
Available online at www.sciencedirect.com

(2008) 34–40
www.elsevier.com/locate/bioelechem
Bioelectrochemistry 72
Tyrosine side chains as an electrochemical probe of stacked β-sheet
protein conformations

Anna Loksztejn a,b, Wojciech Dzwolak a,b, Paweł Krysiński a,⁎

a Faculty of Chemistry, Warsaw University, Pasteura 1, 02-093, Warsaw, Poland
b Institute of High Pressure Physics, Polish Academy of Sciences, Sokolowska 29/37, 01-142 Warsaw, Poland

Received 26 February 2007; received in revised form 18 June 2007; accepted 19 July 2007
Available online 27 July 2007
Abstract

The in vivo formation of β-pleated protein aggregates underlies a number of fatal neurodegenerative disorders, such as Alzheimer disease.
Since molecular mechanisms of protein misfolding and aggregation remain poorly understood, this has been calling for many diverse biophysical
tools capable of addressing different dynamic and conformational aspects of the phenomenon. The two model polypeptides used in this study are
poly(L-tyrosine) and insulin. According to FT-IR spectra, poly(L-tyrosine) produced two distinct types of films with dominant either disordered or
antiparallel β-sheet conformations depending on carrier solvent used for film's deposition. Electrochemical analysis of both the types of
polypeptide films by the means of cyclic voltammetry and differential pulse voltammetry proved that different electrochemical behaviour of the
tyrosine residues is determined by the conformation of polypeptide chains. We have rationalized this difference in terms of varying
electrochemical accessibility of Tyr residues in each structure.

We have also carried out spectral and electrochemical characterization of insulin β-sheet-rich amyloid fibrils. It appears that the detectable
electrochemical response of the protein stems from the presence of four tyrosine residues per insulin monomer. Since hydrophobic residues,
among them tyrosines play an important role in the formation of protein amyloid fibrils, but, on a molecular level, may be also critical in
explaining neurotoxic properties of aggregates, their electrochemical properties may become a very valuable complementary tool in biophysical
studies on protein misfolding.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aggregation and formation of β-pleated fibrils are what often
follow when native protein structure is destabilized. The
importance of this phenomenon stems from the fact that such
β-sheet-rich, non-native protein assemblies (the so-called
amyloids) were implicated in the etiology of several degener-
ative disorders, such as Alzheimer disease [1,2]. Many proteins,
even with a marginal sequential propensity to the β-sheet fold
(e.g., myoglobin) [3] may acquire the ability to form fibrils under
destabilizing conditions. One of the most interesting, yet least
understood aspects of protein aggregation, is its polymorphism,
which often manifests in a number of distinct (in terms of
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morphology, conformation, and biological activity) types of
fibrils being formed out of a single amino acid sequence [4] This
problem is particularly important in light of the so-called “prion
strains”, when subtle, self-propagating conformational variabil-
ity is accompanied by dramatic clinical consequences. As it can
be rationalized that non-polar amino acids, among them
tyrosines, are critical in determining stacking modes associated
with particular types of protein fibrils [5], adequate biophysical
tools that would address this problem are sought. Electrochem-
istry is an as yet unexplored approach in this field. Because
electrochemical activity of tyrosine is expected to depend
strongly on fine topological and nano-environmental features of
its surroundings, this has motivated our interest as to whether
electrochemistry can provide conformation-sensitive tools for
biophysics. Given that burial of non-polar amino acid residues
and the ensuing increase in solvent entropy [6] is thought to be
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one of the main driving forces of protein aggregation, focusing
on electrochemical properties of non-polar, bulky tyrosine
aromatic rings can provide a unique insight into the dynamics of
aggregating or aggregation-prone protein conformations. This is
so because molecular-scale factors affecting electrochemical
activity of these residues, such as: solvent-accessibility, local
dielectric constant, presence of neighbouring charged residues,
or π–π interactions with other aromatic moieties are determined
by conformation and dynamics of a polypeptide backbone.

We used insulin amyloid as model β-pleated protein fibrils,
which are well-characterized structurally, including their strain-
like behaviour [7,8]. While the presence of 4 tyrosines per
insulin monomer suggests feasibility of electrochemical studies
of insulin fibrils, it is necessary to put forward a mechanism
of electrochemical activity of the tyrosine residues using a
simplified, yet adequate polypeptide model. Poly(L-tyrosine)
proves to be an excellent model in this respect.

2. Experimental

2.1. Samples

Anhydrous LiClO4 (BDH laboratory reagents), poly-(L-Tyr)
(MW 29,700 Da, Sigma ), bovine insulin (Sigma), saturated
NH3 aqueous solution (NH3 aq) (Chempur) and tetrahydrofuran
(THF, Sigma) were used without further purification. All solutions
were prepared using deionised water (from Q-Millipore). Insulin
amyloid was obtained through a 48 h incubation of 1 wt.% native
protein in 0.1 M NaCl, pD 1.9 at 60 °C (pH was adjusted using
solution of DCl in D2O for the case of FTIR experiments or HCl
and H2O for electrochemical ones), pH adjustment was controlled
using pH-meter. The D2O environment enabled acquisition of
protein FTIR spectra in the transmission mode. Poly(L-tyrosine)
films were obtained by dropping a diluted solution of the
polypeptide (either in NH3 aq or THF) onto a substrate surface
(CaF2 window for FT-IR, and GCE working electrode for
electrochemical measurements) and leaving it to dry up at room
temperature. After the acquisition of dry film spectra, the same
sample was covered with deuterated electrolyte solution, tight-
covered with a second CaF2 window and FTIR spectra in the
transmission mode were recorded again.

2.2. Electrochemistry/FTIR spectroscopy

Electrochemical measurements were performed with an
AUTOLAB analyzer (ECO CHEMIE, Switzerland). A standard
cell with three-electrode system was used. A glassy carbon
electrode (GCE, Bioanalytical Systems, and Inc.BASI, USA)
was used as a working electrode. Prior to each measurement the
GCE electrode (0.07 cm2 geometric area, Bioanalytical Systems,
Inc., USA) was polished with 0.05 μm grade Al2O3 slurry and
washed thoroughly in deionised water. For all experiments, an
Ag/AgCl/1MKClaq electrode was used as the reference
electrode, while platinumwire was used as the counter electrode.
All experiments were carried out at 25 °C in deaerated solutions.
Electrochemical measurements were conducted at pH 2–7.
Within this range of pH neither poly(L-tyrosine) nor amyloid
films are soluble, which allowed for an electrochemical
characterization of the solid film deposits of the polypeptide
and the protein.

Infrared spectra were collected on a Nicolet NEXUS FT-IR
spectrometer. For each spectrum, 256 interferograms of 2 cm−1

resolution were co-added. For data processing, GRAMS
(ThermoNicolet) was used.

3. Results and discussion

Poly(L-tyrosine) was chosen as the simplest tyrosine-rich
polypeptide capable of formation of β-pleated conformation, a
property shared with other protein aggregates and amyloid
fibrils in particular. A number of polymerized amino acids (e.g.
polylysine) are capable of adopting distinct secondary folds
depending on conditions of pH, temperature and the presence of
non-polar co-solvents [6,9]. These effects can be rationalized in
terms of repulsive interactions between charged side chains (i.e.
only within the charge-depleting pH range an ordered structure
is allowed), and compensation of the cost of decreasing
configurational entropy of orderly-stacked chains with the
increasing overall solvent entropy [6]. We have taken advantage
of these effects to create two distinct backbone conformations of
poly(L-tyrosine) and compare their electrochemical behaviour.

Fig. 1 shows FTIR spectra of poly(L-tyrosine) dry films
formed through solvent evaporation from saturated solutions of
the polypeptide in NH3 aq (Fig. 1A, solid line) and THF
(Fig. 1B, solid line). Fig. 1C shows spectra of native (dashed
line) and aggregated insulin (insulin amyloid, solid line).
Subsequently, the same polypeptide films were measured after
immersion in deuterated electrolyte solution (Fig. 1A and B,
dashed lines). The reason for the FTIR experiments in
deuterated solution will be discussed below.

The conformation-sensitive amide I band visible between
1600 and 1700 cm−1 undergoes the characteristic splitting when
NH3 aq has been used as the solvent in poly(L-tyrosine) films
preparation. The presence of the two bands: major at 1632 cm−1

and minor at 1695 cm−1 (in an undeuterated protein) points to an
antiparallel β-sheet as the basic secondary component of the
polypeptide film [6]. If NH3 aq is replaced with THF for the film
preparation, the amide I band reveals quite different character-
istics: a broad peak centered at 1655 cm−1 which should be
attributed to unordered conformations with a likely overlap from
some helical structures. The spectra show a number of other
bands that are less diagnostically useful, and are attributed to
tyrosine aromatic rings [10]. Fig. 1 shows also the difference
between the native and aggregated insulin spectra. The band at
1649 cm−1 (dashed line) is characteristic for α-helical confor-
mation of native protein, while the band around 1628 cm−1 (solid
line) reflects the presence of the parallel β-sheet: the dominant
secondary structure in the aggregated insulin. The data in Fig. 1A
and B show how the conformation of poly(L-tyrosine) in the films
can be controlled by the “history of solvation” rather than by any
chemicalmodifications, which allows (once the films are dried) to
carry out a comparative electrochemical characterization of both
conformations under an identical set of physicochemical condi-
tions. In unison to the FTIR results, the electrochemical behaviour



Fig. 1. (A) FTIR spectra of undeuterated poly(L-tyrosine) film obtained from NH3 aq (β-sheet structure; solid line) and the same film in deuterated electrolyte solution
(dashed line); (B) FTIR spectra of undeuterated poly(L-tyrosine) film obtained from THF (random coil structure; solid line) and the same film in deuterated electrolyte
solution (dashed line); (C) FTIR spectra of deuterated native (dashed line) and deuterated aggregated insulin (solid line).
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of films deposited on GCE depends on the solution from which
they were formed. In order to eliminate a possible effect of
electrolyte solution re-wetting the films, the FTIR spectra of the
same polypeptide films were measured after their immersion in
deuterated electrolyte solution (Fig. 1A and B, dashed lines).
There are no changes in spectral characteristics and therefore in
secondary structure of dry films of poly(L-tyrosine) after their
immersion in the electrolyte solution. Since the duration of FTIR
acquisition was comparable to the electrochemical experiments,
we can rationalize that the observed behaviour described below, is
due solely to the electrooxidation of these films. The differential
pulse voltammetry (DPV) technique shows significant difference
between poly(L-tyrosine) films (Fig. 2). Measurements were
carried out in 0.01 M HClO4, 0.1 M LiClO4 solution.

First, it is evident that the films deposited from NH3 aq are
oxidized at less positive potentials (at ca. 850 mV, Fig. 2A) as
compared to the films deposited from THF (at ca. 1050 mV,
Fig. 2B). Since DPV is a differential technique, the current/
voltage response of the systemunder study corresponds to the first
derivative of a conventional voltammogram, with the peak
potential approximately identifiable with the half-way potential.
Having said that, it is evident that ca. 20 kJ/mol per electron
transfer less free energy is required to oxidize the same
polypeptide in a film deposited from a hydrophilic solvent as
compared with the hydrophobic one. We believe that this may
result from different electrochemical accessibility of Tyr residues
in well-ordered, β-pleated films obtained from NH3 aq as
compared to random coil structures obtained from THF solutions.
Moreover, the subsequent scan reveals a decrease of these peaks
in both systems, while for the case of poly(L-tyrosine) films from
NH3 aq a new peak appears at ca .410 mVon the oxidation scan.
This feature is not observed for the films from THF.

It appears that depending on solvents used for dry films
deposition, the electrooxidation products of poly(L-tyrosine)
vary. One might question however, whether the observed
behaviour is not determined by the interactions between the
polypeptide and the electrode surface, and not by the structural
conformations in the “bulk” of the deposited films. Obviously,
we could not eliminate such interactions, yet the glassy carbon
and carbon-based electrodes are widely used as an “inert”
electrode in terms of peptide electrochemistry [11–14,21–23].
To the contrary, the use of gold electrode in our experiments
yielded only one type of voltammetric curve for the systems
studied (as in Fig. 2A), regardless of the solvent from which the
films were formed (data not shown).

In order to assign the characteristic features observed on these
two voltammograms to particular redox processes, we have
conducted a series of cyclic voltammograms of insulin amyloid,
poly(L-tyrosine) film (from NH3 aq solution) and L-tyrosine, all in
0.01 M HClO4, 0.1 M LiClO4 aqueous solutions, pH=2 (Fig. 3).

Cyclic voltammetry upon the first anodic scan produced a
poorly developed peak characteristic for the Tyr oxidation
(∼950 mV) [11–14]. Even though Fig. 3 shows that cyclic
voltammetry is not the technique of choice for this case, it reveals
some interesting behaviour of the studied systems. In the case of
amyloid and poly(L-tyrosine) films the oxidation peaks appear at
roughly the same position. In all three cases, subsequent scans
resulted in the decrease of these peaks. A closer inspection of the
cyclic voltammograms reveals that while for the L-tyrosine film no
additional peaks are found upon the reverse scan and continuous
cycling, both the amyloid film (Fig. 3A) and poly(L-tyrosine) film
(Fig. 3B) show a pair of peaks centered around 350 mV. The
peak on the cathodic branch (at ca. 250 mV) appears
immediately upon return from the first anodic scan if reversed
at 1100–1200 mV. It will not appear if CV scan is reversed at
the threshold of the anodic peak (ca. 800 mV). The same holds
true for the anodic peak at ca. 460 mV. Since such a behaviour
is not observed for the case of L-tyrosine film (Fig. 3C), it is



Fig. 2. Differential pulse voltammograms of poly(L-tyrosine) films formed through solvent evaporation from saturated solutions of the polypeptide in NH3 aq (A) and
THF (B) in 0.01 M HClO4/0.1 M LiClO4 electrolyte (pH=2). First (solid line) and fifth (dashed line) scans of each measurement are shown. Bare GCE electrode in the
same solution— dotted line. To avoid residual solvents affecting the electrochemical response, the “bare” electrode was treated with either NH3 aq or THF solution and
allowed to dry in air before the experiments.
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evident that the oxidation products of Tyr residues in insulin or
poly(L-tyrosine) films are different from those obtained for
“free” tyrosine molecules.

Because poorly developed characteristics discussed above
are difficult to test (particularly for the case of the amyloid films
with only 4 Tyr units per insulin molecule), we decided to use
the differential pulse voltammetry (DPV) technique that allows
for a better resolution of voltammetric peaks, which proved
advantageous in earlier protein [15] and amyloid studies [16].
Particularly, the studies by Vestergaard et al. [16] on the
electrochemical detection, characterization and kinetics of the
Fig. 3. Cyclic voltammograms of: insulin amyloid film (A), poly(L-tyrosine) film (B
from NH3 aq solution. Measurements were done in 0.01 M HClO4/0.1 M LiClO4 ele
rate.
aggregation of Alzheimer's disease amyloid β peptides (Aβ-40
and Aβ-42) proved the usefulness of DPV technique for such
experiments. These studies are of particular relevance to the
present work, since the aggregation kinetics was monitored via
the oxidation of Tyr residues of the amyloid peptides.

Fig. 4 shows that in accordance to the cyclic voltammetry
experiments, the electrochemical responses of amyloid (Fig. 4A)
and poly(L-tyrosine) (Fig. 4B) show a similar behaviour in terms
of the anodic peak at 410 mV (this peak corresponds to the
460mV peak in cyclic voltammetry technique). And, as expected,
no peak is detected for the “free” Tyr system (Fig. 4C). The same
) and monomeric tyrosine (C). Films were formed through solvent evaporation
ctrolyte (pH=2). Three cycles were done in each measurement at 50 mV/s scan



Fig. 4. Differential pulse voltammograms of: insulin amyloid (A), poly(L-tyrosine) (B) and monomeric tyrosine (C). Films were formed through solvent evaporation
from NH3 aq solutions. Measurements were done in 0.01 M HClO4/0.1 M LiClO4 electrolyte (pH=2). Five scans were done for each film (first, third and fifth scan are
shown). Bare electrode in the same electrolyte solution — dotted line. To avoid residual solvents affecting the electrochemical response, the “bare” electrode was
treated with either NH3 aq or THF solution and allowed to dry in air before the experiments.

Fig. 5. pH dependence of tyrosine oxidation peak (triangles) and quinone-type
product of tyrosine oxidation (squares) corresponding to Emax of DPV peak.
Measurements were done in appropriate mixture of 0.01 M HClO4 and 0.1 M
LiClO4 for pH adjustment, keeping the ionic strength constant.
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CV and DPV measurements were done for native insulin in
electrolyte (0.01 M HClO4, 0.1 M LiClO4) solution (data not
shown) and results were analogous to those obtained for the
amyloid. Similar results were obtained by Brabec [14] for native
insulin.

There exists a vast literature concerning the quite complex
oxidation process of tyrosine in solution under similar
conditions (electrode material, pH range) as we used. According
to the literature data, the major irreversible oxidation peak that
appears in all the cases studied in this work at the most positive
potentials is connected with radical formation and its position is
pH dependent [11–14,17]. This electrooxidation of dissolved L-
tyrosine is followed by a chemical step — decarboxylation and
then deamination leading to lower aldehyde [18–20], both
products being non-electroactive in the potential range studied.
Other data suggest the possibility of polymerization [21] as well
as formation of cyclohexadienol derivative [21,22] or quinone-
type products [19,22,23]. For all of those studies carbon
electrodes were used (mostly GCE) and measurements were
done for the similar pH range. In our view the chemical steps
involving decarboxylation and deamination can be excluded,
since both functionalities are involved in the formation of
peptide chains in the amyloid as well as poly-L-Tyr films. This
fact, along with the appearance of the pair of CV peaks centered
around 350 mV solely for the amyloid and poly-L-Tyr films,
points towards the reaction path leading to the quinone-type
products. Such a pathway that involves hydroxylation leading
to quinone derivatives has already been reported for electro-
oxidation of tyramine [23] as well as for the enzymatic
hydroxylation of tyrosine [24] both processes leading to the
catechol, DOPA or dopamine. What is most important is that
those results [23,24] were also obtained for carbon electrodes in
the same pH range as we used in the present work. These
reactions, though of small yield (ca. 10%), resulted in the
appearance of voltammetric peaks characteristic for the
quinone/hydroquinone redox pair and centered on ca. 410 mV
for pH 2. Comparing the amount of charge under the oxidation
peak at +0.9 V with that above 0.41 V in the cyclic voltammetry
experiments shows indeed that only a very small part of the
oxidation product formed above +0.9 V is converted into the
electroactive pair [23], the other products remain unknown.
Therefore, we believe that the final electrooxidation product of
amyloid film as well as poly-L-Tyr film deposited on GCE
electrode from NH3 aq is an o-quinone-type product, giving the
pair of redox peaks centered around 410 mV at pH 2. Our
preliminary conclusions are supported also by spectral data of
Ogura et al. [20] who studied the electrochemical oxidation of
free L-tyrosine. By means of in-situ FTIR they have concluded
that one of the products of amino acid electrooxidation is
phenol. The same product was detected by Zinola et al. [19]
who also found a complex signal at 1650–1675 cm−1 that
originated from the vibration of the carbonyl group of a
benzoquinone.

We have tested also the dependence of observed DPV
oxidation peaks on pH. The anodic peak at 0.90 Vas well as the



Scheme 1. Proposed mechanism of electrooxidation of tyrosine in polypeptide and protein involving diol formation and ortho-quinone as a final product of reaction on
electrode.
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pair of peaks around 0.41 V should be pH dependent [25,26]. As
shown in Fig. 5, both peaks exhibit similar linear dependencies of
their position on pH. The slopes of these dependencies are close
to 59 mV per unit pH, therefore characteristic for the number of
electrons to protons ratio (e/H+) equal to one for both redox
processes. The position of DPV oxidation peak, that is
characteristic for Tyr (as well as other phenol derivatives)
oxidation (Fig. 5, triangles), changes from 900 mV (pH=2) to
700 mV (pH=6). Linearity of this characteristics with slope
equal to 51 mV seems to be in agreement with H+/e ratio close to
unity for the oxidation process. This behaviour is well known and
described [11–14,27].

The position of DPV peak connected with the redox couple
(Fig. 5, squares) changes linearly with the characteristic slope of
56 mV per unit pH. This result is similar to that obtained for
dopamine [26], L-DOPA [28] and adrenaline [29]; in all cases
the final product was a quinone derivative.

Based on these results we propose the following preliminary
mechanism for Tyr oxidation, which is supposed to be the same
for both the amyloid and model poly-L-Tyr polypeptide chains
(Scheme 1).

The first stage of oxidation is the formation of phenoxyr-
adical, which is a typical and well described mechanism for
electrooxidation of phenolic compounds [30–33]. The next step
is chemical reaction— the hydroxylation process leading to the
formation of a diol. The last step is the quasi-reversible
electrooxidation of this diol to ortho-quinone. The first and the
last steps are responsible for the electrochemical signals at ca.
900 mVand 410 mV, respectively, at pH=2 electrolyte. We are
aware that this scheme accounting for our results is a
preliminary one that is worth of detailed experimental
elaboration in our future work.

Similar interpretation of the reaction route was presented by
Longchamp et al. [34] to explain electrochemical properties of
plasmin adsorbed onto a carbon paste electrode. This protein
contains both the tyrosine and tryptophan residues and it was
suggested that upon oxidation these groups form quinone
derivatives on the electrode surface. Yet another example of
similar reaction pathway is the electrochemical oxidation of
neurotransmitter serotonin. 5-Hydroxytryptamine (serotonin) is a
phenolic derivative and similar to tyrosine, the para position in its
ring is inactive for electrooxidation [35,36]. Moreover the
oxidation of Tyr to dopaquinone and then to other products
occurs in living organisms. Under physiological conditions these
two steps are enzymatically catalyzed by tyrosinase [37]. For
example this reaction is involved in biosynthesis of melanin [38].
Electrochemical oxidizability of proteins can be exploited
for the investigation of the accessibility of tyrosine residues in
protein molecules for interaction with their environment (what
was suggested earlier by Brabec [14]). It seems to be very
important and can be useful especially in analysis of amyloid
fibril structure since amino acid configuration inside and
outside fibril remains unknown.

4. Conclusions

Poly(L-tyrosine) was used as a model for electrooxidation of
insulin amyloid. By means of FTIR experiments, two
morphologically distinct secondary structures were shown for
this polyaminoacid that depend only on the hydrophilicity and
transient pH of the solution from which the films were formed
(“history of solvation”). One of these structures – β-sheet – is
the common structure motif in both poly(L-tyrosine) deposited
from NH3 aq and insulin amyloid. Electrooxidation of tyrosine
residues in these species was followed on a glassy carbon
electrode. It was also shown that the electrooxidation pathway
depends upon the type of the solvent from which the
polypeptide films were deposited on the electrode surface.
Similarities in the electrochemical behaviour of insulin amyloid
and poly(L-Tyr) film that was deposited from NH3 aq were
interpreted in terms of similar, β-pleated structures formed in
the peptide. This was supported by FTIR experiments. The
spectrum of poly(L-Tyr) films deposited from THF showed no
such structures and their electrochemical behaviour differs as
well. We explain these observations in terms of better
electrochemical accessibility of Tyr residues in well-ordered,
β-pleated films as compared to random coil structures obtained
from THF solution. Thus, poly(L-tyrosine) is a good model for
analysis of insulin amyloid behaviour on the electrodes.
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