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Label-free electrochemical detection of singlet oxygen protein damage
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A B S T R A C T

Oxidative damage of proteins results in changes of their structures and functions. In this work, the singlet
oxygen (1O2)-mediated oxidation of bovine serum albumin (BSA) and urease by blue-light
photosensitization of the tris(2,20-bipyridine)ruthenium(II) cation [Ru(bpy)3]2+ was studied by square
wave voltammetry at glassy carbon electrode and by constant current chronopotentiometry at mercury
electrode. Small changes in voltammetric oxidation Tyr and Trp peaks did not indicate significant changes
in the BSA structure after photo-oxidation at carbon electrode. On the other hand chronopotentiometric
peak H of BSA at HMDE increased during blue-light photosensitization, indicating that photo-oxidized
BSA was more susceptible to the electric field-induced denaturation than non-oxidized native BSA.
Similar results were obtained for urease, where enzymatic activity was also evaluated. The present
results show the capability of label- and reagent-free electrochemical methods to detect oxidative
changes in proteins. We believe that these methods will become important tools for detection of various
protein damages.
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1. Introduction

Proteins are one of the major targets for oxidative damage in
the cell. Indirect non-radical oxidation of the protein via
formation and subsequent reaction with singlet oxygen (1O2) is
one of the major processes. 1O2-mediated oxidation induces
several biophysical and biochemical changes in proteins, such as
an increase in susceptibility of the oxidized protein to proteolytic
enzymes, alterations in mechanical properties, an increased
extent or predisposition to unfolding, changes in conformation,
an increase in hydrophobicity and changes in binding of co-factors
and metal ions (reviewed in [1–3]). The extent of component
damage does not need to correlate with the importance of
damage. Thus a low level of damage to critical species may be of
much greater significance than massive damage to a nonessential
target. Oxidative damage in proteins has been studied by high-
performance liquid chromatography, fluorescence spectroscopy,
mass spectroscopy, 2D electrophoresis, electron paramagnetic
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resonance, Raman resonance [2–4], while the use of electrochem-
ical methods for this purpose is still infrequent [5–7]. Wang et al.
studied BSA damage by Fenton reaction mediated by the hydroxyl
radical �OH, where the differential pulse voltammetric oxidation
signal of electroactive indicator (2,20-bipyridyl) cobalt(III) per-
chlorate decreased in correlation with BSA damage [7]. Indeed,
�OH is one of the most reactive oxygen species that markedly non-
selectively reacts with proteins, inducing protein damage such as
protein fragmentation [3].

Electrochemistry of proteins boomed in the last decades, but it
has focused on electroactivity of non-protein redox centers (such
as metal ions) in relatively small number of conjugated proteins,
being thus of little use in proteomics studying thousands of
proteins [8,9]. A couple of studies of non-conjugated proteins were
done using voltammetry at graphite electrodes [10–13] and
impedance spectroscopy at metal electrodes [14]. We showed
that chronopotentiometric stripping in combination with mercu-
ry-containing electrodes is suitable tool for label-free protein
detection [13] including proteins important in biomedicine [12,15–
18]. Nano and subnano-molar concentrations of proteins can be
detected at lower stripping current intensities [13,19], while
conformational changes in proteins [13,20,21] and also protein-
DNA [22] interactions can be studied at higher current intensities.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.11.104&domain=pdf
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In this paper, we present new label- and reagent-free
electrochemical methods suitable for detection of oxidative
changes in proteins. We chose the non-radical oxidant 1O2, which
selectively reacts with electron-rich amino acid (aa) residues in
proteins, such as Met, Cys, His, Tyr and Trp [3]. 1O2 is more
efficiently produced in tissues by UVA or visible light photo-
sensitized reactions involving several endogenous and exogenous
sensitizer molecules [23,24]. In our study, we followed BSA
oxidative changes produced after blue-light photosensitization of
tris(2,2'-bipyridine) ruthenium(II) cation (Ru(bpy)32+) that gen-
erates 1O2, by square wave voltammetry (SWV) at glassy carbon
electrode (GCE) and by constant current chronopotentiometry
(CPS) at mercury electrode. At carbon electrode no large 1O2-
mediated changes in the BSA voltammetric responses were
detected. On the other hand CPS analysis at mercury electrode
indicated that photo-oxidized surface-attached BSA and urease
were destabilized and more susceptible to the electric field-
induced denaturation.

2. Experimental

2.1. Materials

Bovine serum albumin, urease from jack bean, amino acids,
polyamino acids and reagents of the highest available quality were
received from Sigma-Aldrich. Solutions were prepared in triply-
distilled water.

2.2. Electrochemical measurements

Voltammetric measurements were performed with mAutolab
III analyzer (Eco Chemie, Utrecht, The Netherlands) in connection
with VA-Stand 663 (Metrohm, Herisau, Switzerland). Three-
electrode system were used containing Ag|AgCl|3 M KCl electrode
as a reference and platinum wire as an auxiliary electrode. A
hanging mercury drop electrode (HMDE, 0.4 mm2, Metrohm,
Switzerland) or a glassy carbon electrode (GCE, area 3.14 mm2)
were used as working electrodes. The cleaning procedure of the
GCE included polishing with alumina 0.3 mm on soft lapping pads
for 2 min followed by sonication by Fisherbrand FB 11020 in
deionized water for 2 min. All measurements were performed at
26 �C open to air. CPS measurements at HMDE: stripping current,
Istr �35 mA (if not stated otherwise). Square wave voltammetry
(SWV) at GCE: amplitude 10 mV; step 10 mV, frequency 25 Hz.
Voltammograms were baseline corrected with moving average
employing the built-in GPES software.
Fig. 1. In situ SW voltammograms of oxidation peaks of amino acids. 100 mM A. Trp, B. T
after (thick line ) or without (thin line ) 60 min photosensitization wi
voltammogram was recorded in 50 mM Na-phosphate pH 7. Amino acids solutions cont
absence of Ru(bpy)32+.
2.2.1. Adsorptive (Ad, in situ) stripping at HMDE
BSA or aa's were adsorbed at accumulation potential, EA + 0.1 V

for accumulation time, tA 60 s from 50 mM Na-phosphate pH
7 followed by chronopotentiogram recording. Stirring accompa-
nied accumulation.

2.2.2. Adsorptive stripping at GCE
BSA or aa’s were adsorbed at EA + 0.1 V for tA 300 s from 50 mM

Na-phosphate pH 7 followed by SW voltammogram recording.
Stirring accompanied accumulation.

2.2.3. Adsorptive Transfer (AdT, ex situ) at HMDE[25]
Proteins were adsorbed from 5 mL drop of 1 mM protein sample

(if not stated otherwise) in 50 mM Na-phosphate pH 7 at open
current potential for 2 min, followed by washing, transferring of
protein modified HMDE to blank electrolyte and recording of
chronopotentiogram.

2.2.4. Adsorptive Transfer (AdT, ex situ) at GCE
Proteins were adsorbed from 15 mL drop of 1 mM protein

sample (if not stated otherwise) in 50 mM Na-phosphate pH 7 at
open current potential for 5 min, followed by washing, transferring
of protein modified GCE to blank electrolyte and recording of SW
voltammogram.

2.3. Steady-state photolysis experiments

A home-made steady-state photolysis system was built by
focusing a blue LED (443 � 21 nm, 1 W) as selective excitation
source of Ru(bpy)32+. Photolysis of air-saturated solutions was
performed with 10 mM BSA (or 1 mM aa’s or 50 mg/mL polyamino
acids) in presence of 20 mM Ru(bpy)32+ in 50 mM Na-phosphate
pH 7. Soft magnetic stirring of protein solution was done to avoid
foam formation.

2.4. Urease activity measurements

2.4.1. In solution
0.05 mM urease was incubated in 100 mL of 1 M urea with 0.1%

bromocresol purple for 5 min at 25 �C and absorption spectra were
recorded on NanoDrop 1000 spectrophotometer with optical path
length 1 mm [20,26].

2.4.2. At surface
Solid Ag-amalgam rod (Metrohm Switzerland) was prepared by

brushing and dipping into mercury for several minutes and
yr C. His D. Cys and E. 500 mM Met in presence of A. - D. 2 mM E. 10 mM Ru(bpy)32+

th blue light. Amino acids were adsorbed for 300 s at 0.1 V at GCE and then SW
aining Ru(bpy)32+ under dark conditions yielded the same peaks as amino acids in



Fig. 2. A In situ SW voltammetric YW peak of 1 mM native ( ) and urea-
denatured ( ) BSA in background electrolyte (50 mM Na-phosphate pH 7,
- - -) B. Dependence of peak height of native BSA ( ) on photo-oxidation
time. 1 mM BSA in presence of 2 mM Ru(bpy)32+ was adsorbed at 0.1 V for
accumulation time, tA 300 s from 50 mM Na-phosphate pH 7 at GCE, followed by SW
voltammogram recording. Control done with native BSA at the same experimental
setup under dark conditions ( ).
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cleaned in 20% nitric acid for 10 s followed by washing in 96%
ethanol. Urease was adsorbed on a bare amalgam rod by dipping
the rod into 150 mL of 50 mM urease solution for tA 10 min (without
stirring) at 25 �C. The rod was then washed with water and
immersed in 100 mL of 1 M urea with 0.1% bromocresol purple for
2 min and absorption spectra were recorded at 592 nm [20].

3. Results and discussion

3.1. Detection of 1O2-induced protein damage at carbon electrodes

3.1.1. Electro-oxidation of monomeric amino acids
1O2 can react with protein backbone sites or with electron-rich

side chains of aa’s such as His, Trp, Tyr, Met and Cys [27–29]. 1O2-
mediated oxidation of Trp residues in human and bovine serum
albumins have been directly monitored by fluorescence spectros-
copy [30,31], but oxidation of Cys, Met or His are not detectable by
direct spectroscopic measurements. The above mentioned aa's can
be electro-oxidized in their monomeric states or in short peptides
at carbon electrodes [13,32]. 100 mM Trp, Tyr, Cys or His, adsorbed
from 50 mM Na-phosphate pH 7, yielded oxidation peaks with
different magnitudes at different peak potentials (Ep’s, Fig. 1). Trp
showed the largest oxidation peak at potential Ep of +0.70 V, while
the Tyr peak was about half of the Trp signal and shifted by about
50 mV to less positive potentials. Cys peak at about +0.65 V and
peak of His at +1.1 V were 10-times smaller than Trp peak. We did
not observe any oxidation peak of Met at its 100 mM concentration
but 500 mM Met yielded peak at the most positive potential,
Ep + 1.3 V.

Air-saturated solutions of 1 mM amino acid were irradiated
with blue light for 60 min to excite selectively the photosensitizer
Ru(bpy)32+ (20 mM), which generates 1O2 with a quantum yield of
about 40% [33]. After irradiation treatment, samples were diluted
10 times (or twice for Met) in electrochemical cell. Less than 10%
decrease of Tyr peak was observed after photolysis (Fig. 1B), that is
the value close to the experimental error. Peak of Met decreased by
�20%, Trp �40%, His �50% and Cys peak even �60% after 1 hour
irradiation (Fig. 1). The relative SWV peak diminution of these aa
residues was proportional to their chemical reactivity towards 1O2,
Eq. (1), since under the present pH conditions, the magnitude of
the chemical rate constant, i.e. kc followed the trend Tyr < Met <

Trp � His � Cys [28,29].

aa þ 1O2 �������������!kc�0:5�5�107M�1S�1

oxidized aa ð1Þ

3.1.2. Electro-oxidation of amino acids residues in proteins
Electro-oxidation of Tyr (peak Y) and Trp residues (peak W) in

proteins was described at carbon electrodes [11,13,34]. In the
protein voltammograms, peaks Y and W are usually overlapped
(YW peak), while they can be separated in short peptides and
smaller proteins [35]. Cys monomer oxidized at similar potentials
as Tyr and Trp residues (Fig. 1). It could be speculated that also Cys
residues may contribute to YW peak, but up to now contribution of
Cys residues in proteins was not experimentally proved. His
electro-oxidation was described for His-tagged proteins [12].

Selection of carbon electrode type appears important in protein
structure studies [11,12]. GCE as well as the edge plane oriented
pyrolytic graphite electrodes seemed to be sensitive for structural
changes of proteins [11]. Using GCE, we observed peak of native
BSA about 3.5-times smaller than that of urea-denatured BSA
(Fig. 2A) in good agreement with previous results [11,12]. Higher
YW peak in denatured BSA than in native BSA suggests larger
accessibility and adsorbability of aa's residues resulting from BSA
denaturation [11,13]. Changes of YW peak were observed also after
BSA photo-oxidation in presence of photosensitizer (see below).
His peak of native BSA (at +1.1 V) was too small for studies of its
changes during photo-oxidation.

3.1.3. Electro-oxidation of amino acid residues in photo-oxidized BSA
Photosensitized 1O2 generation with Ru(bpy)32+ in air-saturated

BSA solutions was performed in the bulk of aqueous buffer, since
the metal complex did not form adduct with BSA [36]. Hence,
protein oxidation occurred by free diffusion of 1O2 in the aqueous
buffer, because this reactive oxygen species was able to travel at
least an average distance about 2-order of magnitude larger than
the BSA diameter during its lifetime (�3 ms) [37].

After photosensitized oxidation of 10 mM BSA by blue-light
irradiation of 20 mM Ru(bpy)32+, the sample was diluted by 50 mM
Na-phosphate pH 7 followed by 5 min adsorption of BSA at GCE,
washing and SW voltammogram recording. After 5 min of
photosensitization treatment, the YW peak of BSA decreased
about by 40%, then slowly increased and levelled off after 45 min,
when this peak achieved height by about 25% higher than that of
native BSA (Fig. 2B). For longer irradiation times, slow decrease of
YW peak was observed. The first fall of YW peak could be assigned
to preferential oxidation of more solvent exposed residue Trp134,
since time-resolved fluorescence spectra of BSA during mild
photosensitization with Ru(bpy)32+ demonstrated that Trp134 is
quantitatively consumed by 1O2 to form side-chain formyl
kynurenine as oxidation product, while the buried residue
Trp213 was much less oxidized [36]. Subsequent increment of
YW peak of BSA could be explained by subtle changes in the protein
adsorption and/or by small conformational changes of oxidized
BSA, accompanied by larger exposition of Tyr residues. In this
context, we can suggest that the slower decrease of YW peak
height after 45 min of photo-oxidation could be due to less efficient
photo-oxidation of Tyr residues and/or of the hydrophobic
Trp213 residue. In fact, 1O2-reactivity at Trp was about 6-times
stronger than that of Tyr, both in monomeric aa [29] and in BSA
backbone [36], as detected by spectroscopy. In addition, it has been
shown that diffusion of ground-state oxygen 3O2 (and also 1O2)
into the Sudlow’s site II, where the Trp213 is located [38], is about
one-order of magnitude lower than in buffer precluding the
oxidation of this inner residue [31,39]. Therefore, also positioning
of the given residues in the BSA molecule influences its reactivity
with 1O2. Nevertheless, the evolution of the intensity of the SWV
oxidation peak suggests that subtle structural changes were
obtained between 5 and 45 min of photo-oxidation treatment. At
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longer time, structural changes detection is difficult to assert,
because oxidative damage of Tyr and Trp residues prevailed over
the structural changes.

Moreover, the YW peak of photo-oxidized native BSA after
60 min was about four times smaller than YW peak of non-oxidized
urea-denatured BSA, suggesting that 1O2-mediated oxidation did
not produce noticeable modification of the BSA structure, such as
unfolding or denaturation [40]. Electrophoretic analysis by
polyacrylamide gels (PAGE) of 100 mM BSA done under native
(not shown) and denaturing conditions [36], did not show any
evidence of significant protein fragmentation, cross-linking or
oligomerization.

Changes of YW peak were in agreement with changes of Trp
residues obtained by spectroscopic methods (Table 1). Fluores-
cence intensity of Trp exponentially decreased while much smaller
changes were observed in YW peak during photo-oxidation.
Various responses could be explained by different principles of the
applied methods. Steady-state and time-resolved spectroscopic
data inform principally about changes of individual Trp residues in
BSA, while our electrochemical data provide information about
oxidazibility of Trp and Tyr residues in the surface-attached BSA.

3.2. Detection of 1O2–induced protein damage at mercury electrode

3.2.1. Bovine serum albumin
Recently, we showed that native BSA does not show any sign of

denaturation close to the potential of zero charge but is denatured
at the electrode surface due to prolonged exposure to negative
potentials [20]. In CPS, the rate of potential changes increases with
negative stripping current (Istr) intensity, and at sufficiently
negative Istr intensities the time of the protein exposure to
negative potentials can be reduced to milliseconds. In such very
short time intervals, the electric field-induced damage of the
surface-attached protein can be negligible. Previously, we showed
that the dependence of the protein peak H (due to catalytic
hydrogen evolution reaction, CHER) on Istr displays the transition
between native and denatured forms of protein [20,41]. Firstly, we
compared the dependence of CPS peak H of non-oxidized native
and urea-denatured BSA [42] on the Istr (at 26 �C). Between Istr–
70 and–55 mA, peak H heights of denatured BSA decreased with
increasing negative Istr intensities, while peak heights of non-
oxidized native BSA were close to zero (Fig. 3A). In this Istr region,
very large differences between the CPS peaks of denatured and
Table 1
Changes in BSA properties after photo-oxidation (For interpretation of the references t

Bovine serum

Method Electro-active residues
affected by 1O2

Changes in BSA structure Change
photo-o

SWV at carbon
electrode

Tyr, Trp local changes in 3D
structure

5 min 

Emission
fluorescence
spectroscopy

Tyr, Trp local changes in 3D
structure

5 min 

CPS at mercury
electrode

Cys, His global changes in 3D
structure

20 min 

SDS PAGE no changes (fragmentation,
oligomerization)

– 

* 3D view of BSA monomer (3V03) surface residues target of 1O2 colored (Tyr: mage
native BSA were obtained. At less negative Istr intensities than–
40 mA, the peaks of native BSA and denatured BSA were almost
identical, indicating denaturation of native BSA under the
relatively slow electrode polarization. Between Istr–40 and–
55 mA, peak H heights of native BSA decreased with increasing
negative Istr intensity much more steeply than those of denatured
BSA (Fig. 3A) resembling curves indicating a structural transition.
Electric field-driven transition is influenced also by factors, such as
temperature, current intensity and particularly by the time of
surface-attached protein exposure to the negative potentials [41].
Presence of 600 nM Ru(bpy)32+ shifted structural transition
between native and denatured BSA by about 20 mA to more
negative Istr value (not shown). A small peak of native BSA can be
explained by low accessibility of catalytically active aa residues
(Lys, Arg, His and Cys) [43,44], which are either buried inside the
protein molecule and/or located to far from the electrode surface.
These data are in good agreement with previous results obtained
with BSA and other proteins [20,41,45].

We compared CPS responses between native and photo-
oxidized BSA by following the half Istr values (Istr1/2,Fig. 3A Inset)
corresponding to the midpoint of the transition. Fig. 3B shows that
during the first 15 min of BSA photo-oxidation the Istr1/2 value
almost did not change. However, with further photo-oxidation,
Istr1/2 shifted to more negative intensities and structural transition
was broader than at shorter photo-oxidation times. On the other
hand, no changes were observed in native BSA solutions in the
presence of the sensitizer under dark conditions (Fig. 3B). The
results suggest that presence of 1O2 makes the BSA less stable as
compared to its non-oxidized native form. Electric field-induced
denaturation, caused by exposure of the surface-attached protein
to the negative potentials, appears in photo-oxidized BSA at
shorter time of the potential exposure than in native BSA. Similar
results we observed with another protein–urease from jack bean
(Fig. 4).

3.2.2. Urease
Using urease we were able to follow 1O2-induced changes in the

protein, both electrochemically and also with enzymatic activity
measurements. Urease, hexameric enzyme with six active sites,
catalyzes the breakdown of urea into ammonia and carbamate
[46,47]. Electrochemical behavior and enzymatic activity of urease
adsorbed at Hg-containing surfaces were earlier studied [20,26].
Here, we irradiated with blue light 50 mM urease solutions in the
o color in the footnote, the reader is referred to the web version of this article.).
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in solution [36]

at negatively charged
surface

Fig. 3

in the gel [36]

nta; His: pink; Trp: white; Met: yellow and Cys: red).



Fig. 3. A Dependence of in situ peak H height of native (0 min, ), 15 min (orange, ), 20 min (dark brown, ), 30 min (blue, ), 40 min ( ),
50 min (yellow, ), 60 min (magenta, ), 90 min (cyan, ) photo-oxidized and urea-denatured (brown, ) BSA on stripping current, Istr.
300 nM BSA in presence of 600 nM Ru(bpy)32+ was adsorbed at accumulation potential, EA 0.1 V for accumulation time, tA 60 s from 50 mM Na-phosphate, pH 7 at HMDE
followed by chronopotentiogram recording. Inset: Graphical representation of Istr1/2 measurement. Peak height of photo-oxidized BSA is normalized to peak height of
denatured BSA. B. Dependence of Istr1/2 on time of BSA treatment with ( ) and without photo-oxidation ( ). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. A Peak H of urease at 0 min (black, 	 	 		 	 	), 15 min (magenta, ), 30 min (green, ) and 90 min (blue, - - - -) of photo-oxidation. B. Dependence of peak H
height on time of photolysis. A., B. In ex situ experiments, 1 mM urease was adsorbed at HMDE at open current potential for 2 min, followed by washing and transferring of the
urease-modified HMDE to background electrolyte. Chronopotentiogram was recorded with Istr–35 mA. C. Absorption spectra of bromocresol corresponding to urease
enzymatic activity in solution at 0 min (black, - - - -), 15 min (magenta, 	 	 		 	 	), 30 min (green, ), 45 min (red, ), 60 min (gray, ) and 90 min (blue, )
of photolysis. Inset: Dependence of absorbance at 592 nM correlated with enzymatic activity changes of urease in solution (black) and adsorbed at surface (red) on time of
photo-oxidation treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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presence of 100 mM Ru(bpy)32+ to photo-oxidize the protein
(Fig. 4). Urease peak H increased gradually during the first 35 min
of the blue light treatment. In the next 10 min, this peak steeply
rose (Fig. 4A, B) suggesting that the 1O2-induced protein damage
reached the level at which the surface-attached urease was
Fig. 5. In situ peak H of A. 300 nM BSA, 5 mg/mL B. polyHis C. polyLys D. polyArg and E. 

photo-oxidation in background electrolyte (black, 	 	 		 	 	); Istr A.–40 mA, B.-D.–22 mA, E.–1
referred to the web version of this article.)
unfolded due to electric field effects at the negatively charged
electrode surface [41,45]. This unfolding contrasted with small
changes in peak H during the first 20 min of photo-oxidation,
suggesting resistance of the photo-oxidized surface-attached
urease to the electric field effects. After longer photo-oxidation
ex situ peak S of 2 mM urease after 0 min (black, - - - -) and 60 min (red, ) of
 mA. (For interpretation of the references to color in this figure legend, the reader is



Table 2
Changes in urease properties after photo-oxidation (For interpretation of the references to color in the footnote, the reader is referred to the web version of this article.).

Urease

Method Electro-active residues
affected by 1O2

Changes in urease
structure

Changes after photo-
oxidation

Analysis performed ref. structure/exposed surface

CPS at mercury
electrode

Cys, His global changes in 3D
structure

40 min at negatively
charged surface

Fig. 4

*

Enzyme activity His, Cys decrease of activity 60 min in solution Fig. 4
His, Cys decrease of activity 10 min at amalgam rod Fig. 4

Inset

* 3D view of urease trimer (3LA4) surface residues target of 1O2 colored (Tyr: magenta; His: pink; Trp: white; Met: yellow and Cys: red).
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time, protein oxidation accompanied by increased protein surface
hydrophobicity could contribute to the protein unfolding [27].
Prolonged exposure to the negative potential during chronopo-
tentiogram recording may enhance unfolding of destabilized
protein attached at the surface. At photo-oxidation times longer
than 60 min, urease peak H decreased and shifted to more negative
potentials, probably because the damage of the electroactive
residues prevailed over the structural changes. Also 60 min photo-
oxidized BSA resulted in peak H decrease by about 10% and shift by
about 20 mV to more negative potentials (whereby experimental
error did not exceed 5%, Fig. 5A). This decrease and shift could
result from 1O2-mediated damage to electrocatalytically active aa
residues [3,27] preventing thus their contribution to CHER. We
tested influence of 1O2 on peak H of homo polyamino acids of His,
Lys and Arg, involved in CHER. Peaks H of polyArg (Fig. 5C) and
polyLys (Fig. 5D) were not affected after 60 min of photo-oxidation,
while peak H of polyHis almost completely disappeared under the
given experimental conditions (Fig. 5B). We tested influence of 1O2

treatment on Cys residues, which are also involved in CHER and
react with 1O2, using peak S at �–0.63 V (due to reduction of Hg-S
bonds, Fig. 5E). In contrast to peaks H, peaks S of BSA and urease
were rather small and not well developed even at lower negative
Istr intensity. However, urease peak S almost completely dis-
appeared after 60 min photo-oxidation. These results agree with
preferential His and Cys reactivity towards 1O2.

3.3. Enzymatic activity of urease damaged by 1O2

In contrast to changes of urease peak H, urease enzymatic
activity measured in solution did not change up to 45 min (Fig. 4C,
Table 2), while enzymatic activity of urease adsorbed at an
amalgam rod decreased already after 10 min of photo-oxidation
treatment (Fig. 4C Inset). This decrease of urease enzymatic
activity can be explained by changes in enzyme active center, due
to 1O2-mediated oxidation of His and/or Cys residues [3,27]. The
enzymatic center of urease, localized in a cavity, consists of two
centers, where Ni ions are bound to 4 His, 1 Lys and 1 Asp residues
[46,48]. A mobile flap, with a catalytically essential His, modulates
the entrance of the substrate to the active site cavity [46,47]. The
other critical residue located on this flap is Cys592, whose
modification leads to impairing of the enzymatic activity [43].
We can expect that 1O2 generated in the bulk buffer diffused
randomly into the solution and probably started to oxidize aa
residues exposed at the urease surface. The short urease oxidation
by 1O2 need not to change urease enzymatic center but may
strongly influence urease adsorption at the metal surface and
contribute to changes of urease electrocatalytic and activity
responses. Earlier decrease in enzymatic activity of urease
adsorbed at amalgam rod than of that in solution could be a
result of conformational changes in the adsorbed protein either
with significant changes at the secondary structural level or in the
active site of the enzyme alone. Similar findings were obtained
with urease modified by silver nanoparticles forming protein
corona. The circular dichroism results clearly showed that
formation of the protein corona induced drastic conformational
changes in urease, leading to complete loss of the enzymatic
activity [49]. We can speculate that after longer photo-oxidation
treatment of urease, 1O2 oxidizes also aa residues hidden inside the
molecule structure, what can be accompanied by decrease of
enzymatic urease activity even in the solution.

The present data are in a good agreement with the results
showing that the targets for 1O2 are predominantly tryptophan,
tyrosine, histidine and cysteine residues in proteins [3,27]
providing information about changes of BSA and urease induced
by 1O2.

4. Conclusion

Protein oxidation by reactive oxygen species belongs to
irreversible posttranslational modifications, which ultimately lead
to cell dysfunction and death [2] and play a key role in the
development of various diseases [1]. Oxidation of proteins can
induce a wide range of protein changes such as dimerization,
aggregation, unfolding, conformational changes, etc. [1,3,27].

Electrochemical analyses utilizing intrinsic electroactivity of
aa's, by means of CPS at Hg electrodes and/or by SWV at carbon
electrodes, appeared as sensitive detection methods of changes in
protein structure [13]. In this paper, we used these methods to
study changes in proteins induced by 1O2 in complement to
previous spectroscopic data [36]. We observed only relatively
small changes in YW peak of photo-oxidized BSA as compared to
those resulting from BSA unfolding and/or denaturation [11]. In
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contrast, large changes in electrochemical responses of non- and
photo-oxidized surface-attached BSA were obtained by CPS
analysis as a result of tendency to destabilize oxidized BSA causing
unfolding due to electric field effects at highly negative potentials
[41,45]. Similar changes in CPS responses as those with BSA, were
obtained for the photo-oxidation of urease. Changes in peak H
appeared earlier than impairment in enzymatic activity in solution
which required much longer photo-oxidation (Table 2). Our
voltammetric results and data of enzymatic activity suggest that
1O2-mediated changes did not induce unfolding of urease molecule
in solution. On the other hand measurement of the enzymatic
activity at metal surface and CPS analysis showed better sensitivity
in detection of subtle changes in oxidatively damaged proteins
probably due to local changes in protein structure after its
adsorption at the surface, which enhanced unfolding of the
destabilized protein. CPS analysis at HMDE was used for the first
time to study of oxidative protein damage. HMDE provides better
sensitivity and reproducibility than solid electrodes but it cannot
compete with them in practical applications. Earlier we showed
that solid amalgam electrodes yielded qualitatively similar results
as those obtained with HMDE [13,22,41] but appeared convenient
for parallel analysis [50].

Our methods utilizing intrinsic electrochemical signals of
proteins could provide helpful information for better understand-
ing of biological processes. We believe that this paper together
with previous data obtained with proteins [13], such as p53 [16]
and AGR2 showed interesting properties of surface-attached
proteins and offered simple and inexpensive tools for protein
research important in present proteomics and biomedicine.
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