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Abstract

Iron-sulfur proteins with cuboidal [E84] clusters exhibit a remarkable functional
diversity. Insights on the factors determining tluaction of the protein can be
obtained by modifications of the metal site by impmyation of metals other than iron
in the active site of the protein. This approactihfer has interesting perspectives in
the design of new biologically based catalytic eysd. This project presents two
strategies for incorporation of non-natural metalson-sulfur proteins.

These studies are based on the ferredoxin fignococcus furiosusThis ferredoxin
can contain either a [E®] cluster or a [Fg54] cluster. One new protein was synthe-
sized by incorporating cobalt into the §5¢ cluster thus creating a [CofS] cluster.
The other artificial protein was designed by repraent of the iron-sulfur cluster with
a synthetic [M@Sy] cluster. The synthesis, purification and chanazétion of the two
new proteins were carried out. TRe furiosusferredoxin was studied as a reference
for the two artificial proteins.

The P. furiosugFes;Ss] and [FaSy] ferredoxins were studied with cyclic voltammetry
as reference for the work on the artificial progeiifhe effects of different buffer
systems and additives were tested to find the @btounditions for electrochemical
characterization. Different buffer systems did hawe a significant effect, but the
voltammograms were strongly dependent on the Naitent as NaCl had an
attenuating effect on the redox signals of Rhéuriosusferredoxins.

The P. furiosusferredoxin with the heterometallic [CofSg] cluster was synthesized
and purified in the oxidized [CoE®]*" state. The chromatographic, mass spectro-
metric and EPR spectroscopic results indicated ﬂhmt[COFQ&]2+ ferredoxin was
purified to high purity and that the protein waaldé under the used conditions. These
results are in disagreement with previous repdrteadily oxidative degradation of
the [CoFgSy]*" ferredoxin to [FeSs" ferredoxin. Experiments with chemical reduc-
tion and oxidation suggested a redox active praeith this was confirmed by cyclic
voltammetry. One well-defined pair of redox peakpeared and the pair was assig-
ned to the [CoRsS,)**"* redox couple and had a formal potential of -177 wevsus
SHE.

Unlike the naturally occurring iron-sulfur clustéie molybdenum-sulfur cluster is not
incorporated into the ferredoxin by self-assemidhstead the molybdenum-sulfur
analogue was synthesized by addition of pre-prepfvi®,S,(H-0).2Cls to the apo-



ferredoxin which was stabilized by sulfonation. Theification of the molybdenum-
sulfur analogue revealed two closely related sgeaiwl that the ratio between the two
species depended on the experimental conditions. thlo purified species were
subjected to EPR monitored redox titration and thtained EPR spectra were
compared to the spectra of [W&(H-0):2]°". The results confirmed the incorporation
of the intact [M@S,] cluster and suggested stabilization of the cluste three
oxidation states; the 4+, 5+ and 6+ states. Thadbpotentials of the transitions be-
tween the three oxidation states were determined mV and -295 mV versus
SHE for the first species and -205 mV and -380 mYsus SHE for the other species.
The obtained spectra after oxidative titration |sggd oxidative break down of the
[Mo4S4] cluster. It is not possible to identify the liginon the cluster based on these
studies, however, the spectra suggest that thereif€e between the two species in
variations in the ligand environment.

These studies have given important insights orethesv proteins and have increased
the understanding of ferredoxins with re-designetiva sites. This is an important
step for use of these proteins in new catalytitesgs.



Resumé

Jern-svovl proteiner med kubiske [B¢g klynger udviser en bemeerkelsesveerdig
diversitet i funktion. Der kan opnas forstaelsalafafgarende faktorer for proteinets
funktion ved at modificere metal centeret ved dsaette andre metaller end jern i det
aktive center. Denne metode har yderligere intargesperspektiver for design af nye
biologisk baserede katalytiske systemer. | dettgept preesenteres to strategier for
indseaettelse af ikke-naturlige metaller i jern-svordteiner.

Disse studier er baseret pa ferredoxinAyaiococcus furiosusDenne ferredoxin kan
have enten en [E84] klynge eller en [Fg54] klynge. Det ene nye protein blev frem-
stillet ved at indsaette kobolt i [F®&] klyngen og derved danne en [Cg&4 klynge. |
det andet kunstige protein blev jern-svovl klyngeiskiftet med en syntetisk [M84]
klynge. De nye proteiner blev syntetiseret, oprermage karakteriseretP. furiosus
ferredoxin blev studeret som reference for stuéieinde kunstige proteiner.

P. furiosus[Fe;S,] og [FeS,] ferredoxin blev studeret ved cyklisk voltammetam
reference for arbejdet med de kunstige proteinéiekierne af forskellige puffer
systemer og tilsatte stoffer blev testet for atéirde optimale betingelser for elektro-
kemisk karakterisering. Variation af puffer systerhavde ikke vaesentlig betydning
for redox signalerne, men voltammogrammerne varkardrafhsengige af NaCl, da
NaCl havde en deempende effekt pa redox signalémefariosusferredoxin.

P. furiosusferredoxin med den hetormetalliske [Ce&£ klynge blev syntetiseret og
oprenset in den oxiderede [CaBg?" tilstand. De kromatografiske, massespektro-
metriske og EPR spektroskopiske resultater indderat [CoFg5,] ferredoxin blev
oprenset til hgj renhed, og at proteinet var stalviler de benyttede forhold. Disse
resultater er i modstrid med tidligere rapportenertig oxidativ nedbrydning af
[CoFeSy)*" ferredoxin til [FeSy]* ferredoxin. Forseg med kemisk oxidation of reduk-
tion tydede pa et redox aktivt protein, og denntvikt blev bekraeftet ved cyklisk
voltammetri. Et veldefineret saet af redox-toppemkem og blev tilskrevet
[CoFeS,?"" redox parret og havde et formelt potential vedZ-fi%/ mod SHE.

I modsaetning til naturligt forekommende jern-svklinger samles molybdaen-svovl
klyngen ikke i ferredoxin af sig selv. Molybdaen-sivanalogen syntetiseredes i stedet
ved at tilseette pa forhand fremstillet [Msa(H.0)12]Cls til apo-ferredoxin, som var
stabiliseret ved sulfonering. Oprensningen af madgh-svovl analogen viste to
besleegtede specier, hvis indbyrdes maengdeforhdldngf af de eksperimentelle



betingelser. De to specier blev undersggt ved EBRitorerede redox-titreringer og
de opnéede EPR spektre blev sammenlignet med speiétt for [MaSi(H,0):2]>".
Resultaterne heraf bekreeftede indseettelsen afndakté [MaS,] klynge og indike-
rede stabilisering af molybdaen-svovl klyngen idsedationstilstande; 4+, 5+ og 6+
tilstandene. De formelle potentialer for overgargarellem de tre oxidationstilstande
blev bestemt til -195 mV og -295 mV mod SHE for dere specie og -205 mV og -
380 mV mod SHE for den anden specie. Spektre rftélt @xidativ titrering antydede
oxidativ nedbrydning af [Mg5,] klyngen. Ud fra EPR spektrene af de to molybdeen-
svovl analog specier er det ikke muligt at ideoéfe klyngens ligander, men
spektrene indikerer, at de to specier adskilleffrsihinanden ved at have forskellige
ligander pa klyngen.

Disse studier har givet vaesentlig ny indsigt i eisge proteiner og har gget forstael-
sen af ferredoxiner med re-designede aktive cebee.er derfor et vigtigt skridt pa
vej til udnyttelse af disse proteiner i nye katiske systemer.

Vi
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CHAPTER ONE

1 Introduction

The primary focus of this dissertation is the sgsth and characterization of two arti-
ficial metalloproteins, the design of which is dally based on iron-sulfur proteins.
Almost one third of naturally occurring proteinsitain metal binding sites and many
of these have been mimicked in designed metallepret Metalloprotein design pro-
vides means for testing and increasing the undweistg of the interactions between
metal centers and proteins [1]. Furthermore, ino@afion of non-natural metal sites
in the matrix of proteins has been exploited in diesign of new biologically based
catalytic systems [2].

This project concerns the design and studies ofawidicial proteins where metals
other than iron are incorporated in the active eftéron-sulfur proteins. Th&yro-
coccus furiosuderredoxin is the starting point for both new nlilegaroteins. In the
first new protein cobalt is inserted in the furiosusferredoxin iron-sulfur cluster,
thereby creating a heterometallic cobalt-iron-sulfluster. The second protein is
designed by substituting the iron-sulfur clustethwa molybdenum-sulfur cluster.
Both proteins are interesting for design of nevalyaic systems.

The design of iron-sulfur proteins with synthetetérometallic clusters is inspired by
enzymes with heterometallic sites catalyzing bimabprocesses involving uptake or
formation of gasses such as,HCO, and N [3]. The potential of heterometallic
clusters to participate in enzymatic catalysis $tamulated the design of novel hetero-
metallic clusters in iron-sulfur proteins to incseathe understanding of natural iron-
sulfur clusters and heterometallic clusters [4]vall as design of new catalytic
systems [3].

Synthetic molybdenum-sulfur clusters have attradtedrest due to their reactivity
and catalytic activity in industrial hydrogenatiand dehydrogenation processes. In
addition they have structural similarities to thibaidal clusters in iron-sulfur proteins
[5]. This makes them intriguing candidates for ipmation in iron-sulfur proteins.
Design of molybdenum-sulfur analogues of iron-sufftoteins holds potential both
to provide new fundamental understanding of irolfiusyroteins and in the design of
new catalytic systems based on the properties dfbdenum-sulfur clusters.

This thesis presents the preparation and charaatiem of these two novel designed
proteins as well as a multitude of studie®ofuriosusferredoxin serving as reference
for the characterization of the cobalt-iron-sulfund the molybdenum-sulfur proteins.



Introduction

1.1 Outline of the thesis

Iron-sulfur proteins are the basis for the workhis project. They are encountered in
all life forms and are essential in a range ofdgatal reactions. In spite of simple and
structurally similar metal centers, the proteinsptiy a remarkable functional diver-
sity. Chapter 2 introduces the iron-sulfur protelass and particularly the target
furiosusferredoxin in this project. This chapter also fiyi@resents the ferredoxins
with synthetic, heterometallic clusters. The molbdm-sulfur clusters relevant for
this project are introduced in Chapter 3. This tbapffers a comparison of the
molybdenum-sulfur and iron-sulfur clusters and arendetailed description of the
potential of substituting an iron-sulfur clustertivia molybdenum-sulfur cluster.
Chapter 4 presents cyclic voltammetry and EPR spexbpy as the main characteri-
zation methods used in this project as well asthgpment used in the experimental
work.

The experimental work is described in Chapters %. tBhapter 5 describes the studies
of iron-sulfur proteins that serve as a referermretlie studies of the two artificial
proteins. The purification d?. furiosusferredoxin is first briefly presented. The elec-
trochemical studies of the two forms of tRefuriosusferredoxin are then described
in some detail along with the electrochemical stadif ancient ferredoxins. The syn-
thesis, purification and multidisciplinary characation of the artificial [COF§5S]
ferredoxin are described in Chapter 6. Chapter é&sgnmts the sulfonation d®.
furiosusferredoxin which is an intermediate step on the wathe incorporation of
the molybdenum-sulfur cluster. The synthesis ofdfaeous complex of the molyb-
denum-sulfur cluster is described in Chapter 8 imictv the EPR spectroscopic
characterization that serves as a reference farhtagacterization of the molybdenum-
sulfur analogue oP. furiosusferredoxin is also presented. Chapter 9 desctibes
studies of the molybdenum sulfur analogue, inclgdime synthesis, purification and
EPR spectroscopic analysis.

The thesis is concluded in Chapter 10 with a suryiroithe results of the experimen-
tal work and an outlook to further studies basethiwork.



CHAPTER TWO

2 lron-Sulfur Protaens

2.1 Introduction

Iron-sulfur proteins have attracted much attentae to their ubiquitous distribution
in nature, high functional diversity and vital imrsnce in all life forms. They were
first discovered in the mid-1960s. Since then, demiange of techniques have been
used to image in great detail the structural, chah@nd magnetic properties of iron-
sulfur clusters. [6]

2.2 lron-sulfur clusters

With the exception of rubredoxin the core groupsatfiron-sulfur proteins are
clusters of iron ions and inorganic acid-labilefisiel most often linked to the protein
by cysteine ligands [7]. Iron-sulfur clusters camiin between one and up to eight
iron atoms. Some proteins contain multiple clus§@®s The most common and
earliest discovered clusters are the,fzk [FesSs and [FeSs] clusters [9],Figure
2.1. More complex clusters have also been discdvgi@]. The [FeS;] and [FaSy]
clusters are readily formed by self-assembly in-pgmieins. A variety of synthetic
analogues of the clusters have also been desigrmkeprapared [8].

A B 7’ C L
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Figure 2.1: The common iron-sulfur clusters and thecoordinating cysteines. A) [F&S,, B)

[FesSy], and C) [F&Sy]. Color code: Red = iron, yellow = sulfur, black =carbon. One of the
cysteines in C is only marked with a sulfur atom foclarity.

In all these clusters, each iron atom is surrourmetbur sulfur atoms in a distorted
tetrahedral coordination. This is notably differeinom the usual characteristic
octahedral coordination sphere of iron. This urdgparrangement is enforced by the
steric requirements of the large sulfur atoms. ripartant consequence of this is that
iron atoms in these clusters always occur in tlgh-spin configuration (cf. section
2.7) [11]. Iron-sulfur clusters are highly sensgtitowards oxygen, the stability
depending on the protein. Some iron-sulfur proteiresstable in air for weeks while



Iron-Sulfur Proteins

others lose the cluster in less than a second B&Jow we focus on proteins
containing the cuboidal [E84] cluster and the incomplete cuboidal {£& cluster
which are the core proteins of the project.

2.3 Biological functions of [FesS,] and [Fe;S,] clusters

The cuboidal iron-sulfur clusters are highly veiteaand involved in various types of
essential biological reactions among which electh@msfer is the most common
function [9]. Electron transfer is the key functiohthe ferredoxin and high-potential
iron-sulfur protein (HiPIP) families, particularhas part of anaerobic bacterial
metabolism [7]. Ferredoxins can contain one or fR&S,] or [F&S,] clusters and
have been isolated from all hydrogen-consumingpooducing organisms, including
anaerobic and aerobic photosynthetic bacteria #sas€¢hyper-)thermophilic bacteria
and extremophilic archaea [7, 9]. Non-ligating eys¢s form a disulfide bond in
many monocluster ferredoxins that can participatéhe redox cycle in the protein.
HiPIPs contain a single [F®] cluster and have mostly, but not exclusively, rbee
isolated from photosynthetic bacteria [9]. HiPIRsé been proven to be involved in
electron transfer in photosynthetic bacteria, bhirt role in non-photosynthetic
organism is still unknown [6]. Many cuboidal ironHsir clusters in redox enzymes
also have electron transfer functions [9]. The edéhces between ferredoxins and
HiPIPs will be described in more detail in secti®.

In addition to the established role of iron-sulflusters in electron transfer, cuboidal
iron-sulfur clusters are a critical part of the iaetsite in a plethora of catalytic
enzymes where they have key functions in substiatding, both redox and non-
redox catalysis, redox-mediated generation of fradicals, and stabilization of
intermediates. Clusters in other proteins are ¢sdefor regulation and sensing
functions related to oxygen and iron [9].

2.4 Evolution of iron-sulfur proteins

The ubiquitous occurrence of iron-sulfur proteiespecially their presence in ancient
organisms has led to the idea that iron-sulfurginstare very old proteins emerging
in the early stages of evolution [7]. This hypoikdsms been supported broadly by the
functional diversity of iron-sulfur clusters [6].h& structural similarities between
ferredoxins containing cuboidal clusters thus sagdkat these proteins share an
evolutionary common ancestor. According to a prewvaimodel, this ancestor is a
simple two [Fg@Ss] cluster ferredoxin [12]. Other ferredoxins suhsewtly evolved
through N- and C-terminal extensions, abstractibaroiron atom or loss of one of
the cluster which in some cases resulted in thedtion of a disulfide bond between
remaining cysteine residues [6, 12]. Other iroritBybroteins may also have evolved
in an early stage of evolution and still others rhayadaptions of already existing pro-
teins folds to host an iron-sulfur cluster in tlogivze site [6].

Recent theories [13, 14] on the origin of life segiga start near hydrothermal vents
on pyrite, Feg surfaces. According to these theories, the iwdfus structures in
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pyrite catalyzed reactions from simple inorganienpounds such as.8, CO/CQ

and HO first leading to simple organic compounds whiaibsequently were
precursors for more complex polymers such as pretand nucleic acids [13, 14]. An
interesting feature of pyrite is the presence @&%$5 and [FeS,] sites, suggested to
be precursors for the iron-sulfur clusters in isudfur proteins [14]. The family of
ferredoxins containing two [8] clusters has been suggested to be the extant
remnants of this process [6].

2.5 [Fe3S4] and [Fe;S,] cluster interconversion

The interconversion of [R84] and [FeS] clusters by uptake or removal of an iron
ion is a well-known phenomenon and represents btfgeanost common reactions of
protein bound iron-sulfur clusters. Oxidative rembwf an iron ion from [F£]%*
often observed during aerobic purification of isulfur proteins [9] is just one
among many examples.

The [FeS] and [FaSy clusters are interconvertible in ferredoxin wiahly a single
cluster [7]. Not all [FeS;]-containing proteins can incorporate an additidredatom,
and the proteins vary in ease and rapidity of aumversion [15]. The ease of inter-
conversion seems to be related to the presencenohdhiol (non-cysteine) ligand.
However, other factors are also involved since eanst with [FeSs]-clusters that do
not convert to [F£54]-clusters even in the presence of four availagktaine ligands
are known [15]. The biological significance of tffeesS,] cluster in ferredoxins is
under discussion [7]. The cluster conversion cdulda controlling mechanism since
different structures and activities have been datexd for the [F§] and [FeSy]
forms of Desulfovibrio gigagD. gigag ferredoxin. The [F£5,] form is dimeric and
the more efficient form for coupling pyruvate dehygenase activity to Hevolution,
whereas the [R&] is tetrameric and more efficient coupling ldonsumption to
sulfite reduction [9].

The conversion between the §Bg and [FQS4 forms is also crucial for the activity
of certain iron-sulfur enzymes. Aconitase and Shadglmethionine (AdoMet)-
dependent class Il ribonucleotide reductase (RNRare enzymes that undergo
interconversions between [f3] and [FaSy]. The [FeS,] cluster is contained in the
active form of both enzymes, but the cluster isveoted to [FeS;] upon exposure to
oxygen, and the mechanism is believed to have ggewmxsensing function in the
proteins. Aconitase is re-activated in the presarideé* under reducing conditions,
while exogenous iron is not required for regeneratf the [FgSs] cluster in the
AdoMet-dependent RNR 1l [9, 16, 17].

2.6 Redox properties of Fe3S, and Fe,S, containing proteins

The redox potentials of the cuboidal iron-sulfunstérs in electron transfer proteins
versus a standard hydrogen electrode (SHE) arengiveFigure 2.2. The redox
potentials differ by more than 1 V and vary rematikaeven within the same family
of proteins. The potentials of the redox couplemodel compounds are significantly
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lower than in proteins [9]. The diversity of thelox chemistry of iron-sulfur proteins
is all based on the ability of the surrounding piotto regulate the E&Fe** redox
couple [9].

[4Fe-4S]*"" in HiFIPs
[4Fe-45]1%" in ferredoxins

[3Fe-4S]™ in ferredoxins

-800  -600  -400  -200 0 200 400 00
E/mV vs. SHE

I[:i]gure 2.2: Redox potentials vs. SHE of cuboidal an-sulfur clusters in electron transfer proteins
9].

As noted, the [F£54] cluster is the core cluster in both ferredoxind &n HiPIPs. The
clusters in the two types of iron-sulfur proteine atructurally very similar, but the
redox properties are remarkably different [18]. Tedox potentials of the [EF&]-
cluster in ferredoxins show a range of -650 to -880 vs. SHE, while potentials in
HiPIPs range from 90 to 500 mV vs. SHE [9]. This baen described by Carter et al.
as the "three-state hypothesis" [18]. Accordinghie model different oxidation states
are stabilized in [F£&4] ferredoxin and HiPIPs, cf. below. Ferredoxinsbdize the
[FesSi?* and [FeSy* states [12] whereas HiPIPs cycle between theSf€ and
[FesS]?* states [20], Figure 2.3. Only these states arsiphogically relevant [11].

ferredoxins HiPIPs
+ 2+ 3+
[FesS _"_ [FesSi) —"_ [FesS
€ €

Figure 2.3: The redox states of the [4Fe-4S]-clusten ferredoxins and HiPIPs.

It is still unclear which factors determine the itafale oxidations states of the cluster.
Several suggestions have been forwarded. Thesedmdiydrogen bonding to the
cluster, solvent access to the cluster, covalehéees bonds, number and position of
hydrophobic residues surrounding the cluster, dadt@static effects of the protein
backbone [21]. Ferredoxins have more NH-S hydrdgmrds to the inorganic cluster
sulfur atoms than HiPIPs. The hydrogen bonds malyilste the more reduced states
in ferredoxins [20]. The protein bound cluster lamsoverall negative charge since
each cysteine contributes with a charge of -1. Aiydrogen bonds stabilize the more
negatively charged reduced cluster. A larger nundfehydrophobic amino acids
surround the cluster in HiPIPs and thus diministies solvent access. This might
stabilize the higher oxidation states in HiPIPs,[21], since access of water leads to
increased hydrogen bonding and polarity [21, 22]hds been suggested that the
number of partial positive charges arising from Kiexme amide group dipoles can
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explain the redox differences between ferredoxind &liPIPs because the polar
groups also interact with the charged cluster. dekrxins contain more of these than
HiPIPs [23]. It is likely that a combination of vaws effects determines the bio-
logically available cluster states and potentials.

Other states can be obtained under non-physiolbgimaditions. A [FeSs° cluster
has been identified in the ferredoxin-like Fe-pioten Azotobacter vinelandii
nitrogenase [24] and in the activator of 2-hydrduyaryl-CoA dehydratase from
Acidaminococcus fermentari25]. Both proteins are known to cycle between the
[FesSi?* and [FeSs]* states. These are the only known iron-sulfur fmstén which
the same cluster has been stabilized in threereiffeoxidation states [24, 25].

2.7 Electronic and magnetic properties of FesS, and Fe;S,
clusters

As noted iron is tetrahedrally coordinated in isuifur proteins and the iron atoms
are in the high spin configuration [11]. Each iion is either in the +2 or the +3 oxi-
dation state with spinS= 2 andS= 5/2, respectively [9].

Iron-sulfur clusters that contain both*and F&" can form delocalized B&-Fe>*
pairs with a total spin o8 = 9/2. All the biologically relevant states of tffeesS4]
cluster have at least one of these pairs. ThgSjFé cluster have two such pairs that
are anti-ferromagnetically coupled to give a tatpin of S= 0 and a diamagnetic
cluster. The [F&5]" cluster has one E&Fe° pair coupled anti-ferromagnetically to
a Fé'-F&" pair S = 4) giving a total spin o8 = %. The delocalized pair in the
[FesSi)®* cluster is coupled to a FeFe* pair also giving a total spif = %. The
[FesS4° cluster contains one F&-F&-** pair coupled anti-ferromagnetically to an
Fe** [8]. It is noteworthy that the [B84]*" in both HiPIPs and ferredoxins has a zero
net spin and possible differences in the two profamilies can therefore not be
studied with EPR spectroscopy. Table 2.1 gives\amview of the spin states of the
iron-sulfur clusters.

Table 2.1: Spin states and coupling in iron-sulfuclusters.

Cluster Individual spins Coupling Total spin
[FesS)° 2,512, 5/2 Fe**-Fe*** coupled to F&. 2
[FesS* 5/2, 5/2, 5/2 F&-Fe** coupled to F& Y
[FesSy” 2,2,2,5/2 Fe-Fe%* coupled to F&-Fé& Y
[FesSu** 2, 2,502, 5/2 2 BS*-F&* pairs 0
[FesSi)®* 2,5/2,5/2,5/2 | Fe*-Fe*° coupled to F&-Fe** Y

2.8 Pyrococcus furiosus ferredoxin

P. furiosusis a hyperthermophilic, anaerobic archeaon thatehgrowth optimum at
100 °C isolated from submarine volcanic areas [26]. Aglg ferredoxin has been
isolated and was one of the first proteins isolafi@in this organism [27]. The
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ferredoxin shuffles electrons in the organism’srogén metabolism, where it is an
electron acceptor for glyceraldehyde-3-phosphatédosgductase and pyrovate
oxidoreductase and an electron donor for a memHkranad hydrogenase complex
and sulfide dehydrogenase [28].

P. furiosusferredoxin is a small protein and contains 66 an@nids and one [F8]
cluster in monomeric form. One of the iron atomghea cluster is coordinated to the
protein through aspartate instead of the usuakbystligation [29] making it one of
only two ferredoxin containing a single fSg] cluster with this coordination [30].
Aspartate coordination has been found in otheretkrxins containing two [R&]
clusters [29]. The [F&4] degrades to [F&4] upon exposure to oxidizing conditions,
the labile iron being the one coordinated to aspar{29]. The ferredoxin has a very
high thermostability with unchanged activity and WMible absorption after incu-
bation even at 98C for 12 hours under anaerobic conditions [27]. pha&ein has an
overall high negative charge (-13/-14 dependingtlton redox state of the [F&]
cluster) and a disulfide bridge [12].

P. furiosusferredoxin was reported to exist as a monomeaityestudies [29]. It has
later been suggested that a monomer/dimer equilibexists depending on the ionic
strength and that the protein is a dimer at phgsiochl ionic strength [31]. The crystal
structures have been solved for both the nativéepraontaining a [F£5,] cluster
[30] and for the [Fg54 mutant where the ligating aspatate has been eggthwith a
cysteine ligand [32], Figure 2.4. In the fB¢ ferredoxin structure, the cluster is
shielded from direct solvent interactions by thetpin backbone and the non-ligating
aspartate is located close to the missing irorabit easily can switch to coordinate a
fourth iron. The structure disclosed possible dimaion sites [30]. The crystal
structure of the native [E84] P. furiosusferredoxin has yet to be solved.

Figure 2.4: Close-up illustrations of the structures surrounding the clusters in A) the native
protein with [Fe3S,] (PDB ID: 1SJ1 [30]), and B) the D14C mutant with[Fe,;S,] (PDB ID: 2Z8Q
[32]). The figures were prepared with ViewerLite [3].

EPR spectroscopy has shown that the reducegbfFeferredoxin exist in a spin
mixture of S= 1/2 andS= 3/2. S = 1/2 is normal for [F®&] ferredoxins, though the
signal is remarkably broad. TIg&= 3/2 resonance is unusual, but has been observed
in multiple iron-sulfur proteins [29]. The ratio 8f= 3/2 overS= 1/2 species has been
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shown to depend on ionic strength & 3/2 was assigned to the dimeric form &d
= 1/2 to the monomer [31].

2.9 Incorporation of exogenous metals in P. furiosus ferredoxin

Enzymes catalyzing biological reactions involvinassges like i H,, CO, CQ and
CH,4 have been found to involve iron-sulfur based eisstin most cases in assem-
blies with other metals such as nickel and molybde3]. For example, nickel-iron
hydrogenases catalyze formation or cleavage pfaHa Ni-Fe center [34], CO is
generated from COat a distorted cuboidal nickel-iron-sulfur clustar CO
dehydrogenases [35], and a complex molybdenumsudfot cluster in nitrogenases
catalyze reduction of Nto NH; [36]. These reactions are interesting both in
fundamental research on the origin of life and tewhnical applications due to the
environmental and industrial importance of thesesga and processes [3].

The potential of heterometallic centres to partdt#in enzymatic catalysis has stimu-
lated synthesis and characterization of novelficieti heterometallic clusters inserted
in proteins [4]. The facility of [F£)/[FesSs] interconversions has further suggested
that exogenous metals can be incorporated intedbant sites of the [E&] cluster.
This has led to the generation of a novel wholescta clusters [37].

The first reported formation of a heterometalliastér in a protein was the formation
of a [CoFgS4] cluster inD. gigasferredoxin Il in 1986 [37]. Since, proteins sui@ab
for incorporation have been extended to incluele furiosus ferredoxin andD.
africanusferredoxin and also aconitase [4].

Cd Cr Fe n Co Ni/Mn Cu
e *® *. & @ *
500 -400 -300 200 -100 0 100 200
EY/mV vs. SHE

Figure 2.5: Plot of redox potentials of [M-3Fe-4S]"* in P. furiosus Ferredoxin for different
heterometals, M [data from 38, 39].

A range of metals have been incorporatedPin furiosus ferredoxin including
monovalent, trivalent and divalent metal ions [Mlost reports have focused on the
incorporation of divalent metal ions in §S]° under reducing conditions to yield
[MFesSy]*-clusters (M = ZA", Ni¥*, C&*, Mn?*, Cf*, CU#* and CF") [38, 39, 40].
These clusters are redox active and undergo §BYF&’™* transformations [38, 39].
The redox potentials are displayed in Figure 20bn3on et. al. have suggested that
the heterometallic clusters can be rationalize@ a&tuster fragment, [|§54]0"1 (S=
2/S = 5/2), coupled antiferromagnetically to the metal, M**, the redox chemistry
being confined in the cluster fragment [38, 39]eTdlusters with potentials higher
than [ZnFgS4] have heterometals with accessibléchouples in the physiological
potential range and show a tendency to withdrawtelas from the [F&]-fragment,
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reduced [Fe5;]° state easier accessible. In comparison the heegadsrin the clusters
with potentials lower than [ZnE8s] have accessible #?" couples in the
physiological potential range and donates electtonthe [FgS,-fragment, making
the reduced state harder to access [39].
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CHAPTER THREE

3 Molydenum-Sulfur Analogues
of Iron-Sulfur Proteins

3.1 Introduction

Like iron, molybdenum forms cuboidal clusters wsthifur donor. As noted in chapter
2.1, the cuboidal iron-sulfur [E84] clusters occur ubiquitously in natural protei@s
the other hand, the molybdenum-sulfur analogue®jodoes not occur naturally,
but complexes with the cuboidal molybdenum-sulforreccan be synthesized.

The similarities and differences between the twstars are described in this chapter
and make the [Mgb4] cluster an attractive candidate as an alterndtvehe [FQSy]
clusters in iron-sulfur proteins. In view of theigeely efficient catalysis of both iron-
sulfur and molybdenum-sulfur clusters in redox lysia as well as in industrial
catalysis, this approach offers interesting perspes in fundamental understanding
of protein-cluster interactions as well as desifjnew catalytic systems.

3.2 Molybdenum-sulfur clusters

The structure of the cuboidal [M®&] cluster and the incomplete cuboidal [3%g)
cluster are shown schematically in Figure 3.1. Atpea complexes, [M&(H20)17™"
and [MaSy(H20)q]™, can be prepared in aqueous solution [5]. Molybdesulfur
clusters have attracted attention due to theiritgbib catalyze in hydrogenation,
hydrodesulforization and hydrogen evolution [41]. 42

A B

ol
_MLQS?M"_ 2 \ < /“"\

0
K

Figure 3.1: Schematic drawings of A) the cuboidal Nlo,S;] cluster, and B) the incomplete
cuboidal [Mo3S,] cluster. Aqua ligands are omitted for clarity.

The cuboidal cluster is a distorted cube consistihgo interpenetrating tetrahedra
of Mo4 and S of different dimensions [5]. On mild oxidation,céuas exposure to air,
one of the molybdenum ions is lost from the 4 cluster to give the incomplete
cuboidal [M@S] cluster [43]. The trinuclear complex can be stioi@r years in air in

11
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acidic solutions with [F] > 0.3 M [5].

[MosSu(H2-0)s]*" is capable of incorporating transition and poahsition metals to
give [MMo03S4], Figure 3.2A. Both tetrahedrally and octahedralbprdinating metals
have been incorporated. In many cases, metalficAn be used as the source of M
leading to [MMaSy]** clusters [5]. Some heterometals give only singieoidal
clusters. The clusters incorporating tetrahedratiprdinating metals, like Co, also
give edge-linked double-cuboidal clusters, Figur2B3 while corner-shared double-
cuboidal clusters are obtained with octahedrallprdmating heterometals Figure
3.2C [5]. Interesting catalytic properties have rbeeported for multiple [MMg5]
clusters. For example, [PdN®y] cores catalyze reaction of alkynes with methamol
carboxylic acids and [NiMg%,] is an efficient catalyst in hydrodesulfurizatiii].

|4’/M | NS \“‘.I\I/Io— ‘ “““

S g

‘/t? “““ jt‘/ s
Mo S C S—

SISONSEN,

sZ—Mo s=—N—s_ M

N Zavvz

Figure 3.2: Schematic drawings of heterometallic A)single cuboidal cluster, B) edge-linked
double-cuboidal cluster, and C) corner-shared dould-cuboidal cluster. Aqua ligands are omitted
for clarity.

3.3 Redox, magnetic and electronic properties of [M04S,] clusters

The green [M@S4]5+ is most readily prepared in aqueous solution,tiwatadditional
oxidation states, the orange, reduced J8IB* and the red, oxidized [M&4]%*, can
also be obtained, Figure 3.3 [5].

[M04Sy** : [M04S4]5+: [M04S,]**
€ €

Figure 3.3: The redox states of [Mg5,] clusters in agqueous solution.

Cyclic voltammetry of the cluster with aqua ligargiges two redox-couples at 0.227
V and 0.900 V versus SHE. The corresponding etleglEaminetetraacetate (edta)
complexes [MgSy(edta}])*”*"* give two redox couples at significantly lower pote
tials (-0.11 V and 0.59 V versus SHE) [44].

All the Mo atoms in [M@S,]** are in the M8 oxidation state, while the [M&]°*
and [Ma,S;]®* are mixed-valence states, formally ¥Mo" and Md';Mo'; [45].

The number of available 4d-electrons in the jBip**, [M04Ss]°" and [MaS4]®* states
are 12, 11 and 10, respectively. It has been fdbatithe [MaS)*" and [MqS®
states are diamagnetic, while the [{8¢°" state is paramagnetic with S = ¥ [46]. The
magnetism for iron-sulfur clusters can be explaifiedomagnetic and antiferro-

12
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magnetic interactions, but this approach is notable for the molybdenum-sulfur
clusters. The magnetism of these clusters is tbeiplained by molecular orbital
models [47], such as the molecular orbital modghssted by Shibahara et. al. [44].

3.4 Comparison of the [Fe;S,] and [M04S,] Clusters

Structural parameters of the [Sg] and [M@,S4] clusters are given in Table 3.1. As
can be seen from the table, the sizes of the twsta types are very similar. The
molybdenum-sulfur clusters are, however, a litegér than the iron-sulfur clusters.
The bond lengths in both types of clusters depanyg wery slightly on the oxidation

state of the cluster.

Table 3.1: Bond lengths in [FgS,] and [M0.S,] clusters. All bond lengths are given in A.
Cluster M-M | M-S(cluster] M-S(cys)| ref.
/lligand
[4Fe—4S]‘+ in av. 2.74 2.23-2.28| 2.20-2.2149
(BuaN)[FesSy(S-2,4,6-(-PrkCeH2)4]
[4Fe-4ST in (PPh)[FesSu(SH)] 2.74-2.77) 2.27-2.30 | 2.25-2.2}Y 50
[4Fe-4ST" in (EuN)[Fe;Sy(SCHPh)] | 2.73-2.78 2.23-2.32 | 2.24-2.26 51
[4Fe-4S] in (Et4N)s[FesSa(SH)] 2.76 2.31 2.32 52
[4Fe-4ST in (Et4N)s[FesSy(SCHPh)] 2.71-2.78 2.30-2.33 | 2.28-2.30 53
[4Mo-4STP* in Na[MosSs(edtay] BH,O | 2.74-2.87| 2.32-2.39 | 2.08-2.28 44
[4Mo-4SF* in 2.79-2.83 2.34-2.36 | 2.17-2.21 44
[M04S4(H20)12](PTS)14H,0*
[4M0-4ST in [M04Ss(NH3)17]ClaZH,O | 2.79-2.81 2.36-2.37 | 2.28-2.31 44

*) PTS = paratoluenesulfonic acid.

Despite the similar cluster sizes there are alsnesaotable structural differences.
Iron is almost always tetrahedrally coordinatedran-sulfur clusters, although iron
normally has octahedral coordination spheres [A8)lybdenum has a distorted
octahedral coordination in molybdenum-sulfur clustemplexes. Iron thus holds a
coordination number of four, while the coordinatimmmber of molybdenum is six.
The [F@S,] clusters are formed by "self-assembly" in progeorin vitro, and can
easily be synthesized in the presence df/Fe*-ions, sulfide and apo-protein or
thiolates [46]. The synthesis of [M&] clusters, on the other hand, involves multiple
steps [54, 55]. This is to some extent explainedth®y different starting ions in
aqueous solution. Iron is present as [RE°" or [Fe(HO)** with labile aqua
ligands, whereas the prevalent molybdenum spesig®ivery stable Mo with not
easily exchangeable ligands [48].

The most common oxidation states for the,fzecluster are the three [F®&)]
states. [M@S;] can also exist in three oxidation states, nanilg,S;®">"*". The
charges are thus higher for the cuboidal molybdesultur clusters. Both the

3+/2+/+
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[Mo,sSsy] and [FeSs] clusters appear in both paramagnetic and diantegetates.
[M04Si]°" is paramagnetic, whereas [Mia]*"and [MaSi|®* are diamagnetic. The
opposite scheme appears for the iron-sulfur-clugteere [FeS:]%* is diamagnetic
and [FeS,]" and [FeSy]** are paramagnetic. This is summarized in Table 3.2.

Table 3.2 The magnetic states of [M&,] and [Fe,;S,] clusters.

[Mo,Sy]** [Mo,S|* [MoaS]*
diamagnetic paramagnetic diamagnetic
paramagnetic diamagnetic paramagnetiq

[FesS’ [FeuSy]** [FesSi**

Both clusters can be converted to incomplete cubaldisters, [MSs] where M = Fe
or Mo. The incomplete cuboidal clusters are capatflencorporating exogenous
metals to form heterometallic [M'}8,] clusters where M' is the exogenous metal.

3.5 Potential of incorporation of [M04S,4] clusters in iron-sulfur
Proteins

The similarities and differences between the;fdeand [MqS] clusters makes
[Mo4S4] clusters interesting candidates for substitufire,S] clusters in iron-sulfur
proteins.

First of all, the similar sizes of the two clustgpes suggest that the [I¥R]-cluster
can be incorporated. Ferredoxins especially anaaite for cluster substitution,
since the protein structure is highly flexible (s#®pter 2.6). The cluster is located
near the protein surface and is exposed to theesblMn addition, the cluster
undergoes interconversion to BPSg and, as noted, exogenous metals can be
incorporated in some ferredoxins (chapter 2.9).

Ferredoxins stabilize the lower charges on$fecluster, whereas HiPIPs stabilize
the higher charges. It is therefore interestingnt@stigate which oxidation states of
[Mo4S,] are stabilized in ferredoxins and HiPIPs, respett. This might disclose
important new information on how the protein affettte cluster.

The [F@Sy]?* cluster is the intermediate redox state which appi both ferredoxins
and HiPIPs is diamagnetic and gives no electrorarpagnetic resonance (EPR)
signal. In contrast, the intermediate molybdenutfusicluster, [MQS4]5+, is para-
magnetic and can be studied by EPR spectroscopyillitherefore be possible to
investigate the intermediate state of the molybdesulfur clusters which sugge-
stively appears in both ferredoxin and HiPIP anaésgusing this technique. This can
potentially give new insight into the interactidmstween the cluster and the protein.
Another interesting feature is the difference irorciination numbers. As noted,
molybdenum is octahedral in [M®&] clusters with two extra coordination sites per
metal compared to iron in the correspondingsfzeclusters. If this coordination
geometry is maintained upon incorporation, andcthster binding is analogous to the
[FesSq] cluster, two extra coordination sites will thered be present on each molyb-
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denum atom. These eight extra sites hold potefiatiapplications in catalysis.
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CHAPTER FOUR

4 | ntroduction to the
Experimental Section

4.1 Cyclic voltammetry

4.1.1 Introduction

Voltammetry is an electrochemical method based @asurement of current as a
function of potential applied to an electrode veraufixed reference electrode poten-
tial. In cyclic voltammetry the applied potentialincreased or decreased linearly as a
function of time to a maximum or minimums,Eand then decreased or increased back
in a reverse scan to the original value, Egure 4.1. The slope, i.e. the scan rate, is
constant. The current is recorded as a functiotinté and thus as a function of the
applied potential [56].

L J

Figure 4.1: Variation of the applied potential withtime in cyclic voltammetry.

Cyclic voltammetry is an important diagnostic tothlat provides information about
intrinsic properties of a redox system, particyldiie formal equilibrium potential%E
and about the kinetics and mechanisms of oxidasind reduction under various
conditions [56]. Cyclic voltammetry can be carriaat either on electro-active mole-
cules in solution or electro-active molecules abledrin a thin layer on an electrode
surface. This project focuses on cyclic voltammaeifyelectro-active molecules in
homogeneous solutions.

4.1.2 Cyclic voltammetry of reversible systems

A simple cyclic voltammogram for a reversible systecf. below, in homogenous
solution is shown in Figure 4.2. The scan is sthatea potential negative of Ewhen
the electro-active molecule is in its reduced fors. the electrode potential ap-
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proaches & oxidation begins and a current starts to flow][The current depends
on two steps in the overall process, i.e. the diffu of electro-active material to the
electrode surface and the interfacial electronsfienreaction itself [58]. The first step
is determined by the concentration gradient atetleetrode surface and the second
step by the electrode potential. The concentraifadhe redox species at the electrode
surface drops to zero and the concentration gradEsumes a maximum value as the
potential passes’E and the current reaches its maximig,at the anodic peak
potential E,. At potentials higher thak,, the current decreases as depletion of the
reduced form close to the electrode sets in anddheentration gradient is gradually
lowered and the mass transfer to the electrodengsclIThis appears as a peak in the
voltammogram [57]. When the sweep is reversedgtiga significant concentration
of the oxidized species near the electrode surf&mme further oxidation will
continue until the potential approachés Bs the potential approache$ Eeduction

of the oxidized species will, however, graduallyrdeate and a reverse current will
flow [59].

I

Figure 4.2: Cyclic voltammogram for a homogenous s$ation. E® = formal potential, E, = anodic
peak potential, E. = cathodic peak potential,i, = anodic peak current, andi. = cathodic peak
currentl.

An electrochemical reaction is termed reversiblghi# reaction is fast enough to
maintain equilibrium between the concentrationthefoxidized and reduced forms at
the electrode surface [58]. This implies that thexteon transfer rates are larger than
the mass transfer rates [59]. The separation betteeanodic and the cathodic peak
potential, 4E,, is independent of the scan rate for a revergubteess. For am-
electron process

AE, = |Ep,a -E,.

- 2oRT (: S9mV at25°Cj (4-1)
nkF n

The average of the anodic and the cathodic peaknpat is, further, a good
approximation for the formal potential of the redmuple, E [58].

E,.—-E
E® =P8 P° 4-2
> (4-2)
The peak currenty, is given by the Randles-Sai equation:
: nF*
i = 0.4463qFAcD(RTj VD% (4-3)
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whereA is the electrode are@, the bulk concentration of the electro-active spgai
the scan rate and the diffusion coefficient [57]. From (4-3) therg a linear depen-
dence betweeiy, and V2 This relation can be an indication of diffusioantrol.
Totally irreversible processes, however, also felkuch a dependency, cf. below.
andi. are numerically the same for reversible procefs#s

The difference between the peak potential and titenpial at the half peak height,
Ep, is another important characteristic of electrostval reaction. This quantity
depends on the number of electrons involved inrélaetion and is given by (4-4) for
a reversible reaction [59].

59 .
E,-E,, =" mV at25°C (4-4)

4.1.3 Cyclic voltammetry of non-reversible systems

The electron transfer rates in an irreversibleeysare not high enough to maintain
surface equilibrium at all scan rates. The shaphefvoltammogram therefore chan-
ges but a linear dependence betwigemd V2 remains as for the reversible process:
i, =299010°n(an, ) AC"D v (4-5)
The slope, however, is now also determined by the kimetrameters of the process
such as the charge transfer coefficienta number between 0 andnl.is the number
of electrons in the rate determining step. No partshefgeaks overlap in a totally
irreversible system. A subset of this class is chemicaliwénsible reactions, which
yield products that cannot be recycled electrochemica8y Bnother characteristics
of the irreversible system is a shift of the peak potewiith increasing scan rates, cf.
below. In an irreversible reactidk - Ep/2| also depends o@andn, [59]:
48

E,-E,, = (4-6)

which gives 96 mV for a one-electron irreversible reactwith a = 0.5, i.e.
significantly higher than for reversible systems.

A system can be "effectively” reversible at low scan rateshigher scan rates the
peak-peak separation, however, increases to valuesr ldrgn 594. This type of
system is termed quasi-reversible. The transition frorarsgvie to totally irreversible
behavior occurs when the electron transfer reactiondsstow to maintain equili-
brium at the electrode surface. In the quasi-reversygéem both the forward and re-
verse reactions contribute to the observed current [$t.tfansition from reversible,
trough quasi-reversible, to irreversible behavior issshechematically in Figure 4.3.
Both the reversible and the irreversible peak current alinear relation to*?, but
with different slopes. When the system changes frorarséie to irreversible beha-
viour it passes through the quasi-reversible region witinareasing but non-linear
dependence of the square root of the scan rate [59].
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/"' . .
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Figure 4.3: Plot the peak current in diffusion contolled systems as a function of the square root
of the scan rate, showing the transition from revesible to irreversible behaviour. [4]

In the quasi-reversible region, the rate constant fereflectron transfer reactioks,
can be determined from the peak separation by thenfiigprelation:
_ vk
~ JaD7
wherey = (Do/Dr)"? (we take herg = 1), a =nFIV/RT, and the kinetic parameter
can be obtained from working curves as functiomdg, [60]. When the system
approaches reversibility antE, becomes smaller than 70 mYj becomes very
large and changes strongly for even small changelEinmaking accurate determi-
nation of the rate constant impossible. On the othedhahenndE, becomes larger
than 150 mVj.e. approaches total irreversibilityy changes very little with changes
in 4Ep, again resulting in inaccurate rate constant determination.

(4-7)

4.2 Electron paramagnetic resonance spectroscopy

EPR spectroscopy is a technique used to study parath@agenters, i.e. species con-
taining one or more unpaired electrons. It can thuadeel to study metal centers in
metalloproteins. A deep quantum mechanical understanslingt always necessary
to describe, quantify and interpret biomolecular EPR spf&ijeand metal centers in

proteins are often investigated by comparisons to simdarpounds. The expressions
given in this part of the thesis are sufficient for thelysis of the EPR spectroscopic
characterization in the experimental section of the thesis.

4.2.1 Basic principle

A charged particle that moves generates a magnetic fihdaw associated magnetic
moment,u. An electron has an intrinsic magnetic momeit,arising from the elec-
tron's spin around it's own axiS, The relation between the magnetic moment and the
spin is described as

He =—09pPS (4-8)
wherefis the Bohr magneton, a physical constant with value 9:204" J/T, andg
is a dimensionless proportionality factor termeddHactor. Theg factor depends on
the system under investigation. Tép@alue of a free electron (and radicals) is 2.0023,
the paramagnetic metal systems can exbialues substantially different from 2.
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If an electron is exposed to an external magnetic figlits change in energy, E, is:
E = gfm;B (4-9)
wheremg is the electron spin quantum number, which can havevélues, +Y¥2 or -%%.,
depending on the orientation of the electron’s magnetic mbmehe field.ms is +¥2
if Sis directed alond® and -% if it is in the opposite direction Bf As a consequen-

ce, the electron can have two energies, nafely  g4B, and the splitting between
two energy levels AE = gfB) is proportional to the strength of the magnetic field,

Figure 4.4. Due to Boltzmann distribution, more electronk veilin the lower, spin-
down, energy level than in the spin-up level at low tenaijpees.

Energy

Magnetic field

Figure 4.4: Splitting of the energy levels of an ymaired electron in a magnetic field.

The electron can flip to the higher energy state upon sxpoto electromagnetic
radiation. The requirement for transition is that thergyef the radiationhv, is equal
to the energy separation between the two levels:

hv = g8B (4-10)
ms can only change by +1 during an EPR transition.
The population of the two energy levels follows the Buoknn distribution and
therefore depends on temperature. When the temperataveeied, the percentage of
electrons in spin down orientation increases and theapilily of absorbing micro-
waves increases. It therefore follows that the sensitioityfEPR measurements
increases with decreasing temperature.
Standard EPR instruments are so-called continuous waotremeters, in which the
frequency of the radiation source is kept constantthedield is varied. From (4-10)
B = hv/gp, or more convenientlyg = hv/fB. Theg-value can therefore be calculated
straightforwardly from the field of the maximum absorptitins worth to notice that
B andg are inversely proportional and logrvalues thus appear at high fields and
high g-values appear at low fields. [62]
In order to decrease the noise and increase the sensisitatydard EPR measure-
ments are represented as a spectrum of the first deridtithe observed EPR ab-
sorption with respect to the magnetic field. An absorppieak will therefore result in
a peak and a crossing of zero followed by a negativ& pedhe first derivative
spectrum with the zero crossing at the absorption maxinR@aks and other features
in the first derivative spectrum correspond to inflectpmints in the EPR absorption
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spectrum. By double integration of the standard EPRtspecthe area under the
EPR adsorption spectrum is obtained. This quantity is gotiomal to the "spin

concentration”. EPR measurements can therefore befasedlative concentration
determination and for determination of the spin ofsample [63].

4.2.2 Anisotropy

The g-factor depends on the electronic structure and otientaf the paramagnetic
centre. This is understood by considering e.g. a low-se{filFheme with a single
unpaired d-electron with methionine and histidine as thal digands, Figure 4.5,
with the Cartesiax- andy-axes in the porphyrin ring plane and thaxis along the
methionine and histidine bonds. The EPR absorptionrdbpen the orientation of the
paramagnetic centre in the external field. If the moleculgaced with the-axis in
the same direction as the field, tipvalue with maximum absorption will depend on
the electronic structure in the porphyrin ring as this #dfebhe properties of the
unpaired d-electron. The absorption will be the same thighfield aligned along the
y-axis, since the porphyrin ring is symmetric. If, howeuhe field is aligned along
the z-axis, the g-value will be different, since it is now affectey the electronic
structure of the histidine and methionine ligands [61].

(His)
N

AT

Ne——-o, N
e,
M J
S

S
(Met)

Figure 4.5: Schematic representation of Fe(lll) hera with methionine and histidine axial ligands.

A solution contains a distribution of randomly oriented rooles. Theg-value for
each orientation is a weighted mean of the prin@padlues,g,, gy, andg,.

If all threeg-values are identicaflx = gy = g;, the EPR absorption is independent of
the molecular orientation. The resulting derivative spettisi termed isotropic and
has a positive peak immediately followed by a negative.pdak zero crossing corre-
sponds to the absorption maximum andghelue [62].

If one of theg-values differs from the other two, @)=0gy <g, or b)gx =gy >, as in
the example above, the EPR spectrum is axial. The almsoggectrum will have one
minor peak at gand a major peak corresponding to the two idengealues. The
absorption at the two identicgivalues is higher than aj, since there are more
molecules with th@ vector anywhere iry plane than in molecules with parallel to
the z-axis [61]. The derivative spectrum will have a zercssiog fromgy, andgy, and
g, resulting in either a) a positive peak at lower fieldd(damgherg-value) or b) a
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negative peak at higher field (and lovegvalue) [62].

If all three g-values are differengy # gy # g,, the spectrum is termed rhombic. The
absorption spectrum now has one peak figgnwith shoulders on each side of the
peak corresponding tg andg,. The resulting derivative spectrum will have a posi-
tive peak at low field frong,, a zero crossing frorgy, and a negative peak frog
[62].

Proteins contain distributions of structures retained avenystallized proteins and in
the frozen aqueous solutions commonly used for ERRtgyscopy [64]. The conse-
guence of this is a field dependent inhomogeneous lidéhwontribution, termed-
strain [65].g-strain can be described by not-straightforward stagistieeory (not to
be described here), which allows simulation of the ¢&ffeSimulatedy-strain effects
are denotedV in this thesis. It has been suggested thstrain contains information
on the ligands in a metalloprotein, but the nature andesaafg-strain are not fully
understood [61].

4.2.3 Hyperfine interactions

The paramagnetic centre can also be influenced bytaraaing nucleus with spin,
the relevant nucleus being either the metal ion nuaeasligand atom nucleus. This
section focuses on such metal ion hyperfine interactions

Energy
i

Magnetic field

Figure 4.6: Hyperfine splitting of mg = +% levels upon interaction with a nucleus with = +%.

A nucleus has a charge and when it also posses aitspiil, posses a magnetic
moment and it is therefore the source of a magnetic, fisédnucleus hyperfine field.
The hyperfine field modifies the energy levels of thecteten by splitting them up.
E.g. if an electron with spin S = % interacts with a nugleith spin | = %2, then each
of the two m3 = % states will be split up in two,m % states as illustrated in Figure
4.6. The selection rule for allowed transitiom\iss = +1 andAm, = 0. That gives two
allowed transitions in the example; one from the=m'2, m = -1, state to the g+
+%, m = -Y state (blue arrow), and one from the=m'2, m = +% state to the g
+%, m = +% state (red arrow). If the energy of the radiat®ranstant, the latter
transition will occur at lower field. The difference in magc field is termed the
hyperfine splitting,A. A nucleus with nuclear spinwill give rise to 2 +1 hyperfine
interaction lines [62]. The magnitude Afdepends on the strength of the interaction
between the nucleus and the electron [63].
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The interaction between the electron and the nucleusndspon the spatial distribu-
tion of the electron. This distribution not only dependghe orbital with the unpaired
electron, but can also be different in different diretiohhe hyperfine splittingA,
thus depends on the direction and is anisotropic [62].

The widths of hyperfine lines are affected by inhomogeséroadening similar tgp
strain. For hyperfine interactions the effect is termestrain. A-strain causes asym-
metries in the hyperfine line width that depend on the and@&antum numbeA-
strain is simulated with asymmetric parametéstrain effects are less understood
thang-strain effects [61].

4.2.4 EPR monitored redox titration

EPR can be used for determination of redox potentiaisetélloproteins.
Metalloprotein redox reactions are usually one-electrantiens. Redox reactions are
therefore often transitions between states with diffeedsttron configurations, i.e.
states with different EPR signals, most often betweenPdh ilent state and an EPR
active state. A relative measurement of the conceorraf the EPR active specie can
be estimated through double integration of the EPR spedsae section 4.2.1). It is
therefore possible to use EPR for relative measuremenheo concentration at
different potentials if the potential of a sample candrgrolled and changed.

A frequently used method is by having the protein irolat®n with a mixture of
redox mediators with redox potentials distributed in the ddgpotential range. The
potential of the solution with respect to a reference eléetoan be measured using a
platinum wire. The protein (and the mediators) are tie€lnced or oxidized by step-
wise addition of either a reductant, most ofteS, or an oxidant, [Fe(CN)*.
When equilibrium is reached at (or near) the desired patensample is taken out
and frozen in liquid Mfor subsequent EPR measurements. [61]

Table 4.1: Translated Nernstian equations in threglifferent situations [61].
Situation Translated Nernstian expression

oxidized form is EPR active fox = Img.x -
1+exp(E" -E) &

reduced form is EPR active iox = max —
1+exp(€-E°) &

intermediate in a two-step reac- | ; ! max

i = : :
tion is EPR active P 1+exp(E-EY)E) +exp(ES -E) =

The relative concentrations at the various potentials anegio¢ted in a diagram to fit
to a Nernstian curve. The Nernst equation can be traddlatequations in terms of
EPR intensityj (area under the adsorption curve) [61]. These equatomn given in
Table 4.1.
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4.2.5 Quantification

EPR spectra can be used for quantification of paramagsycies by double integra-
tion of the spectrum, cf. section 4.2.1. The doublygrated spectrum gives a relative
measure of the concentration of the paramagnetic spaSpin concentration” of an
unknown sample is determined by comparing it to thensitg of a known standard
sample. The concentration of the unknown sample is diyen

u |

oy :Cs’” —S (4-112)
Isty

where the subscripts “U” and “S” refers the unknowrd dhe standard sample,

respectivelyl is an intensity factor that depends on the g-valuescande approxi-

mated by:
24024092 +q. +
| Dg [9x 9,0, L 979,79, (4-12)
3 3 9

(4-11) only applies if all experimental conditions are th@esdor the two measure-
ments. If that prerequisite is not fulfilled, one has teet#hese factors into account
and use:

2
S :”_UI_S%]_ORJZLPS Ws | Gs ds Ty (4-13)
WU GU dU TS

whereM is the modulation amplitud®, is the microwave power attenuati,is the
magnetic field scan widtlG is the electronic gaird is the sample diameter, amds
the sample temperature [61].

4.3 Instrumentation, setups and materials

4.3.1 Anaerobic systems

Most of the experimental work was performed undereaobic conditions, since both
the wild type ferredoxins and the modified proteins arélizigensitive to oxygen.

A LabStar 50 glove box (M. Braun) with nitrogen atmioese was used for most of
the work. This box was prepared for protein purificatignS S. Helt [66]. It was
equipped with an HPLC system (AKTAprifié GE Healthcare) enabling measure-
ment of the absorbance at 280 nm, a spectrophotometaro[Mop ND-1000,
NanoDrop Technologies) and a magnetic stirrer. The ghaedid not have a humi-
dity control system. Solutions were therefore kept tightly sealben not in use.
Also, there was no temperature control in the box. Thepéeature could therefore
vary during the work. Most often the temperature was *2®uring experiments.
This glove box was setup for electrochemistry in the piteserk.

A smaller part of the work was carried out using Anbi&rd-lexible Vinyl Coy
Chambers (Coy Laboratories) with a nitrogen/hydrogerogpinere (2-4% hydrogen).
This system was equipped like the box with a similar HRyStem, spectro-
photometer and a magnetic stirrer. In addition, this clearnéd an inlet to provide;N
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to add pressure to Vivacell caps and was primarilyl dse concentration of purified

samples after transferring the samples either in theds&alacell 70 or in another

sealed container from the other glove box. A Viva@@ll(Sartorius Stedum Biotech)
equipped with a 5000 MWCO membrane was used for carat@®n of samples and
changing buffers throughout the experimental work. Thise box was also used to
prepare samples for EPR monitored redox titrations.

In all experiments in both boxes, the oxygen concentratizere below the detection
limit of the gas analyzers.

4.3.2 Setup for anaerobic electrochemistry

The setup for electrochemistry inside the glove box wasdan the in-house setup
for electrochemical experiments (described in a nunobgrapers, e.g. [67]). This
system is a three-electrode, two-chamber electrocheroaalwith the reference
electrode in one smaller chamber and the working reléetand the counter electrode
in a bigger chamber. The counter electrode is a Rt-Wihe reference electrode is a
home-made, freshly prepared reversible hydrogen electibae choice of working
electrode depends on system and desired information.

It was desired to set up a similar system in the Labstagtdd@ box (M. Braun). The
biggest obstacle towards this goal was that all electradeuld be transferred
through the vacuum antechamber prior to each expetisiece the glove box was
not equipped with (and did not have room for) electrodisiping equipment. The
electrochemical cell and the counter electrode could sfeaed to the glove box
without problems. It was, however, not possible to transfeirogen electrodes into
the glove box, since the solution and the hydrogen woulgdlgifeak in the vacuum
chamber. Instead, a commercially available Ag/AgCI eléetrgvietrohm) was used.
This electrode could be sealed and was transferred writhakage in the antecham-
ber. An edge-plane pyrolytic graphite electrode (EPG) thasworking electrode in
the presented experiments. It was necessary to protedlgbgode surface from
vacuum to maintain the active electrode surface. The eflecin@s therefore trans-
ferred with water in the cap and sealed. This prowveddintain the active surface and
no leakage was observed upon transfer trough tleelzermber. Two EPG electrodes
were used; a home-made electrode with d = 0.4 cm acmhenercially available
electrode with d = 0.5 cm (Pine Instruments). Botheamated with Teflon to ensure
that only one plane, the edge plane, is in contact withdhgien through a known
area. The EPG electrodes were polished with SiC paflewkd by g =1 pm and @ =
0.05 um A$Os slurry and ultrasonicated twice in water prior to eacheerent
before they were transferred to the glove box. The potaitthe Ag/AgCI reference
electrode was checked versus a saturated calomel electfter each experiment and
potentials were converted to E versus the standarcdbgdrelectrode by using the
factor E(SCE vs. SHE) = 0.244 V [56].

The glove box was already equipped with multiple cables suitable for connecting
the electrodes to a potentiostat. Cyclic voltammetry wasopeed on an Electro-
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chemical Analyzer/Workstation, 700C Series (CH Instrusjecontrolled by the
accompanying CH Instruments software.
The anaerobic electrochemical setup was tested as dambarifchapter 5).

4.3.3 EPR sample preparation, measurements and data analysis

Samples for EPR spectroscopy were prepared in qudns and frozen in liquid N
Protein samples were prepared inside the glove box,dseatle a rubber lid, taken
out through the antechamber, and frozen immediatelpweld by removal of the lid.
The samples were stored and shipped in liquid N

The redox mediators used for EPR spectroscopic monitedk titrations are listed
in Table 4.2. Benzyl viologen and methyl viologen thdwesegive EPR active radi-
cals in their reduced forms, disturbing the spectra at lot@npials. TMPD is a two
electron donor.

Table 4.2: Redox mediators used for EPR monitoredadox titrations and their formal potentials.

Mediator E° (mV vs. SHE)
N,N,N',N'-tetramethyl-p-phenylendediamine +276
(TMPD)

2,6-dichlorophenol indophenol (DCIP) +217
Phenazine ethosulfate (PES) +55
Methylene blue +11
Resorufine -51
Indigodisulfonate (indigo carmine) -125
2-hydroxy-1,4-naphtaquinone -145
Anthraquinone-2-sulfonate -225
Phenosafranin -252
Safranin O -280
Neutral red -340
Benzyl viologen -350
Methyl viologen -440

EPR monitored redox titrations were carried out by dissglthe listed mediators in
50 mM buffer (in this project Tris/HCI, pH 8.0) with 0.25 NaCl to a concentration
of 155 mM of each mediator. This solution was mixetthygrotein solution in a small
glass cell in a 1:1 ratio. A reference Ag/AgCI electrodén(feton Applied Research)
and a Pt-wire were inserted in the cell and the polemigasured. Small aliquots of
freshly prepared solutions of p&0O, or KsFe(CN) in 50 mM Tris/HCI, pH 8.0 were
added to the solution to reduce or oxidize the mix. Sasnplere taken out at the
desired, stable potentials by transferring 200 pl ofsthietion to an EPR tube and
freezing it as described above. The potential was medsatrthe time of freezing,
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assuming that what potential changes that happen in linggosoin the cell also hap-
pen in the solution in the EPR tube. The potential of ttexreéate electrode was chec-
ked versus a saturated calomel electrode and potengadsoenverted to E versus the
standard hydrogen electrode by using the factor E (8CEHE) = 0.244 V [56].

All EPR spectroscopic measurements were carried out itableeatory of Professor
Wilfred R. Hagen at Delft University of Technology. Xrahspectra were recorded
on a Bruker ER 200 D spectrometer with an ER 4116 Bsdmator and a home-built
cooling flow system for liquid He or liquid N The recorded spectra were analyzed
using WR Hagen Visual Software programs [68]. Quartifan of intensity was per-
formed by double integration. In spectra with radiighals, the radical signal was
guantified and subtracted from the double integral efftii spectrum. Molar quanti-
fication was carried out by comparison of intensity to &' Gtandard sample 10.00
mM CuSQ in 10 mM HCI + 2 M NaCI@ a S = % system whictrvalues arey =
2.404 andy; = 2.076 andy = 131 andA unresolved [61].

The intensities of EPR spectra (as found by doublgiiat®n) were adjusted to the
same conditions according to the relations between thereliff experimental para-
meters in 4-13 when necessary and divided by theecwration of protein in the
sample before plotting titration curves. The concentration adfissted by the added
volumes of NaS;0, and/or KFe(CN} solutions.

4.3.4 Chemicals and column materials

All chemicals applied were of analytical grade. Water ubedughout the experi-
ments was 18.2 EBcm QPAK Milli-Q (Millipore).

MoOs enriched in®Mo was purchased from Medical Isotopes, Inc., as 94.74
enrichment.

Pre-packed columns and column materials for homeguhcklumns for HPLC or
gravitational protein purification were purchased frooméksham Biosciences (GE
Healthcare).

Column materials for purification of molybdenum-sulfur ¢téus were purchased
from Sigma-Aldrich.
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CHAPTER FIVE

5 Purification and
Electrochemical Sudies of
| ron-Sulfur Protans

5.1 Introduction

This chapter describes the studiefofuriosugFe;Ss] and [FaS,] ferredoxin. These
studies serve as reference for the studies of the raddiérredoxins described in
chapters 6 and 9. The electrochemical studies of th&{Fend [FaS4] ferredoxins
were also used to test the setup for anaerobic electmistng (chapter 4.3.2). Also
included in this chapter are the electrochemical studiesaérrferredoxins that are
being investigated in our group.

The electrochemical properties of b&thfuriosusferredoxins have been studied tho-
roughly [67, 69, 70]. Armstrong et. al. studied btth [FeSs] and the [FgS4] ferre-
doxins in solution and adsorbed as a protein film on iketrede surface [69].
Members of the Nanoscale Chemistry group have stutiedFeS,] ferredoxin in
homogeneous solution and adsorbed as a self-assemibedlayer on single-
crystalline gold surfaces modified by a molecular moraiayf a linker molecule
[67]. Hagen et. al. have studied the {&¢ ferredoxin in solution and directly
adsorbed on polycrystalline gold electrodes [31, 70]. [F&S,] ferredoxin was
studied briefly under conditions similar to the studies og$jeferredoxin in ref. 67
in my M.Sc. thesis [71].

In this project, proteins in homogeneous solution avelisti under circumstances
similar to the previous study in our group, with the exiogp that anaerobic
conditions in a glove box are used. There was a larg&ilsotion from oxygen that
had to be removed by hours of deoxygenation in tegipus studies and since the
proteins are very sensitive towards oxygen the use @frabig conditions is likely to
be beneficial. The effects of different buffers andrpoters are investigated.

Large amounts oP. furiosusferredoxin have been used in this project both fosehe
reference studies and for the syntheses of the mod#éreddoxins, particularly the
synthesis of the molybdenum-sulfur analogue (chaptévi®3t of the ferredoxin used
was expressed and purified by me. The aerobically pdrfe&nples were frozen and
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stored at -20C until further use.

Procedures for aerobic expression and purificatid. dbriosusferredoxin have been
developed in the Metalloprotein Chemistry group [72], tmalfpurification step
being an anion-exchange step. Protein for sulfonafion further incorporation of
[Mo4S4], chapter 9) was used in aerobically purified formamter 7, while samples
for incorporation of C8 and for electrochemistry were prepared as describedbelo

5.2 Anaerobic purification of P. furiosus ferredoxin

Aerobically purified protein samples were re-purified ie tflove box immediately
before use for electrochemistry or for incorporation of‘Gohapter 6) to remove all
traces of oxygen and to ensure pure samples. Therifecation step is similar to the
final anion-exchange step in the purification protocdle Ppurification of [FeS,] and
[FesS4] ferredoxin was used as reference for the purificatidnthe [CoFeSy]
ferredoxin and will briefly be described here.

5.2.1 Experimental

Frozen samples dP. furiosusferredoxin were transferred into the glove box and
purified by HPLC (AKTAprimé™ plus) by loading the protein on a 20 mM Tris/HCI,
pH 8.0 equilibrated 16/10 Source 30Q column. The prot&is eluted by a linear
gradient, 0.20 M NaCl to 0.35 M NaCl in 10 column volum€&¥s, 6 ml/min.
Collected fractions were concentrated using a Vivacell 7 &it5000 MWCO
membrane. The concentration was determined by UVpéstsophotometry, using
the molar absorption coefficients determined by Conovex et18-18 M cm™ at 408
nm for [FeSy] ferredoxin and 17-FMcm™ at 390 nm for [F£5,] ferredoxin [29].

5.2.2 Results

A representative chromatogram for purification of a mixtof [F&Ss] and [FaSy]
ferredoxin, [F@S4] ferredoxin being the main component, is shown in Figute The
chromatogram is in agreement with results from aerohiigation according to the
in-house standard protocols with two peaks fromy$gé" ferredoxin (eluting at ~25
mS/cm) and [F€S4]" ferredoxin (eluting at ~27.5 mS/cm), respectively, bothhi
oxidized forms.

The fractions containing the desired form of the prote@mewcollected and pooled
leaving out fractions with mixtures of the two forms. Themaining protein-
containing fractions were collected and stored ate0

The normalized UV-vis spectra of the purified and cotreg¢ed fractions in Figure
5.2 show the spectral characteristics of the oxidifegS;] and [FeS,] ferredoxin;
the absorption maximum of the §Sg] ferredoxin is at 408 nm and that of the j&&
ferredoxin at 390 nm [73]. These spectra are in agreewieh spectra for aerobically
purified P. furiosusferredoxins and confirm that the oxidized forms @& ghotein are
the ones purified by this method.
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Figure 5.1: Chromatogram of anaerobic re-purification of a mixture of P. furiosus [Fes;S,] and

[Fe4Sy] ferredoxin on a 16/10 Source 30Q column. The blukéne indicates the absorption at 280
nm and the red line the conductivity gradient. Thenumbers written in red indicate the

conductivities at the absorption maxima.

— [Fe,S,] ferredoxin
— [Fe,S ] ferredoxin

1.0

0.8

0.6

0.4+

Absorbance / Au

0.24

0.0

T T T T T T
250 300 350 400 450 500 550 600
Wavelength / nm

Figure 5.2: Normalized (according to the absorbancat 280 nm) UV-vis spectra ofP. furiosus
[FesS,] ferredoxin (blue line) and [F&S;] ferredoxin (red line). The dashed lines mark the
adsorption maxima at 390 nm (red) and 408 nm (blue)

As the chromatograms and spectra from the anaerobificption agree with the
well-known protocols for aerobic purification, they areedisfor the subsequent
studies without further characterization.

5.3 Electrochemical studies of P. furiosus [FesS,] ferredoxin

The electrochemical studies of §Sg] ferredoxin serve as reference for the electro-
chemical studies of [Cok®] ferredoxin. Redox signals observed in the presence of
different buffers and different promoters under the @ants in the glove box were
adressed. These studies are based on the previous studig® protein in the
Nanoscale Chemistry group [67]. Phosphate buffer wgesl in these studies since
phosphate buffer is very suitable for the high-resolusimlies of protein assembled
on Au(111) that were also a part of that study. In tlesgmt study, use of Tris/HCI
buffer is desired, since it is convenient to use the shufier as for purification.
Possible differences between results obtained from thebtvii@rs were therefore
checked. The effect of NaCl was also investigated, siacedrof NaCl from the ion-
exchange purification step can be present in the conceshtsample. Neomycin and
cysteine were used as promoters as in previous expdsifitah 69].
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5.3.1 Experimental

The buffer was changed to either 20 mM Tris/HCI, pH@.6 mM phosphate buffer,
pH 7.9 (prepared from KIPQ, and KHPQ;) by reducing the volume in a Vivacell 70
and diluting ~50 times with the desired buffer. This wgseated three times. The
concentrations of the final samples were determined byis\$pectrophotometry.
The EPG working electrode was polished and transferrem the glove box as
described in chapter 4.3.2. The electrodes were mountéhe electrochemical cell
containing 43 UM [Fs54] ferredoxin in the desired buffer as also describechapter
4.3.2.

For experiments with buffers containing NaCl, the samp0i mM Tris/HCI, pH 8.0
was diluted with appropriate amounts of 20 mM Tris/HG3, . NaCl, pH 8.0 and 20
mM Tris/HCI, 1 M NacCl, pH 8.0. A titration with small amourtcNaCl was carried
out by adding appropriate volumes of 43 pMsfkéferredoxin in 20 mM Tris/HCI,
pH 8.0, 1 M NacCl to the non-NaCl containing solution of 48 [fresS,] ferredoxin in
20 mM Tris/HCI, pH 8.0. The experiments were caroetiat 27°C.

Neomycin sulfate powder and L-cysteine powder were adoldéde solution during
experiments without further purification by dissolution in raai volume of the
protein solution and transferring this to the cell. Botmmters were used at 5 mM
concentrations.

5.3.2 Results and discussion

No redox signals were observed in the absence of giszmin agreement with
previous results [67, 69]. A pair of well-defined r&dpeaks appears at similar
potentials in both in phosphate buffer and in Tris/HCI buffe¢hout NaCl upon
addition of neomycin, Figure 5.3. Notably, when the expent was carried out in
Tris/HCI buffer with 0.5 M NaCl, there is no signal aistpotential. There are some
not-very-well defined broad peaks at lower potentials. Téignal has some
resemblance to the large oxygen signal observed fagrements carried out under
aerobic conditions [67, 71] and might be due to tracewsms of oxygen in the glove
box.

i/ pAlem’

—— in 5 mM phosphate buffer, pH 7.9

—in 20 mM Tris/HCI, pH 8.0

—in 20 mM Tris/HCI, 0.5 M NaCl, pH 8.0
T T T

T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E/Vvs. SHE

Figure 5.3: Cyclic voltammograms of 43 uMP. furiosus [FesS,] ferredoxin with 5 mM neomycin
in different buffers as indicated, scan rate = 5 mYs.
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The effect of NaCl was investigated further in a titratiopegdment in which NacCl

was added to the protein solution during the experimehe Tesults of this

experiment are shown in Figure 5.4. These voltammogrsimosy that the peaks
broaden and move apart even at very low NaCl condamtsa The protein signal has
completely disappeared at 50 mM NaCl and the broad Is@néower potentials

appears, suggesting that this signal is not due to oxymgrmore likely an effect of
NaCl. From these results it is obvious that the redox ptiegeof the protein are very
sensitive towards NacCl.

P. furiosusferredoxin is known to have different properties defdeg on the salt

concentration. Hagen et. al. have suggested monomer/diteeaction depending on
the salt concentration, the dimeric form being presenfNdl) < 0.5 M. Results by
other members of our research group suggest that ibiie tikely that salt changes
the hydrodynamic radius of the protein [66]. Both effedsld alter the properties of
the protein, including the redox properties, significantiyjyeCould imagine some
kind of screening of the protein in the presence of salygincCIl ions are already

present in the solution at 0 mM NaCl due to the premaratf the buffer with HCI.

i/ pA-cm’®
i

—— 0 mM NaCl

1 mM NaCl
—— 10 mM NaCl
—— 50 mM NacCl

T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2
E/Vvs. SHE

Figure 5.4: Cyclic voltammograms of 43 pMP. furiosus [FesSy] ferredoxin with 5 mM neomycin
in 20 mM Tris/HCI, pH 8.0 + NaCl as indicated, scamate =5 mV/s.

Table 5.1: Redox parameters ofP. furiosus [FesSs] ferredoxin in the presence of neomycin in
different buffers at 5 mV/s. Potentials are givenri mV vs. SHE. The results from previous studies
within our research groups are given for comparison

Ea | Ec | E | AE, | Eme2

5 mM phosphate buffer, pH 7.9 -126:320 | -223| 194| 99
20 mM Tris/HCI, pH 8.0 -146 -315 | -231| 169| 87
Outside glove box, 5 mM phosphate buffer, )I_-h36 236 | -186| 100

7.9[67]

The parameters of the voltammograms in Figure 5.3 arengiveTable 5.1 and
compared with the results from the experiments outsidegkne box [67]. The
characteristics are similar for the two experiments carngdahe glove box, though
the peak-peak separation is larger in phosphate buffee differences observed
between the two buffer systems could arise from diffebuffer systems with slightly
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different pH and different ionic strengths. The formalkpbials are ~40 mV lower for
these new experiments performed inside the glove hdxtlee peak-peak separation
is also significantly larger. The anodic peak potentiaés amilar, but the cathodic
peak potential has shifted 80 mV to lower potentials.

j ! uAlem®

j ! pAlcm’

-2+ —— 5 mM neomycin —— 5 mm neomycin
—— 5 mM neomycin + 5 mM cysteine —— 5 mM neomycin +5 mM cysteine

T T T T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
E/Vvs. SHE E/Vvs. SHE

Figure 5.5: Cyclic voltammograms of 43 uMP. furiosus [FesS,] ferredoxin with neomycin and
cystein as indicated in either A) 5 mM phosphate Hter, pH 7.9, or in B) 20 mM Tris/HCI, pH
8.0, scan rate =5 mV/s.

A second redox pair has been observed fogSffeferredoxin. Armstrong et. al.
reported a two-electron transition redox couple at lopegentials [69]. The study by
members of the Nanoscale Chemistry group revealedeaekectron redox-couple
upon the addition of a second promoter with a carborgliigy such as cysteine [67].
Since the present study primarily is based on the lattevas attempted to add
cysteine in order to promote the second redox transifitke. voltammograms in
Figure 5.5 show the results of this addition in both phatgpbuffer and in Tris/HCI
buffer. There is clearly no appearance of the seceddxr couple upon addition of
cysteine in either case. In the previous study, the skecedox couple was only
observed at low scan rates, but was present as alefeibd pair of peaks at 5 mV/s
[67, personal communication with J. Zhang]. In thespreg voltammograms, there are
no indications of any redox transition in the lower pagntindow even at 5 mV/s.
The most significant difference between these expetsramd the experiments in ref.
67 is the use of a Ag/AgCI reference electrode as opptusa reversible hydrogen
electrode in ref. 67. A different reference electrodhs used presently, since it is not
possible in the current setup to transfer a homemadesieleehydrogen electrode
into the glove box. A commercially available Ag/AgCl electomas therefore used.
Recent experiments on other variantd?ofuriosusferredoxins in the Metalloprotein
group [74] have suggested that leakage of figm the reference electrode leads to
formation of ferredoxin containing the [AgiR] cluster. The presence of this cluster
was proven by mass spectrometry, which was not avaithbiieag the early studies
presented in this chapter. It is reasonable, that incdiporaf Ag" in the [FeS]
leads to the observed changes in the voltammogramsshif.in cathodic peak
potential and absence of the redox couple at lower potentia

Another difference is that there was a significant amhofioxygen in the sample and
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it was necessary to scan for several hours while flushitig Ar to remove oxygen
contributions in the voltammograms in the experimentfop@ed outside the glove
box [67, 71]. This was not necessary when the éxmts were performed in the
glove box. It is possible that the differences obstraeise from the long time
exposure to oxygen during the electrochemical experirdentstrong et. al. observed
changes in the voltammograms in form of attenuatekispea continued cycling [69].

5.4 Electrochemical studies of P. furiosus [Fe;S,] ferredoxin

Similar to the electrochemical studies of thesfzpferredoxin, the studies of [F#&]
serve as reference for the studies on [GBffderredoxin as well as the [M8,] ana-
logue. This work is a continuation of work in my M. Sc.jpob studying the [F&]
ferredoxin under similar conditions as the publishedlisgion [FgSs] ferredoxin
[67]. The signal arising from [R84] ferredoxin was disturbed by a signal arising from
oxygen that was removed by scanning for several haaer Ar flushing. The redox
signal was also only stable at very low scan rates.likaly that these results can be
improved since the [R&,] ferredoxin is sensitive to oxygen. The studies using the
glove box therefore also serve as a check of the dmaearonditions in the glove box.
As for the [F@S, ferredoxin the effects of different buffers and poiers were
studied.

5.4.1 Experimental

Samples in either 20 mM Tris/HCI pH, 8.0 with or with@u5 M NaCl or 5 mM
phosphate buffer, pH 7.9 were prepared as describeldaipter 5.3.1. The electrodes
were prepared and mounted in the cell as describeltbipter 4.3.2.

Neomycin sulfate powder and L-cysteine powder withouth&r purification were
added by dissolving in a small amount of protein solutom transferring this
solution to the electrochemical cell and used as 5 mMeruretions.

Experiments were carried out at the working tempeegaiurthe glove box, i.e. ~27
°C.

5.4.2 Results and discussion

No redox-couples were observed in the absence of y@orm agreement with other
observations [31, 69, 71]. A well-defined pair ofogrgeaks appears upon addition of
neomycin both in 20 mM Tris/HCI, pH 8.0 and 5 mM phuste buffer, pH 7.9,
Figure 5.6. Similar to the [E84] ferredoxin, the signal disappears in the presence of
NaCl and is replaced by a broad peak similar to the mdeerved for [F£5)
ferredoxin in the presence of NaCl. The salt effect or{FlagS,] ferredoxin was not
investigated by a titration experiment, but it is assutoddllow a similar pattern.
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— In 5 mM phosphate buffer, pH 7.9

—— In 20 mM Tris/HCI, pH 8.0
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Figure 5.6: Cyclic voltammograms of 45 uMP. furiosus [Fe;S;] ferredoxin with 5 mM neomycin
in different buffers as indicated, scan rate = 5 m¥s.

Table 5.2: Redox parameters ofP. furiosus [Fe,;S,] ferredoxin in the presence of neomycin in
different buffers at 5 mV/s. Potentials are givenri mV vs. SHE. The results from previous studies
outside the glove box are given for comparison.

Ea | Ec | B | AR, | Ep
5 mM phosphate buffer, pH 7.9 -319392 | -356| 73 | 56
20 mM Tris/HCI, pH 8.0 -306 -412 | -359| 106 | 68

Outside glove box, 5 mM phosphate buffer, pH 341 | -415| -378| 74
7.8[71]

The parameters of the voltammograms in Figure 5.6iges gn Table 5.2 along with
data from experiments outside the glove box [71]. Tdren&l potentials are slightly
higher in the new experiments inside the glove box ansecl the values obtained
by Armstrong et. al. [69]. The signal to noise ratio inhbbtffers, though, is much
better for the experiments inside the glove box anditmakis stable at significantly
higher scan rates; up to 200 mV/s compared to maxirBQ mV/s for experiments
performed outside the glove box, both in the experimentsyiv. Sc. thesis [71] and
in the result published by Armstrong et. al [69]. The algro noise ratios are signi-
ficantly better than any of the previously publishedtarmimograms of the [E84]
ferredoxin [31, 69, 70, 71] most likely due to less if@ence from oxygen. The
formal potentials are very similar in phosphate bufied d&ris/HCI. The peak-peak
separation is larger and the peaks broaden slightly s/H@I, indicating that the
reaction is slower in Tris/HCI.

The increased peak-peak separation, suggested to $edday incorporation of Ag
observed for the [R&,] ferredoxin in the previous section is not observed in the
voltammograms of the [k8,] ferredoxin. This suggests that the J&@ ferredoxin is
stable in this system with the Ag/AgClI reference electroubAg is incorporated in
this cluster.
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Figure 5.7: Peak current densities plotted versushe square root of the scan rate. A) In 5 mM

phosphate buffer, pH 7.9, B) In 20 mM Tris/HCI, pH8.0. « = Anodic peak current density,» =
Cathodic peak current density.

The kinetic effects were studied by scanning at vargmas rates. Figure 5.7 shows
the peak current densities plotted versus the squaot af the scan rate. The
somewhat linear correlation is as expected for diffustontrolled systems. The
average diffusion constants were determined from theeslap 8.1-10 cnf/s in
phosphate buffer and 5.6:1@nf/s in Tris/HCI. The apparent rate constants were
determined according to equation 4-7, chapter 4d.3.1-1¢ cm/s in phosphate
buffer and 2.4-16 cm/s in Tris/HCI buffer. According to these numbers, thatgin
diffuses more slowly and the rate of the electron traiisfalso slower in Tris/HCI.
The differences likely arise from the differences inicostrength and pH between the
Tris/HCI and phosphate buffer systems. The ratetaats for the [F£54] have not
been published previously, but the constants determireethdahe range of what has
been published for the [F®] ferredoxin [67].

Addition of cysteine did not induce major changes invbléammograms in neither of
the buffers.

5.5 Electrochemical studies of ancient ferredoxins

5.5.1 Introduction

Other members of the Metalloprotein Group have carriddeatensive studies on
ancient ferredoxins. This section describes the elearowal characterization of the
proteins. The proteins will only briefly be presented hBeference must be given to
the Ph.D. theses of Signe Smedegaard Helt [66] amthéd&dgrgaard [75] for a
detailed description of the previous characterizatiothefproteins. The work focuses
on two proteins; one termed the last common ancestaroffsulfur proteins), LCA
ferredoxin, and one termed the origin of iron-sulfuotpins, Ori-ISP. Ori-ISP
consists of a small peptide with four cysteine sites. Tdle-protein is believed to
form a dimer carrying two [R&] clusters. Ori-ISP is extremely sensitive to oxygen
and unstable. LCA ferredoxin can roughly be descrisedwo Ori-ISP amino acid
chains linked by a small peptide insertion forming a pratein with eight cysteines
and the protein is believed to carry two 84 clusters. A minor fraction of the
protein carries one [E84] cluster and one [R&,] cluster. LCA ferredoxin is more
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stable than Ori-ISP, but is still very sensitive towardsgexy Both LCA ferredoxin
and Ori-ISP have overall negative charges.

The effect of different additives on the electrochemjzaperties of LCA ferredoxin
was also tested in this study.

5.5.2 Experimental

The samples were prepared immediately before the elbetrocal characterization
by Hanne Ngrgaarfl0]. The samples of LCA ferredoxin were preparéhes in 20
mM Tris/HCI, pH 8.0 or in 20 mM Tris/HCI, 0.5 M NaCl, pH® Ori-ISP was
prepared in 20 mM Tris/HCI, 0.5 M NaCl, pH 8.0.

The electrodes were polished and mounted in the selleacribed in chapter 4.3.2.
Neomycin sulfate powder was added without further putiboaby dissolving in a
small amount of protein solution and transferring this smiuto the electrochemical
cell. 5 mM concentrations were used.

The experiments were carried out at°27

5.5.3 Results and discussion

The concentration of LCA ferredoxin varied between 35 pil 70 uM in the
different experiments due to variations in the yields fromifipation that will not be
discussed here. There were no differences betweess peakrved at different protein
concentrations.

TA B

jl pA-cm’
i/ pA-cm’

—— No promotors

+ neomycin

+ neomycin + 0.5 M NaCl
T T

+0.5 M NaCl
+ 0.5 M NaCl + 5 mM neomycin

T T T T T T T T T T T T
0.8 0.6 0.4 02 0.0 0.2 0.4 -1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4
E/Vvs. SHE E/Vvs. SHE

Figure 5.8: Cyclic voltammograms of LCA ferredoxin with/without neomycin and with/without
NaCl as indicated in the figure legends. A) 53 pMB) 35 UM, scan rate =5 mV/s.

The voltammograms in the presence or absence of ra@orapd with or without
NacCl in the buffer are shown in Figure 5.8. They stsmme interesting effects. Two
redox-couples appear in the voltammograms, a domingnélsat ~ -420 mV, and
one broad signal at ~ 30 mV. The half peak widths i bedox couples suggest one-
electron transfer. The signal at ~ -420 mV is attribticetthe [FeSs]*™*? redox couple
and the redox couple at higher potentials is attributed teS[P€™. These results
accord with the two-[F£5,] cluster state of the protein being the predominant form
and a minor fraction being the one-jBg cluster one-[F¢5] cluster state. The ratio
between the areas of the two sets of peaks do not,veowaccord with the ratio
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between the two forms determined from other method$ [Gitggesting that the
[FesSy] cluster and the [R&,] cluster do not interact with the electrode surface in the
same way. The redox parameters of the$esignal are given in Table 5.3.

Table 5.3: Redox parameters of the [F&,] signal of LCA ferredoxin with and without neomycin

and NaCl in 20 mM Tris/HCI, pH 8.0 at 5 mV/s. Potetials are given in mV vs. SHE.

E. | Ec | E | AE

53 uM LCA ferredoxin + 0.5 M NaCl -37[1-466 | -418| 96
53 uM LCA ferredoxin + 0.5 M NaCl + 5 mM neomycin381 | -454 | -418| 73
35 uM LCA ferredoxin + 5 mM neomycin -385459 | -422| 75

35 uM LCA ferredoxin + 5 mM neomycin + 0.5 M NaCi376 | -459| -418| 84

The appearances of peaks with different promotersvarg interesting in the
perspective of the studies Bf furiosus[Fe;Ss] and [FaS] ferredoxin. The [FgS]
signal is observed in the presence of either NaCl omgein or both. The [F&]
signal, however, is only present in the absence of nelonand is independent of
NaCl. That is, to my knowledge, the first observatiom@dmycin blocking an elec-
trochemical signal. This is a very different behavior cared with theP. furiosus
ferredoxins, where neomycin had to be present indghgisn for any redox signals to
appear and NaCl hindered the observed redox coupéEsnjin has been suggested
to bind strongly to thé. furiosusferredoxin [67]. It is reasonable that binding to a
different protein with a different surface has a differeffect and could block the
electrochemical signal.

The voltammograms were recorded at various scantmtady the kinetic effects of
the [F@S,] signal. The [Fe54] signal is too weak and only stable at too low scagsrat
to study the kinetic effects. The plots in Figure 5.9sliee dependence of the peak
current density of the [B8] signal on the square root of the scan rate. When only
neomycin is present, Figure 5.9B, both the cathodicaaodic peak currents densities
show a linear dependency in the measured range. Howteedependence is not
linear for the anodic peak at the highest scan rates Wwhth neomycin and NacCl is
present, Figure 5.9C, nor when only NaCl is presdagtyré 5.9A. The dependency is
different for the anodic and cathodic peaks in Figue&&nd Figure 5.9C.

The peak-peak separation is 75 mV and independenteokd¢hn rate when only
neomycin is added, indicating a reversible reactionreviee reaction is too fast for
the rate constant to be determined (cf. chapter 4.1.3).rate constant when only
NaCl is added and when both neomycin and NaCl are addszldetermined by first
determining the average diffusion constants from tliéspn Figure 5.9 and then
using equation 4-7, chapter 4.1.3. The rate constaheipresence of only NaCl was
determined to 1.2-10cm/s and the rate constant was 1.8-&@/s in the presence of
both neomycin and NaCl. These results indicate that neiarnpyomotes fast electron
transfer, whereas NaCl slows down electron transfée electron transfer rate
constants determined are in the same range as fBr theosugFe;S,] ferredoxin.
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Figure 5.9: Peak current densities plotted versushe square root of the scan rate of LCA
ferredoxin in 20 mM Tris/HCI. Conditions: A) 53 uM LCA ferredoxin + 0.5 M NaCl, B) 35 uM
LCA ferredoxin + neomycin, C) 35 uM LCA ferredoxin + neomycin + 0.5 M NaCl. « = Anodic
peak current density,e = Cathodic peak current density.

Ori-ISP was only studied in 20 mM Tris/HCI, 0.5 M Na@H 8.0. The voltammo-
grams with and without neomycin are shown in Figure 5Fl§ure 5.10A shows a
very weak signal in the [F8]™*? range. Neomycin did not seem to have a
promoting effect, rather the signal faded upon additbmeomycin. Figure 5.10B
shows another signal at higher potentials. The signal at hogitentials is very large,
broad, and asymmetric and the potentials change agaition of neomycin.
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i/ pA-cm®
il pA-cm?

h — No neomycin 10 —— No neomycin
124 —— With neomycin —— With neomycin
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Figure 5.10: Cyclic voltammograms of 227 uM Ori-ISPin 20 mM Tris/HCI, pH 8.0 with and
without neomycin as indicated A) in the lower potetial window and B) in the higher potential
window. Scan rate = 20 mV/s.

The color of the solution had changed after the expetsnguestioning the integrity
of the sample and the protein is most likely not stable wsvére electrochemical
conditions. The damping of the signal upon addition ofrmgon could be due to
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degradation of the protein and not an effect of neomyfie signal at higher poten-
tials could be due to oxidative degradation of the pro®miISP is an extremely
sensitive protein, particularly towards oxidation [66), #endering oxidative degra-
dation probable.

5.6 Conclusion

Different ferredoxins have been investigated electrochdiyiaander anaerobic
conditions. The ferredoxins were studied in differentfdrsfand the effect of pro-
moters was tested.

Overall, the electrochemical setup in the glove box gawa gedox signals. The
signals for theP. furiosus[Fe;Ss] ferredoxin and the [R&,] LCA ferredoxin signal
were well-defined and not very broad. The signal tisenaatio of the [F£]
ferredoxin is significantly better than for experimenotsside the glove box. The
[FesS4] signals, however, were very broad and in the casP.duriosus[FesSy
ferredoxin particular the cathodic peak had shifted coetpto previously published
results. This is most likely due to incorporation of' Agns from the Ag/AgCl elec-
trode into the cluster. Agons did not seem to interfere with signals of the coteple
cuboidal [F@Ss] clusters. The current setup is therefore most apjatepior complete
and stable clusters, but a leakage-free referenceaecwould be desired for future
experiments. The Ag/AgCl electrode used was also usedthi®r experiments
presented later in the report, since the incorporatioMgf was only discovered
recently.

The results illustrate that one has to be aware of &asiech as salt and promoters
when studying iron-sulfur proteins electrochemically. Boéfer did not seem to have
significant effect in the case of tRe furiosusferredoxins and it was not tested for the
LCA ferredoxin. Neomycin was necessary for any etettemical signal of th&.
furiosusferredoxins, but blocked one of the signals from LféAedoxin. NaCl also
has a huge effect on the signal as Fhduriosussignals disappeared in buffer with
NacCl, but it seemed to promote slower electron transfdr@@ ferredoxin.
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CHAPTER SIX

6 Studies of Pyrococcus furiosus
|CoFeSy] Ferredoxin

6.1 Introduction

This chapter describes the synthesis, purification dradacterization oP. furiosus
ferredoxin with a heterometallic [Cof=R] cluster.

The interest in iron-sulfur proteins with artificial heteromlaatlusters is based on
the enzymatic reactivity of heterometallic clusters. Muoezpthe new class of hetero-
metallic cuboidal clusters provides new means to exploeeinteractions between
fragments of the cluster by investigating how incorporaibmetals other than iron
changes the properties of the iron-sulfur cluster aotem.

Synthesis of a [CoR8,] cluster in D. gigas ferredoxin was the first reported
formation of a synthetic, heterometallic cluster in addoxin [37]. Since then the
[CoFgS,] cluster has also been formed @h acidi urici ferredoxin [76], aconitase
[77] and P. furiosusferredoxin [38]. The [CoF&,] has thus been formed in more
iron-sulfur proteins than any other of the new classtifia@al heterometallic clusters
in iron-sulfur proteins. The [CoE&] cluster inP. furiosusferredoxin is of particular
interest since Co is coordinated by the unusual aspéigatel in this protein leading
to differences in the EPR spectrum, and thereby diifarg in the electronic and mag-
netic properties, of this protein compared to therdi@eFgS,] ferredoxins [38].

In the previous study of thE. furiosus[CoFgS,] ferredoxin the protein was syn-
thesized, desalted and studied with EPR spectroscopyaguetic circular dichroism
spectroscopy to establish the cluster type and magneferies of the cluster [38].
The protein was confirmed to exist in an EPR silent, digmetic [CoFe5,]" state and
an EPR active, paramagnetic [CeE4*" state. The midpoint potential of the
transition between the two states was determined by EPRarezhredox titration.
The reduced [CoR&4]" cluster was found to bind and release @Nersibly, whereas
the oxidized [CoF¢5,]%" cluster broke down to the [F&] cluster upon exposure to
CN'. In general, this study showed higher stability of teduced cluster than the
oxidized cluster [38].

This project includes the first multidisciplinary study of tRe furiosus[CoFgSy]
ferredoxin with chromatographic purification, mass spmeugtry, and electrochemical
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characterization along with EPR spectrometry for comparto previous studies.

6.2 Synthesis and purification of P. furiosus [CoFe3S,] ferredoxin

The protocol for synthesis ¢f. furiosus[CoFgS,] ferredoxin was developed based
on the previous reports on the formation of the [GBHecluster in proteins [37, 38,
76, 77]. In these studies Eowas incorporated into the reduced §&¢ ferredoxin.
The excess of Go to protein varies from 10 [38, 77] to 30 [37, 76].some of the
reported procedures dithiothreitol, DTT, was added t® gblution during incor-
poration of C&" [37, 76], while others add EDTA during the synthe8®, [77]. The
incubation time varies between 30 minutes and 12 hougdl cases the incubation is
followed by a desalting step and in some cases a crogexchange step.

The protocol used in the present project was optimizell iegpect to time and DTT,
but not with respect to EDTA.

6.2.1 Experimental

Synthesis without addition of DTAII solutions were buffered with 20 mM Tris/HCI,
pH 8.0 throughout the synthesis. A sample of 5 mg aeathp purified [FeS4
ferredoxin in 20 mM Tris/HCI, pH 8.0 was deoxygenatsehled and transferred into
the glove box. The sample was transferred to a rourtd+het flask and diluted to 2
ml. 215 pl 100 mM Ng5;04 (30 times excess) was added and the solution was
incubated for 30 minutes for reduction of the J&¢ ferredoxin. 6.3 mg of
Co(NGs)2-6HO (30 times excess) was dissolved in 100 ul buffer taansferred to
the round-bottomed flask and the resulting solution iatedh for 4 hours with gentle
stirring. The solution was then desalted on a PD-10 colequilibrated in 20 mM
Tris/HCI, pH 8.0 by elution with the same buffer befétoading on a Q Sepharose FF
column. The column was washed with 2 CV 20 mM Tris/HiE, 8.0 and the protein
eluded with 20 mM Tris/HCI, 0.5 M NaCl, pH 8.0 withagity chromatography. The
protein was then diluted 3 times and purified by HPLC TAigrime™ plus) on a 20
mM Tris/HCI, pH 8.0 equilibrated 16/10 Source 30Q coluifime protein was eluted
by a linear gradient, 0.20 M NacCl to 0.35 M NaCl overC\s, 6 ml/min. Collected
fractions were concentrated using a Vivacell 70 with s03@0VCO membrane and
UV-vis spectra recorded.

Synthesis with addition of DTThe synthesis in the presence of DTT was carried out
similarly to the synthesis without DTT, except that 1.1 BT dissolved in 100 pl
buffer (10 times excess) was added immediately befddition of Co(NQ),-6H0.
The protocol for the purification was the same.

6.2.2 Results and discussion

There was no visible color chance upon addition of nels@5* nor DTT in experi-
ments where DTT was added. The color of the reactigtune turned from brown to
slightly greenish brown upon addition of €oThere was no precipitation in the
reaction flask. One brown band was eluted from thelPDzolumn and no other
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colored species were observed on this column. A biwamd was also eluted from the
Q Sepharose FF column, while another brown band remaim the column. In
experiments without DTT, this band could be removed byhimgsthe column in a
weakly acidic solution with a small amount of®4. The band could not be removed
when DTT had been used and the column had to berdéesta

Absorbance / mAu
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Figure 6.1: Chromatogram of purification of P. furiosus [CoFe&;S,] ferredoxin on a 16/10 Source
30Q column when DTT was not added during the syntlss. The blue line indicates the
absorption at 280 nm and the red line the conductity gradient. The red numbers indicate the
conductivities at the absorption maxima.
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Figure 6.2: UV-vis spectra of the eluted peaks fronthe purification of P. furiosus [CoFe;S,]
ferredoxin when DTT was not used. The sample iderti is given in the legend. The dashed line
marks the absorbance at 408 nm.

A chromatogram for the synthesis in the absence of BTShown in Figure 6.1. Two
peaks are seen at conductivities similar to the purificatfan mixture of [FgS,] and
[FesSy] ferredoxin (chapter 5.2, Figure 5.1). The first andjdst peak elutes at the
same conductivity as [F®&] ferredoxin and the second peak at the conductivities
where [Fg@S,] ferredoxin elutes. The ratio of the second peak pmamed to the first
peak increased when the reaction mixture was incubate®@ hours or less, but the
ratios did not change significantly for incubation timesglemthan 4 hours. 4 hours
was therefore used in the protocol. Figure 6.2 showstsp of the concentrated
fractions from each peak. These are compared to tlitramd the [FeS,] and [FaS]
ferredoxins in chapter 5.2, Figure 5.2. The spectrdith® second peak shows the
characteristic absorption maximum at 408 nm of theJ3ffeferredoxin and these
fractions are therefore attributed to {64 ferredoxin. The spectrum of the first peak
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is more flat in the 390-408 nm range extending the sleould higher wavelengths
than the [Fg5,] ferredoxin. The first peak is attributed to the [C¢fzpferredoxin as
confirmed by the characterization of the products atise 6.4.

1% purification
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Figure 6.3: Chromatogram of purification of P. furiosus [CoFe;S,] ferredoxin on a 16/10 Source
30Q column when DTT was added during the synthesiFhe blue line indicates the absorption at
280 nm and the red line the conductivity gradientThe red numbers indicate the conductivities at
the absorption maxima.

The chromatogram in Figure 6.3 shows the purificatioerwDTT was added during
the synthesis. In this case the ratio between the twospealopposite that for
experiments without DTT with the second peak being theesard he spectra of the
concentrated fractions are shown in Figure 6.4. Tla fespectrum is similar to the
peak 1 spectrum in Figure 6.2 indicating that these twipkes consist of the same
species, suggested to be the [G&Fjeferredoxin. The spectrum of peak 2, however,
is very different without a peak or shoulder in the 398- nm range. The peak 2
spectrum is similar to the bleached spectra observedethrced ferredoxins. This
suggests that the main part of this peak is not oxidizesSfFferredoxin as in the
experiment without DTT, but instead arises from redgpesties.

These chromatograms and UV-vis spectra suggest fiormaof the oxidized
[CoFeSy?" cluster when the synthesis is carried out in the alesefidTT, but
formation of the reduced [Cok®]" cluster when the synthesis was carried out in the
presence of DTT. The effects of reduction and oxidati@re therefore tested as
described below.

— Peak 1
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Figure 6.4: UV-vis spectra of the eluting peaks fnm the purification of P. furiosus [CoFe;S,]

ferredoxin when DTT was used. The sample identitysi given in the legend. The dashed line
marks the absorbance at 408 nm.
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6.3 Reduction and oxidation of P. furiosus [CoFe3S,] ferredoxin

Since the results of the purification suggested formaticgitbér oxidized or reduced
states of the [CoR&], it was attempted to reduce and oxidize samples prdpise
contain the different oxidation states of the [CsEferredoxin.

A peak 1 sample from synthesis without DTT, suggesietthe previous section to
contain oxidized [CoR&,]* ferredoxin, was reduced withh@&*. A peak 2 sample
from the synthesis with addition of DTT, assumed to @ionteduced [CoRSs]"
ferredoxin, was oxidized in air.

6.3.1 Experimental

Reduction of [CoFR&&] ferredoxin A purified and concentrated sample of peak 1
fractions from the [CoR&,] ferredoxin synthesis was left in the glove box overhigh
Half of the sample was reduced with 10 times exce$$as$,0, and incubated for 1
hour before re-purification by HPLC as described abduee other half was re-
purified without reduction as a reference.

The anaerobic chamber with an inlet fortd add pressure to the Vivacell 70 was not
available at the early stage in the project when the reduekperiment was carried
out. The samples were instead concentrated by traingfeéhe eluted fraction to the
Vivacell 70 inside the glove box, taking the Vivacell 4@ of the glove box to add
pressure and transferring the Vivacell 70 back to theeghmx after concentration.
Oxidation of products from synthesis with DTOn-concentrated peak 2 fractions
from the synthesis with DTT were transferred to a polyplene tube which was then
taken out of the glove box. The tube was opened to alowmto the tube, closed and
turned up-side down a few times. The solution was oxidipe 30 minutes, and the
tube turned every 5 minutes. The sample was then dilweze with 20 mM
Tris/HCI, pH 8.0 and re-purified according to the HPpurification protocol.

The anaerobic chamber with the iNlet was available for the oxidation experiment.

6.3.2 Results and discussion

The chromatograms in Figure 6.5 show the re-purificatiopeak 1 samples without
(A) and with (B) reduction with £,%. Peak 1 as the main component in the chroma-
togram of the un-reduced sample, but a significant fractiopeak 2 is also present.
The peak 2 fractions could either arise from the ovedfithe two peaks in the
previous purification or from breakdown of the assur@aFeS,] ferredoxin in peak

1 to [FeS,] ferredoxin in peak 2 (discussed in section 6.5)eAfeduction, Figure
6.5B, peak 2 becomes the major component. This steygleat reduced [CoE®)]
elutes in this peak too. This chromatogram has 2 additjpeaks. One very sharp
peak arising from £,> appears early in the chromatogram and a small subgequen
peak is observed after peak 2. The latter is sugdestarise from reduced [F®&)]
ferredoxin. This pattern of eluting peaks after reductias independent of whether
the initial synthesis had been carried out in the absengesence of DTT. The UV-
vis spectrum of the reduced sample before re-putificas dominated by the,8,>
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spectrum and does not reveal much about the state pfdteins. It was not possible
to measure the spectrum of the collected fractions edtpurification of the reduced
sample, since the concentration of the eluted fracticastao low for the Nanodrop
spectrophotometer and the sample seemed to be oxidiizad) the concentration in
the Vivacell.
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Figure 6.5: Chromatograms of re-purification of Pe& 1 A) without reduction, B) after reduction
with S,04%. The blue lines indicate the absorption at 280 nrand the red lines the conductivity
gradient. The red numbers indicate the conductivites at the absorption maxima.
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Figure 6.6: Chromatogram of re-purification of peak 2 after oxidation. The blue lines indicate the
absorption at 280 nm and the red lines indicate theonductivity gradient. The red numbers
indicate the conductivities at the absorption maxim.

The chromatogram after oxidation of peak 2 after lsysis in the presence of DTT
(original chromatogram in Figure 6.3) is given in FEw.6. The chromatogram
shows formation of the peak 1 species. The spectriuthese peak fractions was
similar to the spectrum of peak 1 fractions in Figureah@ Figure 6.4. This suggests
that the bleached species eluting in the chromatogram gfuttiéication after using
DTT can be oxidized to form peak 1 species.

All in all the reduction and oxidation experiments alonghvilie synthesis experi-
ments suggest that peak 1 consist of oxidized [¢RJF&rredoxin and peak 2 consist
of oxidized [FgS,] ferredoxin when the synthesis is carried out in the radesef
DTT, but also that peak 2 can contain some reduce&dSg when the synthesis
was carried out with DTT. The reduced [CeEg cannot be separated from [Sg
ferredoxin and synthesis will therefore have to includeogidation step when the
synthesis is carried out with DTT to gain decent yieldpwk [CoFgS,] ferredoxin.

It was therefore decided not to use DTT in the final prdtoco
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The molar absorptivity of [R&] ferredoxin, 17000 M-cmi* at 390 nm, was used for
concentration estimations of peak 1 in the characterizatidiestuPeak 2 is treated as
[FesSy] ferredoxin. The yield of [CoR&,] ferredoxin was 1.7 mg from 5 mg [§=)]
ferredoxin after purification and concentration wheRTDwas not used.

6.4 Mass spectrometric characterization of P. furiosus [CoFesS,]
ferredoxin

The purified products of the synthesis of [Ceiag ferredoxin were characterized by
mass spectrometry to confirm the synthesis of the debatgtometallic cluster. The
[FesSy] ferredoxin used for the synthesis was also studied.

The mass spectrometric experiments were carried out apecation with Ph.D.
student Maja Martic, who received the purified and cotreéed samples and
undertook the desalting procedure and the actual spestrometric measurements.

6.4.1 Experimental

Samples for mass spectrometry were prepared fronceotrated samples of A)
[FesSy] ferredoxin before incorporation of €9 B) a sample containing peak 1, and
C) a sample containing peak 2. The synthesis for thie pe@amd peak 2 samples was
carried out without DTT. The purified products were anedlyavithout further
oxidation or reduction.

The samples were desalted on Micro Bio-Spin columns-R&id) into 100 mM
NH4,CH;COO and diluted to 20 uM protein concentration with 100 mM
NH4CH;COO.

Data acquisition and analysis were performed using a spestrometer with a nano-
electrospray ionization source in negative ion mode aritne-of-flight analyzer
(LCT Premier, Waters).

6.4.2 Results and discussion

When doing mass spectrometry of metalloproteins, ongdéske into account the
charge of the cluster, since the deconvolution progréonsmass spectrometers
assume that all charges arise from protonation or de@idon This assumption is
often not correct for metalloproteins, since metal cerdfee are charges. It is there-
fore necessary to subtract or add the mass of protoraljtst the mass to the
observed mass in the mass spectrum (see [78] for futtttails on this). Disulfide
bridge cysteines also have to be taken into account #iegeare deprotonated, but
not charged, thus giving an observed mass of 2.02Hessexpected from standard
molecular mass calculations. Table 6.1 gives the c&gemasses oP. furiosus
ferredoxin with clusters of interest and an intact disulfiddge.
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Table 6.1: Expected masses &f. furiosus ferredoxin with an intact disulfide bridge and clusters
of interest.

Cluster inP. Molar mass | Adjustment for | Expected observed mass
furiosusferredoxin: (g/mol) charge on clustef in mass spectrum (g/moj)
[FesSi]° 7460.86 - 7460.86
[FesSy]” 7460.86 -1.01 7459.85
[FesSy]” 7516.71 -1.01 7515.70
[FesSi)** 7516.71 -2.02 7514.69
[CoFesS,]* 7519.79 -1.01 7518.77
[CoFeS? 7519.79 -2.02 7517.76
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Figure 6.7: Mass spectrum of. furiosus [Fe;S;] ferredoxin before incorporation of Co®". Protein
concentration = 20 pM in 100 mM NHCH,COO.

Figure 6.7 shows the mass spectrum of the sampe tiriosus[Fe;S,] ferredoxin
used for the synthesis. The observed mass of majpofptre sample is 7459.6 g/mol
confirming that this is indeed the [fS3]" ferredoxin.
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Figure 6.8: Mass spectra of A) the sample containgnpeak 1, B) the sample containing peak 2.
Protein concentration = 20 uM in 100 mM NHCH3;COO in both cases.

The mass spectra of the products after the final patifin are shown in Figure 6.8.
The spectrum of the first peak is dominated by speciesawittass of 7517.2 g/mol
close to the expected mass Bf furiosusferredoxin with a [CoFsS?* cluster,
supporting that this peak is indeed the oxidized [GSffeferredoxin as assumed
based on the chromatograms. There are no tracees&r [FesS4] ferredoxin in
this sample. The major peak in the mass spectrumadf pdras the same mass as the
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[FesSy]” ferredoxin in Figure 6.7 indicating that this sample maiobnsists of
oxidized [FgS,] ferredoxin.

The mass spectrometric analysis confirms that when ththesia is carried out
without DTT the two peaks in the chromatogram (Figure 6dijsist of oxidized
[CoFegS,] ferredoxin and [F¢S,] ferredoxin respectively. It is worth noticing that the
protein is synthesized with the oxidized [Cg&g*" cluster in this synthesis since the
previously reported synthesis of thie furiosus [CoFgSs] ferredoxin gave the
reduced [CoFs5]" cluster as the product [38]. The previous syntheais earried out
at pH 6.3 in the presence of 2 mMC& and the protein was only purified by
desalting to Tris/HCI, pH 7.8 with,8,> [38]. The continued presence ofC%*
likely keeps the protein in the reduced state. The pusvieports also state the
[CoFeS,)" ferredoxin is readily degraded to BSg” ferredoxin upon oxidation
without excess Cd [38]. This was not observed here, where the oxidjgaFeS,]**
ferredoxin seemed fairly stable (cf. the next sectiaomj ao [F@S] ferredoxin is
observed in the mass spectrum of peak 1. It is nairckehy the [CoFeS]?
ferredoxin synthesized here is more stable than hdmbeen reported earlier.

The products from synthesis with addition of DTT were clwracterized by mass
spectrometry.

6.5 Stability studies of P. furiosus [CoFe3S,] ferredoxin

The stability of the purified oxidized [Cog®]** ferredoxin towards different storage
conditions and time was tested.

6.5.1 Experimental

Samples of purified [CoR&4]*" ferredoxin were stored in 20 mM Tris/HCI, pH 8.0
under different conditions as listed:

A) Un-concentrated, stored in the glove box overnighth@d@s).

B) Concentrated and stored in the glove box overnight ¢18).

C) Concentrated, frozen in liquid,Nstored at -20C overnight and thawed.

D) Concentrated and stored in the glove box for 3 days.
The stability was tested by UV-vis spectrophotometry ancekpurifying the samples
by HPLC according to the procedure used in 6.2.1.

6.5.2 Results and discussion

The chromatograms of re-purification of the stored sasnpte shown in Figure 6.9
and the UV-vis spectra are shownHigure 6.10. The spectra of the un-concentrated
sample (A) are not shown since the concentration waote too see anything in the
UV-vis spectra. Chromatogram A and C have small pefsaic®ions suggesting that a
small fraction of the protein is degraded tosf&¢ ferredoxin during the storage and
also during the re-purification and binding to the colufeak 2 is larger in chroma-
togram B and even larger in D, suggesting that a cordilepart of the [CoR&]
ferredoxin is broken down to [E®] ferredoxin when stored for 3 days, but also that
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most of the sample still remains as [Cefg ferredoxin. The UV-vis spectra of the
overnight-stored samples, B and C, does not chaggdisantly, but the spectrum of
sample D show a significant decrease in absorbancestilgg major changes as also
indicated in the chromatogram.
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Figure 6.9: Chromatograms for re-purification of P. furiosus [CoFe;S] ferredoxin after different
storage conditions and time. A) Not concentratedtared overnight in glove box, B) concentrated
and stored in glove box overnight, C) concentratedrozen and thawed, and D) concentrated and
stored in the glove box for 3 days.

A —— Purified and concentrated B —— Purified and concentrated
—— B) Overnight in glove box D) 3 days in glove box
— C) Frozen and thawed
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Figure 6.10: UV-vis spectra of [CoFg5,] ferredoxin after different storage conditions asspecified
in the figure legends.

These studies show that 10-20 % of the [G8Fderredoxin is broken down upon re-
purification after storage overnight or after freezimgl hawing. A more significant
part of the protein has degraded after longer time stofidge means that one has to
be aware of signs of [E&] ferredoxin in characterization experiments like electro-
chemistry, where the experiments could not be carriecdbouhe same day due to
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time limitations. If the degradation of the cluster prirtlyaoccurs during the storage,
one would expect to observe a contribution from ;$gje ferredoxin in such
characterization experiments. If the experiments do mawssigns of [Fe5]
ferredoxin, it suggests that the degradation mainly scduring the re-purification
and the interaction with the column material.

6.6 Electrochemical studies of P. furiosus [CoFe;S,] ferredoxin

The P. furiosus[CoFegS,] ferredoxin was characterized electrochemically ushey
same setup described in chapter 4.3.2 and based @metvieus studies of effects of
buffers and promoters in chapter 5.

The results are compared to the previous determinatitheotdox potential by EPR-
monitored redox titration by Finnegan et. al. [38].

6.6.1 Experimental

The electrochemical experiments were carried outityefollowing the purification.
The buffer of the purified protein sample was chanigéal 20 mM Tris/HCI, pH 8.0
by reducing the volume in a Vivacell 70 and diluting ~50 smth the desired
buffer. This was repeated three times. The concentetbithe final samples were
determined by UV-vis spectrophotometry.

The electrodes were polished, transferred into the ghmse and mounted in the
electrochemical cell as described in chapter 4.3.2.

Co®" was added in the form of appropriate amounts ofrd® Cd”*, prepared by
dissolving Co(NQ@)2-6H,O in 20 mM Tris/HCI, pH 8.0 in experiments with excess
Co™.

Neomycin sulfate powder was added to the solution witlfiadher purification by
dissolving in a small volume of the protein solution amating this with the rest of
the protein solution. Neomycin was used in 5 mM concgatra

6.6.2 Results and discussion
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Figure 6.11: Cyclic voltammogram of 16 pMP. furiosus [CoFeS,] ferredoxin in 20 mM
Tris/HCI, pH 8.0 with 5 mM neomycin. Scan rate = 5mV/s.

As for theP. furiosus[FesS4] and [FaQS,] ferredoxins there was no electrochemical
signal in the absence of neomycin. A well-definedoregair appeared in the

53



Studies oPyrococcus furiosufCoFeS,] Ferredoxin

voltammogram upon addition of neomycin as seen in Figutd. The signal is
attributed to the [CoR&4]?*"* redox couple. The voltammograms were stable up to
200 mV/s. The signal was also stable towards seveci# s the signal was similar
at the start of the experiment and after several cyclearatus scan rates.The redox
parameters of the voltammogram at 5 mV/s are givehalrle 6.2and compared to
the parameters of the [fR] and [FQS,] ferredoxin determined in chapter 5. The
formal potential was determined to -177 mV vs. SHE, slghtly lower than the
potential determined from EPR monitored redox titration3-a6/ [38]). That is 182
mV higher than for theP. furiosus[Fe;Ss] ferredoxin under similar conditions
(chapter 5.4), which is also the same difference batwbe redox potentials of the
[FesS4] and [CoFeSy] ferredoxin as determined by titration [38].

Table 6.2: Redox parameters oP. furiosus [CoFe;Sy] ferredoxin in the presence of neomycin in

20 mM Tris/HCI, pH 8.0 at 5 mV/s. The results fromthe studies ofP. furiosus [FesSs] and [Fe;Sy
ferredoxin in chapter 5 are given for comparison. Btentials are given in mV vs. SHE.

E. | Ec | E |AE |Em
[CoFegS,] ferredoxin in 20 mM Tris/HCI, pH 8.0-140| -213 | -177| 73| 63
[FesSy] ferredoxin in 20 mM Tris/HCI, pH 8.0 -146-315* | -231* | 169 | 87
[FesSq] ferredoxin in 20 mM Tris/HCI, pH 8.0 -306-412 | -359| 106 68

*The cathodic peak potential of [{%] ferredoxin was shifted, possibly due to incorpioraof Ag" as discussed in chapter 5.3.

The formal potential has been reported to be close ttotheal potential ofP. furio-
sus[FesSy] ferredoxin [38]. That is not observed when compatinese voltammo-
grams to the voltammograms Bf furiosus[Fe;S, ferredoxin in chapter 5.3. As
noted in chapter 5.3 the cathodic peak potentials of[fk¢S,] ferredoxin shifts,
possibly due to incorporation of Agresulting in a lower formal potential and a large
peak-peak separation. The large peak-peak separatiorotisobserved for the
[CoFeSy] ferredoxin. This confirms that the signal reportedeh@oes not arise from
[FesSy] ferredoxin from break-down of the [CofSg] cluster. This also suggests that
Ag" does not replace &bin the cluster indicating that the [CaB4] cluster is stable
towards these experimental conditions.

The formal potential of the [CoE®]>"* redox couple cannot be directly compared to
the formal potential of [F£5,] ferredoxin determined in the same setup in chapter, due
to the incorporation of Agin the [FgSy] cluster observed for [F&,] ferredoxin. It is
instead compared to the formal potential ofsfzF " redox couple in the previous
study by members of the Nanoscale Chemistry grodp [Bhis potential, -186 mV
vs. SHE, is close to the formal potential of the [G&jeferredoxin in Table 6.2. The
results of previous reports suggest that the [@8ffeluster can be rationalized as a
Co?* fragment coupled to a [E®&]%? fragment [38, 39]. According to this, the
[FesSy] fragment cycle between two different redox couplesghie [CoFgS;] and
[FesSy] ferredoxins. The [FS,] fragment between the [E®]° and [FgS,]” oxidation
states in [CoFR&] ferredoxin, while the [F54] ferredoxin cycle between the
[FesSy* and [FeS4]° states. It is intriguing that the formal potentials of theH&8]
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and [FeSy] ferredoxins are so close if they arise from differi&i®sSs] redox couples.
This suggests that insertion of Can the empty corner of the [E®] cluster
stabilizes the reduced states on the cluster tremerydousl

The formal potential of the [Cog®y] ferredoxin is 182 mV higher than the formal
potential of the [Fg54] ferredoxin. The [F£5, has also been rationalized as a
[FesS,]” fragment coupled P& similar to the model for other synthesized
heterometallic cluster with non-iron heterometals [38c@xding to this model and
the observed formal potentials, incorporated of ‘Gaabilizes the reduced [&]
significantly more than Fé in the native [FgS, ferredoxin. This is another
interesting aspect of the ability of iron-sulfur clusterguioe the redox properties of
relatively simple clusters.
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Figure 6.12: Cyclic voltammogram of 16 pMP. furiosus [CoFeS,] ferredoxin in 20 mM
Tris/HCI, pH 8.0 with 5 mM neomycin and excess C3 as indicated in the figure legend. Scan
rate =5 mV/s.

It was attempted to add €oto the solution to see if this improved the already high
stability of the electrochemical signal. The voltammografter addition of excess
Co** are shown in Figure 6.12. Excess“Cdoes not seem to have a positive effect,
but rather an attenuating effect. The effect seems sitoildre effect of NaCl on the
voltammograms oP. furiosus|Fe;S;] and [FeSy] ferredoxins (see chapter 5).

w2 (V/S)MZ

Figure 6.13: Peak current plotted versus the squareoot of the scan rate.e = Anodic peak
current density, ¢ = Cathodic peak current density. 16 pMP. furiosus [CoFe;S,] ferredoxin in 20
mM Tris/HCI, pH 8.0 with 5 mM neomycin and without excess C9'.

Figure 6.13 shows the peak current densities plotted s/¢isusquare root of the scan
rate. The cathodic peak current varies linearly in thlesban range while the anodic
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peak current only shows a linear dependence of the esqaat of the scan rate at
lower scan rates and bends off at higher rates. Thisestgy@ diffusion controlled
system with different kinetics for the two electrode tieas. The two states could for
example have different orientation on the electrode. Jésk-peak separation was
independent of the scan rate suggesting that the syisteaversible and the rate
constants for the electron transfer reaction could noebermined.

6.7 EPR spectroscopic studies of P. furiosus [CoFe3S,] ferredoxin

The purpose of the EPR spectroscopic studies was to certyapurified product of
the synthesis to the previously published data on the dSgFferredoxin. The
studies were also used to study the purity and as part stability studies.

The protein has been reported to be EPR active inxitized [CoFeS;]** state and
EPR silent in the reduced [CafSq]* state. The [CoR&]** cluster was observed to
have a spin of % and the [CaBg" cluster spirS= 1 [38]. The spins were not further
investigated in this study.

Samples for EPR measurements were prepared in ooratabies, and frozen and
transported in liquid BN EPR spectra were measured at Delft University of
Technology by Professor Wilfred R. Hagen during my visithis laboratories.

6.7.1 Experimental

Three samples of [CoE®y] ferredoxin were prepared for EPR spectroscopy.
A) A sample of purified [COR&,]** ferredoxin
B) A sample of “re-oxidized” [CoF#&,] ferredoxin. This sample was prepared
from the collected fractions of reduced [Ce&g" ferredoxin in Figure 6.5B.
The sample was presumably oxidized during the up-coratémt in the
Vivacell 70 outside the glove box.
C) A sample of reduced [CoE®]" ferredoxin. This sample was prepared by
reduction of a fraction of sample A withG?".
The samples were frozen, stored and shipped in liquicaidl the spectra were
measured at 20-30 K under cooling with liquid He.
The instrumentation and data analysis software areideddn chapter 4.3.3.

6.7.2 Results and discussion

The EPR spectra of the oxidized [CeE4>" ferredoxin are shown in Figure 6.14.
The spectrum in the wide range (A) has two featuresaim signal centred at= 1.9
and a broad peak a ~ 5.15 arising from CO8. The main signal is shown in a
narrower field range in Figure 6.14B with a simulatione ®pectrum is simulated
with g-values 1.937, 1.8515 and 1.8511. Eight hyperfine larese from interactions
with Co™* (I = 7/2). They were simulated with metal hyperfines 5@nél 8 gauss,
widths of 18, 65 and 65 arftstrain with asymmetries iW, of B = -0.07 andC = -
0.03. The spectrum looks very similar to the spectrurorte@ previously [38] with
similar parameters, though the simulation indicates a slightye axial geometry.

56



Studies oPyrococcus furiosufCoFeS,] Ferredoxin

The differences are so small that they can be attributetthetoslightly different
experimental conditions and it is concluded to be the ssmeeies as previously
synthesized.

A B

T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 2500 3000 3500 4000 4500
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Figure 6.14: EPR spectra of 825 pM [CoRS,]?* ferredoxin in 20 mM Tris/HCI, pH 8.0, T = 30 K.
A) Wide field range,v = 9.3939 GHz, P = 4 dB, M = 6.3, G = 1.6°L®) Narrower field range. Red
trace: experimental,v = 9.3938 GHz, P = 10 dB, M = 6.3, G = 1.6“1®lue trace: simulation.

The spectra of the re-oxidized sample in Figure 6.15 shib&vsame features as the
“original” oxidized sample, but the intensity is ~10 timesaller. This corresponds to
the lower concentration of the protein. The spectrum shawmdications of either
reduced or oxidized [R&,] ferredoxin, indicating that the Co-containing protein is
relatively stable and does not break down during thexigation. The C8-signal is
still present. Finnegan et al. have also oxidized theepraerobically, but in the
presence of excess €do avoid oxidative degradation. According to the spegtra
the re-oxidized sample in Figure 6.15, it is not necgsmaadd excess Gbto avoid
degradation to [F£4] ferredoxin during oxidation.
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Figure 6.15: EPR spectra of 90 uM re-oxidized [CoR&,]*" ferredoxin in 20 mM Tris/HCI, pH
8.0, T = 30 K. A) Wide field rangey = 9. 3919 GHz, P = 4 dB, M = 6.3, G = 1.6°.®B) Narrower
field range.v = 9.3938 GHz, P =4 dB, M = 6.3, G = 1.610

Figure 6.16 shows the spectrum of the reduced [§RFeferredoxin under similar
experimental conditions as for the spectrum of thdiped protein in Figure 6.14 as
well as a comparison of the two spectra. The spectrowssthe same features as the
oxidized spectrum, but the signal intensity is much, maaker. That indicates trace
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amounts of oxidized [CoR&;]*" ferredoxin, suggesting that the reduction was not
complete. As expected the signal from?Cleas the same intensity. There is no signal
from reduced [F£54]" confirming that no trace amounts of jBg ferredoxin are
eluted with the [CoF$S,]?" ferredoxin in the purification.

A B
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Figure 6.16: A) EPR spectrum of 825 uM reduced [Co&S,]" ferredoxin in 20 mM Tris/HCI, pH
80, T=24K,v=9.3933GHz, P=4dB,M=6.5 G = 1.6-5103) Comparison of EPR spectra of
reduced (blue trace) and oxidized (red trace) [CoR&,] ferredoxin, experimental conditions given
in this caption and the caption of Figure 6.14.

These studies have shown that the synthesized andepi@oFeS:]** ferredoxin is
similar to the previous studied protein and stable towanesiuction-oxidation cycle.
None of the spectra showed any indications ogJfeor [FesS4] ferredoxin, proving
that the [CoFg54] ferredoxin is pure and does not break down duitti@gexperiments.

6.8 Conclusions

The P. furiosus ferredoxin with the heterometallic [CofS3] cluster has been
synthesized and purified and characterized with masdrepeetry, electrochemistry
and EPR spectroscopy.

The synthesis was carried out both without and with DTT adideing the synthesis.
The products of the purification when DTT was not usedewconfirmed by mass
spectrometry to be a main fraction consisting of [G8H&" ferredoxin and a smaller
fraction of [FeSy]* ferredoxin. Mass spectrometry showed pure samplefreing
good separation in the purification. When the synthesis earried out with DTT a
significant yield of reduced [CoE®]" ferredoxin eluted with [F£5,]* ferredoxin and

it was necessary to add a step for oxidation of [G&feferredoxin to [CoFgS4]2+
ferredoxin for reasonable yields of pure [Cef¢ferredoxin. DTT was therefore not
used in the optimized synthesis. Experiments with reduetitnS,0,* and oxidation

in air showed changes in elution conductivity upon changesdox state of the
cluster. The synthesis of the [CaBg ferredoxin was confirmed with EPR spectro-
scopy. These studies also confirmed the redox statepanty of the synthesized
product.

The oxidized [CoF¢5,]?" ferredoxin is the final product of these experiments,
whereas the reduced [CaSg]” ferredoxin has been the previously reported stable
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product. The [CoF;;..534]2+ ferredoxin has been reported to be unstable and readily
break down to [F5] ferredoxin in the absence of excess'Ct did, however, seem
rather stable in the present studies.

One well-defined pair of redox peaks was detectederetactrochemical characteri-
zation of P. furiosus[CoFegS,] ferredoxin in homogeneous solution at a graphite
electrode in the presence of neomycin. The redoypleowas assigned to the
[CoFeSy]*""* redox couple. The formal potential was determined t@ +hV versus
SHE which accords with previous results. The reaction @t a reversible
diffusion-controlled relation. Addition of excess Calid not improve the electro-
chemical signal, but rather damp it.

This has been the first multidisciplinary study of fefuriosus[CoFeS,]?* ferre-
doxin including a detailed chromatographic study, confirmting synthesis of the
desired product and characterizing e furiosus[CoFgS,] ferredoxin with mass
spectrometry and EPR spectroscopy as well as etdemistry.
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CHAPTER SEVEN

7 Sulfonation of Pyrococcus
furiosus Ferredoxin

7.1 Introduction

This chapter presents the procedure for sulfonationpamidication of sulfonatedp.
furiosusferredoxin. Mass spectrometric characterization ofsihifonated protein is
also presented.

Sulfonation of ferredoxin and purification of the sulfonaprdtein is a step on the
way to synthesis of the molybdenum-sulfur analogud ofuriosusferredoxin. As
noted in chapter 3.4 the molybdenum-sulfur cluster cabeancorporated into the
protein by self-assembly and is therefore incorporatediet@po-protein (chapter 9).
The apo-protein requires stabilization by sulfonation until itterporation of the
molybdenum-sulfur cluster.

The apo-protein is formed by eliminating the iron-sulfurstéu from the protein by
addition of a weak acid as described in the next sectioa.na@tive disulfide bridge is
also broken by this procedure. That leaves five dyesteine thiolates which are likely
to form disulfide bonds or react with oxygen. The thiclaté the apo-protein are
therefore protected by sulfonation where sulfite groaes bonded to the thiolates.
The sulfite protection groups are formed by addition soffite and 2-nitro-5-
thiosulfobenzoate (NTSB) in the presence of ureaThE sulfite protection groups
are later removed immediately before incorporation efrttolybdenum-sulfur cluster
as described in chapter 9.3.

The procedure for sulfonation and purification of sudfiea protein has been
developed by other members of the Metalloprotein Chem@Gtoup. The sulfonated
protein is very stable and the sulfonation and purification lma carried out under
aerobic conditions [79].

7.2 Sulfonation and purification of sulfonated P. furiosus
ferredoxin

7.2.1 Experimental
80-100 mg lyophilized. furiosusferredoxin was dissolved in 5 ml water and 2.2 ml
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20% HCOOH was added. The solution was heated tC9@r ~30 minutes until the
brown color was very faint. The solution was transtéteea beaker with 14.4 g urea
with a small volume of water. The urea was dissolved stithing and 1.13 g N&G;
was added. The pH of the solution was adjusted tovBlONaOH before adding 8 ml
400 mM NTSB (prepared as described in [79]). The lt@guorange solution was
stirred for 3 hours at room temperature and & 4vernight.

The solution was desalted by loading 6 ml pr. run oHiRrep 26/10 Desalting
column (AKTA™ purifier 100) equilibrated in 0.15 M NjHCOs. The sulfonated
protein was eluted in the same buffer and the proteiragong fractions collected.
The buffer was exchanged to 20 mM Tris/HCI, pH 8yOréducing the volume in a
stirred Amicon cell with a YM-3 membrane (Millipore) adduting 10 times with
Tris/HCI, pH 8.0.

The desalted, sulfonated ferredoxin was purified byewchange. The solution was
divided into 6 portions which were purified separatalyaol6/10 Source 30Q column
(AKTA™ purifier 100) equilibrated with 20 mM Tris/HCI, pH 8.0he sulfonated
protein was purified using a 20-48 % linear gradient ofrf Tris/HCI, 1 M NaCl,
pH 8.0 over 10 CV.

The solution was desalted by ultrafiltration in a stirred éoni cell with a YM-3
membrane (Millipore) and dilution with 0.15 M NHCO;. This was repeated three
times. The resulting solution was diluted to 0.1 M/NBO; with water, frozen as a
thin film in a round-bottomed flask in an ethanol/watahlzt -20°C and lyophilized
overnight. The lyophilized protein was stored in srabes at -20C.

7.2.2 Results and discussion
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Figure 7.1: Chromatogram of desalting of sulfonatedP. furiosus ferredoxin on a HiPrep 26/10
Desalting column. The turquoise, green and blue lmindicates the absorption at 236, 280 and 390
nm, respectively, and the red line the conductivityThe collected fractions are marked.

A chromatogram for the desalting of sulfonatBd furiosus ferredoxin and the
collected fractions is shown iRigure 7.1. The protein-containing peak from the
desalting of the sulfonatdel. furiosusferredoxin is very small compared to the other
peaks in the chromatogram, implying that other compoundspaesent in the
solution. From the chromatogram the separation does\erwseem sufficient based
on the baseline separation of peaks in the chromatograenother peaks are assigned
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to the highly adsorbing modification reagents, primarilySBT The reagents stain the
column yellow/orange and cannot be removed from thenuolaven after cleaning
with 0.1 M HCI and 1 M NaCl. A column dedicated to this msg was therefore
used.

Figure 7.2 shows a chromatogram of the ion-exchanogéigation of the sulfonated
P. furiosusferredoxin. The fractions containing the main peak atlected without
the shoulder. The sulfonatd?l furiosusferredoxin has been found to elute in this
peak by previous members of the Metalloprotein Cheyntoup. The identity of the
protein was studied further below.

Typical yields were in the range of 90 mg from 100 hwo-ferredoxin corre-
sponding to approximately 90% (mol/mol).

Collected
1004 280 nm 346
——390 nm o

80 |

60 | ‘

ol |l

|

e | Feo

20 / | T 20
[ [ ‘

r‘—,\\tjg"/\* ‘—/\—*— 10

T T T T T T
0 50 100 150 200 250 300 350

Absorbance / mAu
wo/Sw / AIARdINPUOD

0

Volume / ml

Figure 7.2: Chromatogram of purification by ion-exchange of sulfonatedP. furiosus ferredoxin
on a 16/10 Source 30Q column. The green and bluedi indicates the absorption at 280 and 390
nm, respectively, and the red line the conductivitygradient. The red numbers indicate the
conductivities at the absorption maxima. The collged fractions are marked.

7.3 Mass spectrometric characterization of sulfonated P. furiosus
ferredoxin
The mass spectrometric experiments were carried out apecation with Ph.D.

student Maja Martic, who received the purified and cotreéed samples and
undertook the desalting procedure and the actual spestrometric measurements.

7.3.1 Experimental

The sample for mass spectrometry was prepared bghdisg a small amount of
lyophilized sulfonated ferredoxin in water. The samplesewiesalted on Micro Bio-
Spin columns (Bio-Rad) into 100 mM NEBH3;COO and diluted to 20 puM protein
concentration with 100 mM NAZH3;COO.

Data acquisition and analysis were performed using a spestrometer with a nano-
electrospray ionization source in negative mode and e-diirflight analyzer (LCT
Premier, Waters).

7.3.2 Results and discussion

The calculated mass of the sulfonated furiosusferredoxin with all 5 cysteines
protected by sulfite groups is 7567.4 g/mol. It is not ssas to take charges into
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account for this protein, since there is no metal cemce al charges arise from
protonation and deprotonation as assumed by the deconwotuigram.
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Figure 7.3: Mass spectrum of sulfonatedP. furiosus ferredoxin. Protein concentration = 20 pM in
100 mM NH,CH3;COO.

The mass spectrum of the sulfonated protein is showkigare 7.3. The spectrum
almost exclusively has a single species with mass 75§W8l. This confirms the
identity of the sample as the sulfonatedfuriosusferredoxin. The absence of any
significant other peaks suggests the sample is venapdrihat the sulfonated protein
is stable towards lyophilization.

7.4 Conclusions

SulfonatedP. furiosusferredoxin was synthesized and purified according 4oonse
protocols and high yields were obtained. The mass spectamfirms all five
cysteines in the protein have been sulfonated and deratassthe high purity of the
lyophilized protein.
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CHAPTER EIGHT

8 Studies of M olybdenum-
Sulfur Clusters

8.1 Introduction

This chapter describes the synthesis and EPR spempiostharacterization of the
cuboidal molybdenum-sulfur cluster [M&(H»0):2]°*. This cluster has attracted inte-
rest based on the catalytic properties and the struciorgdusties to iron-sulfur clus-
ters as described in chapter 3. The main purpose fthesis of [MaSs(H20):2]°" in
this project is the use for incorporationRnfuriosusferredoxin (chapter 9). The EPR
spectroscopic characterization of the cluster seagea reference for the studies on
the molybdenum-sulfur analogue s furiosusferredoxin in chapter 9.8.

Several procedures have been developed for the sigtfed10,S4(H,0)12]°*, most

of which involve a preliminary step with synthesis of othmeybdenum-sulfur com-
plexes. [M@Ss(H,0)1]*" is the major side product in the syntheses and theleloub
cube, [MaSs(H20)1%", a minor side product [5]. In this project [Mia(H20):2]>*
was synthesized from (N§$MoS, or by reduction of [MgS4(H,0)g]** according to
the procedures of Shibahara et. al. [55, 80]. §84¢H.0)12]"* was synthesized either
by other members of the Metalloprotein Chemistry graupas a side product.
(NH4).M0S, was synthesized by the method of McDonald et. a). [81

EPR spectra of the [M8] cluster core have been published previously. Sykes.et.
have published EPR spectra of the EDTA ligated clusteo,$Medta)]> [82] , and
aqua complex, [MsB4(H»0)15]°* [83], both at very low temperatures. In this chapter,
temperature effects on the spectrum of [Bi¢H,0)15°" were studied. The cluster
enriched ir’°Mo was also synthesized and studied in order to studybpes$sperfine
interaction effects.

8.2 Synthesis and purification of [M04S4(H,0)1,]Cls

The complex enriched i?"Mo was synthesized in one experiment. Published proce-
dures were scaled down and are be described hezgprobedures for purification of
[M04Su(H20)12)°" and drying as [MgBs(H-0)15Cls are also described. The same puri-
fication and drying procedures were used for largatessyntheses.
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8.2.1 Experimental

Synthesis of (NBL°MoS:: 1 g of ®Mo-enriched MoQ@ was dissolved in 10 ml 25%
NH,OH and 3 ml water. This solution was bubbled wit§SHor 4 hours until the
color of the solution remained unchanged dark re Was generated in a Kipp ge-
nerator from FeS and HCI. The mixture was then hetaté&d °C for 30 minutes in a
water bath, while maintaining a slow stream @8SHA solution of FeGlwas used as
trap for excess §6. The dark red mixture was then cooled on ice fanaur to form
crystals. The resulting red/brown crystals of @¢MoS, were filtered and washed
with (CH3)CHOH and (CHCH,),O (since the crystals dissolve in water and
CH3CH,OH ) and driedn vacuobefore weighing.

Synthesis of [MgB(H;0)1>" from (NH).MoS: 1.8 g of the*Mo enriched
(NHz).MoS, was dissolved in 60 ml water. To this was added uwid@rous stirring
NaBH, (1.8 g dissolved in 24 ml ice-cold water) and 121 ml & by alternately
adding 4 ml of each and adding the rest of the HGlt=ol at the end (BiHand HCI
have to be added slowly to avoid explosivefefmation). The resulting brown sus-
pension was heated to 9C and bubbled with air for two hours. After cooling to
room temperature the solution was filtered by gravityng a dark green solution.
Purification and drying of [M@Sy(H,0)1>" (performed under Ar bubbling)The
solution was bubbled with Ar and the purification was @ened under Ar. The
solution was diluted ~10 times with water and loaded ontowe® 50W-X2 column
equilibrated and deoxygenated with 0.5 M HCI. The coluraa washed with copious
amounts of 0.15 M k80O, followed by elution of the green [M8s(H-0)q]** with
0.25 HSO. [M0484(H20)12]5+ was eluted with 0.6 M §BO,.. The collected
[M0484(H20)12]5+ was diluted 5 times with water and loaded onto anothaveRo
50W-X2 column for re-purification. After loading, the colonwas washed with
copious amounts of 0.25 M HCI followed by washing with6 OM HCI.
[M04Su(H20)12)°" was eluted with 1.5 M HCI. The product was then coneéer by
diluting 4 times, loading onto a small Dowex 50W-2X coluamd eluting with a
small volume of 5 M HCI. The concentration was deterchibg UV-vis spectro-
photometry and the concentrated solution dried on a vadine.

8.2.2 Results and discussion

Synthesis of (NpPbMoS;: The procedure for (NDbMoS; synthesis was altered
slightly from the published procedure [81]. The publispedcedure uses Ma® in
the form of NaMoO,-2H,0 as the starting material, but Me@® used here sinc&Mlo
enriched MoQ is commercially available. Since MgOis formed when Mo@is
dissolved in alkaline solutions [48], this should not hawg significance. The
observations during the synthesis agreed with obsergat@nexperiments by other
people in our lab following the originally published prdaee. The color of solution
turned from colorless over orange and red to very dagkduring bubbling with £6
and red crystals started to form after ~2 hours obbud. Figure 8.1 shows the UV-
vis spectrum of a few of the crystals dissolved in wal&e spectrum confirms the
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identity of the product with peaks at 241, 316 and 416 There were no signs of
MoOS:* impurities in the spectrum [81]. The yield was 1.§NiH4),M0S, corre-
sponding to 99% (mol/mol) conversion from Mo@ll the synthesized (Np:MoS,
enriched i®Mo was used in the next step for synthesis of fM@H-0).2]°".
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Figure 8.1: UV-vis spectrum of (NH),MoS, crystals dissolved in water. The dashed, red lines
mark the adsorption at 241, 316, and 467 nm, respideely.

Synthesis and purification of [M&(H20)15]°* from (NH;).Mo0S;: The crucial part of
scaling down the procedure for synthesis was strondeshing of air-bubbling time.
With bubbling for more than four hours, there wasn@dt no vyield of
[Mo4S4(H20)12]5+, but almost exclusively formation of the incomplete cubloadias-
ter, [MosSa(H,0)e]**. Bubbling for two hours with heating was found to Itimal.
After the first crude purification the yields were 315 nflelmM [MosSs(H20)g]** in
0.25 M HSQO, and 135 ml 428M [Mo4S4(H,0)15°", respectively. The yield of the
incomplete cluster is still much higher than the completeidab cluster, in agree-
ment with the previously published procedure [58}o-enriched [M@Ss(H20)q**
was stored at 4C for other uses. There was no [§8gH.0)]*" in the second purifi-
cation step, indicating good separation in the first step ao breakdown of
[M04Su(H20)12)°". The complex was eluted in 5 ml 5 M HCI to a concéiumaof
4.97 mM (25 pumol in total) in the final concentratioapst
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Figure 8.2: UV-vis spectrum of purified [M0o,Sy(H,0)1,]°" after final concentration in 5 M HCI
after 20 times dilution. The dashed blue lines markhe shoulder at 380 nm and the peak at 647
nm, respectively.

A spectrum of the final sample after 20 times dilution heven in Figure 8.2.
[M04Su(H20)12)°" has a characteristic shoulder at 380 nm and a pe@&7ahm [5].
The yield of [M@S4(H20)12]Cls was 35.1 mg after drying.
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8.3 EPR spectroscopic Studies of [M04S4(H,0)1,]>*

The EPR spectroscopic characterization of J8(H,0):5]°* serves as reference for
the studies of the molybdenum-sulfur analoguB.duriosusferredoxin, chapter 9.8.
These measurements were performed by Prof. W. RerHag Delft University of
Technology during my visits in his laboratories.

8.3.1 Experimental

Solutions of [MaSs(H.0)2]**, both natural Mo isotopic distribution ariaVio-en-
riched, in 4 M HCI were transferred to EPR tubes aodefn, stored and transported
in liquid Na.

EPR spectra were measured at different temperatMegsurements at 100 K were
carried out with N cooling and measurements at 40 K and 12.5 K wemedaout
with He cooling. The instrumentation and software arerdest in chapter 4.3.3.

8.3.2 Results and discussion

The EPR spectrum of [M84(H20)12]°* with the natural abundance of Mo isotopes at
12.5 K is shown in Figure 8.3. The spectrum coulditoeyfa simulation based on the
g-values 1.778, 2.447 and 2.543. The lines are vergdy but can be simulated with
g-strain effectai,, = 0.070,W,, = 0.085W,, = 0.075. Some broadening could be due
to interactions between clusters since the concentratioeryshigh compared to the
previously published spectra. Sykes et. al. obsebreddening of the lines in high
concentrations [82]. The spectrum has an additional siigl~ 1.9 (3500 gauss),
discussed further below, and a broad, not-simulatedalime= 2.17 (~3150 gauss).
The otherg-values accord with the reported values for jB¢H:0)15°" [83]. The
value ofgy is very different from the value of the EDTA-ligated clug&?], 2.31.

T T T T T T
2000 2500 3000 3500 4000 4500
B/ gauss

Figure 8.3: Red trace: EPR spectrum of 4.76 mM [Mg5,(H,0)y,]*", natural abundance, in 4 M
HCI, T=12.5K,v =9.3993 GHz, P = 16 dB, M = 8, G = 10Blue trace: simulated spectrum.

The field range of the published spectrum of j8i¢edta}]® [82] is not wide enough
to include a line afy = 1.77. The reporteg line is a weaker signal. We speculate that
the reported spectrum of [M&(edta}]> is measured in a too narrow field range and
that a line would appear in the range of the here repgxtide. We further speculate
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that the reportedx line at 2.31, which is weak, corresponds to the motikited line
atg = 2.17 in the spectrum presented here. This suggestiod be either confirmed
or excluded by measuring the spectrum of JBi¢edta}]> in a wider field range.
Such studies were, however, beyond the limitations ©f pihoject. None of the
previously reported spectra include simulations.

The previously published spectra do not show the siggal 3500 gauss. These other
spectra were recorded at slightly lower temperatuee 10 K [82] and 3.8 K [83]
whereas the spectra presented here were recorded &, 1iggesting that this signal
could be temperature-dependent. The spectrum wasfdtenecorded at different
temperatures, Figure 8.4. The figure shows that thetrsppedndeed changes with
temperature. As the temperature is increased the signaj meh 9 also increases and
the “normal” previously published signal decreasess idicates that the signal gt

= 1.9 arises from an excited state that is more aeduat higher temperatures. The
experimental parameters are different in the threetispand the intensities can there-
fore not be directly compared. Both signals are cled .

— 125K
— 40K
100 K

I WD\//”;

T T T T
2000 2500 3000 3500 4000

B/ gauss

Figure 8.4: EPR spectra of 4.76 mM [MgS,(H,0)1,]°", natural abundance, in 4 M HCI at diffe-
rent temperatures as indicated. 12.5 Ky = 9.3993 GHz, P =16 dB, M =8, G = 1040 K)v =
9.3986 GHz, P=12dB, M =5, G = 6.3:3000 K) v = 9.3964 GHz, P=0dB, M =5, G = 1.2510

Figure 8.5 shows the EPR spectrum j&H.0)15]°" (red trace) in the field range
nearg = 1.9. The signal was fit by a simple simulation (bluedjebased on thg-
values 1.96, 1.935 and 1.925, widths 7, 7, 10 ank yperfine splittings of 40, 50,
25 from an | = 5/2 spin with an abundance of 25.% the natural abundance 8o

and °’Mo). The simple simulation program could not take into antdaoth the
natural abundance oPMo and °’Mo, interacting Mo-atoms and-strain effects,
which is why the fit is not very good. It does, howevukustrate the hyperfine inter-
action effects in this signal. Thgvalues and hyperfine splittings are comparable
values for octahedral Mo(V)Xites in polymolybdates [84, 85] and bound to protein
[86]. There should, however, not be any Mo(V) in tsasnple and the nature of this
signal is therefore not fully understood.
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Figure 8.5: Red trace: EPR spectrum of 4.76 mM [MgB,(H,0)1,]*", natural abundance, in 4 mM
HClnearg=1.9. T=100 Ky =9.3965 GHz, P=12dB,M=5,G = 3.2 ®lue trace: simulated
spectrum.

— Natural abundance
—— ®Mo-enriched

T T T T
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Figure 8.6: EPR spectra of [MaS,(H.,0):7]°", natural abundance and enriched in®Mo as
indicated in the legend, in 4 M HCI, T = 40 K. Natwal abundance: 4.76 mM,v = 9.3986 GHz, P =
12 dB, M = 5, G = 6.3-10 *Mo-enriched: 4.78 mM,v = 9.3972 GHz, P =12 dB, M = 5, G 6.3-10

The spectrum of [MgB4(H,0)12]°* enriched i°Mo is shown in Figure 8.6 (red trace)
compared to the spectrum of the cluster with natural @dmge distribution of Mo
isotopes. The main “normal” signal is similar in the two sgediut there are changes
in the “excited state” signal near 3500 gauss. gFalues of this part of the signal the
have shifted to higher values (lower field values) andsiectrum is broader. The
broadening can be reasoned by more abundant hypespfiiténg in the enriched
cluster with higher abundance of Mo atoms with nuclgém. sEnrichment in""Mo
does not, however, have a significant effect on the ragnal. A spectrum of the
enriched cluster in the narrower field range was redsured.

The spectrum of°Mo-enriched [MaSs(H20)17°>" was also recorded at 12.5 K. As
shown in Figure 8.7 it showed the same temperature depea as [MgBs(H20):2]°"
with natural distribution of Mo isotopes.
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Figure 8.7: EPR spectra of 4.78 mM*Mo-enriched [M0,S,(H,0)1,]°" in 4 M HCI at different
temperatures as indicated. 12.5 Ky = 9.3971 GHz, P = 16 dB, M = 8, G = 1040 K) v = 9.3972
GHz,P=12dB,M=5,G =6.3-T0

8.4 Conclusions

The syntheses of [M84(H-O):2]°* were carried out according to protocols based on
published procedures. The small scale synthesis oftheenriched complex went
through the synthesis of (MHMo0S,, which was easily scaled down, However, it was
necessary to reduce the incubation time significantly irséo®nd step for reasonable
yields. The spectra were in agreement with reportedtsp

The EPR signal of [Mg5s(H20)12°" proved to be temperature dependent. At the
lowest temperatures the dominant signal was in agreemdnpvaviously published
low-temperature spectra. A signal arising from an unpestted excited state was ob-
served at higher temperatures. This signal had hyperfinadtitens. The low-tempe-
rature signal did not change significantly for iglo-enriched [MaSs(H-0).2]°", but

the excited-state signal broadened due to the more abuhyperfine splitting in the
enriched cluster.
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CHAPTER NINE

9 Studies of the Molybdenum-
Sulfur Analogue of Pyrococcus
furiosus Ferredoxin

9.1 Introduction

This chapter describes the studies of the molybdenuiursanalogue of. furiosus
ferredoxin where the iron-sulfur cluster of the proteirraplaced with a [Mg]
cluster. In this project the protein was synthesized andetaled characterization of
the new protein was initialized. The basis for the rephas# of the iron-sulfur cluster
with a molybdenum-sulfur cluster is presented in chapter 3

The first attempt to introduce a [M®&] cluster into an iron-sulfur protein was perfor-
med by T. C. Sow [87]. This work proved the succddgsitorporation of a [MgSy]
entity in recombinanD. gigasapo-ferredoxin resulting in four discrete species. The
designed molybdenum-sulfur protein was proposed ttedyetween three different
oxidation states and bind exogenous ligands such as DTT.

Members of the Metalloprotein Chemistry Group have caoetinthe work on molyb-
denum-sulfur analogues of iron-sulfur proteins. This mmeluded further studies of
the incorporation of [Mg5] in D. gigasferredoxin as well as in other iron-sulfur
proteins [71, 88, 89, 90, 91]. The work so far hasiéed on the synthesis of molyb-
denum-sulfur analogues of the simple electron transteriron-sulfur proteins,
ferredoxins and HiPIPs, and development of procedioegurification. The next
goal is detailed characterization of the new proteins.

The starting point of this project is based on the mtomefor synthesis, purification
and preliminary characterization of the molybdenum-sudfualogue ofP. furiosus
ferredoxin has been developed through multiple stagesebgra people of the
Metalloprotein Chemistry Group. This will be describedhia following section.

9.2 Preliminary studies of the molybdenum-sulfur analogue of P.
furiosus ferredoxin

Unlike iron-sulfur clusters, the molybdenum-sulfur clustannot be incorporated in
the ferredoxin by self-assembly. The molybdenum-sudfualogue is instead formed

73



Studies of the Molybdenum-Sulfur Analogud®gfocuccus furiosuEerredoxin

by adding previously prepared [W®] cluster complex (see chapter 8) to the apo-
protein. As described in chapter 7 the apo-protein is gerdeby sulfite-groups in the
stable storable form. The strategy for the synthesis @svishin Figure 9.1. The
protocol for the bottom half of the figure with the syagls and purification of the
molybdenum-sulfur analogue is carried out anaerobiealty has been developed and
optimized by several people before this work, most sicgmfly by Rinette Drewsen
in her M.Sc. project [90] and Hajnalka Baratne-Jankodiasng her postdoctoral stay
in the Metalloprotein Chemistry Group [91]. This protoc@sathe starting point for
the present work and the results of this procedure wiflip be described here.

Purification of recombinant
P. furiosus ferredoxin

|

Removal of Fe-S cluster and - ——
ourification of apo-protein in Synthesis and purification of

stable, sulfonated form [M04S4(H20)12]™"

——

Removal of sulfite-protections and incorporation
of [M04S,] into the apo-protein

|

Crude manual purification on a desalting
column and an ion-exchange column

|

Purification and re-purification on an
ion-exchange column

Figure 9.1: Strategy for synthesis and purificationof the molybdenum-sulfur analogue ofP.
furiosus ferredoxin.

The bottom half of Figure 9.1 has to be carried ouersiacally since the molyb-
denum-sulfur analogue is sensitive towards oxygdhth& work carried out before
the present project was carried out under flushing with Phe protocol was
developed for 60 mg sulfonat®l furiosusferredoxin. The sulfite-protection groups
were removed with 20 times molar excess DTT and the mdelyum-sulfur cluster
was incorporated by addition of 4 times molar exces®,8H>0):12]Cls. The
mixture was purified by desalting and crude ion-exchavefere HPLC purification.
The same protocol was used in this project, except thk was carried out in a glove
box. The detailed procedures are described in seéti®d. The HPLC purification
consists of two steps: an initial ion-exchange on a ReeQurcolumn, called
Resource 1, and a re-purification step on the samentoand by the same procedure,
called Resource 2.
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Representative results of the HPLC purification outsidedlove box are shown in
Figure 9.2. The chromatogram of Resource 1 has orne peak with shoulders on
both sides and a series of subsequent peaks in then2&Wrve. The 380 nm curve
only has significant absorption in the main peak fractidrtsese fractions were
collected and re-purified. The chromatogram of rese is dominated by a peak
absorbing at both 280 and 380 nm at ~23.5 mS/cm owenigwith a shoulder at
~22.5 also absorbing at both wavelengths. Both the pedktlze shoulder were
collected and it was not attempted to separate the twoe Hrersome other smaller
shoulders surrounding the peak in the chromatograme wd which absorb at 380
nm. These were not collected and further analyzed.
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Figure 9.2: Chromatograms of the purification of the molybdenum-sulfur analogue of. furiosus
ferredoxin on a ResourceQ column. A) Resource 1, BResource 2. The green and blue lines
indicate the absorption at 280 and 380 nm, respeetly, and the red line the conductivity
gradient. The red numbers indicate the conductivites at the absorption maxima.

Preliminary mass spectrometric characterization has coedirthat collected fractions
do indeed consist d?. furiosusferredoxin with the [MgS,] bound. The results indi-
cate that additional water and buffer molecules are bearide protein, suggesting
that these occupy the extra ligand sites in the molybdemlfor-@nalogue [89, 90].
These results were, however, not conclusive. The ldteing@ peaks in the first
purification (at ~30mS/cm) were proved to consist ob-Bggredoxin. The purified
protein is very unstable even when kept under Ar andilves sealed with rubber
septa.

9.3 Introducing synthesis and purification of the molybdenum-sul-
fur analogue of P. furiosus ferredoxin to anaerobic chambers

In this project the work on the molybdenum-sulfur ana¢dogucarried out in the glove
box to increase the stability of the protein. The purpdgbe first experiments was to
see if and how the glove box conditions changed the méoaf the synthesis and
purification and whether the protocol had to be adfisiehese experiments were
carried out according to the previously developed patorhe program for HPLC

purification was slightly changed: the gradient was shedeand the slope was
flattened. This was done to provide better separafidheospecies of interest without
prolonging the time for each run.
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9.3.1 Experimental

Synthesis 60 mg lyophilized sulfonated protein was dissolved ihrmdl 100 mM
Tris/HCI, pH 8.5 with gentle stirring. 24.7 mg DTT (2fhés molar excess) dissolved
in 200 pl 100 mM Tris/HCI, pH 8.5 was added to the prnotend the solution was
incubated for 90 minutes. A solution with 29 mg [#8gH-0):2]Cls (4 times molar
excess) dissolved in 20 pl 1 M HCI and diluted with 380vaier was prepared and
added dropwise to the protein solution and incubate@@aninutes.

Crude purification The brown solution (10.6 ml) was filtered through a Québfilter
and loaded onto two 19 ml Sephadex G25 columns equdibratith 100 mM
Tris/HCI, 0.05 M NaCl, pH 8.5. The protein was eluteidh the same buffer and
loaded directly onto a 5.5 ml DE52 column equilibrated W@ mM Tris/HCI, 0.05
M NaCl, pH 8.5. The column was first washed with 2 CWtlee same buffer,
followed by elution of the dark protein solution with 20 mivls/HCI, 0.3 M NaCl,
pH 8.5.

Purification and re-purification on HPLCThe sample was diluted 2 times with 20
mM Tris/HCI, pH 8.0 split in 2 portions.€. two Resource 1 runs) and loaded onto a 6
ml ResourceQ column equilibrated with 20 mM Tris/HCI, M1INaCl, pH 8.0 on
HPLC (AKTAprime™ plus). The protein was purified using a linear gradiémiaCl
from 0.15 M to 0.30 M in 16 CV, 6 ml/min. The collectaddtions from each run
were diluted 2 times with 20 mM Tris/HCI, pH 8.0, splitAragain i(e. four Resource
2 runs in total) and re-purified on the same column viighsame gradient.

In some experiments the solution was left overnight inglloee box between the
crude purification and the HPLC purification; in othepesments everything was
done in one (long) day.

9.3.2 Results and discussion

Figure 9.3 and Figure 9.4 shows the chromatogram&sditce 1's and Resource 2’s
after one of the initial syntheses in the glove box. pinéfication was carried out on
the same day as the synthesis in this example. The taouRe 1 chromatograms,
Figure 9.3, both show the same features as the Resbuwlseomatogram in Figure
9.2A with one major peak followed by several peaksshalilders. However, the two
chromatograms in Figure 9.3 are not identical even thahgy stem from one
solution that has just been split in two purifications. Toedictivity of the eluting
species changes with ~1 mS/cm between the two purifisatibhe main peak is
collected from these purifications.

In the Resource 2 chromatograms in Figure 9.4 tHeatetl fractions from Resource
1 splits up in two overlapping peaks. One peak with oppitay shoulders was obser-
ved in the studies outside the glove box. The observaticseparable peaks could
arise from the flatter gradient in the experiments insiigeglove box increasing the
resolution of the purification. The conductivity at the elgtpeaks varies between the
four runs as was observed for the Resource 1 patifics. The conductivity at the
elution is also increased from the Resource 1 runs anBdlource 2 runs. A signifi-
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cant variation between the ratios of the two peaks is seen bétween different syn-
thesis experiments and also within some of the othegrampnts (not shown here).
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Figure 9.3: Chromatograms of Resource 1 purificatias of the molybdenum-sulfur analogue oP.

furiosus ferredoxin on a ResourceQ column in the initial sidies in the glove box. A) ¥ run, B)

2" run. The blue line indicates the absorption at 28, and the red line the conductivity gradient.
The red numbers indicate the conductivities at th@bsorption maxima.
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Figure 9.4: Chromatograms of Resource 2 purificatins of the molybdenum-sulfur analogue oP.
furiosus ferredoxin on a ResourceQ column. A and B) Re-pufications from Figure 9.3A, C and
D) re-purifications from Figure 9.3B. The blue lire indicates the absorption at 280, and the red
line the conductivity gradient. The red numbers indcate the conductivities at the absorption
maxima.

These observations suggest changes in the sample hettveevo purifications and
that something happens during the time that elapses betwsenrB® 1 and Resour-
ce 2 that induces some “delay time”-dependent variatiorResource 2 chromato-
grams. That could suggest that the two peaks arise firanctlosely related species
with time-dependent interconversion between the two forms. Whs further studied
by investigating the stability of the purified samples andefffiect of “delay time” on
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the purifications as described in the next section.
In the following sections fractions from the first elgtipeak in the Resource 2
chromatogram is referred to as peak 1 and peak Znefeine second eluting peak.

9.4 Studies of stability and interconversion of purified species of
the molybdenum-sulfur analogue of P. furiosus ferredoxin

Experiments were set up where the time between theHREC purification and the
second purification was varied systematically. This wasedto study the effect of
this “delay time” on the ratio of the two species in the ofatogram. The purified
species were also re-purified to investigate the degfee-arrangement or break
down of the purified species.

9.4.1 Experimental

The synthesis and crude purification was carried outasribed in section 9.3.1 and
the same program for HPLC purification was used. Trihe tietween the purifications
was the only factor changed.

Synthesis, desalting
and crude ion-exchange

S o

Resource 1 Resource 1
15 run 2" run
Resource 2 Resource 2
3 run 4" run
Night
Resource 2 Resource 2
5" run 6" run
Resource 3

7" + 8" run

Figure 9.5: Flowchart of the purification and re-purification of the molybdenum-sulfur analogue
of P. furiosus ferredoxin in Experiment 1.

Experiment 1 The purifications in this experiment were setup asvshim the flow-
chart in Figure 9.5. The Resource 2 purifications veanmeied out either immediately
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after the Resource 1 purifications or after waitingroight. Resource 3 represents a
third HPLC purification step in which the purified fractioinem Resource 2 are re-
purified. In this experiment, a small volume of peakadkctions from each run was
mixed and re-purified in the"7run and a small volume of peak 2 fractions was re-
purified in the & run. The grey bars mark when the samples were stwethight in
the glove box. This experiment was carried out twiceas also attempted to delay
one of the Resource 1 runs one more day (i.e. kedyatigpf the collected volume
after the crude ion-exchange in the glove box foights before the ¥ Resource 1
run).

Experiment 2This experiment was run similar to Experiment 1, butiad of mixing

a small volume of each peak from all runs in the Resow@cre-purifications,
Resource 3 was the re-purification of the full samfdesh one purification run. The
purified samples of peak 1 and peak 2 were kept aylerim the glove box between
the Resource 2 and Resource 3 purifications.

Experiment 1 was carried out in the Labstar 50 glove bolevexperiment 2 was
carried out in the anaerobic system from Coy Laboratqses chapter 4.3.1 for
description of the anaerobic chambers).

9.4.2 Results and discussion

Experiment 1 The chromatograms of Resource 1 purifications are siemjlar to the
chromatograms in Figure 9.5 in all purifications and they not shown here. The
chromatograms of Resource 1 runs did not change stfieaige in the glove box for
another 24 hours and do therefore not depend ostanage time.

The chromatograms of the Resource 2 runs are sliwvagure 9.6. The chroma-
tograms in A and B were recorded a few hours aftelRisource 1 runs, while the
chromatograms in C and D were carried out the followmdt®y. The tendency
observed in this and the other experiments like this thas the ratio of peak 1
compared to peak 2 increases with longer incubatioa. tfrom the chromatograms
shown it is most evident by comparing B and D that arpurdications from the
same Resource 1 run. This suggests more predomimaregrsmn to peak 1 than peak
2 with longer delay time.

These observations indicate that the crudely purified Eaimgtable, but that changes
occur after the first HPLC purification step. After thestf HPLC purification, the
collected species stabilize to the two forms eluting as fiesakd peak 2 and more of
the protein stabilizes as the peak 1 species with time.

The conductivities of the peaks vary slightly between the fdhromatograms. A
small volume of peak 1 samples from all four purificasiavas therefore mixed and a
small volume of the peak 2 samples was mixed. The tw@dansamples were re-
purified to check 1) whether peak 1 and peak 2, réispdg arise from the same
species in all runs, 2) whether there is further intevecsion between the 2 species,
and 3) whether they re-arrange inter yet other forms. dfiromatograms of the re-
purifications are shown in Figure 9.7. Both re-purificas show one sharp peak veri-
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fying that the mixed fractions do indeed consist of theesapecies. The chromato-
gram of re-purification of peak 1, Figure 9.7A, has smubsequent shoulders that
could arise from peak 2 species probably stemming tte overlap of the two peaks
in the Resource 2 purification. There are no indicatidrfsirther interconversion or
re-arrangement of the species purified in Resources@dban these purifications. The
conductivity of the eluting peaks has increased comparéite Resource 2 runs.
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Figure 9.6: Chromatograms of Resource 2 purificatias of the molybdenum-sulfur analogue oP.
furiosus ferredoxin on a ResourceQ column in Experiment 1A) 3 run, from 1% run, 2.5 hours
delay, B) 4" run, from 2" run, 2.5 hours delay, C) 8 run, from 1% run, 24 hours delay, and D)
6" run, from 2™ run, 24 hours delay. The run numbers refer to thdlowchart in Figure 9.5. The
blue line indicates the absorption at 280, and theed line the conductivity gradient. The red
numbers indicate the conductivities at the absorptin maxima.
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Figure 9.7: Chromatograms of Resource 3 purificatias of the molybdenum-sulfur analogue oP.
furiosus ferredoxin on a ResourceQ column in Experiment lre-purification of chromatograms
in Figure 9.6. A) Re-purification of peak 1 samples 7" run. B) Re-purification of peak 2
fractions, 8" run. The blue line indicates the absorption at 28@nd the red line the conductivity
gradient. The red numbers indicate the conductivites at the absorption maxima.
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Figure 9.8: Chromatograms of one Resource 2 purifation and Resource 3 purifications of the
molybdenum-sulfur analogue ofP. furiosus ferredoxin on a ResourceQ column in Experiment 2.
A) Resourse 2 run corresponding to 4 run, B) Resource 3, re-purification of peak 1 co#icted

from A, and C) Resource 3, re-purification of peak?2 collected from A. The blue line indicates the
absorption at 280 and the red line the conductivitygradient. The red numbers indicate the
conductivities at the absorption maxima.

Experiment 2 The chromatograms of one Resource 2 run andedpanifications of
the peaks collected in this purification are shown in FidguB In this experiment
there are some subsequent smaller peaks and shoultigrshaf main peaks, espe-
cially in the re-purification of peak 2 in Figure 9.8C whea significant peak arises.
That indicates some instability of the peak 2 species Whs not observed in Expe-
riment 1 and the differences could be an effect of ifierednt anaerobic systems. It is
plausible that the stability of the purified samples iy \&nsitive towards factors like
temperature and trace amounts of oxygen that vatigardifferent experiments and
depend on the anaerobic system used. The subsequadstipghe re-purification of
peak 1 in Figure 9.8B are likely to arise from overlaphaf peaks, but could also be
due to re-arrangements influenced by the same factesaks2.

There is a variation in the conductivity of the elutirgaks between different experi-
ments. However, in all experiments the same tendency towengsised conductivity
in each purification step, both from Resource 1 to Res02 and from Resource 2 to
Resource 3, is observed. The change in conductisitysually in the range of 1-2
mS/cm in each step. Conductivity variations could be dsentall variations in pH in
different buffer preparations, since variations in pH wocthange the charge of the
protein. However, the same buffer preparation is normesyd within one experiment
so pH variations can only explain variations betweerefit experiments and not
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the systematic increase between each step within oneiregpér An explanation for
this effect could be that less and less of the materiabthds strongly to the column
in the sample the further one gets in the purificatiomgesit is separated from the
protein sample. Strongly binding material could push thedigbinding protein out of
the column earlier by making the column effectively shodirce less column
material is available to bind the protein.

The ratio between the two peaks vary between ~30% &% -of either species from
experiment to experiment, but the ratio of the peak tiepdo peak 2 species always
increases with longer delay time. The ratio in each exgatirnan be explained by
small variations in temperature, trace amounts of oxygeh\ariations in pH in
different buffer preparations.

Overall these results indicate that the protein existwanclosely related forms repre-
sented by peak 1 and peak 2 that can be separateel second purification step. The
ratio between the two forms depends on the experirheomalitions, but more of the
protein always stabilizes as the peak 1 species witletahgjay time. Along with the
results of experiment 2, this suggests that the pegledies is the more stable of the
two forms.

Several possible differences between the two forms eauggested:

A) Different redox states — As seen for the [Céeferredoxin, the reduced and
oxidized forms elute as two different peaks that casdparated. However, in
other experiments with reduced and oxidiZdfuriosusferredoxin,e.g. the
[CoFeSy] ferredoxin in chapter 6.3, the conductivity differermween the
two peaks was slightly larger than what is observed here.

B) Protonation/deprotonation of ligands/amino acids — Diffepeotonation state
of acidic/basic ligands or amino acids would change thecharge of the
protein. However, since the experiments are carried toabrstant pH, the
protonation equilibrium should not change. If this was tifferénce between
the two states, the equilibrium should therefore be tabkshed after separa-
tion leading to a splitting to two peaks in the re-purificatibhat was not
observed and this scenario is therefore not consididedyl.

C) Different exogenous ligands on the cluster — The preting mass spectro-
metric characterization has not been conclusive. It pdmtsvater as the
predominant ligand, but also suggests binding of buffdecutes, possibly as
ligands to the cluster. One could also imaginé i@hs as ligands to the
molybdenum-sulfur cluster. The two species could arse fdifferent ligand
environments that re-arranges during the purification witd of the states,
the one corresponding to peak 1, being more stable, batahiity depending
on the experimental conditions.

D) Buffer molecules binding to the protein — As written ahdfie mass spectro-
metric analysis suggested binding of buffer moleculesdtbtein, but it is
not clear whether these were bound as ligands to the rcusbound to the
peptide chain.
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Different ligands and molecules bound to the protein ddehd to different masses
and they could also be charged. Thereby they cargehidue net charge of the protein
and lead to elution at different conductivities. Such diffiees could therefore cause
the observed differences between peak 1 and peaktBeirthromatograms. The
differences between the two forms were addresseddpthe further characteri-
zation.

Typical yields were ~400 pM, 0.5 ml (0.2 pmol) of pda&nd ~200 uM, 0.5 ml (0.1
pmol) of peak 2 from one synthesis. Typically, a giebaracterization experiment
was carried out on freshly prepared products of angsyathesis. That is, 60 mg (8
pmol) of sulfonated protein was used every time givirgamyields of 2.5% of peak
1 and 1.25% of peak 2. The work on the molybdenumisahalogue is therefore
very expensive in protein.

The chromatograms looked similar when the synthesis antication was carried
out with the®®Mo-enriched [MaSs(H20)17°*. These samples were used as part of the
EPR spectroscopic characterization (see section 9.8).

9.5 UV-vis spectroscopy of the molybdenum-sulfur analogues of
P. furiosus ferredoxin

The molar absorption coefficients were determined byrohétation of molybdenum
content by inductively coupled plasma mass spectrgn{&@P-MS). ICP-MS was
recorded by Ph.D. student Anders C. Raffalt.

9.5.1 Experimental

Purified peak 1 and peak 2 samples were concentratedivaeell 70 with a MWCO
5000 membrane inside the anaerobic chamber. The Ugpéstra of the concen-
trated samples in 20 mM Tris/HCI, pH 8.0 were recorded.

The concentrated samples were hydrolyzed in 1 M EiBi@ diluted with water and
0.1 M HNG; (0.1 M HNG; in the final samples) to appropriate concentratiohgesé
were roughly estimated based on the molar absorptioficieats determined by T. C
Sow for the molybdenum-sulfur analoguelbfgigasferredoxin [87].

ICP-MS was measured on the diluted samples on an ELO®WR @Perkin ElImer) mass
spectrometer in the Analytical Chemistry Group at DepartraEChemistry, DTU.

9.5.2 Results and discussion

The products obtained after the second HPLC purificatienoaly slightly colored.
The color cannot be seen in collected fractions afterptn&ication, but is only
visible after up-concentration. Both peak 1 and peaar®ples have a weak grey-
purple color.

The UV-vis spectra of concentrated peak 1 and peséniples are shown in Figure
9.9. Both species have a characteristic shoulderGhB6and the spectrum of peak 1
also reveal a feature in the 500-600 nm range. Ther@atimo of peak 2 was too low
to detect such a feature with reasonable accurack Péms a much larger A(280
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nm):A(360 nm) ratio than peak 1 (5 for peak 1, 22deak 2). This is much lower
than the ratios observed for the natRefuriosusferredoxins in Figure 5.2, chapter
5.2 (A(280):A(408) = 1.65 for [&4] ferredoxin, A(280):A(380) = 1.78 for the
[FesSq] ferredoxin). These numbers support the much weat@or of the
molybdenum-sulfur analogue compared to the nativedexias, which have a strong
brown color.
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Figure 9.9: UV-vis spectra of the two species of ¢hmolybdenum-sulfur analogue ofP. furiosus
ferredoxin as indicated. A) In the full wavelengthrange and B) Above 300 nm. The dashed line
mark the absorption at 360 and 550 nm, respectively

Table 9.1: Molar absorption coefficients of the twomolybdenum-sulfur analogue species dp.
furiosus ferredoxin per [M0,4S,] cluster.

Molar absorption coefficients pef
[M04Sy] cluster / M-crit

280 nm 360 nm 550 nm
Peak 1 35.170 | 7.04-16 | 2.52-18
Peak 2 250-70 | 11.5-18 -

Table 9.2: Molar absorption coefficients of the matbdenum-sulfur analogue species db. gigas
ferredoxin per [Mo0,4S,] cluster [87].

Molar absorption coefficients per
[M04Sy] cluster / M*-cni*
350 nm 600 nm
Species A 6860 1260
Species B 8740 1605
Species C 7105 1050
Species D 10165 2685

The molar absorption coefficients of the two speciemalfybdenum-sulfur analogues
were determined from the molybdenum concentrationssisyraing four molybde-
num atomsi(e. one [MqS,] cluster) per protein. The absorption coefficients deter
mined are given in Table 9.1. The absorption coetffics are in the same range as the
absorption coefficients for the molybdenum-sulfur anaéogéiD. gigas ferredoxin
(listed in Table 9.2, [87]). The determination of absorptoefficients was carried
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out twice with agreeing results. Typically, concentration defteations were based
on the absorption at 360 nm, since the signal to natse at 550 was too low.

9.6 Attempts to characterize the molybdenum-sulfur analogues of
P. furiosus ferredoxin with mass spectrometry

Since the preliminary mass spectrometric studies of tHghaenum-sulfur analogue
were not conclusive and possibly carried out on a mextdispecies, it was attempted
to characterize the two species purified in this project widfss spectrometry. This
would potentially confirm the incorporation of the [Mi)] cluster and give insights
as to the ligand environment of the cluster.

The mass spectrometric measurements were carried adrporation with Ph.D.
student Maja Martic who did the desalting and the massrgpeetric measurements.

9.6.1 Experimental

Purified samples of peak 1 and peak 2 were concedtsagjgarately in a Vivacell 70
with a 5000 MWCO membrane. The concentration was mhéted by UV-vis spec-
trophotometry using the absorption coefficients determibede

The samples were desalted on Micro Bio-Spin columns RBid} into either water,
100 mM NHCH3;COO or 100 mM NHCH;COO/NH,OH, pH 8.0 and diluted with
the same solution to 20uM protein concentration.

Data acquisition and analysis were performed using & spectrometer with a nano-
electrospray ionization source in negative ion mode arigina-of-flight analyzer
(LCT Premier, Waters).

9.6.2 Results and discussion

The molar mass of thi. furiosusferredoxin with an incorporated [M®&] cluster is
7679 g/mol. This mass should be adjusted for the exiadig binding to the cluster
(eight additional ligand sites compared to the;flecluster) and for the charge on
the cluster.
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Figure 9.10: Mass spectrum of peak 1. Protein conotation = 20 pM in 100 mM NH,CH;0O0/
NH,OH, pH 8.0.

Figure 9.10 shows the best achieved mass spectrunpeflal sample. The noise
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level in the spectrum is very high indicating no dominaetigs and it is not possible
to conclude anything about the protein composition froensfiectrum. The noise le-
vel in measured mass spectra of peak 2 was waoasethle showed spectra of peak 1.
The high degrees of noise indicate that the protein bréaks in the process, either
during desalting, the handling before assembling the cgpiltathe mass spectro-
meter where the protein is exposed to oxygen, ordretactrospray. It was attempted
to stabilize the protein in different solutions, but that did optimize the spectra.
Further optimization of the mass spectra was beyond the limigtions of this
project.

9.7 Attempts at electrochemical characterization of the
molybdenum-sulfur analogues of P. furiosus ferredoxin

It was attempted to characterize the molybdenum-sulfalogone ofP. furiosusferre-
doxin to investigate possible redox-chemistry of the nexepn.

9.7.1 Experimental

Several attempts were made to characterize the molybdsuliun analogue in
different buffers. The purified protein was concentrated Vivacell 70 with a 5000
MWCO. In some experiments the concentrated proteirtisnlwas diluted with 20
mM Tris/HCI, pH 8.0 without removal of trace amounfsNaCl. This was done to
prevent loss of protein during the buffer change. I abso attempted to dilute the
solution with 20 mM Tris/HCI, pH 8.0, 0.1-0.5 M NaGirfelectrochemistry. The
solution was concentrated and diluted 50 times with 20 BIHCI, pH 8.0 3 times
to remove trace amounts of NaCl in another experimerg. prbtein concentration
was determined with UV-vis spectrophotometry.

The electrodes were polished and transferred into thee dlox and mounted in the
electrochemical cell as described in chapter 4.3.2. Nelonsydfate powder and L-
cysteine powder were added to the solution during expatemeithout further
purification by dissolution in a small volume of the protealution and transferring
this to the cell. Both promoters were used at 5 mM eotrations.

9.7.2 Results and discussion

The attempts to characterize the molybdenum-sulfur analogfuP. furiosus
ferredoxin electrochemically were unsuccessful. Voltaxgrams like the ones shown
in Figure 9.11 were observed. Such voltammogramsiariéas to blank voltammo-
grams. The observations were independent of the NatCleotration. It was attemp-
ted to carry out the experiments both in the presamceabsence of neomycin and
cysteine and neither of the additives promoted a retmakin the present setup.

It is apparent that the molybdenum-sulfur analogues dontetaict redox-actively
with the working electrode used under the conditionsl uisethis project. It was not
attempted to use the phosphate buffer system that wtedtéor the [F&54] and
[FesS4] ferredoxins in chapter 5, since these proteins didshow any significant dif-

86



Studies of the Molybdenum-Sulfur Analogud®gfocuccus furiosuEerredoxin

ferences between Tris/HC| and phosphate buffern@ing the buffer system could,
however, be an approach to reach a redox signal. @tring electrodes could also
be tried to test if the molybdenum-sulfur analogues aatewith these electrodes.
Another approach could be to stabilize the protein Wjilcg. The current setup does
not allow cooling, since the glove box did not have dingsystem installed and ice
melted very quickly due to the lack of humidity control ie tilove box.

j/pA-cm®

T T T T T T T T
08 -06 04 02 00 0.2 0.4 0.6 08
E/Vvs. SHE

Figure 9.11: Cyclic voltammograms of the two specgeof molybdenum-sulfur analogues ofP.
furiosus ferredoxin as indicated in the figure in 20 mM Tris/HCI, pH 8.0, 0.1 M NaCl with 5 mM
neomycin, 20 mV/s. Peak 1) 50 pM, peak 2) 25 pM.

9.8 EPR spectroscopic characterization of the molybdenum-sulfur
analogues of P. furiosus ferredoxin

The molybdenum-sulfur analogues Bf furiosusferredoxin have not been studied
with EPR spectroscopy previously. The EPR spectroscoparacterization was
introduced in this project.

The EPR spectroscopic characterization of J8(H,0)15]°" in chapter 8.3 serve as
reference for the studies of the molybdenum-sulfutcanee ofP. furiosusferredoxin.
Assuming that the same oxidation states of the clustéea@cessible for the aqueous
complex and for the protein-bound cluster, the molybdesulfur analogue is
expected to be EPR active in the 5+ oxidation stateEB& silent in surrounding 4+
and 6+ oxidation states.

Samples for EPR measurements were prepared in ooratabies and frozen and
shipped in liquid N. EPR spectra were measured at Delft University of Telogy
by Professor Wilfred R. Hagen during my visits to hislatories.

9.8.1 Experimental

EPR samples of purified and concentrated sampleseak @ and peak 2 were
prepared. No additives or mediators were added to Hasples before freezing.
EPR-monitored redox titrations were carried out on purifiathples of peak 1 and
peak 2 samples, respectively, as described in chapdes. 4Titrations were also
carried out on samples synthesized with*fivo-enriched [MaS,] cluster.

The samples were frozen, stored and shipped in liquicaidl the spectra were
measured at different low temperatures under cooling withdigle. The instrumen-
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tation and data analysis software are described in chapt8r 4.

9.8.2 Results and discussion

The samples of both peak 1 and peak 2 without addifiomediators were both EPR
silent. That suggests that both peaks carry the meha-sulfur in EPR silent oxi-
dation states.

EPR-monitored redox titrations were carried out to studypioteins at other, po-
tentially EPR active, oxidation states. A non-radical sigres wbserved to build up
and disappear in the reductive titration of both peak lpaa#t 2. The spectra at 40 K
are shown in Figure 9.12. Both spectra are disturlyethtlical signals, particularly
the peak 2 spectrum which corresponds to a lower patemthere the radicals are
more abundant. Both species show similar features. vaiations in the details
between the spectra of the two species will describeticiubelow. The signal to
noise ratio is low in the peak 2 spectra throughout the Empets and the more
detailed analysis is therefore focused on the pesettra.

—Peak 1
— Peak 2

T T T T
2500 3000 3500 4000
B/ gauss

Figure 9.12: EPR spectra of the molybdenum-sulfur malogues ofP. furiosus ferredoxin, natural
abundance. Blue trace: Peak 1, 54 uM, E = -173 mV,= 9.3938 GHz. Red trace: Peak 2, 12 pM,
E=-270,v=9.4058 GHz. T= 40K, P=12dB, M =8, G = 8710
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Figure 9.13: EPR spectra of the molybdenum-sulfur malogues ofP. furiosus ferredoxin, natural
abundance, with simulations. A) Peak 1. Red traceexperimental, 54 uM, E = -173 mV,y =
9.3938 GHz, T=40 K, P =12 dB, M = 8, G = 81lue trace: simulation. B) Peak 2. Red trace:
experimental, 12 uM, E =-270y = 9.4058 GHz, T=40K,P=12dB,M=8,G = 83 ®lue trace:
simulation.
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The spectra of peak 1 and peak 2 in Figure 9.12taers with simulated spectra in
Figure 9.13A and Figure 9.13B, respectively. Both speate simulated with a non-
radical protein spectrum and a weighted radical sigiha = 2.002. The peak 1
protein signal (Figure 9.13A) was simulated withialues 1.967, 2.230 and 2.377 and
g-strain effects of\yx = 0.035W,, = 0.022,W,, = 0.075 andM,, = 0.015. The peak 2
protein signal (Figure 9.13B) was simulated vgthalues 1.977, 2.242 and 2.362 and
g-strain effects ofW,, = 0.025W,,, = 0.045,W,, = 0.070 and\y, = 0.030.

Table 9.3: g-values of [Mq,;S,] clusters in the molybdenum-sulfur analogue specseof P. furiosus
ferredoxin and in the EDTA and agua complexes.

Ox Oy 0z
Peak 1 1.967 2.228 2.377
Peak 2 1.977 2.242 2.362
[M04S4(H-0)15°" (chapter 8.3)| 1.778 2.447 2.543
[Mo4Sy(edtay]® [82] 231 | 252| 261

The g-values for peak 1 and peak 2 are listed in Tabla®3g with the values of the
inorganic complexes. The two spectra have the samerdésatvith only small varia-
tions in the parameters. The biggest differences aeldiyerg,-value and less
pronounced\,y g-strain effect in the peak 1 spectrum. This makegtandg, lines
more distinguishable for peak 1. Both protein spectra skgamblances to the spec-
trum of [M0sS4(H20)12°" (Figure 8.3, chapter 8.3) and it is therefore infetted this
signal arises from the protein bound [M¢] cluster in the 5+ oxidation state. The
spectra are more rhombic than the [8gH,0):,]°" spectrum and thg,-line is dis-
inguishable from they-line. Thegy-line is overlapped by the radical signal, but closer
to thegy- andg,-lines than observed for [MB4(H20):2]°" making the protein spectra
narrower than the spectrum of the agueous complexnditewer spectra are sugges-
ed to be an effect of the protein “screening” the molylbde-sulfur cluster from the
surroundings. The spectrum of the EDTA-ligated comp82} is also narrower than
the agqueous complex (chapter 8.3 and [83]) and it eanbisaged that similar scree-
ing effects arise from the hexadentate, enclosing EDTAxlgand the protein amino
acid chain wrapping in the cluster, the protein screengiggbmore effective than the
EDTA screening. The differences between the peak lpaall 2 spectra could arise
from slightly different ligand environment as variationsthe g-values between the
[Mo04S4] entity with H,O and EDTA as ligands are also observed [82, 83].

The spin was quantified as described in chapter 4@ $uggested ¥z spin per moleule
This is the same spin as determined for {Mm20)12]5+ [44] confirming [MQS4]5+

as the source for the observed signal.

The peak 1 spectrum was measured at very low tempe@urell and similar sigals
appeared at 12.5 K and 40 K. In contrast to what alzserved for [MgBa(H20)12]°"
(Figure 8.4, chapter 8.3), no additional signal build upighher temperatures other
than the signal observed at 12.5 K. These results suggescupation of EPR active
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excited states in the temperature range tested.

The intensities of the spectra in the titration experiments thiéfse signals were
determined by double integration and subtraction of thesitteaf the radical signal.
All the spectra in each titration were recorded under #mesconditions, but the
protein concentration varied with the added volume of NlagS,0, solution. The

intensities at different potentials are plotted in Figuré49with fitted curves

according to the equation for a two-step reduction WitrERR active intermediate,
Table 4.1, chapter 4.2.4. As stated above, the olssesigmal is attributed to the
[M04Si]°* cluster. The cluster is assumed to be in the EPR §MmtS,]®* state at

higher potentials and is reduced to the also EPR silenfJif6 state when further
reduced.
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Figure 9.14: Titration data and fitted curves of the molybdenum-sulfur analogues of. furiosus
ferredoxin. x = Experimental data, line = fitted curve. A) Titration of peak 1, B) titration of peak
2.

Table 9.4: Formal potentials of fitted titration curves of the molybdenum-sulfur analogues oP.
furiosus ferredoxin. Potentials given in mV vs. SHE.

E0’1 ([M04S4]5+/6+) EO'2 ([M04S4]4+/54)
Peak 1 -195 -295
Peak 2 -205 -380

The formal potentials of the fitted curves in Figure 9.fel given in Table 9.4. The
potentials of both curves are too close for all the prdtelve in the [MgS,]** state as
equilibrium with the reduced [M&]** state or oxidized [M54]°* state will be estab-
lished in stead of full conversion to [W®&]°*. The curves therefore never reach 100%
intensity which corresponds to an all-[M&]°>" containing sample. There is some
uncertainty for the peak 2 curve since it is based oy @y few data points and the
spectra have a low signal-to-noise ratio making it diffitoldetermine the intensity
precisely. It does, however suggest slightly different &drpotentials for the peak 2
species, especially for the [M&]*"®* redox couple where the intensity of peak 2 is
close to the maximum at potentials where the intensity ak pk is decreased
significantly (at approximately -325 mV versus SHE). Tdrenal potentials are lower
than the formal potentials of the aqua complex as well aEEeA-ligated cluster,
chapter 3.3 [44]. The potentials of the two redorgraons of both peak 1 and peak 2
are also closer than for the aqua and EDTA compléias. indicates an interesting
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tuning of the potentials by the protein.

The molybdenum-sulfur analogues were also studied wittlative titrations. The
EPR spectra for these titrations were dominated by tmalsigr [Fe(CN}]*, but an
additional weak signal like the one shown in Figure 9.15 whbserved in some
samples. This signal did not appear systematically or lopilds the potentials were
increased. It was only observed at potentials betweBf &/ and ~420 mV versus
SHE, but not observe for all samples in this range. ddearrence of the signal in
different samples seemed random.

T T T
2800 3000 3200 3400
B/ gauss

Figure 9.15: EPR spectrum of the molybdenum-sulfuranalogues ofP. furiosus ferredoxin at
higher potentials. Peak 2, 10 uM, E =353 mV, T 40 K, v=9.3908 GHz, P=12dB,M =8, G =
8-10.

The source of this signal was not known. It was suggesteatise from further
oxidation of the EPR silent protein-bound [Mg°* cluster. Two sources for the
signal can be envisaged: 1) Oxidative degradation ofltrstec and formation of new
paramagnetic species, or 2) Further oxidation of {848" to a “super-oxidized” 7+
state. The 7+ state has not been identified previouslythieuhighly charged cluster
could possibly be stabilized by the negatively charged iproiteis also possible that
the 7+ state is an intermediate in the oxidative degradaidhen the aqueous
[M0484(H20)12]6+ complex is oxidized further than the 6+ state, it breddan to
[Mo3S4(H20)9]4+ and a monomeric Mo(V) which is believed to dimerize sponta
neously to a dimeric Mo(V). This break down suggestigggs through a [M&,] "
state [44]. Both of these final degradation products,[khesS,]** and the dimeric
Mo(V), are diamagnetic. It can, however, be envisagieat the paramagnetic
monomeric Mo(V) or [Ma@S;]”" states can persist when bound to the protein. The
seemingly random observation of the signal could suggasthh signal arises from
momentarily “trapped” paramagnetic intermediates amd tine occurrence of these
species depends strongly on the potential, the stabilizatnenof the potentials and
the time until the sample was frozen in liquigl N
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Figure 9.16: EPR spectrum after oxidation and re-rduction of the molybdenum-sulfur analogue
of P. furiosus ferredoxin. Peak 1, “48 uM”, E = -282 mV, T = 40 K A) Wider field range, v =
9.4009 GHz,P=12dB,M =8, G = 8-i(B) Narrower field range. Red trace:v = 9.4011 GHz, P =
12 dB, M = 8, G = 1.25-10 Blue trace: simulation.

The signal was further studied by reducing oxidizedpasnto see if the signal at
lower potentials assigned to [W®]°* can be re-established. This re-reduction was
not carried out as a titration, the solution was meretijuced to a potential where the
[M04S:]°" would be present and a sample was taken out at thistipbtnd frozen.
Spectra of samples reduced to -282 mV versus SHElaen in Figure 9.16. A
signal appears in the 1.93 range and was simulatedgaitiiues 1.943, 1.939 and
1.91. This signal is very different from the [M&]>* spectrum and renders the
stabilization of [MaSs]”* at higher potentials improbable. The nature of thaa is
not known. One possibility is that the signal arises froducgon of degradation
products. The oxidized incomplete cuboidal f8gH;0)** is diamagnetic and EPR
silent. To our knowledge, the reduced B8gH.0)]** has not been studied with
EPR. Such a study was not carried out in this project aadtierefore not possible to
compare the observed spectrum to the spectrum of§td,0)s]>* or other reduced
degradation products.

— Natural abundance

—— *®Mo-enriched

T T T T
2500 3000 3500 4000
B/ gauss

Figure 9.17: EPR spectra of the molybdenum-sulfur malogue of P. furiosus ferredoxin natural
abundance and enriched in®*Mo as indicated, adjusted for concentration differace. Natural
abundance: 54 pM, E = -173 mVy = 9.3938 GHz.”Mo-enriched: 193 pM, E = -346 mV,v =
9.3968 GHz. P=12dB, M =8, G = 8-10T =40 K.
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Figure 9.18: lllustration of the effect of weak hygrfine interactions on EPR spectra. The red
trace shows the simulated spectrum with similag-values as determined for the natural abundant
spectrum in Figure 9.13A without hyperfine interacfons or g-strain effects. The blue trace shows
the same simulation with hyperfine splittings of 8,8 and 20 from four Mo atoms with nuclear

spin 2.5.g-strain effects were not simulated in this case sie the simulation program does not
allow simulation of both hyperfine interactions andg-strain effects.

The spectrum of the molybdenum-sulfur analogue with®tht®-enriched cluster is
shown in Figure 9.17 compared to the cluster with the alaaloundance of Mo iso-
topes. The intensity of the radical signal is different i tiho spectra since they are
recorded on samples of different potentials. No distinct tiygelines appear upon
enrichment, but the observed lines are broader. Stgadéning can be an effect of
hyperfine interactions with small hyperfine splittingfiere the lines are indistin-
guishable from one another as illustrated in Figure,9tfich shows simulations of
the spectrum with and without weak hyperfine interactiosnffour Mo atoms.
These simulations are not perfect, since the simulatimgr@ms do not allow
simulation of both hyperfine argistrain effects at the same time. The simulations do,
however, illustrate how weak hyperfine interactions carsegwoadening such as
observed in the EPR spectrum of ti®o-enriched protein in Figure 9.17. These
results indicate that the [M8,] cluster is indeed incorporated in the protein.The EPR
spectroscopic studies suggest that both peak 1 and2pep&cies stabilize multiple
oxidation states, with one state being EPR active. Thedel®e state is attributed to
protein carrying the [Mg5]°" cluster and the spectra of tf@o-enriched protein
confirm this suggestion.

The studies give some insights to the possible differebeeseen the two species
listed on page 82. Since the two untreated samplesalf peind peak 2 were both
EPR silent, they are suggested not to exist in the ¥ oxidation state as purified.
These results suggest that the protein is purified inobtiee EPR silent [Mg84]** or
[M0484]6+ oxidation states. A difference in two charges shoudd l® a larger diffe-
rence in conductivity than what is observed in the clatograms in section 9.4
Different oxidation states are therefore ruled outhesdifference between the two
species. The spectra of the two species in the )8 state show the same features,
though small differences are observed. The differehetween the two spectra could

93



Studies of the Molybdenum-Sulfur Analogud®gfocuccus furiosuEerredoxin

arise from differences in the ligand environment.yl seggest therefore that different
exogenous ligands separate the peak 1 and peaki2sgdecs, however, not possible
to identify the exogenous ligands based on these studies.

It is interesting that the results suggest stabilizatiorhafet oxidation states i.e. the
4+, 5+ and 6+ states. Ferredoxins normally only stabilizeoxidation states, the 1+
and 2+ states, of the [[®] cluster and the cluster decomposes when oxidized furthe
in ferredoxins. The 3+ state is only stabilized in HiPIPss therefore surprising and
very interesting that the. furiosusferredoxin seems to stabilize three oxidation states
of the [Ma,Sy] cluster. The only iron-sulfur proteins known to stabilthe [FQS]
cluster in three different oxidation states are the Fe-praneAzotobacter vinelandii
nitrogenase [24] and in the activator of 2-hydroxyghlt&oA dehydratase from
Acidaminococcus fermentaf3s].

9.9 Conclusions

The molybdenum-sulfur analogue Bf furiosusferredoxin has been synthesized and
studied using chromatography, UV-vis spectrophotomety BRR spectroscopy.
Mass spectrometric and electrochemical characterizatioa also attempted.

The incorporation of the non-natural molybdenum-sutfiuster into an iron-sulfur
protein provides new insights in the understanding of swfur proteins and molyb-
denum-sulfur cluster complexes. The ability of tRe furiosus ferredoxin to
incorporate the molybdenum-sulfur cluster not only destrates the flexibility of the
ferredoxin, but also expands the research area ofchwmical properties of
molybdenum-sulfur clusters. The characterization of tleev molybdenum-sulfur
protein provides insights to the abilities of iron-sulfur pine$ to tune the properties
of the metal centers as well as insights to how to tua@tbperties of molybdenum-
sulfur clusters.

The molybdenum-sulfur analogue was synthesized anifiqul based on previously
prepared protocols adapted to preparation of the mefylm-sulfur protein in a
glove box. The purification of the molybdenum-sulfur piotmside the glove box
disclosed two chromatographic peaks from separableespeermed peak 1 and peak
2, in the second purification step. The ratio betweenttto peaks varies between
different experiments, but also within one experiment sstyjgg some intercon-
version between the two species. They are, howeveresiftier separation. The two
peaks are suggested to arise from two closely retgiedies, with peak 1 as the most
stable form. The molar absorption coefficients weremeined at 360 nm to 7.043.0
M™cm? for peak 1 and 11.5-ioM?*cm? for peak 2 from UV-vis spectra and
determination of the molybdenum content.

The incorporation of the molybdenum-sulfur cluster wasfirmed by EPR spectro-
scopy, where a spectrum with the same features as tbewspef [Ma;Sy(H20)12°"
was observed upon reductive titration. The signal wasreédeto build up and
decrease suggesting 3 available oxidation states; the 4and-6+ oxidation states.
The redox potentials of the two redox transitions wedetermined by fitting to
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Nernstian curves to -195 mV and -295 mV versus SHipéak 1 and -205 mV and -
380 mV versus SHE for peak 2. Both peak 1 and peakeZXuggested to carry the
[Mo4S4] cluster in the same EPR silent oxidation state, sincetm@ated samples of
the purified samples were EPR silent. Based on the siffalieshces in the spectra of
the two peaks the two species are suggested to diffeliffeyent ligand environ-
ments. The spectra of the molybdenum-sulfur analogtietire “*Mo-enriched cluster
showed no distinct hyperfine interaction lines, but the eskbroadening could be
explained by weak hyperfine interactions from four intéry molybdenum atoms,
thus confirming the incorporation of the intact [Mg] entity in the protein. The
cluster seemingly breaks down upon oxidative titration.

9%
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CHAPTER TEN

10 Concluding Remarks

This thesis has presented studies on two artificial metalieips designed from iron-
sulfur proteins as well as studies on iron-sulfur proteiassbrve as reference for the
new proteins. The two new metalloproteins were designedhdtorporating non-
natural metals in the metal center of thefuriosusferredoxin, thereby synthesizing a
protein with a heteromtallic [EE0S] cluster and a protein with a [M®] cluster.
The new proteins were purified and characterized by nheltgchniques, including
cyclic voltammetry and EPR spectroscopy.

TheP. furiosug[Fe;S4] and [FeS,] ferredoxins were studied by cyclic voltammetry to
establish the optimal conditions for electrochemical chaiaaten of these and
related proteins. The optimized conditions were used instheies of the two
artificial proteins.

The [CoFeSy] ferredoxin was synthesized and purified in the oxidigedFe;S,)*"
state which proved to be stable under the presented corsdifibe synthesis and high
purity of the [CoFgSy]?* ferredoxin was confirmed by mass spectrometry ang EP
spectroscopy. The protein is redox active as confirheth by reduction and
oxidation experiments and by cyclic voltammetry. One wefined pair of redox
peaks appeared in cyclic voltammetry assigned to thEdS,]*""* redox couple with

a formal potential of -177 mV.

The anaerobic purification of the ferredoxin with an ipovated [M@S,] cluster re-
vealed two closely related species. Incorporation ef ithact molybdenum-sulfur
cluster was confirmed by EPR spectroscopy after reduditvation, which also
suggested that the incorporated cluster is stable in thxigation states. The two
redox potentials of the transitions between the tbrédations states were determined
from the titration curves. The EPR spectra of the twafipdrspecies suggest that the
difference between them is variations in the ligand envirohme

10.1 Outlook

This project includes the first multidisciplinary study of tRe furiosus[CoF&S,]
ferredoxin and this protein is now very well-characteriZBte next step is to start
thorough investigations of the abilities of the protein to rdgenous ligands and
catalyze interesting chemical reactions. Such studies waeildery intriguing and
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support the potential of heterometallic clusters in ironesyfoteins in the design of
new biologically based catalytic systems.

The molybdenum-sulfur analogue Pf furiosusferredoxin is still in the initial charac-
terization phase. Most pressing is the need to establisithmthinding of the cluster
to the protein and the ligand on the eight extra ligand.sBash studies could be
intriguing since the EPR spectra suggest variations inligfaads on the cluster.
Information on the ligands and the binding to the prot@unld be obtained from
crystal structure determinations, which do, however, regspecial advanced and
expensive equipment as the protein is sensitive towarggeax Once the ligand
environments are established, further characterizationld include control of the
exogenous ligands and exploration of the substrate birdidgatalytic properties of
the new protein.

Longer term studies would include detailed characterizabiothe molybdenum-
sulfur analogue of HiPIPs and incorporation of the modyhan-sulfur cluster into
more complicated iron-sulfur proteins such as aconit8seh studies would both
substantiate the nature of the new class of molybdentfor-qaroteins and could
increase the understanding of the factors that determénéutittions of iron-sulfur
proteins. Also interesting would be incorporation of hetetaftie [MMo3S,] clusters
into iron-sulfur proteins. Such efforts hold exiting gerstives for new dimensions in
metalloprotein design.
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