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ABSTRACT KEYWORDS
A simple strategy for studying electrochemical properties of proteins or Protein tag;
peptides using unmodified carbon paste electrodes was developed by Dopamineg;

Cyclic voltammetry;
Electrochemical probe;
Spectrofluorimetry.

cross-linking dopamine (DA) with BSA asatest protein. The BSA-5-Cys-
DA adducts produced were eval uated by cyclic voltammetry, spectrofluo-
rometry and first-derivative spectrophotometry in the visible range. An
anodic peak was observed after protein isolation, not found with BSA
samples only. This approach alow to overlap the sluggish kinetics of
electron transfer exhibited by proteins with no metallic prosthetic groups
near the electrode surface, providing thermodynamic and conformational
studies by electrochemical techniques. A marked increased in fluores-
cence signal at 350 nm emission together with the appearance of an ab-
sorption signal at 370 nm have also arisen fromthe protein adducts. Inthis
sense the covalent linkage between BSA with dopamine disclosed it as a
dual candidate for both el ectrochemical and spectroscopic studies of pro-
teins either in solution or immobilized on electrode surfaces.
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INTRODUCTION radioactivelabdling®, infrared reflection-adsorption
spectroscopyt®:, el ectron microscopy!”, elipsometry®,
and cyclic voltammetry, among others, have been ap-
plied to identify proteinsin solutionsand to study their
structure-function relationships. Among them, cyclic
voltammetry isapowerful techniquefor inspection of

electrode process, which revea sthefaradaicaswell

Proteinsareviewed asthe ultimatetarget in many
biologica studies, asin protein structure, folding, un-
folding and misfolding, protein dynamics, enzymeki-
netics, and binding experiments¥, aiming applications
ranging from chemistry and biochemistry, clinica diag-

nostics, pathol ogy and immunol ogy, to biotechnol ogy
andindugtrid targets. For thispurposeavariety of tech-
niqueswith different analytical methodsfrom spectro-
photometry!?, spectrofluorometry!®, light scattering,

asnon-faradaic processesoccurring withintheinterfa-
cia region closeto the electrode surface.

Neverthel essprotei ns often exhibit strong adsorp-
tion phenomenon on dectrode surfaces, hindering elec-
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tron-transfer rates at the el ectrodesol utioninterface .
Theadsorption isaffected by anumber of factors, in-
cluding temperature, pH, ionic strength, conformationa
state of proteinsin solution and their bulk concentra-
tion. Neverthel ess, someproteins as cytochromes*Y,
myoglobin and hemoglobin?, superoxide dismutase
and peroxidasd®?, among other metal loproteins, have
been largely studied asthey exhibits prosthetic redox
centersthat make easier the e ectron transfer near the
electrode surface. Proteinswithout metal redox cen-
tersinthelr structure, however, have been minor ex-
ploredin protein € ectrochemistry™, eventhough many
effortstarget to protein entrappment (nafion, hydrogels),
membrane el ectrodes, redox mediators and el ectrode
modifications have been reported.

Thepoor kinetic rate of electrontranfer viewedin
proteinsisdueto burying of € ectroactivegroupsdeeply
withintheoverdl structure, adsorption onto € ectrode
surfaces of macromolecular species or denaturated
formsof proteinsthemselves, and to unfavorabl e ap-
proachesto the el ectrode. Hence coupling the biol ogi-
cd

component to aredox substance can cause an en-
hancement inthe electrochemical current!®, Further-
more, analytical performance of electrochemical
bi osensors has contributed to their versatility and use-
fulnessmakingthem prevail over other methodsof sig-
nal transduction in biosensorg®®. Dopamine, 3,4-
hydroxyphenyl ethylamine, DA, isanimportant neu-
rotransmitter inbiologica sysemsanditsdeficiencyis
associ ated with Parkinson disease and schizophreniaS.
Since DA canbeeasily oxidized™, many e ectrochemi-
ca methodsare commonly explored for itsdetermina
tion®. DA oxidation (Figure 1) hasbeen previously
demonstrated to modify proteins and kinetic enzyme
activities by cross-linking of its reactive dopamine
guinone with cysteine residues through a 5-S-Cys
bound?,

DA aso exhibits both spectrophotometric and
gpectrofluorimetric propertieswith maximaabsorption
spectraat 298 nm™? for oxidized form and fluores-

e NH;  © NH
j@A} oxidation DA,
—_—

HO O
DA DaQ

cence emission intensity at 315 nm?, In this sense
dopamine can beviewed asan important biosensor as
adud candidatewith displaysboth dectrochemica and
spectroscopic signals. Inthiswork wehave covaently
attached dopamineto thetest protein bovineserum al-
bumin (BSA), asit hasasinglefreethiol group at Cys-
34 position?4, and carried out electrochemical and
spectroscopic studieson thetagged protein. Thenthe
goal of thiswork was to develop an alternative and
simpletechniquefor study el ectrochemical properties
of proteinsand peptidesin generd, specidly thosehav-
ing no prosthetic metal groups.

EXPERIMENTAL

Reagents

N-ethylmaemide(NEM), dopamine(DA), L-Cys-
teine (CySH), and bovineserum albumin (BSA) were
purchased from Sigma-Aldrich Co. (St. Louis, USA).
All other chemicalswere of thehighest quality as pos-
sibleasobtained, and al chemica swere used without
further purification. Doubledistilled water wasused for
al preparations. Stock solutions of reagentswerepre-
pared by dissolving an accurate amount of each com-
pound in water and then stored in therefrigerator in
dark place. BSA weredetermined fromitsextinction
coefficient at 279 nm (0.667 at 1%)'>. NEM deriva
tive of BSA was prepared by reacting NEM with BSA
at amolar ratioof 5:1in 0.1 M sodium phosphate buffer
pH 7.45 for 3 days at 4° C upon continuous stirring,
andthe product isolated by dialyssand gel filtrationin
thesamebuffer.

Freethiol deter mination

Total thiol groupswasdetermined using Ellman’s
reagent!®. After additon of 10-150 uL samplesinthe
buffer, 200 uL of 10 mM 5,5 -Dithiobis(2-nitrobenzoic
acid), DTNB, was added, and the color was allowed
to develop for 20 min. The absorbance was spectro-
photometrically measured at 412 nm. Thevaueswere
calculated by comparison with CySH standard solu-

HO NH 4

2
BSA

o BSA-5-Cys-DA

SCyBSA

Figurel: Theoxidation of DA to DA quinoneand theresultant conjugation with thiol groups
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tions (10-150 uM).
Cross-linkage of BSA with DA

The binding of dopaminewith BSA wascarried
out mixing 0.16 mM of proteinwith 8 mM of dopamine
inthebuffer at 37 °C for 2 h and in aerated buffer, to
ensure the oxidation of dopamineto form dopamine
quinone. Thesamplesweredialysed withacellulose
membrane (Spectrapore, MWCO 6000-8000, Spec-
trum Laboratories, Inc, CA) during 24 hwitha2 h-
period of buffer changes. Afterwards, the content of
bagswasgently withdrawn to avoid oxidation and pro-
teln denaturation, and themixturewas gppliedtoasmal
Sephadex G-25 column (0.7 x 15 cm) equilibrated with
phosphate buffer. The solutions el uted with the same
buffer under the chromatographi c peaks correspond-
ing to major productswere collected separately (1.5
mL fractions) and immediately kept at 5°C befored ec-
trochemica and spectroscopy experiments.

Cyclicvoltammetry

Electrochemica experimentswereperformedina
standard three-electrode cell using a PG39MCSV
potenti ogtat:gal vanostat for measurements (Omnimetra
Instr. Cientificos Ltda, RJ, Brazil), and 0.1 M sodium
phosphate buffer pH 7.45 aselectrolyte solution. An
Ag/AgCl was used as reference electrode, and a Pt
wireasauxiliary electrode. Thework electrode was
constructed by a 70:30 mixture of 20 um graphite
(99.9% purity, Fluka, St. Louis, USA) with Nujol
(Mantecorp, RJ, Brazil). Thepotentid wasscanned from
-300 to + 600mV employing 100 mVs?scan rates.
Each sngleexperiment was performed morethan three
timesand at room temperature.

Spectroscopy studies

Thechangeintheoptical propertiesof the protein
adducts have been studied using first derivative spec-
trophotometry and fluorescence spectroscopy. Theab-
sorption spectrum of the sampl esol utionscontained DA
or DA inthe presence of BSA was measured agai nst
thereference buffer solutionwitha2 nmditwidthusing
10 mm light-path cell. The spectral datawere obtained
withaS22instrument (Biochrom Ltda, &. Albans, UK)
and stored inacomputer. Thefirst derivative absorp-
tion spectrawere obtained with a11-point Savitzky-
Golay derivativefunction (1 nm wavelengthinterval)
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Figure2: ATitration of sulphydryl groupswith DTNB inthe
presenceof CySH (O), BSA (O), BSA complexed with DA
(A), and BSA complexed with NEM (V),in 0.1 M sodium
phosphatebuffer pH 7.45

with thestatistical package Origin 8.0 (OriginLab Co,
Northampton, MA, USA). All datawerecollected in
triplicateand at ambient temperature. Thefluorescence
measurementswere carried outin 0.1 M sodium phos-
phate buffer containing 5 uM DA, BSA or eluted ad-
duct of DA withBSA (BSA-S-Cys-DA) samples, in
10 mm sguarequartz celsusing aVarian Cary Eclipse
(VarianInc, PaloAlto, CA, USA). Emission spectra
were scanned from 250 to 500 nm, and the peak inten-
Sty at 279 nm weredetermined. A blank measurement
recorded prior to protein addition was substracted from
theemission spectraof the mixtures.

RESULTSAND DISCUSSION

Figure 2 presentstheresulted from DTNB titration
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of thiol groups in cysteine (CySH), BSA, BSA
complexed with N-ethylmaeimide (BSA-NEM) and
BSA complexed withdopamine(BSA-S-Cys-DA). The
total thiol groupsfound from thesedatawere 1.2+ 0.2
and 0.7 + 0.2 for CySH and BSA, respectively, re-
vealing the equivalency of the number of sulfhydryl
groupsfor each molecule. Thesmall freethiol content
found for BSA would beduetoitssingleburied Cys-
34 residueinashalow creviceindomain I, ascom-
pared tothe CySH freely availablein solution.

Both complexeswith BSA did not present amea-
surablethiol content, suggesting alossof bindingwhen
thesulfhydryl groups of CySH and BSA were blocked
with DA and N-ethylma eimide, respectively. There-
action between DA quinone, produced from auto-oxi-
dation inthe presence of oxygen, with CySH, resulted
intheformation of 5-S-cysteinyl-DA (Figure 1), In
thissense DA can oxidizestoform reactive quinones
that bind to nucleophilic sulfhydryl groupson protein
cysteinyl residues'?”. Figure 3 presents the
voltammogram for DA (@) and the produced adduct of
DA with Cys (DA-5-S-Cys) (b) obtained at the un-
modified carbon paste el ectrode.

Theanodic peak potential (Epa) for oxidation of
the DA at the electrode surfacewas 159 mV, avalue
closeto 173 mV reported by Shen and Dryhurst?7,

f E T E T E T 2 T E 1
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E /mV vs Ag/AgCl
Figure3: Cyclicvoltammogram of DA (a) DA with CySH in
thepresenceof equimolar concentration of AA (b), and DA-5
S-Cys(c) in 0.1 M sodium phosphatebuffer pH 7.45. Scan
rate: 100mvV/s
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The cathodic peak found for free DA (Figure 3, curve
a) cannot bedepicted from DA interaction with CySH,
suggesting the effectiveness of the oxidation reaction
and cross-linking between CySH and DA.
Wehaveused ascorbicacid (AA) a equimolar con-
centrationwith DA totest aplausibleinhibition of BSA-
S-Cys-DA oxidization reaction. AA isastrong reduc-
ing agent with ability to reduce quinone speciesand
thus prevent nucleophilicreactions®. Ascanbeshown
inFigure 3 (curveb), the cathodic peak arisen for DA
preincubated with equimolar amounts of AA almost
overlapped theoriginal DA profile(Figure3, curvea),
thusindicating theantioxidant ability of ascorbicacidin
preventing theaminochromeformation from DA oxi-
dation®, Furthermore, therewas ashift of Epavalues
tohigher positivepotentialsintheabsenceof AA. This
change can be explained by specificinteractionsbe-
tween the DA and CySH mol ecul es, suggesting ade-
creaseinthekinetic ratetransfer together with ahigher
energy barrier for thedectron transfer onthe DA-5-S-
Cyscomplex®, In short AA prevented the oxidative
pathway of DA cross-linkagewiththe protein.

Purification procedure

After anextensvediadysisfollowinggd filtration,
thesampleswered uted following cyclic voltammetry.
Figure4 shows the elution profile of BSA-S-Cys-DA
and DA only based on optical density data. Fraction 3
showed anincreaseintheabsorption at 279 nm (where
BSA shows maximum absorption) indicating the el u-
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Figure4: Elution profile of BSA-S-Cys-DA (a) and DA (b)in

Sephadex G-25 after dialyzingwith 0.1 M sodium phostate

buffer pH 7.45during24h
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tion of thelabelled BSA (1 mL/fraction). Asacompari-
son free DA wasel uted after thesixth fraction collected
(curveb, Figure 3). Inthissensethefreely available
DA waseffectively separated but the coupled protein
and the uncoupl ed protein could not be distinguished
by opticad density.

Theresultsobtained from el ectrochemica dataof
BSA-S-Cys-DA areshowninFigure5. BSA doesnot
show any significant peaks(Figure5, curvea) but when
tagged with DA it showed anintramolecular electron
transfer taking place between BSA and DA (Figure5,
curvec) at an anodic pesk potential near the Epavaue
foundfor free DA (Figure5, curveb). Moreover the
tagged protein presented higher current valuesas com-
pared to untagged BSA, but smaller than those pre-
sented for free DA (Figure5). Thisfact may bedueto
the steric hindrance for the large protein. ' As ob-
tained for DA-5-S-Cys(Figure 3, curveb), the oxida-
tion processis not accompanied by ameaning reduc-
tion wave, whichindicatesthat theoxidationreactionis
totalyirreversible, inoppostiontothequas-reversible
DA oxidation shownin Figure5 (&) and reported €l se-
where®l, In order to assesstheinfluence of eectron-
transfer kinetics on the voltammetric behavior of the
BSA-S-Cys-DA complex, we have determined the
dectrokinetic parametersfromtherdation of Laviron®2,
Accordingto Laviron’s treatment for an irreversible
electrode process, the standard heterogeneous rate
constant for the electron transfer, k°, and the charge
transfer coefficient, o, can beobtainedinastraightfor-
ward manner fromthe Eq. (1) bel ow®2:

E,=E°+(2303RT/anF) log(RT k% anF) +(2.303 RT / anF)
log v (@]

T T T 1
-0.4 0.0 04 0.8

E /V vs Ag/AgCI
Figure5: Cydicvoltammogram of BSA (a), DA (b) and BSA-
S-Cys-DA (¢)in0.1M sodium phosphatebuffer pH 7.45. Scan
rate: 100mV/s
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wherenisthe number of electrontransferred, visthe
scan rate and E° istheformal redox potential . Other
symbolshavether usua meanings. Thusthevalue of
on can beeadly caculated from thed opeof Epversus
log v, and the value of k° can be determined from the
intercept if thevalue of E°isknown. Thevalueof E°
can be obtained from the intercept of the Ep versusv
curve by extrapolatingtothevertical axisat v=0. With
thistreatment it wasfound k° valuesof 1.5+ 0.3 and
1.2 + 0.5 s for DA and BSA-S-Cys-DA, respec-
tively, suggesting no meaning differencesinthekinetic
transfer rate between thefree DA and the cross-linked
proteinwith DA. Furthermore k°val uesdetermined up
to 12 days after produced BSA-S-Cys-DA did not
showed any mean differences, suggesting agood sta-
bility of immobilized DA.

Spectrofluorimetry of BSA-S-Cys-DA

Dopamineisknownto exhibit afluorimetric spec-
trabetween 300-350 nmiZl. |n this sensewe carried
out spectrofluorimetry runsaiming to study spectros-
copy propertiesfromthe BSA-S-Cys-DA linkage. The
data obtained from 250 to 500 nm emission of 5 uM
samplesareshownin Figure 6 (panel A).

DA showsmaximumemissionat 315nmwhen
excited at 279 nm'®, whereasBSA presenteda/,__ at
342 (emission), mainly dueto the band of tryptophan
fluorescence. After covaently bound to theprotein, the
emissonwave engthsshiftedtothehigher vdueof BSA
but with an enhanced fluorescenceintensity (Figure6A).
Thischangein theemission maximum can beexplained
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Figure6: A —Fluorescenceintensity for DA (a) BSA (b), and
BSA-S-CysDA (c) at 348nmemissionin 0.1 M sodium phos-
phatebuffer pH 7.45. B —first-derivative spectrophotometry
for DA (continuousline) and BSA-S-Cys-DA (dashed ling)
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by to the changein the environment of the oxidized
guinone on binding to the protein when compared to
free DA insolution. Thissuggeststhat the DA molecules
have been effectively bound to the BSA molecules.
Denaturation of BSA-S-Cys-DA induced with6 M urea
during 5 ha so denoted amarked increasein theamount
of fluorescencesignal, higher than the val ue obtained
for denaturated BSA only (datanot shown). Thisresult
avoid theincreasein fluorescence signa obtained as
dueto BSA denaturation induced by the cross-linking
only.

First-derivative spectr oscopy of BSA-S-Cys-DA

The absorption spectraof BSA isknown to pro-
duceno changesinoptical density inthevisiblerange.
Thespectraof dopamine, however can present adightly
optical density due to oxidation reactions and
intraciclyzation of themolecul€®. Inthissensefirst-
derivative spectroscopy providesameansfor present-
ing spectra datain apotentialy moreuseful form than
zero order, untreated data, disclosng minor detail sthat
arenot presented in the primitive spectrad®!. Figure 6B
presentsthe resultsfrom the spectrophotometric data
for DA and BSA-S-Cys-DA. Mean changesinthefirst
derivative spectrumfor thecomplex areshownwith a
negative peak at 370 nm, as compared as the minor
changesin DA sprectrum duetoitsoxidation (432 nm).
Thisresult corroborateswith the electrochemical and
fluorimetric datafound for BSA-S-Cys-DA complex
and reved sanother spectroscopy property for the ad-
duct.

From our resultswe concludethat DA mediated an
intramolecular e ectron transfer in BSA and amplified
thedectrochemica signd for itsdetection. Thesignifi-
cant changesintheir redox aswell asoptica properties
onbindingto BSA can beused for biomolecular detec-
tion, structure-functionrelationship of proteins, andfor
biotechnol ogy purposesinvolving both proteinand pep-
tide studieswith different manners. AsDA mediated
thedectrontransfer on bindingtothe protein molecules
it also can be used for bioelectrocatalysis. Inthisre-
port, we have used BSA as atest protein but other
proteinsand enzymeswith non-metallic redox centers
but exhibiting freethiol groups(e.g., cathepsin B, pro-
tein dissul phideisomerase and a.2-macroglobulin), as
well asnatura or synthetic peptidesexhibiting freethiol
Research & Reotews On

groups, would be used in biosensor applicationswith
greater efficencies(sgnd), and using carbon pastedec-
trodes without any modification. Moreover proteins
without freethiol groupsbut under mild reducing con-
ditionsof their dissul phide bondswould beusedinthe
sameway. Since carbon paste €l ectrodes areinexpen-
sive, very facile to construct and may be adapted to
almost any sensor device (large electrodesto capillar
electrophoresisand e ectrochemicd detection-HPLC),
theprotein-5-Cys-DA cross-linking would open up new
poss bilitiesfor protein @ ectrochemistry, together with
itsdual electrochemical and spectroscopical signals
capability.
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