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Stellingen
Behorende bij het proefschrift

Direct electrochemistry of redox proteins

De standaarddeviatie die volgt uit de middeling van midpoinipotentialen, gemeten met
cyclische voltammetry, is verwaarloosbaar ten opzichte van de onzekerheid in de
waarden indien sprake is van asymmetrische verbreding.

[dit proefschrift]

HiPIPs zijn LowPIPs.
[Hoofdstuk 6 en 7 van dit proefschrift]

In tegenstelling tot de theoretisch met dithioniet haalbare potentiaal, zelfs als de
onzuiverheid wordt meegenomen in de berekening, is titaan(Ill)citraat in de praktijk
een betere reductor.

[G. Mayhew (1978) Eur. J. Biochem 85, 535; AJ.B. Zehnder (1976) Ph.D. Thesis,
Federal Institute of Technology (ETH), Ziirich, Zwitserland; Hoofdstuk 3 en 7 van dit
proefschrift]

De aanwezigheid van 15 low-spin lage-potentiaal heemgroepen in hoog-
moleconlgewicht cytochroom ¢ naast één high-spin hoge-potentiaal heemgroep
suggereert overeenkomsten met het fotosynthese centrum in de chloroplast: de lage
potentiaal heemgroepen zijn het electrochemische equivalent van een antennesysteem.
[IM.E.J.M. Verhagen ez al. (1994) Eur. J. Biochem. 225, 311.]

Pitten is een passief proces.
Als zomerdijk de winterdijk vertrouwt, kan Nederland rustig gaan slapen.

Door het privatiseren van overheidsinstellingen verliest de staat een belangrijke bron
van inkomsten, die niet op het innen van belastingen is gebaseerd.

De invoering van de angelsaksische onderwijsstructuur zonder ook de intensicve
begeleiding door tutors over te nemen, komt de kwaliteit van het academisch
onderwijs niet ten goede-

8



10

11

Opportunisme is verre t¢ verkiezen boven dogmatische politick, maar het aangrijpen
van goede kansen moet niet worden verward met het nemen van ad hoc besluiten bij
gebrek aan visie op de toekomst,

Volgens C. Stoll [Het Koekoeksei} is een goed programma, dat passwords versleutelt,
vergelijfkbaar met een worstmachine waar geen varkens uitkomen als je de slinger
terugdraait. Deze metafoor is echter alleen geldig als elk varken een ander kleur
gehakt oplevert.

Het internet is in sommige opzichten te beschouwen als digitale kaasfondue.

[vgl. W.M. Pruiinboom (1995) proefschrift, Erasmus Universiteit Rotterdam,
stelling 11]

Dirk Heering, Wageningen, 23 oktober 1995,
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What has it got in its pocketsess?
Tell us that. It must tell first!

Answers were to be guessed, not given!

[I.R.R. Tolkien, The Hobbit]




Woord vooraf

De omslag van dit boekje suggereert dat de inhoud het werk is van één persoon, maar
dit is, zonder valse bescheidenheid, natuurlijk niet het geval. Velen hebben direct en indirect
belangrijke bijdragen geleverd aan de inhoud van mijn proefschrift en aan de werksfeer. Deze
opening is dan wel cliché {en er is een risico dat het zelfs regelrechte plagiaat is), maar
daarmee niet minder oprecht.

Allereerst wil ik natuurlijk mijn directe werkomgeving, lab 1/2, bedanken: Beste Fred,
de jaren in "jouw" lab hebben mij een degelijke wetenschappelijke opvoeding gegeven. Jouw
vakkennis, ondersieuning en geduld om voor mij als klankbord op te treden zijn zeer
belangrijk geweest. Ik heb er grote waardering voor dat je constant bereid en (soms tot mijn
verrassing) in staat was om mij practisch en theoretisch bij te staan.

Ronnie (of moet ik tegenwoordig "mijnheer Ron Wolbert” zeggen?), jij bent zo’n
sleutelpersoon waar het lot door wordt gestuurd. Eerst heb je me "geronseld” voor een
afstudeervak in de groep van Riet Hilhorst, waar jij toen zat (ik weet het nog goed, het was
op de borrel van Veegers college "Regulering”). En later, jij zat toen inmiddels bij Fred, heb
je me erop attent gemaakt dat er een interessante OFO-baan beschikbaar was. Het lot kan
soms rare sprongen maken want het bleek dat de groep van Fred toen net was verhuisd naar
lab 1/2, waar Riet eerst zat, En mijn territorium werd precies dezelfde plek als tijdens mijn
afstudeervak. En dat terwijl ik me nog zo voorgenomen had om een AIO-baan buiten
Wageningen te zocken. Natuurlijk bedank ik je ook voor de practische ondersteuning.

Antonio Pierik, jouw enthousiaste hulp heeft mij snel de nukken van ons "huisbeestje”
Desulfovibrio vulgaris geleerd. Sander Arendsen en Marc Verhagen, bedankt voor jullie hulp
en de zeer succesvolle "evaluaties”. Yvonne Bulsink, jouw inzet bij het werk aan de HiPIPs
was onmisbaar.

Niet alleen "mijn eigen” student Leon Coolen maar ook de vele andere studenten die
op lab 1/2 hebben gewerkt verdienen, misschien onverwacht, ook een bedankje. Jullie hebben
allemaal een niet te onderschatten invlced op het eindresultaat gehad. Hetzij direct door jullie
wetenschappelijke werk of door een aangename toevoeging te leveren aan de algemene sfeer
op het lab en de vele discussies over biochemische en andere zaken, Ook al was ik (te) vaak
"die AIO die achter zijn computer zit". Ik heb gemerkt dat het geven van onderwijs en uvitleg
net zo nuattig is voor de student als voor de "leraar”.

Mijn promotor, professor Cees Veeger, dank U voor de belangstelling voor mijn werk
en de opbouwende kritiek (altijd ingeleid met verontschuldiging "advocaat van de duivel” te
spelen). Elles Steensma, het was een gezellige en nuttige samenwerking. Het "itereren” van
het manuscript via E-mail ging verrassend goed. Carlo van Mierlo, bedankt voor je steun aan
dit project, ondanks je zorgen dat het NMR-werk van Elles erdoor zou worden vertraagd.
Zoals ik je beloofd had, het artikeltje is er gekomen. Overige vakgroepsgenoten, de lijst




namen zou te lang worden maar iedereen mag zich aangesproken voelen, ik dank jullie voor
de gezelligheid en de hulp.

I want to thank Dr. Terry Meyer for the supply of the HiPIPs and for the contributions
to the two papers from which Chapters 6 and 7 are derived.

Een bijzondere bijdrage aan dit boekje is geleverd door de "cuultjes”, de Moleculaire
wetenschappers jaargang 1984 plus aanhang. Het is van onschatbare waarde om een klankbord
te hebben van gelijkgestemde zielen. Als we alle "meeltjes” hadden bewaard zou het een
interessant beeld hebben gegeven van de dagelijkse ups en downs van een AlQ/Ol10. De al
dan niet via E-mail bereikbare (ex) H2A-ers hebben een vergelijkbare bijdrage geleverd. De
"FICS clubjes" onder de enthousiaste leiding van professor Hans Lyklema ez al. waren naar
mijn mening de ideale onderwijsvorm voor AIQ’s en al was de stof voor mij, als enige niet-
FYSCO, soms wal moeilijk verteerbaar, ik ben blij dat ik er aan heb deelgenomen.

I am very grateful to Fraser Armstrong for allowing me to spend part of my
postdoctoral time on finishing my thesis, and for the inspiring discussions. Tenslotte, aan een
ieder die zich tekort voelt gedaan, ook U ben ik dank verschuldigd, natuurlijk!
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A

AFMN

ASR

BisTris
BisTrisPropane
¢

c*

C

EPR
EV1
EV2

Symbols and abbreviations

surface area

electrode surface arca covered by adsorbed FMN
assimilatory sulfite reductase
bis[2-hydroxyethyl]iminotris[hydroxymethyllmethane
1,3-bis[tris(hydroxymethyl)methylamino]propane
concentration

bulk-concentration

dimensionless (normalized) concentration
3-[cyclohexylamino]-1-propanesulfonate

circular dichroism

Chromatium gracile HIPIP
2-[N-cyclohexylamino]ethanesuifonate
Chromatium vinosum HiPIP

diffusion coefficient

dimethylsulfoxide

differential pulse voltammetry

potential

semiquinone/hydroquinone redox potential
quinone/semiquinone redox potential

upper limit of potential scan

lower limit of potential scan

midpoint potential

potential of SCE electrode with respect to NHE
standard redox potential

Ectothiorhodospira halophila iso-1 HIPIP
Ectothiorhodospira halophila iso-2 HIPIP
N-[2-hydroxyethyl]piperazine-N’-[3-propanesulfonate]
electron paramagnelic resonance spectroscopy
Ectothiorhodospira vacuolata iso-1 HIPIP
Ectothiorhodospira vacuolata iso-2 HIPIP
Faraday constant (96484.6 C/mol)

flavin adenine dinucleotide

flavodoxin

riboflavin-5’-phosphate (flavin mononucleotide)
concentration gradient or g-factor in EPR
dimensionless concentration gradient

glucose oxidase



Hepes N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonaie]

HiPIP high potential iron-sulfur protein

i current

ima anodic peak current

ine cathodic peak current

I ionic strength

(MK (-log) protonation constant of species i
K comproportionation rate

K disproportionation rate

K, dimensionless comproportionation rale
K, dimensionless disproportionation rate

ki heterogeneous rate constant for oxidation
K, dimensionless heterogeneous rate constant for oxidation
Keom comproportionation constant

ke heterogeneous rate constant for reduction
K; dimensionless heterogeneous rate constant for reduction
£k standard heterogeneous rate constant
KPi potassium phosphate buffer

LOPTLC long optical path length thin layer cell
Mes 2-[N-morpholino]ethanesulfonate

Mops 3-[N-morpholinolpropanesulfonate
morpholin 1-oxa-4-azacyclohexane

n number of electrons

By number of electrons involved in the rate-determining step
NHE normal hydrogen electrode

NMR nuclear magnetic resonance

Ox, 0x, 0, 0 oxidized species

p! iso-electric point

PS Paracoccus species HIPIP

r distance

R molar gas constant (8.31441 J/mol-K)

G correlation coefficient (linear regression)
Red, red, R, r reduced species

RGEL Rhodocycius gelatinosus HiPIP

RGLO Rhodopila globiformis HIPIP

RSAL Rhodospirillum salinarum iso-2 HIPIP
RTEN Rhodocyclus tenuis HiPIP

SCE saturated calomel electrode

SCv staircase cyclic voltammetry

8q. 89, S, s semiquinone species



time or temperature (°C)

absolute temperature

dimensionless time
N-tris[hydroxymethyl]lmethyl-3-aminopropanesulfonate
thin layer cell

normalized time

Thiocapsa pfennigii HiPIP
N-tris[hydroxymethylmethylglycine
Thiocapsa roseopersicina HiPIP

ultra violet light

potential scan rate

visible light

distance (from electrode surface)
dimensionless distance (from the electrode)
normalized distance (from the electrode)
activity coefficient

number of charge unities

cathodic transfer coefficient or sampling parameter in SCV

diffusion layer

potential step

peak-to-peak separation

standard Gibbs free energy change

standard enthalpy change

standard entropy change

standard entropy change of the reaction center
dielectric constant or molar extinction coefficient
relative fraction of oxidized/reduced species
wavelength or dimensionless diffusion parameter
position of absorption maximum

relative coverage of the surface (by adsorbed FMN)
sum of squared differences

current function



Chapter 1

General Introduction.

1.1 Redox proteins

An important part of the metabolism consists of reduction/oxidation reactions. The
proteins involved in these electron transfer reactions are known as redox proteins. These
proteins all contain one or more redox active groups. The diversity of these groups is very
large, ranging from single transition metal ions coordinated by amino acid side chains, or
organic molecules such as flavins, to complexes such as heme, mulii-nuclear metal centers
and clusters of iron, sulfur and sometimes other metal ions (see e.g. [Fratisio da Silva &
Williams, 1993]), This offers a large versatility in the binding of substrate and a wide range
of available redox potentials. Moreover, the redox potential is modulated by the environment
of the cofactor (.e. the peptide), The heterogeneous group of redox proteins includes both the
redox enzymes and the proteins that only shuttle electrons between different parts of the
metabolism. The enzymes are often large and complex, containing multiple redox centers,
while the electron transfer proteins are usually small and have much simpler structures.
However, the redox centers present in these electron transferring proteins are also found in
enzymes. This makes them ideally suited as model systems for the enzymes, especially to
study the influence of the peptide on the redox potential of the cofactor and to study the
electron transfer between different proteins and between proteins and electrodes or small
reductants/oxidants.

In the context of this thesis the flavins and the iron-sulfur clusters are most important.
Flavins are found as cofactor in the electron transferring flavodoxins in the form of riboflavin-
5"-phosphate ("flavin mononucleotide”, FMN), in enzymes such as glucose oxidase and
xanthine oxidase in the form of flavin adenine dinucleotide (FAD), or as covalently bound
FAD in e.g. succinate dehydrogenase. FMN and FAD consist of a 7.8-dimethylisoalloxazine
ringsystem {("flavin"), substituted at N(10) with either a ribity]l phosphate or a ribityl adenine
diphosphate side chain (Figure 1.1). The isoalloxazine ringsystem exists in three redox states:
the folly oxidized quinone state, the one-electron reduced semiquinone state, and the two-
electron reduced hydroquinone state. In each of the redox states the ring system can be
anionic, neutral or cationic, depending on the pH (Figure 1.2). For free flavin {not bound 1o
protein) and also in a number of flavin-enzymes (especially the hydroxylases) the redox
potential of the first reduction step (catled E, according to the convention of Clark [1960])
is higher (less negative) than that of the second step (E,). This results in a net uptake of two
electrons and a redox potential equal to the average of E; and E,. The maximum relative
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ribotiovin [vitamin B}
ribafiavin - 5' - monoghosphate (FMN)

favin - agenine - dinucleotide [FAD)

Figure 1.1. Structures of flavin cofactors (modified from [Miiller, 1981]).
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@ NH '—— N NH
H’ ~H H

a
Figure 1.2, The structures of the flavin in its three oxidation states (modified from [Miiller, 1987]).

amount of flavosemiquinone is determined by the potential difference. However, in
flavodoxins and in some flavin-enzymes (dehydrogenases) the semiguinone species is
stabilized. This results in a higher guinone/semiquinone potential and a lowering of the
semiquinone/hydroquinone potential, and allows for the consecutive transfer of two single
electrons [Miiiler, 1987}.

Tron-sulfur proteins contain clusters of iron and acid-labile sulfide ions. The clusters

-2-



< £x H H

[1Fe] [2Fe-285] [3Fe-4S] [4Fe-4S]

Figure 1.3. Examples of iron (sulfur) centers found in redox proteins [Armstrong, 1990].

Table 1.1. The different redox states of the [4Fe-48] cluster.

Redox state Formal Fe charges: EPR-spectrum
[4Fe-4S]° 24 2+ 2+ 24 no
[4Fe-48]'* 24 2+ 2+ 3+ yes
[4Fe-4S)%* 2+ 2+ 3+ 3+ no
[4Fe-4S]°* 2+ 3+ 3+ 3+ yes
[4Fe-4S]** I+ 3+ 3+ 3+ no

are often bound 1o the protein by cysteine residues coordinating to the iron ions (although not
exclusively, e.g. the Rieske-type [2Fe-2S] cluster is coordinated by 2 cysteines and 2
histidines [Link et al., 1992 and references cited therein]). Some examples are given in Figure
1.3. The most ubiquitous iren-sulfur cluster in biology is the [4Fe-43] cluster, a distorted cube
with altemnating iron and sulfur ions at the corners. The cluster is usually bound to the protein
by 4 cysteinyl residues, coordinated to the iron-ions [Cammack, 1992; Lippard & Berg, 1994],
The formal charge of the iron ions can be 2+ or 3+, yielding the theoretical possibility of 5
redox states (see Table 1.1). However, the potential differences between the potentials of the
consecutive reduction steps are in the order of 1 Volt, making this cluster in practice a one-
electron transferring center. In biology, either the 1+/2+ transition (e.g. in ferredoxins) or the
3+/2+ (in high potential iron-sulfur proteins, HiPIPs) is utilized [Carter et al., 1972].

1.2 Reduction potentials

As stipulated above, one of the important properties of redox-centers is their reduction
potential, For the reversible reduction of species Ox by n electrons



Ox + ne” = Red (L.1)

the relation between the concentrations Ox and Red and the potential of the solution E is
given by the Nernst-equation

E=E . Eln[ﬂ] (12)
nF | [Red]
or
ox1 1
= 13
[Ox] + [Red] expl-LF(E - E°)J (13)
RT

where the Faraday constant F is the charge per mol electrons, R is the gas constant and T the
absolute temperature. The potential E® at which [Red]=[0x], usually referred to as the hali-
wave potential, the (standard) reduction potentials or redox potcntial is a direct measure of
the Gibbs free energy for the reduction reaction:

AG® = -nFE° (1.4)

This means that the reduction of a substance by another substance is favoured by a low (more
negative) reduction potential and high concentration of the reduced form of the electron-donor
{reductor). The enthalpy and entropy of the reduciion reaction can be determined by
measuring the temperature dependence of the reduction potential.

Because of this direct relation between the potential and the energy difference between
the oxidized and the reduced state, the presence of charges around the redox center, hydrogen
bonding and polarity of the surrounding peptide/water medium can have a large influence on
the redox potential. In water at pH 7 the range of applicable redox potentials under
equilibrium conditions is limited by the potential of the H,0/0, redox couple of +1.83 V and
by that of the H,/H* couple of —0.42 V. However, redox potentials that are well outside this
range at pH 7 are also encountered in proteins. These potentials can be physiologically
relevant only under non-equilibrium conditions (i.e. during turn-over of the enzyme) or when
the redox-center is protected from the surrounding water by the peptide.

The large difference between ferredoxins and HiPIPs, both containing the same cluster
but using a different transition, is a clear example of the influence of the peptide on the
properties of the redox-center. The redox potentials of the cluster in ferredoxins are shifted
to higher values by a large number of hydrogen bonds and a polar binding-pocket, while the
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redox potentials of the HiPIP cluster are shifted to relatively lower potentials due to a lower
number of hydrogen bonds and a hydrophobic binding-pocket. Moreover, within each of the
two classes the redox potentials of the cluster varies over a wide range. For ferredoxins
potentials between —250 and -650 mV are found, and for HiPIPs potentials between +30 and
+500 mV are found (see Chapters 6 and 7, and [Armstrong, 1992} and references cited
therein). The different properties of free and protein-bound flavin also shows that the redox
properties of a cofactor can be modified considerably by the protein.

When a protonation site is present on or near the redox-active group in the protein the
reduction potentials become dependent on the pH because the relative energy difference
between the oxidized and the reduced state is influenced by the positive charge of the proton
or the negative charge of the deprotonated acid. In turn, the protonation constant of the group
is modified by the charge of the electron(s), resulting in a lower pK for the oxidized form and
a higher pX for the reduced form (when the group is present in both oxidation states). For one
protonation site the pH-dependence of the reduction potential is given by

L R7 T Ky (L.5)
nF | HY] + K,

E° = E*

where E? is the constant potential at low pH. In general the potential is given by

k

i
1] &]k + E [[H +]k—1l'[ Kred,j]
j=1

- g2, KT i=1

nkF | I o
7+ 33 1T Koy
j=

i=1

(1.6)

when k protonation sites are present in the reduced form and { in the oxidized form [Clark,
1960]. The slope of the reduction potential versus pH becomes 59/n mV (25°C) more negative
(or less positive) at pH=pK,,, ; and more positive (or less negative) at pH=pK_, ;. When the
difference between two successive pK's is large enough the slope becomes (#,-m;) 59/n mV

for the overall half reaction

Ox + mH" + ne” = Red + myH* (1.7)



at pK; < pH < pK; and 25°C. The formulas for the pH-dependence of the redox potentials
given in this thesis follow from general equation (1.6) when the pK’s outside the measured
range are assumed to be infinitely high or low.

1.3  Electrochemistry

Electrochemical methods are useful tools to study the properties of redox species,
traditionally metal ions, complexes and organic compounds. A wide range of techniques has
been developed to obtain information about redox potentials, the kinetics of the electron
transfer process and about chemical reactions, coupled to the electron transfer reaction (see
the textbooks [Bard & Faulkner, 1980] and [Southampton Electrochemistry Group, 1985]).
Often the current is measured resulting from a time-dependent perturbation of the applied
potential (so called voltammetric techniques). With a three-electrode setup the potential of a
working electrode is controlled by a potentiostat relative to a reference electrode such as a
calomel (Hg/Hg,Cl,) electrode or an Ag/AgCl electrode. The current passes between the
working electrode and an auxiliary (or counter) electrode. This way essentially no current
passes through the reference electrode and with proper cell design the resistance of the
solution has little or no effect on the potential of the working electrode.

A widely used and theoretically well understood voltammetric technique [Nicholson
& Shain, 1964; Nicholson 1965] is cyclic voltammetry. The potential of the working electrode
is swept linearly between two limiting potentials. When the electron transfer between the
electrode and the redox couple is fast compared to the rate at which the potential is changing,
the system is in equilibrium and the concentrations of the oxidized and reduced species near
the electrode follow from the Nernst-equation (1.2). This implies that a change of the
potential will cause a change in the ratio of the concentrations. When the potential is swept
t0 a more negative potential (i.e. in cathodic direction) the oxidized species will be reduced
and a negative current will be observed. When the potential is swept in positive (anodic)
direction the reduced species is (re)oxidized and a positive current will be observed. When
a limiting amount of the redox couple is present, either as an adsorbed layer on the electrode
surface or when only a very thin layer of solution is present, a peak-shaped curve of current
as function of the potential is obtained {(Figure 1.4). The peak is centered around the redox
potential of the couple and has a width at half-height of 91/r mV at 25°C. The height of the
peak is proportional to the scan rate because the absolute amount of charge passed is limited
by the amount of material present. When the layer of solation is thick (i.e. more than a few
tenths of a millimeter), the current will be limited by the mass transfer rate. This diffusion
will appear in the voltammogram as a convolution of the peak-shape with the 1At dependence
of the mass transfer and results in the characteristic shape plotted in Figure 1.4. The
maximum current is proportional to the square root of the scan rate and the peak-to-peak
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Figure 1.4. Theoretical shapes (with arbitrary background) of cyclic voltammograms for a one-electron
transferring redox couple. Lefi: adsorbed onto the electrede or confined in a thin layer. Right: diffusing
to a planar electrode.

separation is 59/n mV at 25°C. The midpoint potential of the couple can be calculated from
the average of the two peak potentials. When the rate of electron wansfer becomes rate
limiting, the system is no longer in equilibrium. This will appear as a scan rate dependent
broadening of the waves and increase of the peak-separation.

Using a digitally controlled potentiostat, the linear time-dependence of the potential
in cyclic voltammetry is replaced by a series of small steps. The resulting staircase cyclic
voltammetry (SCV} yields in essence the same wave-shape but is also somewhat influenced
by the step-size and the moment within the step at which the current is sampled (see
[Scralathan ez al., 1987} and references cited therein). The digital control of the potential can
also be used to modify the staircase sweep with potential pulses. In differential pulse
voltammetry (DPV) for example, a pulse is applied at the end of each potential step and the
difference between the current at the end of the pulse and just before the pulse is recorded.
This enhances the sensitivity and results in a symmetrical peak-shaped voltammogram even
when the current is diffusion-controlled. DPV is therefore a useful tool in standard analytical
applications but the theory for kinetic convolution and coupled reactions is not as thoroughly
understood as for cyclic voltammetry.



1.4 Bio-electrochemistry

Electrochemistry is nowadays becoming an important technique to study the properties
of redox proteins. However, the first reports of reversible direct electron transfer between
redox proteins and electrodes date back only to the late seventies. In many electrochemical
studies on metals, metal complexes and organic compounds a mercury electrode was - and
still is - used, mainly because of the ability to have a clean and reproducible electrode
surface. Most of the early attempts of electrochemistry on redox proteins were therefore done
with mercury electrodes. However, it soon became clear that bare metal surfaces and
especially mercury cause rapid denaturation of the proteins under stndy. This severely
hampered the development of protein electrochemistry {see [Hiil, 1987] and the review of
Armstrong [1990] and references cited therein). The break-through came with the discovery
of Eddowes and Hill [1977] that at solid clectrodes this denaturation could be prevented and
the electron transfer enhanced by special additives. They obtained stable and reversible
electron transfer between a gold electrode and horse heart cytochrome ¢ when the protein was
protected from the metal surface by adding 4,4’ -dipyridyl. At the same time, Yeh and Kuwana
reported on the reversible electrochemistry of ¢ytochrome ¢ on a tin oxide electrode.

In the following years a systematic search was done for suvitable electrode maierials
and additives. A number of bifunctional organic compounds were found to stabilize the
electrochemical response of cytochrome ¢ at a gold electrode [Allen et ai., 1984; Frew & Hill,
1988]. Because these compounds enhance the electron transfer but do not take part in the
redox reaction itself, the term "promoter” was introduced. Hill and coworkers explained the
action of these "XY" promoters by a combination of a group X having a high affinity for the
gold surface (e.g. thiols or phosphines) and an anionic or weakly basic group Y interacting
with the protein. Unpromoted electrochemistry of cytochrome ¢ was found to be possible at
carbon surfaces. Hill and coworkers [Armstrong et al., 1987] found that a high oxide density
on the electrode enhanced the response. Especially the polished edge-plane graphite electrode
surface has a large number of negatively charged C-O functionalities, giving favourable
electrostatic interactions with the positively charged protein. Hagen [1989] showed that direct,
unpromoted electrochemistry of several proteins is possible at a bare glassy carbon electrode.
Pretreatment of this electrode by immersion in concentrated nitric acid creates a surface with
a large number of quinones, alcohols, ketones and carboxylates. Positively charged
cytochromes gave an immediate and reversible diffusion-controlled response at this
functionalized electrode. However, the negatively charged proteins (rubredoxin and ferredoxin
from M. elsdenii) slowly adsorbed onto the electrode and required several hours of scanning
to optimize the response. Armstrong, Hill and coworkers found that the electrochemical
response of negatively charged redox proteins like flavodoxins or [4Fe-48] ferredoxins at the
edge-plane pyrolytic graphite electrode is enhanced by multivalent cations. Metal ions,
complexes like chromium hexamine, positively charged molecules like the aminoglycoside

-8-




neomycin, poly-L-lysin or spermine were found to be effective promoters. It is belicved that
these compounds suppress the Coulombic repulsion. However, further experiments showed
that not all combinations of promoter and protein are successful. This indicates that other
interactions also play an important role [Armstrong e al., 1987, 1988a; Datta et al., 1992].
In the classical three electrode setup and with semi-infinite diffusion a bulk solution
of about 1 ml and a protein concentration of 100 uM is required. However, the supply of
proteins is often limiting. Thus, for protein electrochemistry to become practical, the amount
of material required needed to be minimized. Hagen [1989] designed an electrochemical cell
for microscale electrochemistry of redox proteins with a dismountable inverted disk electrode
{Figure 1.5). In this setup the volume of the droplet can be reduced to less than 20 pl with
full retention of semi-infinite diffusion down to a scan rate of 1 mV/s. A different approach
is 0 accumulate the protein on the surface of the electrode. This strategy is followed by
Armstrong, taking advantage of the observation that a number of proteins often adsorb
spontaneously at edge-plane pyrolytic graphite in the presence of suitable coadsorbates like
neomycin or polvmyxin JArmstrong ef al.. 1993],
porous pin
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Figure 1.5. Electrochemical cell designed by Hagen [1989] for clectrochemistry with small sample
volumes.



1.5 Spectroscopy

Electrochemical measurements can give both equilibrium redox potentials and detailed
information about the kinetics of the redox reactions because of the ability to adjust the time
scale of the experiment over a wide range. However, electrochemical methods differ
fundamentally from spectroscopic methods because, by nature, electrochemistry always
involves heterogeneous electron transfer reactions. The interaction of the protein with the
electrode surface and with the promoter might alter its properties. The electrode surface can
induce changes in the conformation of the protein, and charged groups at the electrode surface
and the charged promoter might influence the redox potential of the cofactor. Voltammetric
measurements yield a net current as a function of the potential. When one reversible response
is observed the interpretation is usvally uncomplicated and the midpoint potential is usually
equal to the redox potential of the couple in solution. However, the interpretation of the
electrochemical response can become difficult when adsorption of protein or the cofactors
onto the electrode occurs or when the electron transfer is coupled to homogeneous reactions
(i.e. preceding or following reactions in solution). It is therefore important to confirm the
observed redox potentials and the mechanisms of the coupled reactions deduced from the
measured current by spectroscopy.

Redox potentials can be measured by equilibrium redox titrations. A solution of
oxidized or reduced sample is titrated by adding small volumes of a reductant or oxidant
solution. The potential of the solution is usually measured by a platinum wire with respect
to a reference electrode. Alternatively, the electrodes can be used to control the potential of
the solution by connecting them to a potentiostat (potentiometric titration). Usually the protein
solution also contains a series of "mediators”. These small organic molecules {often called
redox dyes) are necessary to stabilize the potential of the solution {analogous to buffers in
proton-titrations), to establish equilibrium between the solution and the electrode, and to
mediate the electron transfer between the reductant or oxidant and the protein (or between the
protein and the electrode in the potentiometric titration) [Dutton, 1978]. A characteristic
spectral difference between the oxidized and the reduced species can be used to measure their
concentrations. A plot of the relative concentration of either the oxidized or the reduced form
against the equilibrium potential of the sclution results in a Nernst-curve (see e.g. Figure 1.6).
The redox potential and number of transferred electrons can be determined by a fit of the
measured data 0 equation (1.3).

A useful spectroscopic technique to monitor the oxidation state of the cofactor in
redox proteins is Electron Paramagnetic Resonance (EPR) spectroscopy. This technique
measures the interaction between paramagnets and an applied magnetic field. In the classical
description an electron in vacuo spins around its axis and this moving electric field causes a
magnetic moment. In an external magnetic field this paramagnet can align parallel or anti-
parallel to the applied field. The energy difference between these states is proportional to the
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field strength and electromagnetic radiation can excite the electron from the low to the high
energy level. For electrons in molecules the energy difference is influenced by the chemical
environment and by the symmetry of the system. This makes EPR spectroscopy a powerful
technique to study redox centers such as paramagnetic iron-sulfur clusters, heme-iron and
organic radicals like flavin semiquinones. The spectra of these cofactors arc often very
characteristic and depend strongly on the oxidation state {for a detailed review of EPR on
metalloproteins, see [Hagen, 1992]). For example, the 3+ and the 1+ states of the [4Fc-45]
cluster are paramagnetic while the 2+ state is diamagnetic. Thus, EPR-spectra can be observed
for reduced ferredoxins and for oxidized HiPIPs. In flavodoxins only the semiquinone state
is observed with EPR spectroscopy. An EPR-monitored redox titration can be performed by
transferring samples of the solution to EPR-tubes and freezing these in liquid nitrogen
[Dutton, 1578; Pierik & Hagen, 1991].

Many redox proteins absorb light in the visible range and have UV/VIS spectra that
depend on the oxidation state of the cofactor(s). For example, the flavoquinone in flavodoxin
has a yellow colour, the semiquinone has a blue colour and the fully reduced form is
colourless. This makes it possible to perform an optically monitored redox titration. However,
the use of mediators is restricted because these compounds are usually strongly coloured. An
alternative method is the spectrophotometric xanthine/xanthine oxidase titration described by
Massey [1990). The low potential of the xanthine/ureate couple (=350 mV at pH 7} is used
together with the ability of xanthine oxidase to transfer the electrons to viologens. A solution
of the sample, xanthine, methyl- or benzylviologen and a second redox dye with a potential
within 30 mV of the unknown is prepared in a closed anaerobic cuvette. The reduction is
started by the addition of xanthine oxidase and spectra are recorded over a period of I to 2
hours. The amount of xanthine oxidase must be low to ensure quasi-equilibrivm conditions.
The potential of the solution is calculated from the spectrum of the redox dye. The main
disadvantage of this method is the need for a redox dye with a spectrum that does not
interfere with the spectrum of the sample and with a potential ¢lose to unknown. This also
implies that this "unknown" potential must be estimated.

Redox titrations usnally require the presence of mediators to ensure equilibrium
between the redox species or between the electrode and the solution. However, a general
problem is that many of these redox dyes bind to proteins [Surerus er al., 1994]. This
interaction might alter the redox properties of the proiein. Disadvantage of EPR-monitored
titrations are the need to measure frozen samples and the relatively large amount of protein
required. The requirement of equilibrium conditions implies that the potential range is limited
by the redox potentials of oxygen and hydrogen. In principle this also applies to voltammetric
experiments, but often the reduction and oxidation of water at the electrode surface is very
slow and require large overpotentials. For example, carbon electrodes have a high
overpotential for the evolution of hydrogen and can be used down to at least —1 Volt
[Armstrong et al., 1988b]).
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Spectroscopic and electrochemical methods both have their eminent advantages and
specific problems when applied to study the redox properties of proteins. In many aspects the
two fields are complementary to one another and the examples of techniques given above
state the usefulness of independent elecirochemical and spectroscopic investigations. It is
however also possible to integrate voltammetry and spectroscopy in a single
spectroelectrochemical experiment. Simultaneous measurement of spectroscopic properties and
current as a function of the applied potential promises to offer hoth the kinetic resclution and
control of the redox states by electrochemistry and the molecular specificity and ability to
probe the properties of the redox centers by spectroscopy. There are examples in the literature
of direct, unmediated spectroelectrochemistry on redox proteins using optically tranparant
electrodes like tin oxide, gold mesh or platinum mesh (e.g. [Durliat & Comtat, 1982, 1984;
Bowden et al.,, 1982]). However, carbon electrodes have not been applied in unmediated
protein spectroelectrochemistry (see Chapter 5).

1.6 Aim and outline of this thesis

Direct electron transfer between redox enzymes and solid electrodes can be used to
determine redox potentials and to obtain information about the electron transfer kinetics.
Moreover, it promises to be a valuable tool to elucidate the interaction between the redox
centers within the protein and to measure the catalytic properties of the enzyme (see e.g.
[Sucheta et al., 1992,1993]). Practical applications are the construction of biosensors and the
bio-electrosynthesis of valuable chemicals. For these applications direct communication
between the protein and the electrode is not a prerequisite. However, although small organic
mediators or conducting polymers can be used to "wire” the enzyme to the elecirode
[Elmgren, 1993; Bartlett & Cooper, 1993; Heller, 1992, Wring & Hart, 1992], the use of these
mediators can cause toxicity and bio-compatibility problems for in vivo measurements with
biosensors or for the recovery of the products of bio-electrosynthesis. Since many small
electron transferring proteins are capable of direct electron transfer at solid electrodes, these
proteins might be used as biological mediators. For example, cytochromes can be used to
shuttle electrons between the electrode and hydrogenase [Verhagen et al., 1994]. From the
electrochemical studies on small electron transferring proteins some understanding has been
obtained about the relation between the properties of the protein, the electrode surfaces, and
promoters. However, there is still a great deal of “trial-and-error” involved for each new
system under study to give a stable and reversible electrochemical response. In particular the
direct unmediated electrochemistry of enzymes is not straightforward. This was shown by
¢lectrochemical studies in our laboratory on lipoamide dehydrogenase, cytochrome P-450 and
superoxide dismutase [Verhagen, 1995].
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Figure 1.6. EPR-monitored redox titration with sodium dithionite of a solution of 46 M Assimilatory
Sulfite Reductase from D, vulgaris (H) and a series of 13 mediators (32 pM each) in 50 mM Hepes
buffer, pH 7.5 and 50 mM NaCl. The EPR-spectra were recorded on a Bruker 200D EPR spectrometer
at a microwave frequency of 9.32 GHz, microwave power of 100 pW, modulation frequency of 100
kHz, modualtion amplitude of 3.2 mT, and at a temperature of 22 K. The relative intensity of the
combined g=2.43/g=2.30 signal is comected for dilution. The potentials were measured using a
platinum elecirode with respect to a saturated calomel clectrode and recalculated to the standard
hydrogen electrode (Eq-p=246 mV at 22°C),

One of the problems might be that redox enzymes are larger than most electron
transferring proteins. Direct electron transfer between the electrode and the active site can be
inhibited by an insulating peptide matrix. Therefore, in view of its low molecular mass (23.5
kDa) the small assimilatory sulfite reductase (ASR) from the sulfite reducing bacterium
Desulfovibrio vufgaris (Hildenborough) promised to be more readily accessible by
electrochemistry. This enzyme catalyses the six-electron reduction of 8032‘ to $% and
contains an iron-sulfur cluster and a low-spin siroheme with EPR lines at g=2.43, £=2.36, and
g=1.77. Ironfsulfur analysis, EPR and Mdssbauer spectroscopy, and 3¢ exchange suggest
that the siroheme iron is coupled to a [4Fe-45] cluster by a bridging S [Tan & Cowan,
1991; Huyn et al, 1984; Janick et al, 1983]. An EPR-monitored redox titration with
dithionite in the presence of mediators showed that over the whole potential range from +300
to —410 mV no EPR-spectrum was visible for the iron-sulfur cluster, suggesting that the {4Fe-
48] cluster is in the 2+ state with potentials above +350 mV and below —450 mV. Contrarily,
the siroheme iron could be reduced reversibly (slow reoxidation with air was possible). The
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data points follow a one-electron curve with a midpoint potential of —292 mV at pH 7.5
(Figure 1.6). This potential is similar to the siroheme potential in dissimilatory sulfite
reductase from the same bacterium determnined by EPR-titration [Pierik & Hagen, 1991].

Direct, unpromoted electrochemistry of ASR did not give any response. This was
expected because the negative charge of the protein (p/=5.1) and of the glassy carbon
electrode predict that a positively charged promoter is required to obtain an electrochemical
response. A wide range of "hard” to "soft” positively charged promoters were tried (from
magnesium, calcium and rare earth metal ions, to spermine, aminoglycosides like neomyein,
and poly-L-lysine) as well as different electrode pretreatments or the addition of the positively
charged surfactant dodecyltrimetylammonium bromide. The effect of sulfide and/or sulfiet
ions as substrate was also tested. However, non of these combinations resulted in any
response. This indicates that the predictive value of the "XY"-hypothesis and of the supposed
shielding of Coulombic repulsion is not universal. Recently however, Lui and Cowan [1994]
published the square wave voltammelry of the sulfite reductases from D. vulgaris (H) at an
edge-plane pyrolytic graphite electrode, promoted by Cr(NH3)63+. The reported ASR
potentials at pH 7.5 of =21 mV, assigned to the siroheme and ~303 mV, assigned to the Fe/S
cluster differ significantly from our EPR-titration. Square wave volltammetry is a fast-
perturbation technique, and the authors vsed a perturbation of 50 mV at a frequency of 140
Hz. Therefore, it remains to be seen if the square wave potentials reflect the equilibrium
values in solution.

It was concluded from the ASR experiments that our understanding of the interactions
between proteins and electrodes was not detailed enough to be applied to enzymes. The goal
of the project was therefore to obtain more detailed insight in interactions between redox
proteins and solid electrodes and the mechanisms of electron transfer. In addition to this, the
influence of the protein environment on the redox properties of the active site and the possible
influence of the electrode/promoter system on these properties are considered. Electron
transferring proteins are used as model systems for redox enzymes. The FMN containing
flavodoxins are used as model systems for flavin enzymes such as glucose oxidase. A series
of high potential iron-sulfur proteins (HiPIPs) can be regarded as models for proteins
containing [4Fe-45] clusters. The HiPIPs are also of interest because of the high oxidation
state of the cluster; the sequences are known and also the three-dimensional structures of
some HiPIPs are known.

The electrochemistry of flavodoxins is reported in Chapters 2 and 3. In Chapter 2 the
electron transfer between Desulfovibrio vulgaris (Hildenborough) flavodoxin and the glassy
carbon electrode is studied. A mechanism for the processes at the electrode and in bulk
solution is presented. In Chapter 3 the redox properties of wild-type and mutant flavodoxin
Il from Azotobacter vinelandii are compared both by electrochemistry and by EPR
spectroscopy. These studies suggest that electron transfer to the FMN cofactor is severely
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hampered when these flavins are buried inside wild-type dimers. The electrochemically
measured midpoint potentials are the same as the reduction potentials measured by titration
in bulk solution. The theory and application of spectroelectrochemistry on redox proteins is
reported in Chapters 4 and 5. In Chapter 4 the theory of a long optical path length thin layer
electrochemical cell (LOPTLC) is described. In Chapter 5 the usefulness of a glassy carbon
LOPTLC is tested for the study of redox proteins. The proposed mechanism for flavodoxin
electron transfer is verified by spectroclectrochemistry. In Chapter 6 and 7 the redox
properties and electrochemical response of seven HiPIPs with different overall charges are
studied. The electrochemical response of the HiPIPs depends on the charge and the addition
of promoters and stabilizers. A correlation between protein charge, the optical spectra and the
redox potentials is demonstrated. In Chapter 7 the chemical and electrochemical super-
reduction of HiPIPs {i.e. the further reduction to the [4Fe-45] I+ state) is reported.
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Chapter 2

Complex electrochemistry of flavodoxin at carbon-based electrodes
results from a combination of direct electron transfer, flavin-mediated
electron transfer, and comproportionation

2.1 Introduction

Flavodoxins are small electron transfer proteins that contain one molecule of flavin
mononugcleotide (FMN) as prosthetic group. Bound to the protein, the cofactor can be reduced
by two separate one-electron steps, of which the second low-potential reduction is the
physiological important one [Simondsen & Tollin, 1980]. The redox potential of the first
reduction (called E, according the convention of Clark [1960]) of the oxidized quinone to the
one electron reduced semiquinone is generally found around —150 mV at pH 7, and exhibits
a pH dependence of —59 mV/pH with no pX [Sykes & Rogers, 1982; Sykes & Rogers, 1984;
Entsch & Smillie, 1972; Paulsen ez al., 1990; Pueyo et al., 1991; Mayhew, 1971; Deistung
& Thorneley, 1986; Mayhew et al., 1969). This is indicative for a protonation upon reduction
[Clark, 1960]. The one electron reduced protein has a blue colour. This is characteristic for
the neutral form of the semiquinone FMN [Miiller, 1981]. The second reduction to the fully
reduced hydroquinone has a pH-independent potential (E,) of around —400 mV at high pII
and a slope of —5% mV/pH at low pH. The observed redox-linked pX for the protonation of
the reduced protein generally is below 7 [Sykes & Rogers, 1982; Sykes & Rogers, 1984;
Eatsch & Smillie, 1972; Paulsen et al., 1990; Pueyo et al., 1991; Mayhew, 1971; Deistung
& Thomeley, 1986; Mayhew et al., 1969].

Flavodoxins are found in many bacteria and in red and green algae, but not in plants
or animals. All flavodoxins are strongly anionic and can be divided into two groups according
to their melecular masses which are either between 14 and 17 kDa or between 20 and 23
kDa. Some flavodoxins are constitutive while others are induced by low iron concentrations
1o replace ferredoxin as electron carrier . The amino acid compositions and primary structures
of many flavodoxins are known and of some also the three-dimensional structures are known
for the different oxidation states [Simondsen & Tollin, 1980; Mayhew & Tollin, 1992;
Mayhew & Ludwig, 1975].

The flavodoxin from Desulfovibrie vulgaris (Hildenborough) contains 148 amino acids
and has a molecular mass of 15.7 kDa. It is localized in the cytoplasm [Curley & Voordouw,
1988] and is the proposed electron donor for the sulphite reduction [Hatchikian et al., 1972;
Drake & Agaki, 1977; Moura et al., 1980]. The gene has been ctoned and sequenced [Curley
& Voordouw, 1988; Krey er al., 1988] and the structure of the three redox states have been
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determined with X-ray diffraction [Watenpaugh er gl., 1972; Watenpaugh et al., 1973; Wall
etal., 1991]. The redox properties and chemical characteristics of the native protein have been
determined by Dubourdieu et al. [1975]. By direct potentiometric titration (no mediators) with
dithionite of the oxidized/semiquinone couple they found an E, of —102 mV at pH 7 and
25°C with a slope of —-59 mV/pH. By measuring the equilibrium concentrations of
semiquinone and fully reduced flavodoxin spectrophotometrically in the presence of
hydrogenase and H, an E; of —431 mV was found at pH 7.0. An ionization constant of 6.6
for the fully reduced flavodoxin was determined spectrophotometrically in the presence of
excess dithionite. The redox properties of the recombinant flavodoxin have been determined
by Curley et al. [1991]. By measuring the concentrations of flavodoxin semiquinone and of
the oxidized form of a reference dye spectrophotometrically after photoreduction and by
potentiometric titration using electrolytic reduction in the presence of redox mediators the E,
was determined to be —143 mV at pH 7 with a slope of —59 mV/pH. The E; was determined
by measuring the concentration semiquinone during reduction with Hy/hydrogenase and also
by potentiometric titration using electrolytic reduction in the presence of redox mediators. An
E; of —440 mV at pH 7 was found with a pK of 6.8.

Direct electrochemistry of redox proteins at solid electrodes has become feasible over
the last two decennia [Eddowes & Hill, 1977; Osteryoung, 1988; Hagen, 198%; Guo et al.,
1989; Armstrong, 1990; Armstrong er al., 1993; Hill & Hunt, 1993]. Many low molecular
mass proteins such as azurines, cytochromes, ferredoxins and flavodoxins give well-defined
and reversible electron transter without mediators. Most of these proleins in vivo act as
electron donor or acceptor for redox enzymes. Direct electrochemistry on larger redox
enzymes often gives voltammograms that are not easily explained. Most of these proteins
exhibit very slow electron transfer or do not react at all. The smaller electron carrier proteins
may serve as models for these larger proteins or may be used as biochemical mediators. This
coupled electron transfer can be used to study electron transfer chains or can be applied to
construct biosensors without synthetic mediators or as an alternative for the polymer or
immobilized mediators used in bioelectrosynthesis. Because flavodoxin is proposed electron
donor for the sulphite reductases in D.vulgaris it may be applied as mediator to construct a
sulphite biosensor. It can also be considered a mode! for the flavin enzyme glucose oxidase
(GOD), the most frequently used enzyme in studies on biosensors.

Direct electrochemistry of flavodoxins has been reported by several groups. Van Dijk
et al. [1982] reported on differential and normal pulse polarography of Megasphaera elsdenii
flavodoxin adsorbed onto the mercury electrode. In the presence of poly-L-lysine at pH 7.4
both the quinone/semiquinone and the semiquinone/hydroquinone couples were found at —114
and -392 mV, respectively. At the pyrolytic graphite electrode, Armstrong and coworkers
[1984] only found the semiquinone/hydroquinone couple of M. elsdenii flavodoxin, With
square wave vollammetry and in the presence of MgCl, or Cr(NH»_,,)63+ a potential of —318
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mV was found at pH 5.0. Bianco et al. [1988] studied the flavodoxin from Desulfovibrio
vulgaris (sirain Hildenborough) at the pyrolytic graphite clectrode with differential pulse
voltammetry and cyclic voltammetry. After addition of 15 uM poly-L-lysine the
semiquinone/hydroquinone couple was observed. The midpoint potential (—430 mV at pH 7.6)
was essentially independent of pH in the range 6-7.6. Hill and coworkers [Baiker et al., 1988;
Bagby er al., 1991] investigated the flavodoxins isolated from Azotobacter choococcum using
cyclic voltammetry at a polished edge-plane graphite electrode in the presence of the cationic
aminoglycoside neomycin. The semiquinone/hydroquinone potentials of two distinct
flavodoxins were found (-305 mV and ~520 mV at pH 7.4).

The absence of the guinone/semiquinone response has never been explained and the
semiquinone/hydroguinone response has never been characterized in detail. In this chapter the
electrochemical response of D. vulgaris (Hildenborough) flavodoxin at the glassy carbon
electrode is characterized. Numerical analysis shows that the time-dependent response of the
semiquinone/hydroquinone couple and the absence of the first redox couple can be explained
by a combination of FMN-mediated electron transfer, comproportionation and direct electron
transfer.

2.2 Experimental procedures
2.2.1 Flavodoxin

Flavodoxin from Desulfovibrio vulgaris, strain Hildenborough, was purified as
described by Le Gall and coworkers [Le Gall & Hatchikian, 1967; Dubourdien & Le Gall,
1970]. The final ratio A277/4380 wag 5.4 and the ratio A277/4%! was 4.3 (in 10 mM potassium
phosphate buffer, pH 7.0). The isoelectric point was 3.6 (determined with a Servalyt Precote
3-11 gel from Serva on a flat-bed Untrophor Unit from Pharmacia).

2,22 EPR-monitored redox titration

A deaerated, argon-fluxed solution was prepared containing 15 UM of flavodoxin and
the redox mediator dyes (15 uM each) phenazine ethosulfate, methylene blue, resorufin,
indigo carmine, 2-hydroxy-1,4-naphthoquinone, anthraquinone-2-sulfonate, phenosafranine,
safranine O and neutral red in 50 mM Mops/NaOH buffer, pH 7.0. All mediator dyes are two
electron acceptors 1o avoid formation of radicals with EPR spectra interfering with the FMN
semiquinone specirum. The reductant was sodium dithionite, dissolved in a deaerated and
argon-flushed 500 mM Mops/NaOH buffer of pH 7.0. The reductive titration was carried out
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at 22+1°C in an anaerobic cell under a constant flow of purified wet argon [Massey &
Hemmerich, 1978], The potential of the solution was measured at a platinum electrode
(Radiometer P-1312) with respect to the potential of a satrated calomel electrode
(Radiometer K-401) using a Fluka 8022-A multimeter (Fluka, Tilburg, NL). The potentials
have been recalculated with respect to the normal hydrogen electrode (NHE) using the
potential of —246 mV (NHE) of the saturated calomel electrode (SCE). After each addition
of dithionite the solution was stirred until a stable potential {(over a period of 1 minute) was
obtained. A sample was transferred to an anaerobic EPR-tube connected to a scrubbed
argon/vacuurm manifold, and was frozen in liquid nitrogen. The relative concentration of the
flavodoxin semiquinone in each sample was determined from the intensity of the radical
signal and corrected for dilution. The EPR spectra were taken on a Bruker ESR 200 D
spectrometer with a microwave frequency of 9.31 GHz and power of 50 uW, a modulation
frequency of 100 kHz and a modulation amplitude of 1.25 mT. A temperature of 103 K was
maintained by a flow of nitrogen trough a home-built cryostat.

2.2.3 Electrochemistry

In the classical three electrode setup and with semi-infinite diffusion a bulk solution
of about 1 ml and a protein concentration of 100 UM is required. Instead, an electrochemical
cell for microscale electrochemistry of redox proteins with a dismountable inverted disk
electrode was used here, A droplet of solution is held between the horizontal working
electrode and the flat tip of the reference electrode (a Radiometer K-401 saturated calomel
electrode with a porous pin). In this setup the volume of the droplet can be reduced to less
than 20 pl with full retention of semi-infinite diffusion down to a scan rate of 1 mV/s [Hagen,
1989].

The working electrode was a glassy carbon disc of 15 mm diameter and 2 mm height
(type V25, obtained from Le Carbon Loraine, Rotterdam, NL). Prior to each electrochemical
measurement the disc was polished firmly on Microcloth polishing cloth with 6-pum Metadi
Diamond Compound spray (both from Buehler, USA), rinsed thoroughly with water and dried.
To activate the electrode the lower part was exposed for 30 seconds to a methane flame from
a Bunsen-burner. The polished working surface was never in direct contact with the flame and
if any inhomogeneity was detected on the surface, the polishing and glowing was repeated.
A reproducibly oxidized and clean carbon surface was obtained with this procedure. The
counter electrode was a Radiometer P-1312 micro platinum electrode. The electrodes were
connected 10 an Autolab 10 potentiostat (Eco Chemie, Utrecht, NL) controlled by the Eco
Chemie GPES software (version 2.0) on a personal computer, After mounting the electrodes
the cell was flushed with purified wet argon {Massey & Hemmerich, 1978). A deaerated,
argon-flushed sample was then transferred with a gas-tight Hamilton syringe to the tip of the
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reference electrode and the working electrode holder was pushed up until the shape of the
droplet was approximately cylindrical. The working area of the glassy carbon electrode was
between 15 and 25 mm? with a diameter of the calomel electrode tip of 4 mm, or 5 to 15
mm? when a calomel electrode with a trimmed tip was used.

Staircase cyclic voltammetry (SCV) was done with steps of 1.22, 2.44 or 3.66 mV.
The cycling was started after equilibration for 1 to 3 minutes at the starting potential,
Differential pulse voltammetry (DPV) was done in both directions after 60 s. equilibration at
the starting potential with steps of 2.44 mV and 250 ms, modulated by pulses of 20 mV and
100 ms. The experiments were performed at a temperature of 22 + 1 °C and the potentials
have been recalculated with respect to the normal hydrogen electrode (NHE) using the
potential of -246 mV (NHE) of the saturated calomel electrode (SCE).

The dependence of the potential on pH was measured with SCV and with DPV. Each
point in the curve was measured on a fresh 5 l droplet (working surface area 5 to 10 mm?
with a trimmed calomel electrode) containing 0.11 mM flavodoxin and 3.3 mM neomycin B
{Sigma)} in a buffer of 20 mM citrate, 20 mM bistrispropane and 20 mM Caps, ttrated with
HCI or NaOH and adjusted with NaCl to a constant ionic strength /=0.2 (as calculated from
the theoretical ionic composition of the buffers at given pH).

Temperature dependent cyclic staircase voltammograms were obtained by submerging
the electrochemical cell in a thermostated waterbath. The dependence of the calomel electrode
on temperature (¢ in °C) was calculated from [Bard & Faulkner, 1980]:

Egop = 2444 ~ 0.661 (+-25) - 1.75107% (#2512 - 9.00.1077 (+:25° mV 2.1

2.3 Results and discussion
2.3.1 Redox titration

In Figure 2,1 the formation of the semiquinone radical upon reduction of oxidized
flavodoxin with dithionite is shown as measured with EPR spectroscopy. The data is fitted
to a Nernst curve with #=1 and free 100% level. The resulting midpoint potential is -113 mV
(NHE). This value is comparable to the potentials {at pH 7.0) of —102 mV reported by
Dubourdieu et al. and —143 mV reported by Curley er al. The second reduction could not
be determined because the potential is outside the range of the available two-electron
mediators. The semiquinone spectrum could be titrated to zero with excess dithionite but no
stable reading of the potential could be obtained at low potential because the lowest potential
1s that of neutral red at 340 mV.
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