes are also

observed for the backbone amides of residues facing the 50s

helix and for the backbone and side chain NH groups of

W59. Small shift variations on the same residues are

observed in the HSQC spectra of the oxidized form of T63K

and T63R (Fig. S5). The differences between T63K and

T63R are confined to residues 52, 56, 57, 59, 66, 67, 69, and

74, and are even smaller than those between the wild type

and each single mutant.

A similar situation has been reported for E66K, with

NMR spectra essentially superimposable with those of the

wild-type protein in both oxidation states [22]. This is also

the case of E66R (Figs. S1, S3-S5).

Replacement of both T63 and E66 with lysine residues

again induces very minor changes in the chemical shifts of

heme substituents and axial ligands with respect to the wild-

type case (Figs. S1, S3) and causes the variations in the

chemical shift of backbone amides of the same regions already

discussed for the single mutants (Figs. S4, S5). In summary,

NMR spectroscopy proves that the overall protein fold, the

axial coordination of the heme iron, and consequently the

electronic structure typical of the wild-type protein are main-

tained in the three variants T63K, T63R, and T63K-E66R.

Therefore, the observed different reactivity toward superoxide

can only derive from localized changes that we simulated with

the aid of energy minimization calculations.

Energy minimization and surface electrostatic

potentials and fields

Human cytochrome c is largely positive, having a sequence

that contains 18 lysine and two arginine residues but only

two aspartate and eight glutamate residues. This small

protein has a ‘‘face’’, roughly identified by the N-terminal

helix, the following long loop, and the loop containing the

M80 iron axial ligand, where the charged residues are only

positive, whereas the other ‘‘face’’ shows some areas with

surface-exposed negatively charged amino acid side

chains, which include the 60s helix, where we introduced

positive charges that were effective in facilitating the

reaction with superoxide. Graphical visualization of the

calculated electrostatic potentials (Figs. 4, 5) suggests a

role for the artificially introduced local positive charges on

the 60s helix that may provide a guide toward the heme for

the superoxide anion through a sort of channel whose

entrance is defined by the three a-helices (50s, 60s, and

70s) and the loop containing W59 (see also Fig. 1).

The side chain of T63 in the structure of the wild-type

protein points toward the backbone NH of G60. After

energy minimization calculations for the mutant proteins,

the side chains of lysine in T63K and arginine in T63R

assume a different orientation with respect to the side chain

of the native T63. They are stabilized in the new confor-

mation through the interaction with the side chains of D62

(Fig. 4, left). Comparison of the electrostatic surfaces

around the mutation site for the energy-minimized struc-

tures of the variants T63K and T63R with that of the wild-

type protein shows that in the case of the wild type, the

presence of a threonine at position 63 corresponds to a

large patch of negative charges, whose extension is reduced

on introduction of arginine or lysine single-point mutations

at this site. T63R, however, is characterized by a more

distributed charge with respect to T63K. In the case of the

variant E66K (and E66R) (Fig. 4, right), the side chains of

lysine and arginine introduced at position 66 protrude from

the surface into the bulk solvent and their positive ends

reduce the negative patch typical of the wild type in this

protein area. Again, substitution of E66 with an arginine

gives rise to a less localized positive charge than in the case

of E66K. The distributed charge observed for the arginine

variants corresponds to reaction rates that are very similar

to those of the wild-type protein, suggesting that a local-

ized positive charge is needed to exert a measurable

attraction for superoxide ions. Since all the experiments

were performed in electrolyte solutions with a part of the

charge shielded by counter ions, the small differences

between the lysine and arginine mutants seem to be sig-

nificant for the attraction of the radical.

In the double mutant T63K-E66K (Fig. 5), the two

lysine side chains point toward D62 and the bulk solvent,

respectively, thus generating a very large positive area that

only marginally includes positions 66 and 63.

Surface electrostatic potentials and fields are visualized

in Fig. 6. In the wild-type protein negative (red) field lines

extend in an area that, at least partially, includes our pro-

posed entry point. Introduction of a single lysine residue at

position 63, and even more so at position 66, is effective in

reducing the negative field lines: the proposed entry point

is now characterized by the presence of positive field lines

surrounded by negative ones, thus creating a sort of elec-

trostatic tunnel that may guide the anion toward the proper

position. This effect is lost in the double lysine mutant.

Here a large part of the protein surface becomes positive

and thus guiding of the radical anion toward the heme

center cannot occur. Instead a misguiding of superoxide to

other parts of the protein may occur, resulting in a

decreased reaction rate constant.
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Conclusions

We have designed, produced, and experimentally tested a

number of mutants of human cytochrome c which are

significantly more active than the wild-type protein toward

the oxidation of superoxide anion owing to improved

electrostatic guidance of superoxide anion toward the

heme, while maintaining unaltered overall fold and heme

iron axial ligation. Upregulated mutations include those at

T63, E66, and Y74, which define an entry point between

the 60s and 50s helices, as shown in Fig. 7. Introduction of

lysine residues at the rim of this channel increases the

reaction rate with superoxide via electrostatic guidance.

Positive charges far from this site are not effective, or are

even detrimental, by misguiding the superoxide anion and

by attracting it to sites far from its entry point. Localized

charges are more effective than diffused ones. Lysines,

which have a less distributed positive charge than argi-

nines, are more effective in controlling the process. An

extended positively charged surface area is created by the

double lysine mutant T63K-E66K. As a consequence, this

is also less efficient than the wild type since the guidance

properties are lost.

Therefore, the reaction rate is not dominated by a gen-

eric long-range electrostatic attraction of the anions toward

the protein surface, but by a specific electrostatic guidance

Fig. 4 Surface potential

representation of the area

around residue 63 (left) and

residue 66 (right) in human

cytochrome c: regions where

the electrostatic potential is less

than -1 kT/e are in red,

whereas those where it is greater

than 2 kT/e are in blue (k is the

Boltzmann constant, T is

absolute temperature). The

structures in the left panels and

the right panels have different

orientations to better show the

protein surface area involved. In

the top panels the same cartoon

representation as in Fig. 1 is

used to help localize the

analyzed areas on the whole

protein structure. The mutated

residues are always shown as

sticks, visible in transparency in

the case of surface potentials,

where the residue label has been

added at the terminal part of the

side chain. The protein

backbone, displayed using

cartoons, is also shown in

transparency. WT wild type
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toward an entry point located in a protein area that is

known to be characterized by the largest internal mobility.

The electrostatic attraction is determined by proper orien-

tation of the introduced positively charged side chains.

Additionally, it is found that a structural opening can

also increase the access of superoxide to the reaction center

(e.g., F82K mutant). Although the reaction rate is

Fig. 5 Surface potential representation of the area around residues 63

and 66 in human cytochrome c: regions where the electrostatic

potential is less than -1 kT/e are in red, whereas those where it is

greater than 2 kT/e are in blue. The wild type and the T63K-E66K

variant are represented in the bottom panel and the middle panel,
respectively. The residues at positions 63 and 66 are shown as sticks

and visible in transparency. Residue labels have been added at the

terminal part of the side chain to show their orientation. In the top
panel the same cartoon representation as in Fig. 1 is used to help

localize the analyzed areas on the whole protein structure. As in

Fig. 4, the backbone (cartoon) and side chains of mutated residues

(sticks) are visible in transparency

Fig. 6 The top panel represents the investigated protein surface area,

where a cavity is identified having residues in the top part of its rim.

The other panels represent surface potential and field lines in, from

top to bottom, the wild-type protein, the T63K mutant, the E66K

mutant, and the E66K-T63K mutant. Comparison of the electrostatic

potential in human cytochrome c and some of its variants in the area

around residues 63 and 66. Electrostatic potential isosurfaces less than

-1 kT/e are in red, whereas those greater than 2 kT/e are in blue
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increased, other properties (e.g., surface coverage) may be

altered.

For application in a sensor, the cytochrome c mutants

have to be immobilized on modified gold electrodes

allowing direct electron transfer between the electrode and

the heme group. Here structural integrity is important to

avoid altered redox properties and unfavorable orientation

of the proteins. Only by fulfilling these preconditions can

an enhanced reaction rate be used for improved detection

for the superoxide anion radical.
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