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Protein phosphorylation by kinases plays a significant role in a wide range of cellular processes. Phospho-
tyrosine is the product of tyrosine phosphorylation. The electrochemical behaviour of phosphotyrosine
(pTyr) at a glassy carbon electrode was investigated over a wide pH range, using cyclic, differential pulse
and square-wave voltammetry. The oxidation is an irreversible, pH-independent process that involves
the transfer of one electron and no proton. The oxidation of phosphotyrosine occurs in a cascade mech-
anism and for acid electrolytes one electroactive product was observed. In neutral and alkaline electro-
lytes two redox products that undergo reversible, pH-dependent redox reactions with the transfer of two
electrons and two protons were characterised. Also, the oxidation of tyrosine was studied in order to find
information about the redox products of phosphotyrosine. A redox mechanism for phosphotyrosine was
proposed. The present study provides information concerning an electroanalytical signal for studying
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protein phosphorylation processes.
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1. Introduction

Protein kinases represent a class of enzymes that modify other
proteins through the chemical addition of a phosphate group from
an ATP molecule to an aminoacid residue on a substrate protein, in
a process named phosphorylation [1,2]. Protein phosphorylation is
an important mechanism in transduction of extracellular signals to
the cell interior and results in functional modifications of the target
substrate protein by changing its activity, cellular location, or asso-
ciation with other biomolecules. Phosphorylation processes are
responsible for the regulation of cell proliferation, differentiation
and transformation [3,4]. Uncontrolled signalling is a frequent
cause for inflammatory responses that leads to diseases such as
cancer [5], atherosclerosis [6], and central nervous system disor-
ders [7].

Kinases activity can be differentiated according to the
phosphorylated aminoacid [8]. Although several phosphorylated
residues such as thioesters of cysteine, phosphoramidates of lysine
and histidine, and acid anhydrides of glutamic and aspartic acid
have been identified, the most commune phophorylated residues
in proteins are tyrosine, Scheme 1A, serine and threonine [9].

As most protein kinases, the tyrosine kinases play an important
role in regulation of normal cell signalling pathway and, its high
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levels in tumor cell lines is a relevant biological aspect [10]. Most
tyrosine-specific protein kinases are associated with the epidermal
(EGF) [11] and platelet-derived (PDGF) [12] growth factors, and
with the transforming proteins such as v-src and v-abl [13,14].
Identification of proteins containing phosphotyrosine, Scheme 1B,
is important both, from the enzymological view point and from
the elucidation of malignant transformation mechanisms.

Protein kinase activity is usually investigated by fluorescence,
radioactive labelling, and Raman spectroscopy systems that in-
volve enzymatic reactions or specific antibodies [15-19]. Simple
methods for the systematic analyses of phosphorylation in a rapid
and high-throughput manner are desired in order to enable kinase
activity profiling for diagnostic applications and fast in vitro eluci-
dation of cellular signal transduction pathways.

The use of the electrochemical methods were proved to be
advantageous due to their fast response and sensitivity in detect-
ing compounds at concentrations of ato- and femto-moles level,
allowing direct measurement in biological samples with very little
or no sample pre-treatment [20,21]. The electrochemical investiga-
tion in the field of protein phosphorylation has led to the
development of biosensors for the detection of phosphorylation
processes and small inhibiting molecules, which use post-labelling
procedures [22] but a label-free electrochemical method for the
detection of small-molecule inhibition of tyrosine phosphorylation
was also described [23,24]. Nevertheless, these methods present
disadvantages since there are many phenomena that can lead to
the loss of electrochemical signals in complex samples (e.g.
electrode fouling and/or non-specific adsorption).
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Phosphotyrosine is electroactive [25] and its oxidation peak can
represent an analytical signal useful for the development of new
methodologies for studying protein phosphorylation processes.
The electroactivity of phosphotyrosine has been studied in specific
conditions such as pH 6.5 by cyclic and linear sweep voltammetry
[25], but a systematic investigation of the redox mechanism of
phosphotyrosine has not been yet undertaken.

The present study is concerned with the investigation of phos-
photyrosine redox mechanisms at a glassy carbon electrode over a
wide pH range, using cyclic (CV), differential pulse (DPV) and
square-wave voltammetry (SWV).

2. Experimental
2.1. Materials and reagents

Phosphotyrosine (pTyr) and tyrosine (Tyr) were obtained from
Sigma-Aldrich and used without purification. All supporting elec-
trolyte solutions, Table 1, were prepared using analytical grade re-
agents and purified water from a Millipore Milli-Q system
(conductivity <0.1 uScm™"). Stock solutions of 5mM pTyr and
1 mM Tyr were prepared in deionized water and kept at —4 °C until
further utilisation. Solutions of different concentrations of pTyr
and Tyr were obtained by dilution of the appropriate volume in
supporting electrolyte.

Nitrogen saturated solutions were obtained by bubbling high
purity N, for a minimum of 10 min, and were maintained under
superficial and constant N, flow during the voltammetric
experiments.

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microlitre Pippettes (Rainin Instrument Co., Inc., Wo-
burn, USA). The pH measurements were carried out with a Crison
micropH 2001 pH-metre with an Ingold combined glass electrode.
All experiments were done at room temperature (25 + 1 °C).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a Compact-
Stat.e running with IviumSoft 1.918, Ivium Technologies, The Neth-
erlands. The measurements were carried out using a three-
electrode system in a 0.5 mL one-compartment electrochemical
cell. A glassy carbon (GCE, d = 1.0 mm), a Pt wire, and a Ag/AgCl
(3 M KCI) were used as working, auxiliary and reference electrodes,
respectively.

The experimental conditions for differential pulse voltammetry
were: pulse amplitude of 50 mV, pulse width of 100 ms and scan
rate of 5mVs~!. For square wave voltammetry a frequency of
50 Hz and a potential increment of 2 mV, corresponding to an
effective scan rate of 100 mV s~! were used.

The GCE was polished using diamond spray, particle size 3 pm
(Kemet, UK) before each electrochemical experiment. After polish-
ing, it was rinsed thoroughly with Milli-Q water. Following this
mechanical treatment, the GCE was placed in buffer supporting

Table 1
Supporting electrolytes, 0.1 M ionic strength.
pH Composition
23 HCI + KCl
34 HACcO + NaAcO
43 HACcO + NaAcO
5.1 HAcO + NaAcO
5.6 HAcO + NaAcO
6.0 NaH,PO4 + Na,HPO,4
7.0 NaH,P0O,4 + Na,HPO,4
8.0 NaH,PO4 + Na,HPO4
9.2 NH3 + NH,4Cl
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Scheme 1. Chemical structures of: (A) tyrosine and (B) phosphotyrosine.

electrolyte and differential pulse voltammograms were recorded
until a steady state baseline voltammogram was obtained. This
procedure ensured very reproducible experimental results.

2.3. Acquisition and presentation of voltammetric data

All differential pulse and square wave voltammograms pre-
sented were smoothed and baseline-corrected using an automatic
function included in the IviumSoft version 1.918. This mathemati-
cal treatment improves the visualization and identification of peaks
over the baseline without introducing any artefact, although the
peak current is in some cases reduced (<10%) relative to that of
the untreated curve. Nevertheless, this mathematical treatment of
the original voltammograms was used in the presentation of all
experimental voltammograms for a better and clearer identification
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Fig. 1. Cyclic voltammograms in: (A) (=) 100, (---) 150, (---) 200 and (--) 250 uM

phosphotyrosine in pH =7.0 at v=100mV s~! and (B) 500 uM phosphotyrosine in
pH = 7.0 at (—) 25, (---) 100, (---) 250 and (--) 500 mV s~ .
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Fig. 2. Cyclic voltammograms base-line subtracted in 500 uM phosphotyrosine in:
(A) pH=7.0 and (B) pH=3.4; () first, (---) second and (--) third scans at
v=100mVs.

of the peaks. The values for peak current presented in all graphs
were determined from the original untreated voltammograms.

3. Results and discussion
3.1. Cyclic voltammetry

The electrochemical behaviour of phosphotyrosine (pTyr) was
initially investigated by CV at v=100mVs~! in solutions of
500 uM pTyr, in N, saturated electrolytes with different pH values.
The CVs were recorded in the interval between —1.0V and +1.5V,
starting from 0.0 V towards positive or negative potential limits.
The results showed that pTyr undergoes only oxidation at the
GCE and for this reason all subsequent experiments were carried
out in the anodic region.

CV was performed in solutions of different concentrations of
pTyr in pH = 7.0, Fig. 1A. Between voltammograms the GCE surface
was always renewed in order to avoid possible interferences with
the adsorption of pTyr and/or its oxidation products at the elec-
trode surface. One main anodic peak 1, was always observed and
its current increased with solution concentration, Fig. 1A.

Cyclic voltammograms were obtained for different scan rates in
a solution of 500 uM pTyr in pH = 7.0, Fig. 1B. Between measure-
ments, the electrode surface was always polished in order to en-
sure a clean surface. The current of peak 1, increased with
increasing the scan rate.

Successive cyclic voltammograms were recorded in solution of
500 uM pTyr in electrolytes with different pH values.

At pH=7.0, on the first anodic scan, peak 1, occurred at
Ep1a=+1.43V, Figs. 2A and S1A. In the reverse scan no cathodic
correspondent was observed, in agreement with the irreversibility
of pTyr oxidation reaction. The peak 1, current decreased in suc-
cessive voltammograms and its potential turned more positive,
Fig. 2A. These effects were due to the adsorption of pTyr and its
oxidation products at the GCE surface, which reduced the available
electrode surface area.

At pH =34, the cyclic voltammograms recorded in solution
pTyr have shown on the first anodic scan, peak 1, at Epy, =+1.44V,
Figs. 2B and S1B. By increasing the number of scans, a new irre-
versible peak 2, occurred at Ep,, =+0.86 V. This peak was due to
the oxidation of pTyr oxidation product formed at the GCE surface
during the first scan.

3.2. Differential pulse voltammetry

3.2.1. Phosphotyrosine

The electrochemical oxidation of pTyr was studied over a wide
pH range between 2.3 and 12.0 using DPV. The DP voltammograms
were all recorded in a solution of 100 uM pTyr in different electro-
lytes with 0.1 M ionic strength, Fig. 3A. Peak 1, occurred for
2.3 <pH <9.0. For higher pH values, no oxidation peak was ob-
tained even for higher concentrations, showing that pTyr is not
oxidisable in these conditions.

The potential of peak 1, occurred at Ep, = +1.35 V, independent
on the pH of the supporting electrolyte, Fig. 3B. This is specific to
an electrochemical reaction that involves only the transfer of elec-
trons and no proton. In addition, the width at half height of peak 1,
was found to be Wi, ~ 90 mV, close to the theoretical value corre-
spondent to an electrochemical reaction involving the transfer of
one electron [26].
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Fig. 3. (A) 3D plot of first DP voltammograms base-line corrected in 100 uM
phosphotyrosine function of the pH of the supporting electrolyte. B) (®) E;,, and (o)
I, of peak 1, vs. pH.
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Fig. 4. DP voltammograms base-line corrected in 100 uM phosphotyrosine: (---)
first and (--) second scans in pH: (A) 3.4 and (B) 7.0; (--+) first scan after transferring
the electrode to the supporting electrolyte.

Peak 1, current showed maximum values for 5.1 <pH<6.1
while for other pH values the current got decreased. This effect is
explained considering that the current registered upon application
of a potential step in the case of an irreversible system is directly
proportional with the rate constant of the heterogeneous electro-
chemical reaction [26,27]. Thus, the variation of peak 1, current
is due to the variation of the rate constant of the heterogeneous
pTyr oxidation with the pH of the supporting electrolyte. On the
other hand, a pH-dependent adsorption of pTyr and of its oxidation
products at the GCE surface can influence the current of peak 1..

Consecutive DP voltammograms were recorded in 100 pM pTyr
solutions in all supporting electrolytes. On the first DP voltammo-
grams, peak 1, appeared at E,,=+1.35V.

On the second DP voltammogram in pH = 3.4, peak 2, occurred
at Ep, =+0.77 V, Figs. 4A and S2A. Although two small shoulders
were observed at lower potential values, their visualisation was
difficult due to the functional groups such as the hydroxyls and
carboxyls formed at the glassy carbon electrode surface [26].

In another experiment carried out in pH = 7.0, on the second
voltammogram recorded in the solution of pTyr, two new peaks
3, at Ep3,=+0.06V and peak 4, at Eps,=+0.18V appeared,
Figs. 4B and S2B.

Peaks 2,, 3, and 4, are due to pTyr oxidation products formed at
the electrode surface after the first DP voltammogram.

The adsorption of the pTyr and its oxidation product at the GCE
surface was confirmed when, at the end of several DP scans re-
corded in the solution containing pTyr, the electrode was washed
with a jet of deionised water and then transferred to the

supporting electrolyte. The DP voltammogram obtained in these
conditions, Fig. 4B, showed the peaks 3, and 4, correspondent to
pTyr oxidation products as well as peak 1, due to the oxidation
of pTyr adsorbed at the electrode surface.

In Fig. 5A, the second DP voltammograms recorded in solutions
of 100 uM pTyr in different electrolytes were plotted. Peak 2, oc-
curred in electrolytes with pH<5.6, and the peak current de-
creased with increasing pH, Fig. 5A. At the same time, both peaks
3. and 4, appeared on the second DP voltammograms and their
currents increased with the pH, Fig. 5A.

Peaks 2,, 3, and 4, were pH dependent, Fig. 5A and B. Their
potentials occurred at lower positive values with increasing the
pH. The relationships were linear, Fig. 5B, following the equations:
Ep2a=0.99-0.06 pH, Ep3, = 0.48-0.06 pH and Ep4, = 0.59-0.06 pH.
The slopes of the lines, —60 mV per pH unit, have shown that the
mechanisms of oxidation involved the same number of electrons
and protons. The width at half-height of peak 2, was Wy,
2~ 90 mV correspondent to the transfer of one electron. For both
peaks 3, and 4,, W;;; ~50mV, close to the theoretical value for
the transfer of two electrons [26].

3.2.2. Tyrosine

The electrochemical oxidation of tyrosine (Tyr) has been re-
viewed in order to obtain information about the pTyr oxidation
mechanism.

DP voltammograms were recorded in solutions of 10 M Tyr in
different electrolytes with 0.1 M ionic strength, Fig. 6A. One main
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Fig. 5. (A) 3D plot of second DP voltammograms base-line corrected in 100 pM
phosphotyrosine function of the pH of the supporting electrolyte and (=) DP
voltammogram base-line corrected in 1 uM tyrosine in pH = 3.4. (B) Plot of E,, of
peaks 2,, 3., 4, of pTyr and peak of Tyr vs. pH of the supporting electrolyte.
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Fig. 6. DP voltammograms base-line corrected in 10 uM tyrosine: (A) function of
the pH of the supporting electrolyte and (B) (--) first, (---) second and (---) third
scans in pH = 7.0.

oxidation peak was observed and its potential turned less positive
with increasing the pH of the supporting electrolyte. The depen-
dence was linear following the equation E,,=1.03-0.06 pH,
Fig. 5B. The slope of the line was —60 mV per pH unit and the width
at half-height of the Tyr oxidation peak Wy, ~ 90 mV, correspon-
dent to the transfer of one electron and one proton.

Consecutive DP voltammograms were recorded in 10 pM Tyr
solutions in pH = 7.0, Fig. 6B. On the first DP voltammograms, the
oxidation peak of Tyr occurred at E,, =+0.61 V. On the second DP
voltammogram, Fig. 6B, the peak at E,, = +0.05V was due to the
oxidation product of Tyr formed at the GCE surface during the first
scan. Similar experiments were carried out in all supporting
electrolytes and only one oxidation product was observed.

The oxidation of Tyr involves the transfer of one electron and
one proton from the hydroxyl group leading to a radical that reacts
with water [28]. The only electroactive product formed is an
ortho-quinone-like compound since the para position in Tyr moiety
is occupied.

3.3. Square wave voltammetry

Since SWV allows lower detection limits than CV, this technique
has been used in order to determine the character of the redox
reactions of pTyr oxidation products. In SWV current is sampled
in both positive and negative-going pulse, oxidation and reduction
peaks of the electroactive compound at the electrode surface can
be obtained simultaneously and the reversibility of the electron
transfer reaction monitored by plotting the forward and backward
components of the total current.

Successive SW voltammograms were recorded in a solution
containing 200 M pTyr in pH = 7.0, Fig. 7. On the first scan the
anodic peak 1, appeared at E,i,=+1.37 V. The irreversibility of
peak 1, was confirmed by plotting the forward and backward com-
ponents where only oxidation currents occurred, Fig. 7A.

By increasing the number of scans in solution, without cleaning
the GCE surface, peaks 3, and 4, occurred at E,3,=+0.15V and at
Ep4a=+0.28 V, Fig. 7B. The deconvolution of the total current re-
corded in these conditions has shown the reversibility of peaks
3, and 4, since by plotting the forward and backward components
the reduction and oxidation currents were equal and occurred at
the same potential value, Fig. 7B.

3.4. Oxidation mechanism

The electrochemical behaviour of phosphotyrosine was investi-
gated using cyclic, differential pulse and square wave voltamme-
try. The CV study was very important as it enabled rapid
screening of the electron transfer processes. SWV was more sensi-
tive than CV and allowed the clarification of the reversibility of the
electron transfer processes. DPV enabled the study of the coupled
electron/proton transfer reactions, the formation of electroactive
products, and their pH dependence.

Phosphotyrosine undergoes irreversible electrochemical oxida-
tion, peak 1,, Figs. 1, 2 and 7. The oxidation product of pTyr is elec-
troactive, peak 2, in Figs. 2B, 4A and 5A.

In order to obtain information about the origin of peak 2,,
experiments were carried out in Tyr solutions. It has been shown
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Fig. 7. SW voltammograms base-line corrected in 200 M phosphotyrosine in
pH=7.0: (A) first and (B) third scan; I, Ir and I, - total, forward and backward
currents. Pulse amplitude 50mV, f=50Hz and step potential 2mV for a
v=100mVs~.
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Scheme 2. Proposed oxidation mechanism of phosphotyrosine.

that the potential of peak 2, is less positive than the oxidation of
Tyr, Fig. 5A and B, thus excluding the possibility of Tyr formation
during the electrochemical oxidation of pTyr.

Therefore, it is proposed that the oxidation mechanism of pTyr
involves the transfer of one electron and no proton before the rate
determining step, leading to the formation of a cation radical
which undergoes chemical deprotonation and hydrolysis resulting
in a phenol-like molecule, Scheme 2. Similar oxidation mecha-
nisms were described for other substituted aromatic compounds
[29,30].

The phenol-like pTyr redox product undergoes oxidation at
peak 2, with the transfer of one electron and one proton, Figs. 4
and 5 and Scheme 2, in agreement with the oxidation mechanism
of phenol-substituted compounds [28]. This reaction involves the
formation of a phenoxy radical stabilised by hydrolysis, Scheme 2,
resulting para- and ortho-quinones species. These compounds un-
dergo reversible redox reaction to hydroquinone and catechol,
which are oxidised at peaks 3, and 4,, respectively, Scheme 2.

The oxidation of the pTyr redox products at peaks 2,, 3, and 4,,
occurs at lower values than the oxidation of pTyr, peak 1,, Figs. 2B
and 4A. For this reason, during the first voltammetric scan, pTyr

and its redox products formed at the electrode surface are oxidised
when reaching the maximum potential limit.

The irreversible oxidation of the phenol-like pTyr redox product
at peak 2, is more difficult in acid electrolytes [28]. In pH < 5.6 not
all of pTyr redox product molecules are oxidised at the end of the
first voltammetric scan. This allows the occurrence of peak 2, on
the second voltammograms in solutions with pH < 5.6, Figs. 2B,
4A and 5A.

By increasing the pH, the oxidation of the phenol-like pTyr re-
dox product is facilitated. In these conditions, all molecules of
the phenol-like pTyr redox product are oxidised when reaching
the maximum potential limit during the first scan. Thus, peak 2,
does not occur on the second scan in solutions with pH > 5.6. In-
stead, the complete oxidation of the phenol-like pTyr redox prod-
uct gives rise to the electroactive products that undergo oxidation
at peaks 3, and 4, in Figs. 4B and 5A.

The two redox products correspondent to peaks 3, and 4, are
the hydroquinone and catechol species that undergo reversible
reactions, Fig. 7B, with the transfer of two electrons and two pro-
tons, Fig. 5 and Scheme 2, and the formation of para- and ortho-
quinones.
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4. Conclusion

The electrochemical investigation of phosphotyrosine redox
behaviour was carried out using cyclic, differential pulse and
square-wave voltammetry, in a wide pH range. It has been shown
that phosphotyrosine undergoes oxidation at a glassy carbon
electrode.

The electrochemical oxidation of phosphotyrosine is an irre-
versible process and occurs for electrolytes with pH < 9.0. The oxi-
dation of phosphotyrosine is pH-independent and involves the
transfer of one electron and no proton. For acid electrolytes
one electroactive oxidation product that undergoes irreversible,
one electron and one proton oxidation reaction was observed.
For mild acid, neutral and alkaline electrolytes, two oxidation
products undergo reversible, pH-dependent redox reactions with
the transfer of two electrons and two protons. The electrochemical
oxidation of tyrosine was also studied in order to find information
about the redox products of phosphotyrosine. Based on the results
obtained, a mechanism for oxidation of phosphotyrosine was
proposed.

The study of the oxidation behaviour of phosphotyrosine is
important for the determination of an analytical signal useful for
the development of new methodologies for studying protein phos-
phorylation processes.
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