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A B S T R A C T   

Dye-decolorizing peroxidases (DyPs) are heme-containing enzymes that are structurally unrelated to other 
peroxidases. Some DyPs show high potential for applications in biotechnology, which critically depends on the 
stability and redox potential (E◦’) of the enzyme. Here we provide a comparative analysis of UV–Vis- and surface- 
enhanced resonance Raman-based spectroelectrochemical methods for determination of the E◦’ of DyPs from two 
different organisms, and their variants generated targeting E◦’ upshift. We show that substituting the highly 
conserved Arginine in the distal side of the heme pocket by hydrophobic amino acid residues impacts the heme 
architecture and redox potential of DyPs from the two organisms in a very distinct manner. We demonstrate the 
advantages and drawbacks of the used spectroelectrochemical approaches, which is relevant for other heme 
proteins that contain multiple heme centers or spin populations.   

1. Introduction 

Heme proteins perform fascinatingly diverse cellular functions that 
include electron transfer (ET), oxygen transport and storage, catalysis, 
oxidative phosphorylation and signal transduction, among others [1–3]. 
The reactivity of the heme moiety and its redox potential (E◦’) are 
governed by the properties of the cofactor and of the surrounding pro
tein, which together ensure the range of chemical characteristics needed 
for these diverse functions. The E◦’ of the ferric/ferrous iron (Fe(III)/Fe 
(II)) redox couple span from +450 to − 550 mV (vs. SHE) in heme pro
teins [4]. Such a large variation has been attributed to an interplay of 
several interconnected factors that include the immediate molecular 
heme environment, such as the nature of axial ligands, the spin state of 
the heme iron, the heme geometry and its exposure to the solvent. For 
instance, in human myoglobin and cytochromes, mutations of axial li
gands can alter the redox potential by more than 400 mV [5,6]. 

The E◦’ of the Fe(III)/Fe(II) redox couple of heme peroxidases, en
zymes that catalyse the oxidation of structurally diverse organic com
pounds with concomitant reduction of hydrogen peroxide, also cover a 
wide range, comparable to that of other heme proteins [4]. The E◦’ 
defines the range of oxidizable substrates and is thus linked to peroxi
dase specificities for distinct physiological substrates [7]. The reaction 

mechanism of peroxidases does not involve the Fe(III)/Fe(II) redox 
couple, however the value of E◦’ Fe(III)/Fe(II) is a good indicator of the 
stability and availability of the resting state ferric enzyme (Fe (III)) for 
the catalytic reaction, as well as of the catalytically relevant redox 
couples E◦’ Fe(III)/Compound I [Fe(IV)=O]+•, Compound I/Compound 
II [Fe(IV)=O]+ and Compound II/Fe(III) [4]. Moreover, measurement of 
the intrinsically very positive redox potential of the catalytic in
termediates, which typically ranges between +0.8 and +1.2 V, is often a 
challenge due to their instability and extreme reactivity [8–10]. 

Determination of E◦’ Fe(III)/Fe(II) of heme proteins can be per
formed by i) chemical redox titrations (sometimes referred to as 
potentiometric titrations in the literature), in which stepwise chemical 
reduction or oxidation of the protein in solution is monitored by spec
troscopic changes of the heme group; the most commonly used methods 
are UV–Visible [11,12], electron paramagnetic resonance (EPR) [13], 
nuclear magnetic resonance (NMR) [14–16], resonance Raman (RR) 
[17], Magnetic Circular Dichroism (MCD) [18], and to a lower extent 
Infrared (IR) spectroscopies [19]; ii) electrochemical methods, such as 
cyclic voltammetry (CV), in which the current changes due to protein 
oxidation / reduction are monitored as the electrode potential is swept 
upward or downward across the protein’s E◦’ [20,21]; and iii) spec
troelectrochemical methods, in which spectroscopic changes (most 
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commonly UV–Vis, IR and surface-enhanced RR (SERR)) of the protein 
are monitored along an electrochemical redox titration. The spec
troelectrochemical methods enable the identification of electroactive 
species of interest and simultaneously provide information about their 
molecular structure in situ [22–30]. 

(Spectro)electrochemistry can be performed employing the heme 
protein either in solution or attached to solid electrodes, thus relying on 
mediated or direct electron transfer (i.e. MET and DET) to the heme 
active site, respectively. It is noteworthy that in the case of biotechno
logical applications, immobilized enzymes offer a distinct advantage 
over enzymes in solution, due to physical separation of the biocatalyst 
from the reactants / products and its re-usability. 

Solution measurements of E◦’, both by chemical and (spectro)elec
trochemical oxidation / reduction, typically rely on the presence of 
redox mediators to facilitate the ET between protein and electrode, i.e. 
MET, and significant amounts of protein. These approaches often suffer 
from poor reversibility, which results from the use of mediators that can 
potentially cause chemical instability, side reactions (e.g. with residual 
O2 present in solution), baseline drifting and appearance of additional 
absorption bands in the UV− Vis spectra overlapping with the protein 
[31]. On the other hand, (spectro)electrochemical strategies that rely on 
protein immobilization and DET are not necessarily straightforward 
either. In some cases, suitable immobilization platforms that ensure 
attachment of the protein to the electrode cannot be found or the in
teractions with the electrode can induce conformational changes and/or 
denaturation [32,33]. Despite the large spectrum of immobilization 
strategies that include physical adsorption, encapsulation, chemical 
binding and biocompatible electrodes, it is not uncommon that the 
immobilization results in the formation of non-native protein with 
altered redox potential [34] and loss of catalytic activity [35]. To that 
end, electrochemical methods provide limited or no molecular infor
mation about the electroactive species. Besides, not all proteins can be 
electrically wired to electrodes [36]; the heme cofactors are frequently 
deeply buried within the polypeptide chain, or they cannot be properly 
orientated towards the electrode, thereby hampering ET and measure
ment of CV signals. Hence, it is of crucial importance to consider all the 
above methodological constrains and the intrinsic properties of the 
heme protein, i.e. stability, surface charge distribution, heme exposure 
and heme cavity electrostatics and flexibility, when selecting the 
experimental tool for determination of E◦’. We highlight SERR spec
troelectrochemistry, in which the heme protein is immobilized on 
plasmonic Ag substrates that simultaneously provide surface enhance
ment of the RR signals and serve as electrodes [37,38]. (SE)RR spectra 
obtained upon excitation into the Soret electronic transition band of the 
porphyrin display core-size marker bands (e.g. ν4, ν3, ν2) originating 
mainly from complex stretching coordinates of the porphyrin. These 
marker bands are sensitive to the redox state of the heme iron (ferric or 
ferrous), its spin (e.g. high-spin (HS) and low-spin (LS)), and coordina
tion pattern (number and nature of the axial ligands) [38,39]. By com
parison of the RR spectra of the ferric (or ferrous) protein in solution 
with the SERR spectra of the protein immobilized on a metal electrode 
poised at a potential that ensures the protein is oxidized (or reduced), 
the eventual immobilization induced non-native population(s) can be 
identified [37,40]. Furthermore, changes of SERR bands attributed to 
different electroactive species can be monitored along an electro
chemical titration, which allows determining the E◦’ of distinct pop
ulations. Therefore, SERR spectroscopy has a superior capacity to i) 
detect immobilization induced structural changes and ii) provide the E◦’ 
of different spin / coordination state sub-populations, if present [34,41]. 

Dye-decolorizing peroxidases (DyPs) have been attracting a lot of 
interest for the development of biotechnological applications due to 
their intrinsic capacity to degrade lignin and environmentally harmful 
molecules, including anthraquinone-based dyes that possess high redox 
potentials [42,43]. For that purpose, it is essential to understand their 
mechanistic properties and the factors that control their E◦’. Despite 
comparable proximal and distal heme cavity architectures, DyPs from 

different sources show remarkable differences in their specific activities 
and hence distinct potential for applications [44]. DyPs have a unique 
GXXDG motif at the distal heme side, which lacks the highly conserved 
His that acts as an acid-base catalyst in the catalytic reaction in 
peroxidase-catalase and peroxidase-cyclooxygenase super-families [43, 
45]. Instead, all known DyP structures possess an Asp(Glu) / Arg couple 
at the distal side [46–49]. Studies of the role of the distal residues in the 
catalytic reaction of a number of DyPs indicated that either Asp or Arg 
can take up the role of the distal His [9,48–52]. Moreover, the distal 
mutations of the wild-type (WT) enzymes that modify the H-bonding 
network and the polarity of the heme cavity, can change the coordina
tion state of the resting Fe(III) and consequently influence the E◦’ Fe 
(III)/Fe(II) [9]. For example, previous studies of the effect of Arg sub
stitution on the E◦’ of DyPs, which employed a variety of methodologies, 
including UV–Vis chemical and spectroelectrochemical titrations and 
CV, showed case-dependent effects. A negligible ΔE◦’ was observed for 
Arg/Leu substitution in the DyP from Klebsiella pneumoniae (KpDyP) 
[49], while negatively shifted E◦’ were measured for the Arg/Leu 
variant of Bacillus subtilis DyP (BsDyP) [48] and the Arg/Ala variant of 
Thermomonospora curvata enzyme (TcDyP) [50]. 

Here we employed different spectroelectrochemical approaches to 
study the redox properties of DyPs from Cellulomonas bogoriensis (Cbo
DyP) and Pseudomonas putida (PpDyP), which show remarkable activity 
in solution towards multiple anthraquinone and azo dyes, as well as 
phenols and metal ions in the case of PpDyP [46,53]. Enzyme variants, 
in which the hydrophilic positively charged distal Arg was substituted 
by hydrophobic residues: non-polar Ile or amphipathic Trp were 
generated by direct mutagenesis aiming at rationally altering their E◦’. 
The effect of the distal substitutions on the heme cavity and redox 
properties of CboDyP and PpDyP was probed by RR spectroscopy, 
UV–Vis- and SERR-based spectroelectrochemistry. 

2. Materials and methods 

2.1. Reagents and chemicals 

8-Amino-1-octanethiol hydrochloride (AOT), 6-mercapto-1-hexanol 
(MOH) and 1-undecanethiol (1-UDT) were purchased from Sigma- 
Aldrich, 11-amino-1-undecanethiol hydrochloride (AUT) was acquired 
from Dojindo. All the other chemicals were purchased from Sigma- 
Aldrich and were of the highest purity available. Solutions were pre
pared using deionized water form a Milli-Q® Water Purification System 
(Merck Millipore). 

2.2. Construction, overexpression, and purification of cboDyP and ppDyP 
enzyme variants 

Single amino acid replacements were created using the QuikChange 
site-directed mutagenesis protocol. For CboDyP variants, plasmid pBAD- 
histag-SUMO-CboDyP (containing the WT cboDyP sequence) was used as 
the template [46] and the primers were designed using the AA scan 
software [54]. For PpDyP variants, the plasmid of WT ppDyP, cloned in 
pET15b, was used as the template [9]. The primers, forward PpDy
P_Opt_R214W_Fw 5′ CGGAAGCGTTTATGGTGTGGCGTAGCGT
TAGCTGGG 3′ and reverse PpDyP_Opt_R214W_Rv 5′ 
CCCAGCTAACGCTACGCCACACCATAAACGCTTCCG 3′ were used to 
create the R214W mutation; forward PpDyP_Opt_R214I_Fw 5′ 
CGGAAGCGTTTATGGTGATTCGTAGCGTTAGCTGGG 3′ and PpDy
P_Opt_R214I_Rv 5′ CCCAGCTAACGCTACGAATCACCATAAACGCTTCCG 
3′ were used to create the R214I mutation. DNA sequence analysis was 
used to confirm the presence of the desired mutation in the resulting 
plasmids and the absence of unwanted mutations in other regions of the 
insert. The plasmids containing the cboDyP and ppDyP genes were 
transformed into NEB 10 β cells and Escherichia coli Tuner strains, 
respectively. The recombinant PpDyP variants were produced under the 
control of the T7lac promoter. 
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The proteins were expressed and purified as previously described [9, 
46,55,56]. The heme content of the DyPs was determined by the pyri
dine ferrohemochrome method using an extinction coefficient of ε (R–O 
556 nm) = 28.32 mM− 1 cm− 1 [57]. The UV–Vis spectra of the purified 
enzymes were recorded on a UV/Visible spectrophotometer Perkin 
Elmer Lambda 650. The enzymes were stored at –20 ◦C until use. 

2.3. Resonance Raman (RR) and surface-enhanced RR (SERR) 
spectroscopy measurements 

RR and SERR spectra were acquired with a Raman spectrometer 
(Jobin Yvon LabRam 800 HR) with a back-illuminated CCD detector 
cooled by liquid nitrogen; an Olympus 20x objective was used for laser 
focusing on the sample and light collection in the backscattering ge
ometry. A 405 nm diode laser was used as excitation source (Toptica 
Photonics AG). 

RR spectra of the enzymes were measured at room temperature using 
a rotating quartz cuvette (Hellma) to prevent prolonged sample expo
sure to laser, as previously described [38]. Sample concentration was 
20–80 μM in 12.5 mM potassium phosphate buffer and 12.5 mM K2SO4 
at pH 7.0 (buffer A). 

The Ag ring electrodes used in SERR experiments were electro
chemically roughened in 0.1 M KCl to create a plasmonic-active surface. 
Following an initial potential step at +2.0 V (40 s), the electrodes were 
treated with three repetitive oxidation/reduction cycles at +0.3/− 0.3 V 
(1st cycle 60 s; 2nd 30 s; and 3rd 30 s and 300 s for oxidation and 
reduction steps, respectively). After the roughening process, the SER- 
active Ag electrodes were immediately immersed in a 1 mM solution 
of alkanethiol self-assembled monolayer (SAM) prepared in ethanol. The 
SAM was allowed to form overnight. The following mixed SAMs were 
used: 1:3 AOT/MOH for WT PpDyP and variants and 1:2 1-UDT/AUT for 
WT CboDyP and variants. Prior to SERR experiments the Ag coated 
electrodes were immersed for 30 min in 0.5 µM enzyme solution pre
pared in 10 mL buffer A. SERR measurements were carried as previously 
described [35,55], in argon-purged supporting electrolyte (buffer A) to 
avoid formation of O2 reduction products that could interact with the 
immobilized enzymes. The electrode was kept at constant rotation 
(2600 rpm) to avoid prolonged exposure of individual enzyme mole
cules to laser irradiation. 

The laser power was 3 mW and 1.4 mW in RR and SERR experiments, 
respectively. The accumulation times were 20–30 s; to improve the 
signal to noise (S/N) ratio 4–12 spectra were co-added in each experi
ment. After polynomial baseline subtraction all spectra were subjected 
to component analysis, as described previously [58]. 

2.4. Determination of redox potentials 

2.4.1. UV–Vis spectroelectrochemistry 
UV–Vis-based spectroelectrochemical titrations of the enzymes in 

solution were carried out using a Pine Research Instrumentation spec
troelectrochemistry kit (DRP10208). The enzyme solution (15–25 μM) 
in 50 mM phosphate buffer, 75 mM NaCl, pH 7.0 (buffer B) was purged 
with argon and kept under argon atmosphere throughout the experi
ment. The following mediators were added in a ratio of 1:1 to the 
enzyme solution: trimethylhydroquinone (+115 mV), 1,4-naphthoqui
none (+60 mV), duroquinone (+5 mV), indigo trisulphonate (− 70 
mV), indigo disulphonate (− 125 mV), anthraquinone-2-sulphonate 
(− 225 mV), safranine O (− 284 mV), benzyl viologen (− 345 mV), and 
methyl viologen (− 440 mV). A gold screen-printed electrode card 
composed of a perforated honeycomb working and solid counter elec
trodes (Pine Research Instrumentation) was placed inside a quartz cell 
(optical path 1.7 mm) containing the enzyme/mediator solution; a cy
lindrical Ag/AgCl electrode (3 M KCl, World Precision Instruments, 
WPI) was used as reference. The electrodes were connected to a 
Princeton Applied Research 263A potentiostat that controlled the po
tential applied to the cell. The UV–Vis spectra were recorded using a 

Sarspec STD spectrophotometer. Enzyme reduction and oxidation were 
monitored by the evolution of the ferrous Soret absorption band at 430 
nm. Preliminary assays performed with low mediator concentration 
revealed that the reduction and oxidation Nernst curves were not su
perimposable, with gaps of up to 80 mV observed between reductive and 
oxidative titrations for some enzymes (Fig. S1A). To minimize this 
hysteresis effect, the mediators were used in equimolar concentration 
compared to the enzyme, which allowed obtaining reversible redox ti
trations (Fig. S1B). In these experimental conditions, mediator absorp
tion influenced the measurement of Soret band intensities, therefore the 
latter were corrected by subtraction of the absorbance of control spectra 
attained from titrations performed with mediators only. The E◦’ values 
were obtained by fitting the Nernst equation (Eq. (1)), 

E = E0′
+

RT
nF

ln
[Ox]
[Red]

(1)  

in which, R is the universal gas constant, T is the temperature, n is the 
number of electrons involved in the reaction, F is the Faraday constant 
and [Ox] and [Red] represent the concentrations of oxidized and 
reduced species, respectively, to the potential dependent corrected and 
normalized absorption at 430 nm. 

2.4.2. SERR spectroelectrochemistry 
SERR-based spectroelectrochemistry experiments were performed as 

previously described, with the enzymes immobilized on SAM modified 
Ag electrodes [35,55]. Briefly, a home-built spectroelectrochemical cell 
with a three-electrode arrangement was used: the SAM/enzyme modi
fied Ag working electrode, an Ag/AgCl (3 M KCl) reference electrode 
(WPI) and a platinum wire counter electrode (Goodfellow). A Princeton 
Applied Research 263A potentiostat was used to control the electrode 
potentials. The experiments were carried out as described in Section 2.3. 
Determination of E◦’ for the different spin species was based on the 
relative SERR intensities of a single oxidation state marker band, ob
tained from the component analysis (ν3 mode was used for PpDyP 
R214W and, due to the lower spectral quality, the most intense ν4 mode 
was used for PpDyP R214I). The E◦’ were obtained by fitting the Nernst 
equation (Eq. (1)) to the potential dependent relative SERR intensities of 
each species [40]. 

3. Results and discussion 

3.1. Heme configuration in DyP variants 

The distal cavity of DyPs is lined by conserved amino acid residues, 
namely Asp (Glu in CboDyP) and Arg, which are involved in the for
mation of the catalytic intermediate Compound I, upon H2O2 binding to 
the heme at the onset of catalysis [59,60]. Herein we investigate the 
effects of substituting the conserved Arg residue, R307 in CboDyP and 
R214 in PpDyP, by amino acids with hydrophobic side chains (Trp or Ile) 
on the heme configuration and the E◦’. 

The UV–Vis spectra of R307W and R307I CboDyP variants are 
identical to those of the WT CboDyP (Fig. S2A-C). RR spectroscopy, 
which provides a more detailed description of the heme pocket config
uration, indicates that R307W (Fig. 1B) indeed reveals a uniform six- 
coordinated high-spin (6cHS) population, with oxidation state marker 
ν4 band centered at 1373 cm− 1, and oxidation/spin state marker bands, 
ν3 and ν2, at 1483 and 1563 cm− 1, respectively, as was previously 
observed for the WT enzyme (Fig. 1A, Table S1) [35]. Component 
analysis of the RR spectrum of the R307I variant indicates, besides a 
predominant 6cHS species, a presence of an additional six-coordinated 
low-spin (6cLS) population (ν4, ν3 and ν2 centered at 1375, 1508 and 
1582 cm− 1) with ca. 25 % relative abundance (Fig. 1C, Table S1). 

UV–Vis spectra of PpDyP variants are indicative of strongly affected 
heme structure by the R214 substitution (Fig. S2D-F). The Soret band 
red-shifts 8–14 nm in the variant’s spectra in comparison with WT 
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enzyme, and the Q-bands by ca. 30 nm [9]. The absence of charge 
transfer (CT) bands in PpDyP R214I spectrum suggests that the high-spin 
heme species identified in WT enzyme are not present. The RR spectra of 
PpDyP R214W and R214I reveal similar scenario: the two major species 
in the RR spectrum of WT PpDyP (Fig. 2A), the five-coordinated high-
spin (5cHS) and five-coordinated quantum mechanically mixed-spin 
(5cQS) populations are absent in the spectra of the variants (Fig. 2B, 
C). RR spectra of R214W show the presence of 6cHS and 6cLS pop
ulations (ν4, ν3 and ν2 centered at 1372, 1483 and 1564 cm− 1 and at 
1375, 1507 and 1582 cm− 1, respectively), while R214I variant reveals a 
uniform 6cLS population (ν4, ν3 and ν2 centered at 1376, 1507 and 1581 
cm− 1), cf. Table S1. These species represent only minor contributions (<
10 %) in the RR spectra of WT PpDyP [40], which is consistent with 
drastic structural alterations of the distal heme pocket of PpDyP 
variants. 

Replacement of the distal Arg in PpDyP variants (and to lower extent 
also in CboDyP) leads to the formation of hexacoordinated heme, car
rying a thus far unknow distal ligand, since neither Ile or Trp are likely to 
coordinate the heme iron. This is consistent with the highly flexible 
heme pocket observed in resting peroxidases, which is capable of 

adopting different configurations. They most commonly result in a 5cHS 
heme iron that has a vacant sixth axial position for hydrogen peroxide 
binding and/or a 6cHS configuration in which the heme carries a loosely 
bound axial ligand [61]. Owing to its importance for catalysis, Arg 
variants of DyPs from different organisms have been previously studied. 
The substitution of the Arg residue is shown to have a variable effect on 
the heme cavity structure, ranging from moderate to complete attenu
ation of CT bands in the UV–Vis spectra of Arg/Leu substituted PpDyP 
and DyPB from Rhodococcus jostii RHA1 [9,52] to very subtle or no 
spectral differences in the case of Arg/Ala variants of BsDyP from 
B. subtilis, KpDyP from K. pneumoniae, TcDyP from T. curvata and ElDyP 
from Enterobacter lignolyticus [48–50,62]. 

3.2. Determination of DyP redox potentials 

In the next step, we set to determine the E◦’ of the studied DyPs 
employing UV–Vis spectroelectrochemistry, in which heme reduction/ 
oxidation is monitored via the changes in the Soret bands and as such 
has limited ability to discriminate between distinct heme populations. 

Fig. 1. Experimental and component RR spectra of ferric WT CboDyP and 
variants. (A) WT; (B) R307W and (C) R307I variants. The component spectra 
representing 6cHS (green) and 6cLS (blue) heme species and non-assigned 
bands (light grey) are fitted to the experimental spectra (black); the overall 
component spectra are depicted in dark grey. The spectra of 20–80 µM proteins 
were measured with 405 nm excitation and 3 mW laser power. (For interpre
tation of the references to color in this figure, the reader is referred to the web 
version of this article). 

Fig. 2. Experimental and component RR spectra of ferric WT PpDyP and var
iants. (A) WT; (B) R214W and (C) R214I variants. The component spectra 
representing 6cHS (green), 6cLS (blue), 5cHS (magenta) and 5cQS (orange) 
heme species, and non-assigned bands (light grey) are fitted to the experimental 
spectra (black); the overall component spectra are depicted in dark grey. The 
spectra of 20–80 µM proteins were measured with 405 nm excitation and 3 mW 
laser power. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article). 
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The individual E◦’ values of structurally different heme species were 
addressed by SERR spectroelectrochemistry, which has a capacity to 
provide information on redox properties of co-existing spin population, 
as demonstrated on proteins containing multiple heme groups and/or 
spin populations, including PpDyP [17,34,40,63]. 

UV–Vis spectroelectrochemistry: The E◦’ of the Fe(III)/Fe(II) redox 
couple of the CboDyPs and PpDyPs was probed by UV–Vis spectroelec
trochemistry in solution, employing a cell equipped with a gold elec
trode as the electron donor/acceptor, in the presence of a mixture of 
redox mediators, which cover a range of 550 mV (cf. Section 2.4.1). The 
UV–Vis spectra were acquired at a series of poised potentials, after 
equilibrium was reached, i.e. no spectral variations were detected (ca. 5 
min). The potential of the working electrode was varied in successive 
steps between ca. +300 and − 500 mV for reductive titrations and 
backwards for oxidative titrations (Fig. 3A). The E◦’ value was deter
mined from fits of the Nernst equation (Eq. (1)) to plots of normalized 
absorbance as a function of poised potential (cf. Fig. 3B for CboDyP 
R307I variant). Owing to the strong absorption of redox mediators in the 
Q and the ferric Soret band regions, we monitored the ferrous Soret 
band. 

CboDyP variants show comparable E◦’ (− 160 ± 12 mV for R307W 
and − 155 ± 20 mV for R307I), which are significantly upshifted in 
respect to that of the WT enzyme, E◦’ = − 320 ± 10 mV, Table S2. The 
value reported herein for the WT CboDyP is identical to the one previ
ously determined by UV–Vis-based chemical titrations with dithionite/ 
ferricyanide as reducing/oxidizing agents [35]. Based on pure electro
static effects, the removal of the positively charged Arg should 
contribute to the stabilization of the Fe(III) form, thereby decreasing the 
E◦’ of the variants. We propose that the upshifted E◦’ is a consequence of 
decreased hydration of the heme environment due to the introduction of 
the hydrophobic Trp and Ile residues in the heme cavity. According to 
the Kassner relation, the increase in hydrophobicity can account for up 
to 200 mV upshifts of E◦’ in heme proteins [64]. 

The E◦’ values of the two PpDyP variants do not show significant 
differences (− 270 ± 10 mV and − 260 ± 10 mV for R214W and R214I, 
respectively) and are comparable to the E◦’ of the WT PpDyP (− 290 ± 5 
mV), determined herein by UV–Vis spectroelectrochemistry (Table S2) 
and previously by UV–Vis chemical and SERR-based spectroelec
trochemical titrations [40]. The Nernst curves obtained for all probed 
enzymes, including those that exist as a mixture of spin populations, 

reveal single redox transitions. This suggests that the E◦’ values of the 
different populations are very close, but it may also indicate that UV–Vis 
spectroscopy is not sufficiently sensitive to distinguish the redox prop
erties of the different heme species. In the next step, we employed SERR 
spectroelectrochemistry to test the above hypothesis. 

SERR spectroelectrochemistry: PpDyP R214W variant, which in solu
tion presents a mixture of 6cHS and 6cLS states, was attached to Ag 
electrodes coated with SAMs composed of mixed polar and positively 
charged alkanethiols, which were previously shown to ensure a 
biocompatible interface for the WT enzyme adsorption. It was demon
strated that the structural integrity of the heme pocket in WT PpDyP was 
preserved under these conditions [40]. The SERR spectra of the immo
bilized PpDyP R214W, which were shown to be reversible upon varying 
electrode potentials (Fig. 4A–C), were first compared with the enzyme’s 
RR spectra in solution. Component analysis of the SERR spectrum of 
R214W in the ferric state (obtained at +310 mV poised potential at the 
electrode) reveals similar frequencies and bandwidths for the 6cHS and 
6cLS heme populations identified in the RR spectrum of the ferric 
enzyme. This suggests that R214W heme architecture is largely pre
served in the immobilized enzyme. Still, an additional 5cHS species with 
ν3 at 1492 cm− 1 (Figs. 4D and S3) could be identified in the spectrum 
(ca. 30 % abundance), which is assigned to a non-native heme state 
formed upon adsorption onto the electrode [65]. 

The E◦’ of individual, native and non-native spin populations that are 
simultaneously present at the electrode surface were determined by 
deconvolution of potential dependent SERR spectra, in which the indi
vidual component bands that represent certain species were fit to 
experimental spectra recorded at each poised potential [17,40]. Spectral 
parameters (band frequencies and widths) of each spin population were 
kept constant, thus the only variables for a SERR spectrum obtained at a 
given potential were the amplitudes of the individual component 
spectra, which are proportional to the species concentration. The Nernst 
fits to the relative spectral contributions of the native ferric species of 
PpDyP R214W variant as a function of electrode potential, Fig. S4, yield 
E◦’ of − 280 ± 9 mV and − 260 ± 5 mV for the 6cHS and 6cLS pop
ulations, respectively. These values indicate that the two spin species 
have intrinsically similar E◦’. On the other hand, the non-native 5cHS 
ferric species reveals upshifted E◦’ (− 70 mV). We speculate that 
immobilization-induced structural changes increase the hydrophobicity 
of the heme cavity, resulting in a denatured 5cHS form of the enzyme, 

Fig. 3. (A) UV–Vis spectral changes along the oxidative titration of CboDyP variant R307I performed from − 395 mV (green line) to +305 mV (black line) poised 
potential. (B) Relative absorption of the ferrous protein at 430 nm plotted as a function of the cell potential. The solid line represents the fit of the Nernst equation to 
the experimental data, yielding E◦’ = − 155 ± 20 mV. (For interpretation of the references to color in this figure, the reader is referred to the web version of 
this article). 
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which has lost axial ligands and has a higher E◦’. 
In the next step we probed the redox potentials of PpDyP R214I, and 

CboDyP R307W and R307I variants, for which only one main spin 
configuration is identified in solution. The SERR spectrum of ferric 
PpDyP R214I variant, acquired at +300 mV, indicates large immobili
zation induced alterations of the active site, since the newly formed 
5cHS species (ν4 and ν3 centered at 1370 and 1492 cm− 1, respectively), 
which is not present in the solution RR spectrum (Fig. S3C, D), became 
the major population in the spectrum of the immobilized enzyme. The 
E◦’ of − 230 ± 10 mV determined for the native 6cLS population is 
equivalent to the value determined by UV–Vis spectroelectrochemistry, 
while the E◦’ of the non-native species, which could not be detected by 
the UV-Vis experiments, is − 125 ± 18 mV. Similar to the R214W 
variant, we hypothesize that the non-native 5cHS population with 
upshifted E◦’ is a result of immobilization induced changes in R214I’s 
heme cavity. The two variants appear to be more prone to conforma
tional alterations upon attachment to electrodes than the WT PpDyP. 
This is likely an outcome of destabilization of the heme cavity caused by 
the Arg substitution. The finding that the E◦’ of the native population in 
PpDyP variants is not affected by the substitution of the distal Arg by 
either Trp or Ile (cf. Section 3.2 UV–Vis spectroelectrochemistry) is 

nevertheless surprising, considering that the spin populations (in solu
tion) underwent major alterations from 5cQS and 5cHS in WT enzyme to 
6cLS (R214I) and a mixture of 6cLS and 6cHS (R214W) species. We 
attribute the small ΔE◦’ to a complex combination of competing factors 
that can act on the heme upon substitution of the distal Arg. As previ
ously proposed for other heme proteins, the removal of the positive 
charge is expected to lower the E◦’ as the electrostatic repulsion with Fe 
(III) is diminished. On the other hand, the introduction of non-polar 
residues can reduce the polarity in the distal cavity and disrupt the H- 
bonding network linking the distal and proximal sides of the heme, 
leading to a loss of imidazolate character of the proximal His, which 
tends to stabilize the ferrous heme and increase the E◦’ [4,9]. The two 
opposite effects seem to counterbalance in PpDyP variants, resulting in a 
negligible influence of the Arg substitution on the overall E◦’. A possible 
re-arrangement of the solvent molecules and H-bonding network around 
the distal cavity likely contributes to the maintenance of the polarity of 
the heme environment, thereby favoring the stabilization of the ferric 
iron and explaining the low E◦’ of the R214W and R214I variants. 

CboDyP R307W and R307I variants undergo major alterations of the 
active site upon immobilization (Fig. S5). The SERR spectra of the two 
enzymes, which in solution mainly adopt a 6cHS heme configuration, 

Fig. 4. Left panel: SERR spectra of immobilized PpDyP variant R214W in the (A) ferric (at +310 mV poised potential), (B) semi-reduced (− 240 mV poised potential) 
and (C) ferrous (− 390 mV poised potential) state. Right panel: (D–F) Component analysis of the ν3 region of the respective SERR spectra shown on the left panel. The 
component spectra represent the ν3 band of ferric populations: 6cHS at 1483 cm− 1 (green) and 6cLS at 1506 cm− 1 (blue), ferrous species: 5cHS at 1472 cm− 1 

(purple), together with the non-native ferric population: 5cHS at 1492 cm− 1 (orange). The experimental spectra are depicted in black and the overall component 
spectra in dark grey. Measurements were performed with 405 nm excitation and 1.4 mW laser power. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article). 
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reveal heterogeneous heme coordination with two co-existing non- 
native populations assigned to 5cHS and 6cLS species (ν3 centered at 
1492 and 1503 cm− 1, respectively for R307W variant and at 1491 and 
1504 cm− 1 for R307I variant). This is in contrast with the behavior of 
WT CboDyP, for which it was demonstrated that more than half of the 
population retains its native structure upon attachment of the enzyme to 
the electrode [35]. The difference in behavior could be due to a lower 
stability of the variants. Since under the employed experimental con
ditions, immobilization induces significant structural changes, SERR 
spectroelectrochemistry could not be used for the characterization of the 
CboDyP variants. 

4. Concluding remarks 

Herein we discuss different approaches for the determination of the 
E◦’ of DyP peroxidases and heme proteins in general. We highlight the 
potentials and drawbacks of UV–Vis- and SERR-based spectroelec
trochemical methods, which rely on MET and DET respectively, and 
which have distinct intrinsic capacities to distinguish between E◦’ of 
multiple heme populations. Although it could be used for the determi
nation of the E◦’ of all studied DyPs, UV–Vis spectroelectrochemistry 
requires thorough control of the ET efficiency between the electrode and 
the enzyme in order to ensure reversibility. The experiments often 
require high concentration of redox mediators that facilitate the electron 
exchange process, which in the case of the two studied DyPs reached 
equimolar enzyme/mediator ratio to minimize the hysteresis effects 
observed in UV–Vis spectroelectrochemical titrations. The use of high 
amounts of mediators, which can mask subtle changes of the protein’s 
spectral features, is a potential disadvantage of this approach, together 
with the lack of sensitivity for simultaneous evaluation of the E◦’ of 
multiple heme species. SERR spectroelectrochemistry, unlike electro
chemical methods for determination of E◦’, such as protein film vol
tammetry, enables the straightforward identification of native and non- 
native heme configurations, it uses low amounts of enzyme for electrode 
preparation (ca. 0.5 µM) and does not require redox mediators. How
ever, SERR spectroelectrochemistry critically relies on preservation of 
the heme active site upon immobilization of the enzyme. This requires 
systematic search for proper SAM composition, i.e. immobilization 
conditions that ensure biocompatibility, which is not always easy or 
possible to achieve, as demonstrated here for CboDyP variants, and 
previously for e.g. cytochrome cd1 nitrite reductase, the DyPs from 
Thermobifida fusca and Streptomyces coelicolor (TfuDyP and ScoDyP), and 
cytochrome P450 [17,34,35]. On the other hand, there are numerous 
examples of proteins and enzymes that were shown to maintain their 
native structure and catalytic activity when immobilized on SAM coated 
electrodes, including DyPs (e.g. PpDyP), cytochrome PccH, aa3 oxygen 
reductase, cbb3 oxygen reductase and cytochrome c nitrite reductase 
[40,63,66–68]. Since it simultaneously offers information on E◦ʼ of the 
immobilized species, ET efficiency between enzyme and electrode, en
zyme’s structure, stability and electrocatalytic activity, SERR spec
troelectrochemistry is also a valuable tool for evaluating the 
performance of bioelectronic devices based on immobilized heme en
zymes, such as 3rd generation electrochemical biosensors [55]. It allows 
for the rational design of bioelectronic devices, providing in situ infor
mation on enzyme structural properties upon attachment to electrodes, 
the range of substrates that can be explored, and the working conditions 
in which the devices can operate. 
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