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Abstract 
Part I 
Two evolutionary old ferredoxins were characterized. LCA Fd – a 55 AA 
ferredoxin – is believed to have function in the last common ancestor of life on 
Earth. An internal repeat in the sequence of LCA Fd was phylogenetically traced 
even further back in evolution resulting in a 23 AA peptide named Ori-ISP – origin 
of iron-sulfur proteins. 
 
It was found that LCA ferredoxin could exist in at least two forms: LCA Fd1 and 
LCA Fd2. LCA Fd1 was studied using cyclic voltammetry. Two signals were 
observed in the voltammograms; one strong signal from [4Fe-4S] clusters at -430 
– -415 mV vs. NHE and a significantly weaker signal probably from a small 
contribution of [3Fe-4S] at 47 mV vs. NHE. EPR-monitored redox titration showed 
one major transition at -345 mV vs. NHE. X-band EPR spectra from the titration 
revealed spectral changes depending on degree of reduction, and a complex 
spectrum was observed for the fully reduced LCA Fd1. Furthermore a signal at 
half-field was observed for the fully reduced sample. The EPR results were 
interpreted as being caused by two dipole-dipole interacting [4Fe-4S] clusters in 
the protein.  A Q-band EPR spectrum showed that the field independent dipole-
dipole interaction was relatively weaker at these conditions. Simulation of partly 
reduced LCA Fd1 X-band EPR spectrum resulted in g = [2.065; 1.926; 1.88]. 
Mass spectrometry confirmed that LCA Fd1 contains two [4Fe-4S] clusters. 
 
LCA Fd2 was also studied using EPR-monitored redox titration. The X-band EPR 
spectra showed a weakly anisotropic feature (g = [2.008; 2.008; 1.99]) which 
disappeared upon reduction (E = - 45 mV vs. NHE). At lower potentials (E = -350 
mV vs. NHE) an anisotropic spectrum (g = [2.062; 1.93; 1.88]) was observed. 
Based on the EPR spectroscopic data it was suggested that LCA Fd2 contains 
one [4Fe-4S] cluster and one [3Fe-4S] cluster. 
 
Reconstituted Ori-ISP was found to be very oxygen sensitive. Characterizing the 
Ori-ISP using cyclic voltammetry proved to be very difficult, most probably 
because the protein was not stable under the conditions used for measurement. 
EPR-monitored redox titration showed one major redox transition at -305 mV vs. 
NHE. X-band EPR spectra proved to be complicated probably due to dipole-
dipole interaction between clusters, however no half-field signal was observed. At 
Q-band conditions the dipole-dipole interaction was not observed and the data 
could be fitted with a [4Fe-4S] cluster with g = [2.075; 1.92; 1.90].  
 
These findings suggest that Ori-ISP forms dimers upon reconstitution 
coordinating two [4Fe-4S] clusters per dimer in a structure similar to that of LCA 
Fd1. 
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Part II 
Class I and class Ic ribonucleotide reductases (RNR) are very similar in function 
and structure. Major differences are that the R2 subunit in class I RNR function 
using a tyrosyl radical located close to a [Fe-Fe] site, while class Ic RNR function 
with a [Mn-Fe] site. In class Ic RNR a phenylalanine is found where the tyrosyl 
radical is formed in class I RNR. Chlamydia trachomatis (Ct) RNR belongs to 
class Ic, and the variant CtR2 F127Y was investigated. In the variant the tyrosine 
from conventional class I RNR was introduced in CtR2. Activity measurements of 
CtR2 F127Y showed that the variant could be activated by O2, but that the 
activity was lost after ~1 hour incubation at ambient conditions, whereas CtR2 
WT did not lose activity under the same conditions. Freeze-quenched EPR used 
to investigate to oxygen activation of CtR2 F127Y [MnII-FeII] showed that 
transient [MnIV-FeIV] was formed prior to the active form (most likely [MnIV-FeIII]). 
EPR spectra of the product upon reaction of CtR2 F127Y [MnII-FeII] with oxygen 
for extended periods of time (> two days) showed that the cofactor was found in 
the inactive [MnIII-FeIII] state. 
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Dansk Resume 
Del I 
To evolutionært gamle ferredoxiner er blevet karakteriseret. LCA ferredoxin – et 
protein på 55 aminosyre – menes at have haft en funktion i den sidste fælles 
forfader for liv på Jorden. En intern gentagelse i sekvensen af LCA Fd er gennem 
fylogenetisk analyse blevet sporet endnu længere tilbage i evolutionen, hvilket 
resulterede i et 23 aminosyre stort protein. Dette protein har fået navnet Ori-ISP – 
origin of iron-sulfur proteins – af Metalloproteinkemi Gruppe, DTU. 
 
LCA kan eksistere i mindst to former: LCA Fd1 og LCA Fd2. LCA Fd1 er blevet 
undersøgt ved cyklisk voltammetri. To signaler blev observeret i 
voltammogrammerne; et større signal fra [4Fe-4S] klynger blev observeret ved -
430 – -415 mV mod NHE, og et betydeligt mindre signal ved 47 mV mod NHE, 
som sandsynligvis skyldes et mindre bidrag fra en [3Fe-4S] klynge. EPR-
monitorerede redoxtitreringer viste en redox overgang ved -345 mV mod NHE. 
EPR spektre målt ved X-bånd viste ændringer i signalet som funktion af graden 
af reduktion af prøverne. Fuldt reduceret LCA Fd1 resulterede i et komplekst 
spektrum ved ca. 3400 Gauss og et mindre signal ved halv feltstyrke blev 
observeret. EPR spektrene blev tolket som resultatet af dipol-dipol interaktion 
mellem to [4Fe-4S] klynger. Et EPR spektrum målt ved Q-bånd viste at den 
feltuafhængige dipol-dipol interaktion var relativt svagere ved disse betingelser. 
Simulering af et EPR spektrum målt ved X-båndsbetingelser af delvist reduceret 
LCA Fd1 resulterede i g = [2,065; 1,926; 1,88]. Massespektrometri bekræftede at 
LCA Fd1 indeholder to [4Fe-4S] klynger. 
 
LCA Fd2 blev også undersøgt ved EPR-monitoreret redoxtitrering. EPR spektre 
optaget ved X-bånd resulterede i et svagt anisotropisk signal (g = [2,008; 2,008; 
1,99]), som forsvandt ved reduktion (E = -45 mV mod NHE). Ved lavere 
potentialer (E = -350 mV vs. NHE) blev et anisotropisk signal observeret (g = 
[2,062; 1,93; 1,88]). De EPR spektroskopiske data indikerer at LCA Fd2 
indeholder en [4Fe-4S] klynge og en [3Fe-4S] klynge. 
 
Rekonstitueret Ori-ISP er meget oxygenfølsomt. Karakterisering af Ori-ISP ved 
cyklisk voltammetri viste sig at være vanskeligt, sandsynligvis fordi proteinet ikke 
er stabilt under forsøgsbetingelserne. EPR-monitorerede redoxtitrering viste en 
stor overgang ved -305 mV mod NHE. EPR spektre målt ved X-bånd var 
komplicerede, sandsynligvis pga. dipol-dipol interaktion, men intet signal ved halv 
feltstyrke blev observeret. Ved Q-båndsbetingelser observeredes dipol-dipol 
interaktionen ikke, og spektret kunne simuleres med en [4Fe-4S] klynge med g = 
[2,075; 1,92; 1,90]. Resultaterne sandsynliggør at Ori-ISP dimeriserer efter 
rekonstituering og at dimerene koordinerer to [4Fe-4S] klynger pr. dimer in en 
struktur, der minder om strukturen af LCA Fd1. 
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Del II 
Klasse I og klasse Ic ribonucleotidreduktase (RNR) minder strukturelt og 
funktionelt meget om i hinanden. Store forskelle er at funktionen af subunit R2 i 
klasse I RNR beror på et tyrosylradikal placeret tæt på et [Fe-Fe] center, mens 
funktionen af klasse Ic RNR beror på et [Mn-Fe] center. I klasse Ic RNR er der en 
phenylalanin i positionen hvor tyrosylradikalet er i klasse I RNR. Chlamydia 
trachomatis (Ct) RNR tilhører klasse Ic og CtR2 F127Y varianten er blevet 
studeret. I denne variant er tyrosylradikalet fra klasse I RNR genindført i CtR2. 
Aktivitetsmålinger viste, at varianten kunne aktiveres af dioxygen, men at 
aktiviteten forsvandt efter ca. 1 times henstand ved stuetemperatur, men 
aktiviteten at CtR2 WT forblev uændret ved samme betingelser. Aktivering af 
CtR2 F127Y blev fulgt ved tidsopløst EPR spektroskopi. Dioxygenaktiveringen af 
CtR2 F127Y [MnII-FeII] viste at en midlertidig [MnIV-FeIV] specie inden dannelsen 
den aktive form (sandsynligvis [MnIII-FeIII]), som de tidligere er observeret for 
CtR2 WT. EPR spektre af produktet af reaktionen mellem CtR2 F127Y og oxygen 
efter lang reaktionstid (> 2 dage) viste at cofaktoren nu fandtes i det ikke-aktive 
[MnIII-FeIII] oxidationstrin. 
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Abbreviations 
 
AA Amino acid 

A Isotropic hyperfine coupling constant 

β Bohr magneton 

B Magnetic field strength  

c Concentration 

Ct Chlamydia trachomatis 

CV Column volume 

d Inner diameter of EPR tube 

ddH2O Double distilled water 

DCIP 2,6-dichloroindophenol 

dNDP Deoxyribonucleoside-5’-diphosphate 

dNTP Deoxyribonucleoside-5’-triphosphate 

ΔE Uncertainty in energy 

E Energy 

E Redox potential 

Ec Escherichia coli 

EPR Electron paramagnetic resonance 

Fd Ferredoxin 

G Receiver gain 

ge g factor for the free electron  

h Planck’s constant 

H Hamilton operator 

HiPIP High potential iron-sulfur protein 

HPLC High performance liquid chromatography 

I Primary spin quantum number of nuclei 

I Intensity in EPR spectra 

IPTG Isopropyl-β-D-thiogalactopyranoside 

IRP1 Iron Regulatory Protein 1 

k Boltzmann constant  

LB Luria broth 

LCA Last common ancestor 
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LUCA Last universal common ancestor 

MA Modulation amplitude 

MB Mössbauer 

mI Secondary nuclei spin quantum 

mS Secondary electron spin quantum number  

MWCO Molecular weight cut off 

ni Population of energy level i 

NDP Ribonucleoside-5’-diphosphate 

NTP Ribonucleoside-5’-triphosphate 

Ori-ISP Origin of iron-sulfur proteins 

P Microwave Power Attenuation 

PBD Protein data bank 

PCET Protein coupled electron transfer 

PES Phenazine ethosulfate 

RNR Ribonucleotide Reductase 

S Primary spin quantum number of electrons 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

NHE Normal hydrogen electrode 

NTSB 2-nitro-5-thiosulfobenzoate 

Δt Uncertainty in time  

T Temperature 

TB Terrific broth 

TMPD N,N,N’,N’-tetramethyl-p-phenylenediamine 

Tris Tris(hydroxymethyl)aminoethane 

U Magnetic energy 

Ub Ubiquitin 

UV-vis Ultraviolet-visible 

WT Wild type 

YUH1 Yeast Ubiquitin hydrolase 1 

 
The international system (SI) of units is used. The twenty common amino acids 
are abbreviated according to the standard three-letter or one-letter abbreviations 
(an example is cysteine which is abbreviated Cys or C). 
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1 Introduction and Outline of Part I 
This project concerns the synthesis and characterization of iron-sulfur proteins. A 
phylogenetic analysis has led to the amino acid (AA) sequences of evolutionary 
old ferredoxins [1]. The oldest and most primitive is believed to have functioned 
more than 3.5 billion years ago. Synthesis and characterization of two of these 
peptides are investigated. 
 
In Chapter 2 a brief introduction to iron-sulfur proteins and selected ferredoxins 
(Fd) is presented. Chapter 3 is concerned with the evolution of life on Earth and 
specifically the evolution and origin of ferredoxins. 
 
Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool in the 
characterization of iron-sulfur proteins. It has been used extensively in this 
project. Hence a short introduction to this technique is presented in chapter 4 with 
focus on the use related to iron-sulfur proteins. 
 
Investigation of evolutionary old ferredoxins has been studied by other students 
in our research group before I started as a PhD Student. Chapter 6 gives a 
summary of protocols that has been developed by other students in our research 
group as well as the initial characterization results. The two subsequent chapters 
(7 and 8) described the results obtained in this PhD study for two evolutionary old 
ferredoxins. 
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2 Iron-Sulfur Proteins 
Iron-sulfur proteins form one of the largest classes of metalloproteins, and they 
are found in all types of organisms. They are involved in diverse functions such 
as electron transfer, catalysis, structure, sensors of iron and oxygen as well as 
gene regulation [2,3,4,5].  

2.1 Iron-Sulfur Clusters in Proteins 

The most common iron-sulfur clusters contain 1 - 4 iron atoms coordinated to the 
AA cysteine in the protein and, except for the rubredoxin [1Fe] active site, 
inorganic sulfur, see Figure 2.1. This is a general description; larger and more 
sophisticated clusters with as many as eight iron atoms have been found (P-
cluster in nitrogenase [6]), other metals in clusters have been located (FeMoco in 
nitrogenase [6]) and coordination to other AAs (e.g. aspartate in Pyrococcus 
furiosus (Fd) [7]) have also been reported.  
 

        
 

     
Figure 2.1: Most common iron-sulfur clusters found in proteins. Blue: 
iron, orange: cysteinyl sulfur, and yellow: inorganic sulfur. A: [1Fe] 
active site of rubredoxin [8], protein data bank (PDB) ID: 4RXN. B: 
[2Fe-2S] cluster in FdI from Equisetum arvense [9], PDB ID: 1FRR. C: 
[3Fe-4S] cluster in FdII from Desulfovibrio gigas [10], PDB ID: 1FXD. 
D: [4Fe-4S] cluster in Fd from Bacillus thermoproteolyticus [11], PDB 
ID: 1IQZ. The figure was prepared in ViewerLite 4.2 (Accelrys 
Software, Inc.). 

 

A B

C D
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Intrinsically iron-sulfur clusters are oxygen sensitive and the stability of iron-sulfur 
proteins under aerobic conditions depends on the surrounding polypeptide [12]. 
Some iron-sulfur proteins are stable under aerobic conditions for extended 
periods of time (e.g. Pyrococcus furiosus Fd [13]), while others undergo rapid 
breakdown when exposed to oxygen [14]. 
 
Iron-sulfur clusters often function as electron carriers, and each cluster type 
exists in at least two different oxidation states. Common redox potentials of iron-
sulfur clusters in Fds are given in Table 2.1.  
 

Table 2.1: Redox potentials and UV-vis spectroscopic properties of Fds with 
various cluster types. Redox potentials [15] are reported vs. Normal Hydrogen 
Electrode (NHE). UV-vis spectroscopic characteristics [16a,b,c] are given as 
wavelengths of local maxima in UV-vis spectra of the oxidized cluster. 
Active site Redox potential vs. NHE (mV) UV-vis absorption (nm) 
[2Fe-2S]2+/1+ -460 – -240 330, 420, 460, 555 
[3Fe-4S]1+/0 -420 – -50 408 
[4Fe-4S]2+/1+ -645 – 0 390 

 
Iron-sulfur proteins are usually colored (brownish) and specific ultraviolet-visible 
(UV-vis) spectroscopic characteristics for each cluster type have been reported. 
Local absorbance maxima for Fds in the oxidized redox state are also given in 
Table 2.1. For [3Fe-4S] and [4Fe-4S] clusters absorptivities of 16-18 mM-1cm-1 
are typical for the local maxima at 408 nm and 390 nm, respectively. Upon cluster 
reduction the UV-vis spectra are ‘bleached’ and the absorption maxima vanishes 
[16b,c]. 

2.2 Protein Folds 

J. Meyer [12] identified several different cluster-coordinating protein folds in 
various iron-sulfur proteins. Folds were identified by observing cluster 
coordination and may include entire proteins or part of the polypeptide of a large 
protein. One protein could in this manner contain more than one fold if the protein 
contains more than one iron-sulfur cluster. More than 50 types of folds were 
found; 34 with [4Fe-4S] clusters, 11 with [2Fe-2S] clusters and one with 
rubredoxin active site. Several classic folds were considered; the 2 [4Fe-4S] Fd 
fold (low potential Fd), HiPIP fold (high potential iron sulfur proteins), [2Fe-2S] 
plant and vertebrate type Fd fold, rieske [2Fe-2S] protein fold, thioredoxin-like 
[2Fe-2S] Fd fold, and rubredoxin fold.  
 
[1Fe], [2Fe-2S] and [4Fe-4S] clusters are all coordinated to four cysteines in the 
protein. This suggests that several cluster types could be coordinated in a given 
sequence containing four cysteines. This is, however, usually not the case 
because of structural changes in the protein associated with cluster 
interconversion. Even though each cluster type requires four cysteines, the 
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positioning of these cysteines differ substantially [12]. Some exceptions are 
found, e.g. nitrogenase iron protein which can coordinate either [2Fe-2S] or [4Fe-
4S] clusters. The [2Fe-2S] cluster is in this case only coordinated when the 
protein is known to undergo significant structural changes [12]. 
 
The structure of [4Fe-4S] and [3Fe-4S] clusters are very similar. Interconversion 
between these two cluster types have been observed in various cases e.g. FdI 
and FdII from Desulfovibrio gigas that share the exact same AA sequence, but 
the former coordinate a [4Fe-4S] cluster and the latter a [3Fe-4S] cluster [17]. 
Aconitase and Iron-Regulatory Protein 1 (IRP1) share the same AA sequence, 
but where aconitase coordinates either a [3Fe-4S] or [4Fe-4S] cluster IRP does 
not contain any clusters at all. Aconitase is a remarkable case, since each form of 
the protein is associated with different functions; enzyme in citric acid cycle ([4Fe-
4S]), oxidative stress ([3Fe-4S]), and iron regulation (IRP1) [2,18,19,20]. 

2.3 2 [4Fe-4S] Ferredoxins 

Fds are small, generally acidic iron-sulfur proteins, which are involved mainly as 
electron carriers in various metabolic pathways. The exact functions of many Fds 
are not fully understood [16a-e]. Clostridial low potential iron-sulfur proteins 
coordinate 2 [4Fe-4S] clusters and are usually functional in anaerobic metabolic 
pathways or in the reducing parts of photosynthesis or aerobic electron transfer 
chains [12]. 2 [4Fe-4S] Fds (also known as ‘clostridial Fds’ [16e]) consist of about 
55 AAs and coordinate 2 [4Fe-4S] clusters, see Figure 2.2.  

Figure 2.2: Structure of the highly symmetrical 2 [4Fe-4S] Fd from Clostridium 
acidiurici (PBD ID: 2FDN [21]). Blue: iron and orange: inorganic sulfur. The 
figure was prepared in ViewerLite 4.2 (Accelrys Software, Inc.). 
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The iron-to-protein ratio is very high, and the clusters are a major part of the 
structure and stability of the protein [12]. There is a twofold symmetry in the 
sequence, and each half of the AA sequence contains four cysteines in a highly 
conserved binding motif: Cys-XX-Cys-Gly-X-Cys-X-X-X-Cys-Pro. Three cysteines 
in each half coordinate to one cluster while the last (distal) cysteine coordinates 
to the second cluster of the protein [16e], see Figure 2.3.  
 
As described in section 2.2 the structure of [4Fe-4S] and [3Fe-4S] clusters are 
very similar. Dicluster Fds with one [4Fe-4S] and one [3Fe-4S] have been 
reported, and the structure is very similar to the 2 [4Fe-4S] Fds. In cases where 
one [4Fe-4S] cluster and one [3Fe-4S] cluster is found, it is not a distal cysteine 
coordination that is lost, but rather the second in the sequence [16d, 22].  
 

Figure 2.3: Schematic view of the cluster 
coordination in 2 [4Fe-4S] Fds. 
 

Several facts suggest that the 2 [4Fe-4S] Fd fold is very old, and these Fds are 
sometimes referred to as ‘living relics’ [12,23,24]. The AA sequence is very 
primitive in the sense that that there is a high proportion of small, more 
thermodynamically stable AAs (glycine, alanine, cysteine, serine, aspartic acid), 
while there are none of the less thermodynamically stable AAs, such as histidine 
and tryptophan [23,24]. The evident internal repeat in the AA sequence has been 
interpreted as a result of very ancient gene duplication. The symmetry in the fold 
is best conserved in mesophilic organisms, while the symmetry is less evident in 
thermophilic organisms. For this reason it is believed that the earliest organism 
was mesophilic or slightly thermophilic [12,23,24]. 

2.3.1 Modifications of the 2 [4Fe-4S] Ferredoxin Fold 

The 2 [4Fe-4S] protein fold is the most widespread among iron-sulfur protein 
folds, and several modifications have developed from the fold; one cluster is lost 
and a disulfide bridge is formed (Desulfovibrio, Thermotoga), one cluster lost and 
C-terminal extension (Bacillus), N-terminal extension and coordination of Zn 
(Sulfolobos), C-terminal extension (Pseudomonas, Azotobacter). These changes 
are illustrated in Figure 2.4. The figure shows only the changes in Fds. The fold is 
further modified in several redox enzymes [12]. 
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Figure 2.4: Schematic view of the modifications of clostridial Fd. Names of the 
organisms are given followed by the PDB entry in parentheses. Red indicates thermofile 
organisms. Blue spheres are iron, sulfur is not shown. Reprinted from [12] with 
permission.  
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3 The Origin of Iron-Sulfur Proteins 

3.1 The Origin of Life 

The question of how life on Earth evolved has intrigued human kind for 
thousands of years. Many questions remain unanswered, and there is not even a 
general agreement that life originated on Earth [25].  
 
The conditions on Earth at the time when life arose are not known with certainty. 
About 4.2 billion years ago, Earth was beginning a new era after a period with 
heavy meteorite bombardment. The oldest known fossils were formed 3.5 billion 
years ago. It is believed that the formation of life took place in the time between 
the end of the meteorite bombardment and the time when the earliest fossils 
have been dated [26,27]. 
  
In the beginning of this period the temperatures on Earth is believed to have been 
500 - 1000 °C. The fossils found towards the end of the period suggest much 
milder conditions. The atmosphere is believed to have been dominated by N2 and 
CO2, but no O2 was present [26,28,29]. 
 
One theory concerning the origin of life states that life originated on mineral 
surfaces. The idea is that organic molecules bind to and react at the mineral 
surface, which provide a series of kinetic and thermodynamic advantages. On 
mineral surfaces the activity of water is low, and this could promote condensation 
reactions of AAs and at the same time protect the reaction products from 
hydrolytic degradation. On mineral surfaces molecular interactions are improved 
because the movements of molecules are restricted to two dimensions across the 
mineral surface, and not diffusion in three dimensions [26]. 
 
Wächterhäuser [30] presented a theory, which suggests that life originated on the 
surface of pyrite in volcanic and hydrothermal vents. Hydrothermal vents are 
formed on the ocean floor found at depths between 2,000 – 3,500 m, where hot 
water is continuously released to the ocean. Dissolved minerals are found in the 
water from these vents, and the minerals precipitate on the sea floor and form 
chimney-like formations. The minerals are also responsible for the dark color of 
the water. The temperature of the water is 350 - 450 °C, and the pressure at 
these vents is 20 - 35 MPa. Despite these rather harsh conditions, ecosystems 
exist at these vents. The theory presented by Wächterhäuser suggests that the 
energy source for this life should be the irreversible and strongly exergonic 
reaction between FeS and H2S to form FeS2 (pyrite) [26,30,31,32].  
 
The environment around hydrothermal vents is rich in iron and sulfur, and iron-
sulfur proteins may have played an important role in early life. Both [4Fe-4S] and 
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to a lesser extent [2Fe-2S] clusters have been located on the surface of pyrite, a 
redundant mineral in hydrothermal vents [26], and the chemical properties of Fds 
are suited for primitive primordial conditions in several ways; 2 [4Fe-4S] Fds are 
very ‘inorganic’ proteins in the sense that the metal to AA ratio is very high (55 
AA and 8 iron atoms). They contribute therefore to a large part of the structure 
and stability of the proteins. The clusters can assemble spontaneously in the 
apoprotein upon addition of iron and sulfur [12]. Even upon tryptic cleavage of 
apo-Fd from Clostridium acidiurici, separating the two symmetrical halves of the 
sequence, clusters could reassemble when iron and sulfur was added to a 
mixture of the N-terminal and C-terminal of the protein [33].  
 
The idea that [4Fe-4S], and not [2Fe-2S] or [1Fe] clusters, are the evolutionary 
oldest has also been supported by several findings. Biomimetic studies of the 
clusters have shown that both can be synthesized, but the [4Fe-4S] clusters are 
easier to assemble, and they are often a byproduct when synthesizing [2Fe-2S] 
clusters [12]. Furthermore, theoretical calculations have demonstrated that the 
[4Fe-4S]-clusters are very robust towards pollution from other metals, and that 
redox potentials are insensitive to metal substitution [34]. These properties would 
have been an advantage in a primitive primordial world. 

3.2 The Origin of the Genetic Code 

How the genetic code originated remains a mystery, and as for the origin of Life 
several theories have been put forward. The genetic code is almost universal for 
all life on Earth, and it is believed that the code is inherited from the Last 
Universal Common Ancestor (LUCA) of all living organisms. Any differences 
observed in the genetic code so far can be assigned to evolution from the code of 
LUCA.  The code is found to be very difficult to alter due to ‘lethal mutation’. If a 
codon was to change, this would affect all proteins produced from the organism, 
and this would be lethal. The ‘frozen accident’ theory suggests that the code was 
formed randomly, but once it was formed it could not be changed without severe 
consequences [35]. 
 
Several approaches to the understanding of the construction of the code have 
been put forward. The ‘stereochemical theory’ suggests that codons were chosen 
because of the affinity between the codons and AAs. However strong 
experimental validation of this theory has not been found [35]. 
 
Another approach to the understanding of the design of the genetic code is the 
‘error minimization theory’. This theory connects the cost of errors in translation to 
the design of the genetic code. It was found that AAs with common 
hydrophobicity had similar codons. For instance all codons with U as the second 
nucleic acid codes for non-polar AAs. Analysis of the genetic code showed that 
the probability of a random selected code being more robust than the standard 
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code was P = 0.001-0.000001. However, many more robust codes exists, and it 
seems that optimization through error minimization is not complete [35]. 
 
A third approach to the evolution of the code is the suggestion of coevolution 
between the genetic code and the biosynthesis of AAs. This theory states that the 
metabolic pathways for AA synthesis were not complete by the time of the 
evolution of the code. Determining the order of which AAs were assigned to the 
code according to the coevolution is, however, not straight forward [35]. 

3.2.1 Coevolution of the Genetic Code and Amino Acid Biosynthesis 

Brian K. Davis [36] presented an assignment of AAs to the genetic code as a 
function of time using coevolution theory. AAs where thought to be adapted in 
early metabolism in stages, where the age of each AA stage was based on the 
metabolic pathway needed to synthesize it. The earliest metabolic cycle was the 
reverse citric acid cycle, and AAs were formed from components in this cycle, 
such as oxaloacetate, α-ketogluterate, and pyruvate. 14 stages were determined, 
the 14th and last stage being the fully evolved genetic code as it is found today. 
Table 3.1 shows an overview of the 14 stages of this theory. 
 

Table 3.1: Assignment of AAs to stages in evolution of the genetic code [1]. 

Stage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Amino 
Acid 

Asp 
Glu 

Asn 
Gln 

 

Ala 
Pro 
Ser 
Val 

Cys 
Gly 

Thr 
Leu 
Ile 

Met 
 Arg Lys 

Phe 
Tyr 

 His Trp 

3.3 The Origin of Ferredoxins 

Brian K. Davis [1] investigated the origin of Fds based on phylogenetic analysis of 
82 AAs sequences of the 2 [4Fe-4S] fold, see section 2.3. 22 of the sequences 
used in his analysis were from 10 species of archaea and 60 were from 52 
species of bacteria. His analyses resulted in the finding of ancestral amino 
sequences of both bacteria and archea, and comparison of the two lead to the 55 
AA sequence for the Last Common Ancestor (LCA) between the two.  

Figure 3.1: The figure shows the sequence of the ancestral Fd sequence for bacteria 
and archaea. The Fd in LCA is derived from these sequences. Further analysis gives the 
stage 10 sequence for the protein and finally the stage 5 sequence is derived. Reprinted 
with permission from [1]. 

Ori-ISP
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The internal repeat in LCA Fd was interpreted as a result of duplication of an 
earlier sequence, existing before LCA. The sequence for this pre-LCA protein 
was derived, and a 23 AA sequence was found. The 23 AA pre-LCA sequence 
found contained AAs from the stages 2, 4, 5, 7, and 10 of the assignment of AAs 
to the genetic code, see top chart of Figure 3.2 and section 3.2.1. For this reason 
the sequence is assigned to stage 10. Only three AAs were from stages later 
than stage 5 (marked red in the figure). These were Lys in position 7 and Ile in 
positions 9 and 23. Davis argued that since the sequence is dominated by AAs 
from earlier stages, there was a previous sequence from stage 5. This sequence 
is given in Figure 3.1 and it is named Ori-ISP (see section 3.3.1).  

 

 
 
Figure 3.2: Number of AAs in the internal repeat of LCA Fd (see Figure 3.1) as a 
function of when they were added to the genetic code according to Davis [36] (top) and 
Trifonov [38] (bottom). Blue: AA that were conserved in Ori-ISP, red AA that were 
changed to form the stage 5 protein, Ori-ISP. 
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The theory of coevolution between the genetic code and AA biosynthesis has 
been explored by several scientists [37,38].  The top chart of Figure 3.2 shows 
the AAs found in the sequence of the internal repeat of LCA Fd as a function of 
the evolutionary stages they were assigned to by the coevolution theory 
presented by Brian K. Davis, see section 3.2.1. The blue bars represent AAs at 
stages 1 - 5 while the red bars represent AAs assigned to stages higher than 5. 
The latter were considered substantially newer in the code, and as a result they 
were traced back to their precursors. Trifonov [38] presented another result when 
analyzing the genetic code (using coevolution theory) and ordered the AAs 
according to age. The lower chart in Figure 3.2 shows the AAs found in the 
internal repeat of LCA Fd as a function of age of the AAs (Gly being the oldest, 
Trp the newest). In blue are the AAs conserved in Ori-ISP, while the red bars 
represent AAs that were changed to form Ori-ISP. The bottom chart of Figure 3.2 
clearly shows that Ile and Lys are younger than most of the other AAs in the 
sequence, but according to this theory Cys is even younger. 
 
The observation that there is some disagreement on the order of which AAs were 
added to the genetic code illustrates the fact that the sequence of Ori-ISP is a 
result of theoretical considerations, and different approaches to the analysis 
could have led to different results. However, the highly conserved positioning of 
the cysteines and the high content of old AAs seems reasonable in the resulting 
sequence. It is likely that the sequence of Ori-ISP is very close to the true origin 
of iron-sulfur proteins.    

3.3.1 Properties of Ori-ISP 

The AA sequence for the stage 5 protein according to Davis’ analyses is: 
 
Val – Asp – Val – Asp – Glu – Glu – Glu – Cys – Val – Gly – Cys – Gly –  
Ala –Cys – Val – Asn – Val – Cys – Pro – Val – Gly – Ala – Val 
  
Similar phylogenetic analysis on other types of proteins were also performed, but 
Fd was the only protein that could be traced all the way to stage 5 of the genetic 
code evolution, hence it is believed to be the oldest known protein [1]. This 
protein has been named Ori-ISP (The Origin of Iron-Sulfur Proteins) by our 
research group. 
 
A closer look at the Ori-ISP sequence reveals that it can be divided into two 
segments, which suggests that the protein had two functions. The N-terminus 
contains AAs with carboxyl groups that would be negatively charged at pH > 4. 
This part of the protein might have anchored the protein to positively charged 
mineral surfaces. The C-terminus of the protein contains four cysteines that might 
have coordinated an iron-sulfur cluster. A model of the proposed structure of the 
protein is given in Figure 3.3 [1].   
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Figure 3.3: The suggested structure of Ori-ISP [1]. 

 
 
The cysteines are – not surprisingly - located in the binding motif of half of 2 [4Fe-
4S] Fds. In the 2 [4Fe-4S] binding motif these four cysteines would be 
coordinated to two clusters, and therefore coordination of one [4Fe-4S] cluster is 
not necessarily the most favorable. As described in section 2.2 [1Fe], [2Fe-2S] 
and [4Fe-4S] clusters are all coordinated through four cysteines, and so it would 
be possible that Ori-ISP could coordinate any one of these. 
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4 Electron Paramagnetic Resonance Spectroscopy 
Electron paramagnetic resonance (EPR) spectroscopy is a spectroscopic 
technique used for investigating paramagnetic species, for example transition 
metal ions in proteins. In biomolecular EPR a deep quantum mechanical 
understanding of the electronic structure of the system is not always necessary 
[39], and it is in many cases possible to identify paramagnetic centers in peptides 
and proteins by comparison to previously published spectra of similar systems. 

4.1 Energy of Paramagnetic Systems 

Systems containing unpaired electrons have an electronic spin, S, and 2S+1 
substates with quantum numbers ms = [-S, -S+1, …, S]. For a single unpaired 
electron S = 1/2 and ms = ±1/2, and the two substates characterized by ms are 
degenerate when no magnetic field is applied. In a magnetic field, the magnetic 
energy of an electron in vacuum is [39]: 
 
 U g βBm  4.1

 
where U is the magnetic energy of the system, B is the strength of the magnetic 
field, and βe and ge are physical constants with the values βe = 9.2740154.10-24 
JT-1 and ge = 2.002319304386. The energy difference between the two substates 
ms = ±1/2 is then [39]: 

 
When the system is irradiated with electromagnetic radiation the resonance 
condition is [39]: 

 
If the electron is not in vacuum, there will also be a local magnetic field caused by 
atomic nuclei and other electrons, and the resonance condition is:  
 

 
Here g is a characteristic of the system, and the g value can be evaluated if 

corresponding values of B and ν are known: 
 

4.2 Anisotropy 

In many cases g depends on the angle between the magnetic field and the 
paramagnet. For this reason three principle g-values can be assigned to a given 
system: g1, g2, and g3. Systems are referred to as isotropic, axial and rhombic 

 ∆U g βB∆m g βB 4.2

 hν g βB 4.3

 hν gβB 4.4

 
g

βB
hν

 4.5
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depending on their degree of anisotropy [39]. For isotropic systems g1 = g2 = g3 = 
g. Systems where two g-values are the same and the third differ are referred to 
as axial and the g-values are referred to as g║ (g1 = g2) and g┴ (g3). In rhombic 
systems all g-values differ (g1 ≠ g2 ≠ g3). 

4.3 The EPR Spectrometer 

EPR spectra are measured at a constant frequency while the field is changed. 
This section contains a brief introduction to different parts of an EPR 
spectrometer [40]. 
  
The sample chamber is made of metal. Inside the chamber there is a standing 
wave of electromagnetic radiation from which absorption is measured.  
 
This standing wave is transferred from the source to the sample chamber in the 
microwave bridge, and this is also the part of the apparatus where the detector is 
located. The detector records the intensity of the radiation that is reflected from 
the sample chamber. The intensity decreases if the sample absorbs radiation. 
Table 4.1 shows different frequencies used in EPR measurements. 
 
The magnetic field controller creates a magnetic field surrounding the sample by 
an electromagnet. The frequency of the standing wave is kept constant, and the 
magnetic field is varied through a range of field strengths as a spectrum of the 
sample is obtained. 
 
Table 4.1 shows a list of some of the different bands used in EPR spectroscopy. 
X-band is by far the most common.  
 

Table 4.1: Frequencies of different microwave 
bands used in EPR. The magnitude of the 
magnetic field at g = 2 is also given [39]. 

Band name ν (GHz) Resonance Field 
(Gauss) 

L 1 360 
S 3 1,100 
X 10 3,600 
K 24 8,600 
Q 35 12,500 
W 90 32,200 

 

 
EPR spectra are usually measured as the first derivative of the intensity as a 
function of the magnetic field strength. The true unit of the y-axis is “the derivative 
of the imaginary part of the molecular magnetic susceptibility with respect to the 
external magnetic field” [41], and in biomolecular EPR it is usually not shown but 
can be considered the first derivative of spin intensity.  
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4.4 Optimal Temperature and Power 

EPR transitions are only possible when there is a definite population difference at 
the different energy levels. For example, for a system of a single unpaired 
electron there must be a population difference in the ms=+1/2 state and ms= -1/2 
state for an EPR transition to be detected. Population of the two energy levels 
can described as a Boltzmann distribution, and the difference in population 
increases with decreasing temperature [39]: 
 
 ∆

 4.6

 
In the equation above n0 is the population of the lower energy level, n1 is the 
energy of the higher energy level, ΔE is the energy difference between the two, k 
is the Boltzmann constant, and T the absolute temperature. By lowering the 
temperature of the sample EPR transitions become detectable [39]. 
 
Once the sample absorbs energy the excited state decays through spin-lattice 
relaxation. The reaction rate of the spin-lattice relaxation depends on 
temperature, and if it is too fast, the lifetime of the excited state is too short for the 
transition to be detected [39]. Heisenberg’s principle of uncertainty states that: 
 
 

∆ ∆
2

 4.7

 
If the lifetime of the excited state (Δt) is very short, the energy of the transition 
(ΔE) is known with great uncertainty and the EPR spectrum broadens. This type 
of broadening is referred to as ‘homogenous line broadening’. As a result 
lowering the temperature causes the signal to sharpen. ‘Inhomogeneous line 
broadening’ is caused by different conformations of the molecule. In a frozen 
solution of iron-sulfur proteins, angles and bond lengths are distributed around a 
mean value and as a consequence g-values will also be a distribution. Lowering 
the temperature will not affect the inhomogeneous line width, and therefore a 
sharpening of the EPR signal by lowering the temperature is only possible until a 
certain point [39].    
 
At high powers the sample might be saturated. That is, if the sample is excited 
through absorption of photons faster than it decays through spin-lattice 
relaxation, the sample will not be able to absorb more photons and the signal is 
lost. Saturation is not uniform throughout the EPR spectrum, and parts of the 
signal will saturate faster than others and cause the signal to change shape [39]. 
 
Since EPR spectra depend on both temperature and microwave power, it is 
necessary to find the optimal measurement conditions. First the temperature is 



22 
 

lowered until the spectrum does not sharpen any further. Then the sample is 
measured at various powers to ensure that the sample is not saturated [39]. 
 
In the case of iron-sulfur proteins optimal measuring conditions usually requires 
cooling with liquid helium.   

4.5 Spin Hamiltonian 

In quantum mechanics the time-independent Schrödinger equation is used for 
description of the energy levels of a static system [39]: 
 
  4.8 

 
In the equation above E is the energy of the system and H is a Hamilton operator. 
A spin Hamiltonian is a Hamilton operator that is used for a quantum-mechanical 
description of a paramagnetic system. Usually this kind of Hamilton operator only 
takes interactions between B, I and S into account. The three terms can be 
combined in various ways, but the most relevant for this project is presented in 
this section. The quantum mechanical analysis of the interaction will not be 
presented, but a phenomenological description will be given.  

4.5.1 Zeeman Interaction 

Interaction between the electronic spin, S, and the magnetic field, B, is called the 
Zeeman interaction [39], and this type of interaction was described for a two-level 
system in section 4.1. The interaction is field dependent, and the spectrum of a 
system where only the Zeeman interaction is taken into account will not change 
shape and g-values when measured at different bands (see section 4.3).  

4.5.2 Hyperfine Interaction 

Hyperfine interaction takes place between the electronic spin, S, and nuclear 
spin, I. Some nuclei possess spin, I, and 2I + 1 substates with quantum numbers 
mI = [-I, -I+1, …, I]. This interaction is observed when unpaired electron(s) are 
located on a metal site with nuclear spin or if a ligand of the metal site possesses 
nuclear spin. The hyperfine interaction is usually much smaller than the electronic 
Zeeman interaction, and the resulting resonance condition for an isotropic system 
with both Zeeman and nuclear Zeeman interaction is approximately [39]: 
     

 
The selection rule is Δms = 1 and ΔmI = 0. The effect of nuclear Zeeman 
interaction on an EPR spectrum is splitting of each line into 2I +1 lines. The 
hyperfine interaction is not field dependent, and if a sample with hyperfine 
interaction is d at different bands, the resulting spectra will differ. The distance 
between the 2I+1 lines will stay the same (in Gauss).  

 hν gβB AmI 4.9 
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4.5.3 Interaction Between Spins 

Several types of interaction between electronic spins of a system are relevant in 
this project. The nature of the interaction depends strongly on the distance 
between the interacting spins.    

4.5.3.1 Intra Cluster Spin-Spin Interaction 

In iron-sulfur clusters the individual iron atoms are usually not observed, because 
they form a single spin per cluster. Due to the tetrahedral coordination to the 
sulfur ligands, all iron atoms are usually in the high spin state because the ligand 
field splitting of a tetrahedrally coordinated atom is much smaller than for an 
octahedral ligand field [42] 
 
In the case of [4Fe-4S]2+ clusters two pairs of iron atoms share an electron, and 
since their spins couple parallel each pair has a net spin of 9/2. The two FeII½-
FeII½ pairs then couple antiparallel and the total spin of the cluster becomes S = 
9/2-9/2 =0 [43]. 
 
In Table 4.2 a summary of the common spins and EPR characteristics of iron-
sulfur clusters in Fds are given.  
 

Table 4.2: Spin and EPR characteristics for iron-sulfur clusters in proteins. 

Cluster spin EPR characteristics Ref. 

[2Fe-2S]2+ 
0 EPR silent  

[2Fe-2S]1+ 1/2 Plant type Fd 

gx = 2.04, gy = 1.95, gz = 
1.88 

[16a] 

Clostridium Fd 

gx = 2.004, gy = 1.96, gz = 
1.922 

[44] 

Adrenodoxin 

gx = gy = 2.024, gz = 1.937 
[45] 

[3Fe-4S]1+ 
1/2  g = 2.01-2.02, weakly anisotropic [46,47,48,49,50] 

[3Fe-4S]0 2 g ≈12 [49] 

[4Fe-4S]2+ 
0 EPR silent  

[4Fe-4S]1+ 1/2  gx = 2.06 – 2.08, gy = 1.92 
– 1.94, gz = 1.88 – 1.91  

[46,47,48,49,50] 

3/2 gz = 5.27  [46,49,50] 

 

4.5.3.2 Inter Cluster Spin-Spin Interaction 

When the distance between the interacting spins is increased dipole-dipole 
interaction will dominate. In this case the interaction between spin A and spin B 
can be described by Hdip [39]: 
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Here µo is the vacuum permeability and r is the vector connecting A and B. In 2 
[4Fe-4S] Fds dipole-dipole interaction between the clusters are observed, and it 
causes EPR spectra of these Fds to be considerably more complicated than for 
Fds containing a single iron-sulfur cluster. This interaction is comparable in 
magnitude to the electronic Zeeman interaction at X-band conditions, and the 
resonance condition requires more complicated expression than those given in 
4.4 and 4.9.  

4.6 EPR Spectra of 2 [4Fe-4S] Ferredoxins 

Mathews et al. [51] investigated EPR properties of 2 [4Fe-4S] Fd from 
Micrococcus lactilyticus. X-band EPR spectra of the fully and partly reduced Fd 
are shown in Figure 4.1. The top spectrum shows the partially reduced protein, 
and in this case the spectrum mainly originates from protein molecules where 
only one cluster is reduced. The spectrum is dominated by a single anisotropic S 
= 1/2 signal, and the g-values (2.07, 1.94, 1.89) are typical of [4Fe-4S]+ clusters. 
When the protein is fully reduced, the EPR spectrum changes considerably, 
bottom spectrum in the figure. This is a result of dipolar coupling between the 
clusters. Additional intensity is observed in the central part of the spectrum, while 
new spectral features at higher and lower field than for a single [4Fe-4S]+ cluster 
is observed. A small peak at ~3050 Gauss (g ~ 2.1) is seen in the figure, and 
similar spectral features has been reported for other 2 [4Fe-4S] Fds [52]. 
 

 
Figure 4.1: X-band EPR spectra of 2 [4Fe-4S] Fd from Micrococcus 
lactilyticus 20 % reduced (upper spectrum) and 100 % reduced 
(lower spectrum). Modulation amplitude: 8 Gauss at 100 kHz, 
microwave power: 10 mW. Frequency: 9.226 GHz, Temperature, 21 
K. Relative gains are shown in figure. Reprinted with permission 
from [51]. 
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Figure 4.2: Q-band EPR spectra of partially and fully reduced 2 
[4Fe-4S] Fd from Micrococcus lactilyticus. Modulation 
amplitude: 12 Gauss at 100 kHz, microwave power: 0.8 mW, 
frequency: 34.6 GHz, temperature: 27 K. Relative gains are 
shown in figure. Reprinted with permission from [51]. 

 

Figure 4.3: X-band EPR spectra of three fully 
reduced 2 [4Fe-4S] Fds. Modulation amplitude: 15 
Gauss at 100 kHz, microwave power: 30 mW, 
frequency: 9.226 GHz, Temperature, 27 K. 
Reprinted with permission from [51]. 

 
Figure 4.2 shows similar spectra at Q-band conditions (35 GHz). In this case the 
spectrum of the partially reduced protein is an anisotropic signal from a single 
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[4Fe-4S]+ cluster with g-values equal to the ones found at X-band. This is 
expected because the g-values are field-independent. The Q-band EPR 
spectrum of the fully reduced protein is however very different than what was 
observed in X-band due to the change in the relative importance of Zeeman and 
dipolar interaction. At Q-band conditions the field is approximately four times 
stronger, and thus the Zeeman interaction is four times stronger compared to the 
dipole-dipole interaction. There are still differences between the partly and fully 
reduced Fd which indicates that the dipolar interaction is observed, but at Q-band 
conditions the distortion of the signal is much smaller. This is particularly evident 
around 12,000 Gauss where the peak at 11,859 Gauss of the partially reduced 
protein is split into two peaks due to the dipole-dipole interaction in the spectrum 
of the fully reduced protein.  
 
Interaction between the two clusters causes the two S = 1/2 clusters to combine 
to form a triplet S = 1 species, and for this reason a forbidden │Δms│= 2 
transition is observed at ‘half field’, see Figure 4.3. The intensity of this transition 
is very low, and for 2 [4Fe-4S] Fd from Micrococcus lactilyticus the relative 
intensities of the half field signal to the signal at g ~ 2 was 6150:1 [51]. 
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5 Introduction to the Experimental Work 
Anaerobic Chambers used in the experimental work of this project were either 
LabStar50 (M. Braun) with a nitrogen atmosphere or an Anaerobic Flexible Vinyl 
Coy Chamber (Coy Laboratories) with a nitrogen/hydrogen atmosphere (2-4 % 
hydrogen). In all experiments the oxygen concentrations in both chambers were 
below the detection limit of the gas analyzers. 
 
Several different Escherichia coli (Ec) strains created in our research group have 
been used for expression of recombinant proteins in this project. Expression 
systems were based on pET vectors in Ec BL21(DE3) cells. I was not involved in 
the gene technological work producing the strains.  Cell cultivation and harvesting 
were performed by Laboratory Technician Stefanie Boy. 
 

Table 5.1: Expression strains used in this project.  
HC no. Expressed protein Mw 

HC496 Ub-Ori-ISP 11.1 kDa (sulfonated) 
HC1972 LCA Fd 5.6 kDa (apo) 
HC1434 YUH1-His6

a 27.2 kDa 
a: Yeast Ubiquitin hydrolase 1. 

  
All chemicals were analytical grade, and water used was 18.2 MΩcm QPAK Milli-
Q (Millipore). 

5.1 EPR-Monitored Redox Titration 

EPR-monitored redox titration is an experimental setup that allows determination 
of EPR spectra as a function of potential. This method is useful for determining 
redox potentials and in cases where the EPR spectrum of a sample changes as a 
function of potential. Samples are prepared anaerobically in the following way; a 
reaction mix consisting of a buffered protein solution with catalytic amount of 
redox mediators is placed in a stirred vessel. The potential of the solution is 
determined by insertion of two electrodes (working and reference). The two 
electrodes are connected to a voltmeter where the potential of the solution is 
measured. The potential of the solution is altered by addition of a reducing or 
oxidizing agent, and EPR samples are prepared at desired potentials by 
transferring a suitable portion of the reaction mix to an EPR tube and freezing it in 
liquid nitrogen. For a single electron reaction, where the reduced state of the 
protein is EPR active, the expected EPR intensity is given as [39]: 
 
 

I
I

1 exp E E F
RT

 5.1
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In the equation above ‘Ired’ and ‘Imax’’ are the EPR intensities at potential ‘E’ and 
the maximum intensity, respectively, and E0 is the redox potential of the 
investigated protein. 

5.1.1 Mediators 

Mediators are added to the reaction mix to catalyze the establishment of 
equilibrium in the system, which could otherwise be very slow. For this reason 
only a very small amount of the mediators is necessary. A list of mediators used 
in the titrations presented in this dissertation is given in Table 5.2. 
  

Table 5.2: List of redox mediator used in EPR-monitored redox titrations [39]. 
Mediator E0 vs. NHE 
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) 0.26 V 
2,6-dichloroindophenol (DCIP) 0.22 V 
Phenazine ethosulfate (PES) 0.06 V 
Methylene Blue 0.01 V 
Resorufin -0.05 V 
Indigo disulfonate (indigo carmine) -0.12 V 
2-hydroxy-1,4-naphtoquinone -0.15 V 
Anthraquinone-2-sulfonate -0.22 V 
Phenosafranin -0.25 V 
Safranin O -0.28 V 
Neutral Red -0.32 V 
Benzyl viologen -0.36 V 
Methyl viologen -0.45 V 

 
Two of the mediators listed in Table 5.2 (methyl viologen and TMPD) are EPR 
active in the reduced form (radicals). These radicals form sharp EPR lines around 
g = 2. 

5.1.2 Sodium Dithionite 

Sodium dithionite is commonly used for the reduction of metal sites in proteins. In 
this dissertation it is used both in mediated redox titrations (but also without 
mediators to get the fully reduced state of the protein) and as an additive to 
buffers during anaerobic purification. Dithionite is in equilibrium with the SO2

.- 
radical: 
 
 S2O4

2-↔ 2 SO2
.- 5.2

 
The equilibrium constant for this reaction is Keq = 1.4.10-9 M. The radical is 
paramagnetic and EPR active with a sharp signal at g = 2.0051. EPR signal from 
this radical is often not observed in the EPR spectra, since the concentration of 
the radical is very low [53,54]. The redox potential of dithionite depends on the 
concentration of dithionite because of the equilibrium in equation 5.2, and 
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increasing the concentration of dithionite may cause a lowering of the redox 
potential of dithionite. The redox potential of dithionite also depends on pH, and 
the redox potential decreases with increasing pH. Oxidation of the SO2

.- radical 
causes an acidification of the solution, and for this reason sodium dithionite 
should be used in buffered solutions.  

5.1.3 EPR-Monitored Redox Titration of 2 [4Fe-4S] Ferredoxins 

The 2 [4Fe-4S] ferredoxins contain two redox centers, and the protein exists in 
four different redox states; the (EPR silent) fully oxidized state where both 
clusters are in the oxidized form (2 x [4Fe-4S]2+), the fully reduced state where 
both clusters are reduced (2 x [4Fe-4S]+), and two semi-reduced state where one 
cluster is the oxidized form and one is in the reduced state ([4Fe-4S]2+ + [4Fe-
4S]+). If the EPR signal observed in a titration is caused by two interacting [4Fe-
4S] clusters, the signal would change shape at different titration points. When the 
sample is only partly reduced, the resulting spectra would be a superposition of a 
spectrum of the fully reduced state, and a signal from the semi-reduced state. In 
the semi-reduced state, one of the clusters is diamagnetic and therefore no 
dipole-dipole interaction is observed, and the resulting spectrum would be that of 
a single [4Fe-4S]+ cluster. The spectrum of the fully reduced state would be a 
more complicated due to interaction between the two paramagnetic clusters, see 
section 4.6. If the two clusters share the same redox potential, and the probability 
of reducing one cluster is not influenced by the redox state of the other cluster in 
the protein, the probability of each of the three different redox states of the 
protein can be described by the equations given below [39]: 
 

2 x [4Fe-4S]2+: 
[4Fe-4S]2+ + [4Fe-4S]+: 
2 x [4Fe-4S]+: 

P 1 x  
P 2 1 x x 
P x  

5.3

 
‘P’ is the probability of finding a protein in the redox state, and ‘x’ is the degree of 
reduction.  

5.2 Quantification of EPR Spectra 

EPR spectra can be quantified. Since EPR spectrometers usually measure the 
first derivative of the intensity, spectra should be integrated twice to find the area 
under the absorption spectrum. Usually an external standard with known 
concentration is measured, and the resulting intensity is then compared to the 
unknown sample. The spin concentration of the sample is then given by [39]: 
 
 

c c
u
s
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where the subscript ‘u’ refers to the sample with unknown concentration and ‘s’ 
refers to the standard with known concentration. ‘I’ depends on g-values of the 
paramagnet and can be estimated by [39]: 
 
 

I
2
3

g g g

3

g g g

9
 5.5 

 
The spectra should preferably be measured under the same conditions, but if this 
is not the case this must be taken into consideration [39, 40]: 
  
 

c c
u
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d
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T

S S 1
S S 1

 5.6 

 
where ‘M’ is modulation amplitude, ‘P’ is microwave power attenuation in|dB|, ‘G’ 
is the electronic gain, ‘d’ is the sample diameter, and ‘T’ is the temperature. In 
this project, quantification was carried out using a copper solution (10 mM CuSO4 
in 10 mM HCl and 2 M NaClO4) as the standard. For this compound g║ = 2.404 
and g┴ = 2.076 [40].  
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6 Preliminary Investigations of Ori-ISP 
This chapter presents a summary of the experimental procedures performed by 
others but used in my PhD, as well as results I have obtained from investigation 
of Ori-ISP before the beginning of my PhD.  
 
As seen in section 3.3.1 the AA sequence for Ori-ISP contains no aromatic AAs. 
It is difficult to trace proteins without aromatic AAs during purification with the 
techniques generally used in our laboratory such as UV-vis spectrophotometry. 
For this reason, and to improve the expression yield, Ori-ISP was expressed as a 
fusion protein with Ubiquitin (Ub) [55,56]. Ori-ISP has proven to be very sensitive 
towards oxygen, and it has not been expressed successfully in the holo form in 
Ec. The protein was for this reason sulfonated very early in the purification 
procedure. The sulfonated apo-protein is reasonably stable and much easier to 
handle. The experimental consequence of the challenges and practical solutions 
described above resulted in three major steps before pure holo-Ori-ISP was 
ready for characterization by advanced techniques such as EPR. First the 
sulfonated apo-Ub-Ori-ISP was purified from the cultivated cells, next it was 
necessary to develop iron-sulfur cluster reconstitution procedures, and finally Ub 
was removed by addition of a protease (YUH1-His6). The first part of this chapter 
describes the methods I have used for sulfonation and purification of Ub-Ori-ISP 
and purification of YUH1-His6. The second part describes reconstitutions results 
reported previously [55] and my own attempt to characterize the protein using 
Mössbauer (MB) spectroscopy [57].  

6.1 Expression, Sulfonation and Purification of Ub-Ori-ISP 

The procedure described in this chapter was developed by PhD Signe 
Smedegaard Helt [55].  

6.1.1 Cell Cultivation 

Cell cultivation and harvesting were performed using procedures that have been 
previously developed in our research group. The following procedure is for twelve 
times 650 mL cell culture using the HC496 strain (see chapter 5). Cells from 
glycerol stock were streaked on a LB agar plate with 30 µg/L kanamycin sulfate 
and incubated at 37 °C over night. Two colonies were selected, and each colony 
was used to inoculate 50 mL terrific broth (TB) media with 30 µg/L kanamycin 
sulfate. The precultures were incubated in 300 mL triple baffled shake flasks 
while shaken at 250 rpm at 37 °C until an OD600 of 0.6-1.0 was obtained. 
Precultures were stored at 4 °C over night prior to centrifugation at 2300 g for 10 
minutes. The sedimented cells from each preculture were then resuspended in 
50 mL TB media with 30 µg/L kanamycin sulfate. Twelve portions of 6.5 mL were 
each used to inoculate 650 mL TB media with 30 µg/L kanamycin sulfate, and the 
cultures were incubated in 2 L triple baffled shake flasks at 30 °C while shaken at 
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250 rpm until an OD600 between 1.2 and 1.5 was obtained. Isopropyl-β-D-
thiogalactopyranoside (IPTG) was added from a 200 mM stock solution to a final 
concentration of 0.1 mM and cell cultures were incubated at 30 °C at 250 rpm for 
2 hours. Cells were then harvested by centrifugation at 4 °C at 3,000 g for 15 min 
and resuspended in 20 mM Tris/HCl pH 8.0 and again centrifuged at 3,000 g at 4 
°C for 15 minutes. The pellet was stored at -80 °C.  

6.1.2 Sulfonation of Ub-Ori-ISP 

Ec cells (HC496) from 3.9 L culture prepared as described in section 6.1.1 were 
thawed on ice. 11.34 g NaSO3 was dissolved in 200 mL 20 mM Tris/HCl pH 8.0 
and the cells were resuspended in this solution. Resuspended cells were 
sonicated (Satorius Labsonic P at 80 % amplitude) three times for 30 seconds 
each time in portions of 40 mL while kept on ice. After sonication the solution was 
centrifuged for 45 minutes at 24,800 g. 36 g urea added to the supernatant and 
the solution stirred gently. When all urea was dissolved 40 mL 400 mM 2-nitro-5-
thiosulfobenzoate (NTSB) was added to the solution. The volume was adjusted to 
300 mL resulting in final concentrations of 0.3 M NaSO3, 2 M urea, and 0.05 M 
NTSB. The solution was stirred gently at room temperature for 3.5 hours and 
then incubated at 4 °C with a gentle stir over night. The solution was centrifuged 
for 30 minutes at 24,800 g and the supernatant diluted 3.5 times in 20 mM 
Tris/HCl pH 8.0. The solution was ultrafiltrated to a final volume of 40 mL using 
Vivaflow 50 filtering system with 10,000 molecular weight cut off (MWCO) 
membranes followed by dilution with 20 mM Tris/HCl pH 8.0 until a conductivity 
below 5 mS/cm was reached. The solution was again ultrafiltrated to 40 mL. 

6.1.3 Purification of Sulfonated apo-Ub-Ori-ISP  

Sulfonated Ub-Ori-ISP was purified on an ÄKTATM purifier 100 (Pharmacia) at 
room temperature. The protein was kept on ice prior to loading onto columns and 
again after elution. Between purification steps the protein was stored at -20 °C. 
Sulfonated cell lysate from 7.8 L cell culture was loaded on a 50/8 Q Sepharose 
Fast Flow column (CV ~ 157 mL) equilibrated with 20 mM Tris/HCl pH 8.0. The 
column was washed with two CV 20 mM Tris/HCl pH 8.0 and the protein was 
eluted with a stepwise gradient; first step from 0.18 M – 0.28 M NaCl over 2 CV, 
the second step at 0.45 M NaCl over 4 CV at 10.0 mL/min. The collected 
fractions were concentrated in a stirred ultrafiltration cell (Amicon) equipped with 
a YM3 membrane to a final volume of ~ 15 mL. The protein solution was filtered 
(0.45 µm) and a maximum of 5 mL was loaded on a 16/60 Superdex 75 column 
equilibrated with 20 mM Tris/HCl, 0.15 M NaCl pH 8.0. The protein was eluted at 
1.0 mL/min with the same buffer. Four separate runs were made in the gel 
filtration step. The collected fractions were filtered (0.45 µm) and loaded on a 
16/10 Source 30Q column (CV ~ 20 mL) equilibrated with 20 mM Tris/HCl, 0.05 
M NaCl pH 8.0. The column was washed with 2 CV of the same buffer and then 
eluted using a linear gradient from 0.2 - 0.4 M NaCl over 8 CV at 6.0 mL/min. 
Eight separate runs were made on the Source 30Q column. The collected 
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fractions were transferred to a stirred ultrafiltration cell (Amicon) equipped with a 
YM3 membrane, and the buffer was changed to 0.1 M NH4HCO3. Protein yield 
was determined by UV/vis spectrophotometry (HP8453 diode-array spectro-
photometer) using ε280 = 1490 M-1cm-1 [55]. The solution was then lyophilized. 
The lyophilized protein was then weighed and the salt content was determined. 
Lyophilized protein was stored at -20 °C. 

6.1.4 Purification Results 

Chromatograms for the purification of sulfonated Ub-Ori-ISP on Q Sepharose 
Fast Flow column, Sephadex 75 column and Source 30Q column are shown in 
Figure 6.1, Figure 6.2, and Figure 6.3, respectively. The collected fractions are 
marked with black hatch mark boxes.  
 

 
Figure 6.1: Chromatogram for the purification of sulfonated Ub-Ori-ISP on 
50/8 Q Sepharose Fast Flow column. X-axis: Elution volume, blue: 
absorption at 236 nm, red: absorption at 280 nm, scale shown on left axis 
for both. Brown: conductivity and black: NaCl concentration given as 
percent of 1 M NaCl shown on the inner and outer scale to the right, 
respectively.  

 
The yield of the purification was ca. 30 mg/L cell culture. The purity of lyophilized 
Ub-Ori-ISP was tested using Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), see Figure 6.4. 

6.2 Expression and Purification of YUH1-His6 

Yeast Ubiquitin hydrolase 1 (YUH1) [55] is used in this project for cleavage of Ub-
Ori-ISP to obtain Ori-ISP without fusion tag. Recombinant YUH1 was expressed 
in Ec cells and purified using HPLC. The procedure described for purification of 
YUH1-His6  in  this  chapter  is  a slightly  modified version  of  that  developed  by   
 

   0

1000

2000

3000

4000

mAU

  0

 20

 40

 60

 80

%B

   0

1000

2000

3000

4000

mAU

0.0

20.0

40.0

60.0

80.0

mS/cm

 400  600  800 1000 1200 ml



34 
 

 

 
 
Figure 6.2: Chromatogram for the purification of sulfonated Ub-Ori-ISP on a 
16/60 Sephadex 75 column. X-axis: Elution volume, blue: absorption at 236 
nm and red: absorption at 280 nm. Blue scale on the left apply to both. 

 

 
 

Figure 6.3: Chromatogram for the purification of sulfonated Ub-Ori-ISP on a 
16/10 Source 30Q column. X-axis: Elution volume, blue: absorption at 236 nm, 
red: absorption at 280 nm, scale shown on left axis for both. Brown: 
conductivity and black: NaCl concentration given as percent of 1 M NaCl 
shown on the inner and outer scale to the right, respectively. 
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Figure 6.4: SDS-PAGE of purified sulfonated Ub-Ori-ISP. From 
the left: Lane 1: Marker 161.0304 (Bio-Rad), Lane 2: 10 µL 2 
mg/mL Ub-Ori-ISP, Lane 3: 15 µL 2mg/mL Ub-Ori-ISP. Gel was 
18 % Tris/HCl from Bio-Rad. 

 
Signe Smedegaard Helt [55]. The purification procedure was changed in the first 
chromatographic step. Signe Smedegaard Helt reported that she used a 16/10 
ANX Sepharose 4 Fast Flow column, while I used a Q Sepharose Fast Flow 
column with the same column volume. The reason is that the ANX Sepharose 
Fast Flow column material is generally used for purification of large proteins. 
Since YUH1-His6 is a 27.2 kDa protein, the Q Sepharose Fast Flow column 
material is sufficient for the purification of YUH1-His6. 

6.2.1 Cell Cultivation 

Cell cultivation and harvesting were performed using procedures that have been 
previously developed for recombinant proteins in our research group. The 
following procedure is for six times 650 mL cell culture using the HC1434 strain 
(see chapter 5). Cells from glycerol stock were streaked on a luria broth (LB) agar 
plate with 30 µg/L kanamycin sulfate and incubated at 37 °C over night. One 
colony was used to inoculate 50 mL LB media with 30 µg/L kanamycin sulfate. 
The preculture was incubated in 300 mL triple baffled shake flasks while shaken 
at 250 rpm at 30 °C until an OD600 of 0.6 was obtained. The preculture was 
stored at 4 °C over night prior to centrifugation at 2300 g for 10 minutes, and the 
sedimented cells were resuspended in 50 mL LB media with 30 µg/L kanamycin 
sulfate. Six portions of 6.5 mL were used to inoculate 650 mL LB media with 30 
µg/L kanamycin sulfate and the cultures incubated in 2 L triple baffled shake 
flasks at 30 °C while shaken at 250 rpm until OD600 was 0.6. IPTG was added 
from a 200 mM stock solution to a final concentration of 0.1 mM, and cell cultures 
were incubated at 30 °C at 250 rpm over night. Cells were harvested by 
centrifugation at 4 °C at 3,000 g for 15 min. and then resuspended in 20 mM Bis-
Tris Propane/HCl pH 7.0 and again centrifuged at 3,000 g at 4 °C for 15 minutes. 
The pellet was stored at -80 °C.  

Sulfonated Ub-Ori-ISP: 11.1 kDa 
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6.2.2 Purification of YUH1-His6 

YUH1-His6 was purified using an ÄKTATM purifier 100 (GE Healthcare) at room 
temperature. Protein solutions were kept on ice or incubated at 4 °C between 
purification steps. Ec cells (HC1434) from 2.6 L culture prepared as described in 
section 0 were thawed on ice and resuspended in 20 mM Bis-Tris Propane/HCl 
pH 7.0 to a final volume of 160 mL. Cells were sonicated (Satorius Labsonic P at 
80 % amplitude) three times for 30 seconds each time while kept on ice. Upon 
sonication the solution was centrifuged for 30 minutes at 24,800 g at 4 °C and the 
supernatant loaded on to a 16/10 Q Sepharose Fast Flow column (CV ~ 20 mL) 
equilibrated with 20 mM Bis-Tris Propane/HCl pH 7.0. The column was washed 
with two CV of the same buffer, and the protein was eluted with a linear gradient 
from 0 - 0.6 M NaCl over 15 CV at 4 mL/min. The collected fractions were 
concentrated in a stirred ultrafiltration cell (Amicon) equipped with a YM3 
membrane to a final volume of ~ 20 mL. The protein solution was filtered (0.45 
µm) and a maximum of 10 mL was loaded on a 26/60 Superdex 75 column 
equilibrated with 20 mM Bis-Tris Propane/HCl, 0.15 M NaCl pH 7.0. The protein 
was eluted at 2.5 mL/min with the same buffer. Three separate runs were made 
in the gel filtration step. The collected fractions were filtered (0.45 µm) and loaded 
onto a 16/10 Source 30Q anion-exchange column (CV ~ 20 mL) equilibrated with 
20 mM Bis-Tris Propane/HCl, 0.05 M NaCl pH 7.0. The column was washed with 
2 CV of the same buffer and then eluted using a linear gradient from 0.1-0.25 M 
NaCl over 10 CV at 6.0 mL/min. Collected fractions were transferred to 20 mM 
Bis-Tris Propane/HCl pH 7.0 + 50 % glycerol in a stirred ultrafiltration cell 
(Amicon)  equipped  with  a YM3  membrane  and diluted to 685 µM protein using  

 

 
Figure 6.5: Chromatogram for the purification of YUH1-His6 on Q 
Sepharose Fast Flow column. X-axis: Elution volume, blue: absorption 
at 236 nm, red: absorption at 280 nm, scale shown on left axis for both. 
Brown: conductivity and black: NaCl concentration given as percent of 
1 M NaCl shown on the inner and outer scale to the right, respectively.  
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the same buffer. The concentration of the protein was determined using ε280 = 28 
mM-1cm-1[55]. Purified protein was stored at -20 °C. 

6.2.3 Purification Results 

Chromatograms for the purification of YUH1-His6 on Q Sepharose Fast Flow 
column, Sephadex 75 column and Source 30Q column are shown in Figure 6.1, 
Figure 6.2, and Figure 6.3, respectively. The collected fractions are marked with 
black hatch mark boxes. The purification yield was 85 mg/L cell culture. The 
purity of the protein was tested by SDS-PAGE, see Figure 6.8. 
 

 
Figure 6.6: Chromatogram for the purification of YUH1-His6 on a 
26/60 Sephadex 75 column. X-axis: Elution volume, blue: absorption 
at 236 nm and red: absorption at 280 nm. Blue scale on the left apply 
to both. 

 

 
Figure 6.7: Chromatogram for the purification of sulfonated YUH1-His6 
on a 16/10 Source 30Q column. X-axis: Elution volume, blue: absorption 
at 236 nm, red: absorption at 280 nm, scale shown on left axis for both. 
Brown: conductivity and black: NaCl concentration given as percent of 
1 M NaCl shown on the inner and outer scale to the right, respectively. 
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      nmmmmm 
Figure 6.8: SDS-PAGE of purified YUH1-His6. From the left: 
Lane 1: Marker 161.0304 (Bio-Rad), Lane 2: 0.5 µL 685 µM 
YUH1-His6, Lane 3: 1.0 µL 685 µM YUH1-His6. Gel was 18 % 
Tris/HCl from Bio-Rad. 

6.3 Characterization of holo-Ub-Ori-ISP 

Procedures for reconstitution of Ub-Ori-ISP and Ori-ISP have been developed in 
our research group [55]. The procedure for reconstitution of Ori-ISP is presented 
in section 8.1. The vast majority of the experimental work presented previously 
was performed on Ub-Ori-ISP, and a short summary of the results are given in 
this section. It was reported that two holo-protein forms could be isolated when 
purifying  reconstituted  Ub-Ori-ISP  using  an  anion-exchange  column  [55], see 
 
 

 
Figure 6.9: Chromatogram of the purification of reconstituted Ub-
Ori-ISP using anion exchange [55]. The black hatch mark boxes 
show the collected peaks from the purification. X-axis: Elution 
volume, blue: Absorption at 280 nm, red: conductivity and black: 
NaCl concentration given as percent of 1M NaCl.  
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Figure 6.9. Analysis of the two collected fractions on analytical gel filtration 
column showed that the two major species had different sizes, and it was 
suggested that the obtained species were the monomeric and dimeric forms of 
holo-Ori-ISP [55]. Incubation of the two fractions would result in what appeared to 
be interconversion between the two forms and a clean chromatogram for either 
form was not reported. 
 

 
Figure 6.10: Chromatogram from the gel filtration of reconstituted Ub-Ori-
ISP. X-axis: Elution volume, blue: Absorption at 280 nm for the analysis of 
Fraction 1 from Figure 6.9. Red: Absorption at 280 nm for the analysis of 
Fraction 2 from Figure 6.9. 
 

6.3.1 Mössbauer Spectroscopy of holo-Ub-Ori-ISP 

In my master thesis [57] I investigated holo-Ub-Ori-ISP using Mössbauer 
spectroscopy (MB). In this case Ori-ISP was purified by a slightly different 
procedure than what was presented in section 6.3. Figure 6.11 shows a MB 
spectrum of the protein, and the major doublet could be fitted with an isomer shift 
of 0.437 mm/s and a quadrupole splitting of 1.105 mm/s. These values are 
consistent with [4Fe-4S]2+ clusters.  

6.4 Concluding Remarks 
The results presented in this chapter show that procedures for expression, 
sulfonation, purification and reconstitution of sulfonated Ub-Ori-ISP and 
expression and purification YUH1-His6 have been developed successfully by 
others. Reconstituted Ub-Ori-ISP is found in more than one form and that these 
forms are difficult to isolate in forms which are stable long enough for 
characterization by EPR or electrochemistry. 
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Figure 6.11: Mössbauer spectrum of holo-Ub-Ori-ISP. Spectrum 
recorded at 6 K. The baseline is 1,017,770 counts. Blue dotted 
curves are fit of adventitious Fe(II), red dotted curve is the 
simulation of [4Fe-4S]2+. Solid black lines are the sum of the fits 
[57]. 
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7 Characterization of LCA Ferredoxin  

7.1 Purification 

The following method was developed for purification of LCA Fd. LCA Fd is 
sensitive towards dioxygen and for this reason the protein was kept under 
anaerobic conditions. All experiments and purification steps were performed in a 
glovebox when possible. During purification on HPLC outside the glovebox, 
buffers were flushed with argon for at least an hour before use and all fractions 
were collected in argon-flushed vessels.   

7.1.1 Experimental 

7.1.1.1 Cell Cultivation 

Cell cultivation and harvesting were performed using procedures that have been 
previously developed for ferredoxins in our research group. The following 
procedure is for six times 650 mL cell culture using the HC1972 strain (see 
chapter 5). Cells from glycerol stock were streaked on a LB agar plate with 30 
µg/L kanamycin sulfate and incubated at 37 °C over night. Two colonies were 
selected and each colony was used to inoculate 50 mL TB media with 30 µg/L 
kanamycin sulfate. The precultures were incubated in 300 mL triple baffled shake 
flasks while shaken at 250 rpm at 37 °C until an OD600 of 0.6 - 1.0 was obtained. 
Precultures were stored at 4 °C over night prior to centrifugation at 2300 g for 10 
minutes, and the sedimented cells from each preculture were resuspended in 23 
mL TB media with 30 µg/L kanamycin sulfate. Six portions of 6.5 mL were each 
used to inoculate 650 mL TB media with 30 µg/L kanamycin sulfate and the 
cultures incubated in 2 L triple baffled shake flasks at 30 °C at 250 rpm until an 
OD600 of 2.4 was obtained. IPTG was added from a 200 mM stock solution to a 
final concentration of 0.1 mM and cell cultures incubated at 30 °C at 250 rpm for 
16 hours. Cells were harvested by centrifugation at 4 °C at 3,000 g for 15 min 
and then resuspended in 20 mM Tris/HCl pH 8.0 and again centrifuged at 3,000 g 
at 4 °C for 15 minutes. The pellet was stored at -80 °C.  

7.1.1.2 Purification 

Ec cells (HC1972) from 3.9 L culture (~70 mL cells) prepared as described in 
section 7.1.1.1 were thawed on ice. 20 mM Tris/HCl pH 8.0, 0.2 mM Na2S2O4 
solution was added to a final volume of 120 mL and the cells sonicated (Satorius 
Labsonic P at 80 % amplitude) three times for 30 seconds each time. The protein 
solution was kept on ice at all times. The lysate was centrifuged for 30 min. at 
24,800 g at 4 °C, and the supernatant was loaded on an ÄKTATM purifier 100 
(Pharmacia) equipped with a 26/30 Q Sepharose Fast Flow column (CV ~ 160 
mL) equilibrated with 20 mM Tris/HCl, 0.1 M NaCl pH 8.0, 0.2 mM Na2S2O4. The 
column was washed with two CV of the same buffer and the protein eluted with a 
linear gradient from 0.3 - 0.45 M NaCl over 2 CV at a flow rate of 10 mL/min. The 
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fractions were collected in polypropylene tubes (50 mL), frozen in liquid nitrogen 
and stored at -20 °C over night. Next day the protein solution was thawed under 
an argon flow and concentrated by ultrafiltration in a stirred ultrafiltration cell 
(Amicon) equipped with a YM3 membrane at 4 °C to a final volume of ~ 15 mL. 
The solution was frozen in liquid nitrogen and stored at -20 °C over night. Next 
day the protein solution was thawed on ice under argon flow and filtered (0.45 
µm). A maximum of 9 mL was loaded on an ÄKTA TM purifier 100 (Pharmacia) 
equipped with a 26/60 Superdex 75 column equilibrated with 20 mM Tris/HCl, 
0.15 M NaCl pH 8.0, 0.2 mM Na2S2O4. The protein was eluted isocratically at 2.5 
mL/min with the same buffer. Two separate runs were made in the gel filtration 
step. The protein solution was frozen in liquid nitrogen and stored at – 20 °C. The 
last purification step was performed in the glovebox. The protein was thawed in 
the glovebox and loaded on a ÄKTAprimeTM (Pharmacia) equipped with a 16/10 
Source 30Q column (CV ~ 20 mL) equilibrated with 20 mM Tris/HCl, 0.1 M NaCl 
pH 8.0. The column was washed with 2 CV of the same buffer and then eluted 
using a linear gradient from 0.3-0.45 M NaCl at 6.0 mL/min. The collected 
fractions were concentrated using a pressurized ultrafiltration cell (Vivacell 70, 
MWCO = 5,000, Satorius Stedim Biotech). Samples used for characterization 
experiments (section 7.2 - 7.4) were protein solutions obtained immediately after 
the last purification step. 

7.1.2 Results 

 

 
Figure 7.1: Chromatogram for the purification of LCA Fd crude 
lysate on a 26/30 Q Sepharose Fast Flow column. X-axis: Elution 
volume, blue: absorption at 236 nm, red: absorption at 280 nm, 
scale shown outside left axis for both. Green: absorption at 390nm, 
scale shown inside the left axis. Brown: conductivity and black: 
NaCl concentration given as percent of 1 M NaCl shown on the 
inner and outer scale to the right, respectively.  
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Chromatograms for the purification of LCA Fd on the Q Sepharose Fast Flow 
column and the Sephadex 75 column are shown in Figure 6.1 and Figure 6.2, 
respectively. The collected fractions are marked with black hatch mark boxes. 
Two peaks were collected from the purification on the Source 30Q column; 
fraction 1 eluting at 31.2 mS/cm and fraction 2 eluting at 33.5 mS/cm, see Figure 
6.3.  
 

 
Figure 7.2: Chromatogram for the purification of LCA Fd on a 26/60 
Sephadex 75 column. X-axis: Elution volume, blue: absorption at 
236 nm, red: absorption at 280 nm and green: absorption at 390 nm. 
 

 

 
Figure 7.3: Chromatogram for the purification of LCA Fd on a 16/10 
Source 30Q column. X-axis: Elution volume, blue: absorption at 280 
nm, scale outer left axis, red: conductivity, scale inner left axis and 
black: concentration of NaCl in the mobile phase given as percent of 
1M NaCl, right axis.  
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Both peaks were analyzed by UV-vis spectrophotometry (NanoDrop ND-1000, 
NanoDrop Technologies) after concentration in a pressurized ultrafiltration cell 
(Vivacell 70, MWCO = 5,000, Satorius Stedim Biotech).  
 
The spectrum of fraction 1 shows an absorption maximum at 390 nm, see Figure 
7.4, which is characteristic of [4Fe-4S] cluster(s), see Table 2.1. Since the 
peptide contains eight cysteines it is likely that this fraction contain LCA Fd 
coordinating two [4Fe-4S] clusters. The spectrum of fraction 2 has a shoulder at 
~350 – 410 nm and this could be LCA Fd that contains one [3Fe-4S] cluster and 
one [4Fe-4S] cluster. The extinction coefficient of LCA Fd was not determined 
experimentally. However ε390 ~ 17 mM-1cm-1 is typical for proteins containing a 
single [4Fe-4S] cluster [16b] and since LCA Fd contains two clusters a value of 
ε390 = 34 mM-1cm-1 was used for determining protein concentrations (for both 
peaks). The yield of fraction 1 was 1.8 mg/L cell culture, while the yield of fraction 
2 was 0.3 mg/L cell culture. In the remainder of this chapter fractions 1 and 2 will 
be referred to as ‘LCA Fd1’ and ‘LCA Fd2’, respectively. 
 

 
 

Figure 7.4: UV-vis spectra of fractions obtained upon purification of 
LCA Fd as described in section 7.1.1, see Figure 7.3. Red: fraction 1 
and blue: fraction 2. 

7.2 Electrochemical Studies of LCA Ferredoxin 1 

7.2.1 Experimental 

LCA Fd1 purified as described in section 7.1 was diluted to ~75 µM in 20 mM 
Tris/HCl, 0.5 M NaCl pH 8.0. Electrochemical measurements were performed by 
PhD Student Jytte Kristensen using a three electrode setup with an edge plane 
pyrolytic graphite working electrode (Pine Instrument Company, USA), polished 
with SiC paper and 1 µm and 0.05 µm Al2O3 slurry and ultrasonicated. The 
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reference electrode was an Ag/AgCl electrode (Metrohm, Switzerland), washed in 
water prior to use and the counter electrode was a curled Pt-wire, homemade, 
and cleaned in a H2-flame prior to use. The potentiostat used was an 
electrochemical analyzer/workstation, 700C Series (CH Instruments). Neomycin 
was added as a promoter to the solution [58] in order to improve the signal 
quality. All potentials are quoted with reference to the normal hydrogen electrode 
(NHE).  

7.2.2 Results and Discussion 

Cyclic voltammograms are shown in Figure 7.5. Measurements were carried out 
with and without addition of neomycin. In the absence of neomycin (red trace) 
two redox couples can be seen. The midpoint potential of these signals were -
430 mV and 47 mV. The lower potential is in the range of [4Fe-4S] clusters while 
the weaker signal at 47 mV could correspond to a [3Fe-4S] cluster with a high 
redox potential. These results suggest that LCA Fd1 coordinates both [4Fe-4S] 
and [3Fe-4S] clusters. Upon addition of neomycin the signal for [4Fe-4S] clusters 
is stronger, sharper and the peak-peak separation is smaller, while the signal for 
the [3Fe-4S] cluster is no longer visible. The redox potential for the signal when 
neomycin is added is -415 mV. All in all these results suggest that LCA Fd1 
coordinates two cluster types, [4Fe-4S] and [3Fe-4S].  

 

 
Figure 7.5: Cyclic Voltammograms from the electrochemical 
studies of LCA at 20 mV/s. Red: ~ 75 µM LCA in 20 mM 
Tris/HCl, 0.5 M NaCl pH 8.0. Blue: Measurement of same 
solution upon addition of 5 mM neomycin.  

 
The results show that the area of the peaks in the voltammograms depend on the 
measurement conditions. Upon addition of neomycin the peaks for the [4Fe-4S] 
cluster increases substantially, while the signal for the [3Fe-4S] cluster 
disappears. These findings suggest that the interaction between the clusters and 
the electrode depend on the cluster, and comparison of areas under the peaks 
probably does not correspond to the concentration of clusters in solution in the 
same way for [3Fe-4S] and [4Fe-4S] clusters. EPR spectroscopy (section 7.3) 
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and mass spectrometry (section 7.4) confirmed that the [3Fe-4S] cluster was only 
found in very small concentrations. 

7.3 EPR Spectroscopic Studies of LCA Ferredoxin 

7.3.1 Experimental 

For X-band EPR samples LCA Fd was purified as described in section 7.1 with 
the following modifications; twice the amount of cell culture was used in the 
purification (7.8 L), and for this reason four runs (not two) on the gel filtration 
column were performed. After gel filtration the protein was concentrated in a 
stirred ultrafiltration cell (Amicon) equipped with a YM3 membrane to a final 
volume of ~15 mL. The concentrated solution was divided in four portions of ~ 4 
mL, frozen in liquid nitrogen, stored at – 20 °C and shipped to Delft University of 
Technology, NL where the last step of purification as well as EPR sample 
preparation were performed in the laboratory of Professor Wilfred R. Hagen at 
the Delft University of Technology. Each portion was thawed and purified 
individually on a 16/10 Source 30Q column as described in section 7.1. Protein 
for Q-band experiments was purified as described in 7.1 from samples prepared 
in Denmark before shipping to Delft University of Technology, NL. 

7.3.1.1 Redox Titrations for X-band EPR 

A titration mix for the EPR titration was prepared in the following way: The redox 
mediators listed in Table 5.2, page 28, were dissolved to a final concentration of 
155 µM for each mediator in 50 mM Tris/HCl, 250 mM NaCl pH 8.0. The mediator 
solution was then mixed with a solution of LCA Fd (45-200 µM) in 20 mM 
Tris/HCl, 1.0 M NaCl in the ratio 1:1. A Ag/AgCl electrode and a platinum wire 
were inserted into the titration mix, and the potential was measured. Small 
aliquots of Na2S2O4 or K6Fe(CN)6 (both in 50 mM Tris/HCl pH 8.0) were added to 
reduce or oxidize the titration mix, respectively. Samples were prepared by 
transferring 200 µL reaction mix to a rubber-capped X-band EPR tube and 
freezing it in liquid nitrogen. EPR titration was performed for both LCA Fd1 and 
LCA Fd2. 

7.3.1.2 Fully Reduced LCA Ferredoxin 1 Samples for X-band and Q-band 
EPR  

For X-band EPR samples 1.0 M sodium dithionite in 50 mM Tris/HCl pH 8.0 was 
added to the protein solution to a final concentration of 10 mM sodium dithionite. 
200 µL of the mix was transferred to a rubber-capped EPR tube and incubated 
for 15 minutes before removing it from the glovebox and freezing it in liquid 
nitrogen. For Q-band EPR samples the protein solution was concentrated in a 
pressurized ultrafiltration cell (Vivaspin 20, MWCO = 3,000, Satorius Stedim 
Biotech), reduced with dithionite from a 200 mM Na2S2O4, 50 mM Tris/HCl pH 8.0 
to a final concentration of 10 mM Na2S2O4. Upon 15 minutes incubation ~30 µL 
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was transferred to a rubber-sealed Q-band EPR tube prior to freezing in liquid 
nitrogen. Potentials were converted to E vs. NHE by addition of 199 mV [59]. 

7.3.2 EPR Measurements and Data Processing 

All EPR measurements were performed in the laboratory of Professor Wilfred R. 
Hagen with Bruker equipment and cooling with liquid helium. X-band spectra 
were recorded on a Bruker ER 200 D spectrometer with an ER 4116 DM 
resonator and a home-built helium flow cooling system. Q-band spectra were 
recorded using Varian E-9 spectrometer and a home-built helium flow cooling 
system. Data were analyzed using WR Hagen Visual Software programs [60]. 
Quantification was performed by double integration, see 5.2. If radical signals 
appeared in the spectra, the radical was quantified alone and the result was 
subtracted from the quantification of the full spectrum. For molar quantification a 
copper standard was used (10 mM CuSO4 in 10 mM HCl, 2 M NaClO4). Both 
standard and sample were checked for saturation.  

7.3.3 Results and Discussion for LCA Ferredoxin 1 

The X-band EPR spectrum of the dithionite-reduced LCA Fd is shown in Figure 
7.6. The spectrum is not a simple rhombic signal as is observed for [4Fe-4S]+ 
clusters in monocluster proteins (see section 4.5.3.1). There are more features in 

 
 

Figure 7.6: EPR spectrum of dithionite-reduced LCA Fd1. 
Concentration of LCA Fd1: 190 µM, frequency: 9.3899 GHz, 
attenuation: 24 dB, modulation amplitude: 6.3, Temperature: 12.8 K. 
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this spectrum which could be a result of a dipole-dipole interaction between two 
[4Fe-4S] clusters. As observed for other 2 x [4Fe-4S] cluster proteins, there is a 
peak at 3150 Gauss (g = 2.1), see section 4.5.3.2. The signal was quantified at 
the conditions given in the figure legend using a copper standard giving 3.1 spins 
per molecule. This is 50 % higher than what is expected if LCA Fd coordinates 
two clusters, but it is important to point out that the true protein concentration is 
not known, since the absorptivity at 390 nm is not determined but assumed 
based values for other Fds. Contributions from [3Fe-4S] in the titration samples 
were negligible. 

7.3.3.1 Redox Titration 

Potentials and X-band EPR spectra from the redox titration are shown in Figure 
7.7. As the potential of the solution is lowered an EPR signal appears. The sharp  
signal in the middle of the spectra at potentials lower than -181 mV vs. NHE is 
caused by a radical from the mediators. At 446 mV a small signal is observed. 
This is caused by the oxidizing agent. 

 
Figure 7.7: EPR spectra of the redox titration samples of 
LCA Fd1. Each spectrum is marked by the potential vs. 
NHE. Concentration of LCA Fd1 ~ 100 µM, frequency: 9.39 
GHz, attenuation: 4 dB, modulation amplitude: 12.5, 
Temperature: 21.6 K. 
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Figure 7.8: EPR-monitored redox titration curve of LCA 
Fd1. Y-axis is the relative intensity of the signal compared 
to that of a dithionite-reduced sample and adjusted with 
respect to protein concentration. Individual EPR spectra of 
A, B, and C are shown in Figure 7.9. 

 

 
Figure 7.9: Three selected EPR spectra of LCA Fd1. Trace A: 
0.7 % reduced (-241 mV) LCA Fd1. Average of four scans 
where background signal (measurement of empty cavity) 
was subtracted. Trace B: 53 % reduced LCA Fd1 (-344 mV). 
Trace C: Fully reduced LCA Fd1 (-477 mV). Measurement 
conditions are given in the legend of Figure 7.7. 

 
The signal was quantified as described in section 7.3.2. The resulting titration 
curve is shown in Figure 7.8. One major redox transition is observed. Inspection 
of the AA sequence of LCA (see Figure 3.1) suggests that the two clusters are 
almost identical, and for this reason the redox potentials are expected to be very 
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similar. The red trace is the fit of a Nernst curve (see section 5.1.3) at 25 °C with 
a redox potential of -344 mV vs. NHE and 100 % being the dithionite-reduced 
sample measured under the same conditions. The potential is in the range of 
[4Fe-4S] clusters, but more positive than what was found using cyclic 
voltammetry (-430 mV and -415 mV), see section 7.2. 
 

 
Figure 7.10: Simulation of 0.7 % (-241 mV) reduced LCA Fd1 
EPR Spectrum. 

 
If the EPR signal observed in the titration is caused by two interacting [4Fe-4S] 
clusters, the signal would change shape at different titration points, see sections 
4.6 and 5.1.3. Figure 7.9 shows three selected EPR spectra from the titration: A, 
B and C. The three samples are also marked in Figure 7.8. The three samples A, 
B and C are 0.7 %, 53 % and ~100 % reduced, respectively. When the protein is 
only 0.7 % reduced (A) a peak at ~3260 Gauss (red arrows) is observed, while 
this peak is not observed when the protein is fully reduced (C). On the other 
hand, a shoulder appears in spectrum C at ~3280 Gauss (blue arrows), which is 
not seen for spectrum A. In spectrum B both peaks are observed. When 53 % of 
the protein has been reduced, the ratio between the semi-reduced and the fully 
reduced state is 0.9:1 according to equation 5.3 and the two spectra should be 
comparable in intensities, which is also observed in Figure 7.9 trace B. When 0.7 
% of the protein is reduced, the ratio between semi-reduced state to fully reduced 
state is 147:1 according to equation 5.3, and the resulting EPR spectrum should 
be dominated by a [4Fe-4S]+ spectrum without dipole-dipole interactions. This is 
indeed the case and Figure 7.10 shows the simulation of the spectrum. The 
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simulated spectrum was calculated using Hyperfinespectrum (WR Hagen Visual 
Software) assuming g = [2.065; 1.926; 1.88] and line width W = [15 G; 15 G; 30 
G]. 

7.3.3.2 Half-Field Signal 

For dicluster proteins a half-field signal is observed at ~1700 Gauss, see section 
4.6. The signal is much weaker than the signal around g = 2.  Figure 7.11 shows 
the EPR spectrum of a dithionite-reduced LCA Fd1 in the low field range. There 
is a signal at 1730 Gauss, which indicates dipole-dipole interaction between the 
two clusters in the protein. 

 

 
Figure 7.11: X-band EPR spectrum of dithionite-reduced 
LCA Fd1. The sample was prepared in a Q-band tube. 
Average of 4 scans. Concentration of LCA Fd: ~2 mM in 
a Q-band tube, frequency: 9.4138 GHz, attenuation: 0 
dB, modulation amplitude: 6.3, T: 12.6 K.  

 

7.3.3.3 Q-band EPR of LCA Ferredoxin 1 

Figure 7.12 shows the Q-band EPR spectrum of fully reduced LCA Fd1 (black 
trace). The shape of the spectrum is significantly different from the X-band 
spectrum of the same protein at similar conditions, see Figure 7.6. The difference 
is caused by the difference in relative importance of the Zeeman and dipole-
dipole interaction, the latter is relatively weaker at Q-band conditions, see section 
4.6.  
 
The X-band EPR spectrum of partially reduced LCA Fd1 (titration sample at -241 
mV, see Figure 7.10) was converted to a Q-band field axis and the resulting 
spectrum is shown in Figure 7.12. Comparison of the black and red trace in the 
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figure demonstrates splitting around 12,000 Gauss for the fully reduced sample 
caused by dipole-dipole interaction.  

 
Figure 7.12: Black trace: Q-band spectrum of dithionite-
reduced LCA Fd1. Average of 9 scans. Linear background 
is subtracted from spectrum. Concentration of LCA Fd1: 2 
mM, frequency: 35.093 GHz, attenuation: 4 dB, modulation 
amplitude: 16, Temperature: 13 K. Red trace: 0.7 % 
reduced (-241 mV) LCA Fd1. Average of four scans where 
background signal (measurement of empty cavity) was 
subtracted. Frequency: 9.39 GHz, attenuation: 4 dB, 
modulation amplitude: 12.5, Temperature: 21.6 K. 
 

7.3.4 Results and Discussion for LCA Ferredoxin 2 

EPR-monitored redox titration was also carried out for LCA Fd2. A series of 
spectra for the EPR titration are shown in Figure 7.13. As was seen for LCA Fd1 
a broad signal is developed as the potential is lowered, but in this titration another 
signal is seen at higher potentials as well. Both signals were quantified as 
described in section 7.3.2. However, the measurement conditions used partly 
saturated the signal found at lower potentials, and for this reason a correction 
was made; The sample with the strongest intensity for each signal (samples at 
+85 mV vs. NHE and -410 mV vs. NHE) was quantified using a copper standard 
under non-saturating conditions, and the ratio between the concentrations found 
at the partly saturated measuring conditions were compared to that at non-
saturating conditions. The resulting factor was 1.26 and all intensities found for 
the signal with the lower potential were multiplied by the factor. The resulting 
titration curve is shown in Figure 7.14.  
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Figure 7.13: EPR spectra of the redox titration of LCA 
Fd2. Concentration of LCA Fd2 ~ 24 µM, frequency: 9.39 
GHz, attenuation: 12 dB, modulation amplitude: 12.5, 
Temperature: 12.5 K. 

 
For samples where an oxidizing agent (K3Fe(CN)6) was added the signal intensity 
of the strong signal in the centre part of the spectrum decreases. This is probably 
a result of protein degradation due to oxidation, and hence titration points at 
potentials higher than + 85 mV were not included in the titration curve. The two 
curves in the titration curve (red and blue) are the fitted Nernst curves of the two 
redox transitions assuming redox potentials of -350 mV vs. NHE (red) and -45 
mV vs. NHE (blue). The fit shown in the figure is also made under the assumption 
that the two redox centers are present in the same concentration; that is the ratio 
is 1:1 as is found in dicluster ferredoxins containing one [4Fe-4S] cluster and one 
[3Fe-4S] cluster. The potentials used in the fit are in the range of [3Fe-4S] and 
[4Fe-4S] clusters, assuming that the species with the lower redox potential (-350 
mV vs. NHE) corresponds to a [4Fe-4S] cluster, while the species with a redox 
potential of -45 mV vs. NHE is the [3Fe-4S] cluster. However, as is shown in the 
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figure, the intensity of the assumed [4Fe-4S] cluster only reaches about 80 % of 
the full intensity of assumed [3Fe-4S] cluster. 
 

 
 
Figure 7.14: EPR-monitored redox titration curve of LCA Fd2. Y-
axis is the relative intensity of the signal compared to the 
intensity of the sample at +85 mV vs. NHE and adjusted with 
respect to protein concentration. The red points are the intensity 
of the assumed [4Fe-4S]+ signal, while the blue points are the 
intensity of the assumed [3Fe-4S]+ cluster. The red and blue 
curves are the fits of the two redox transitions, respectively. 

 

 
 
Figure 7.15: Fitted spectra of the two species found in the EPR titration of LCA 
Fd2. Concentration of LCA Fd2 ~ 24 µM, frequency: 9.39 GHz, attenuation: 24 dB, 
modulation amplitude: 6.3, Temperature: 12.8 K. Left: Titration sample at +85 mV 
vs. NHE. Blue curve is the simulated spectrum. Right: Titration sample at -410 mV 
vs. NHE. Red curve is the simulated spectrum. Parameters for the simulations are 
given in the text. 
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Both signals were simulated using Hyperfinespectrum (WR Hagen Visual 
Software). The resulting spectra are shown in Figure 7.15. For the fit of the [3Fe-
4S] cluster (left side of the figure) the following parameters were used: g = [2.008; 
2.008; 1.99] and W = [15 G; 15 G; 35 G] while the simulation parameters for the 
[4Fe-4S] cluster (right side of the figure) were g = [2.062; 1.93; 1.88] and W = [15 
G; 20 G; 30 G]. The fit of the [3Fe-4S] cluster is very good, and the signal is very 
similar to spectra found for [3Fe-4S] clusters in the literature [46-50].  
 
The simulation of the [4Fe-4S] cluster deviates somewhat from the recorded 
spectrum. This is in part due to the intense radical signal in the center of the 
spectrum, but the recorded spectrum is also significantly broader than the 
simulated one. In the reduced state of the protein the [3Fe-4S] cluster is not 
diamagnetic but integer spin (S = 2), see section 4.5.3.1. For this reason there 
will be cluster interaction, and this might cause some broadening of the spectrum. 
In Figure 7.15, right side, the recorded spectrum is broader than the simulated 
spectrum at ~3200 Gauss and ~3650 Gauss. This could be a result of the cluster 
interaction. However, this phenomenon has not been included in the simulation. 
Both signals were quantified and the [4Fe-4S] and [3Fe-4S] clusters gave 3.1 and 
2.4 spins per protein, respectively. This value is significantly higher than the 
expected 1 spin cluster. The EPR titration performed on LCA Fd2 was not 
repeated. The experiment should be repeated, preferably with higher protein 
concentration, to confirm these results. 

7.4 Mass Spectrometric Studies of LCA Ferredoxin 1 

7.4.1 Experimental 

LCA Fd1 was purified as described in section 7.1, and the protein was 
concentrated using a pressurized ultrafiltration cell (Vivaspin 20, MWCO = 3,000, 
Satorius Stedim Biotech) in an anaerobic chamber. The protein was exchanged 
into 100 mM NH4CH3COO, and 20 µM LCA Fd1 in 100 mM NH4CH3COO was 
prepared. 
 
Sample loading, data acquisition and analysis were performed by PhD Student 
Maja Martic using mass spectrometer with a nano-electrospray ionization source 
in negative mode and a time-of-flight analyzer (LCT Premier, Waters). 

7.4.2 Results and Discussion 

The results of the MS analysis are shown in Figure 7.16. The major peak at 
6396.3 Da corresponds to LCA Fd with 2 [4Fe-4S] clusters (calculated expected 
mass 6396.9 Da). Contributions from LCA Fd with one [4Fe-4S] cluster and one 
[3Fe-4S] cluster (calculated expected mass 6352.1 Da) are negligible. These 
data are in agreement with the EPR spectroscopic finding that LCA Fd1 contains 
two [4Fe-4S] clusters. 
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Figure 7.16: Mass spectrometric results of 20 µM LCA Fd1 in 100 mM NH4CH3COO. 
The x-axis shows the molecular mass (Da) and the y-axis is abundance. 

7.5 Concluding Remarks 

The results in this chapter have shown, that not only can LCA Fd be produced in 
Ec, it was also possible to express it in the holo-form. It has been shown that the 
peptide in fact can coordinate two [4Fe-4S] clusters as shown by cyclic 
voltammetry, EPR measurements and mass spectrometric studies. The cyclic 
voltammetry studies suggest that the interaction between the electrode and the 
protein depends on the nature of the clusters coordinated to the protein. Relative 
signal intensities (area under peaks) increase for the signal from [4Fe-4S] 
clusters upon addition of neomycin, while the signal of [3Fe-4S] clusters 
vanished. EPR spectroscopic and mass spectrometric studies only showed very 
small amounts of [3Fe-4S] clusters in the LCA Fd1 preparation, and it could be 
that the experimental setup used for cyclic voltammetry (no neomycin) is 
especially sensitive for detection of [3Fe-4S] clusters in LCA Fd. 
 
EPR spectroscopic data revealed that LCA Fd1 coordinates two [4Fe-4S] 
clusters, and the observed spectra are very similar to what have been reported 
for other 2 [4Fe-4S] Fds, see section 4.6. Many of the characteristics of such Fds 
were found; A dipole-dipole interaction was observed in fully reduced samples 
under both X- band and Q-band conditions, the interaction being strongest at X-
band conditions. The dipole-dipole interaction caused X-band spectra to be 
complex and a small peak at 3150 Gauss as well as a half field signal were 
observed. These findings suggest that the structure of LCA Fd1 is very similar to 
the evolutionary younger 2 [4Fe-4S] Fds from which the sequence was derived. 
 
EPR measurements also suggest that the protein was able to coordinate one 
[4Fe-4S] cluster and one [3Fe-4S] cluster in the LCA Fd2 species.  
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8 Characterization of Ori-ISP 
Ori-ISP is purified with a Ub-tag, see section 6.1, leading to Ub-Ori-ISP. Studies 
have shown that Ub-Ori-ISP can be reconstituted with iron and sulfur [55,57]. The 
Ub-tag constitutes 8.5 kDa out of the 11.1 kDa Ub-Ori-ISP. Hence, the major part 
of Ub-Ori-ISP is Ub, and the properties are likely to be different for Ori-ISP 
without Ub-tag. In the experiments described in this chapter the Ub-tag is 
removed by addition of protease (YUH1) prior to reconstitution. 

8.1 Reconstitution of Ori-ISP in Glovebox 

This procedure was based on the procedure described by Signe Smedegaard 
Helt in her PhD Thesis [55]. The procedure in shown schematically below in 
Figure 8.1. All steps of the reconstitution were performed in a glovebox in 
nitrogen or nitrogen/hydrogen atmosphere. The concentration of oxygen in the 
glovebox was below the detection limit of the oxygen sensors.  
 

 
Figure 8.1: The flow chart of reconstitution 
of Ori-ISP in glovebox. 

 

8.1.1 Experimental 

17.7 mg lyophilized, sulfonated Ub-Ori-ISP (~15 % salt) was dissolved in 100mM 
Tris/HCl pH 8.5. DTT was added in 20 times molar excess (200 µL 0.122 mM 
DTT, 100 mM Tris/HCl pH 8.5) followed by addition of the protease YUH1-His6 

(see section 6.2). The molar ratio of Ub-Ori-ISP and YUH1-His6 was 20:1 and the 
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total volume 1.9 mL. The solution was incubated at room temperature with a 
gentle stir over night. 200 μL 49 µM FeCl3, 100 mM Tris/HCl pH 8.5 was added 
slowly to give eight times excess of iron. Na2S was added in eight times molar 
excess (200 µL 49 µM Na2S, 100 mM Tris/HCl pH 8.5). The solution was then 
incubated for one hour with a gentle stir. The reaction mixture was desalted on a 
G-10 column equilibrated with 20 mM Tris/HCl, 0.1 M NaCl pH 8.0. After 
desalting the protein was loaded onto an ÄKTAprimeTM (Pharmacia) equipped 
with a 10/5 Source 30Q column (CV = 3.9 mL) equilibrated with 20 mM Tris/HCl, 
0.10 M NaCl pH 8.0. The column was then washed with 2 CV 20 mM Tris/HCl, 
0.10 M NaCl pH 8.0, and the protein was eluted with a linear gradient from 15-
100 % over 35 CV at 5 mL/min. The collected fraction was concentrated using an 
anion-exchange column in the following manner. The protein was diluted 
approximately 2 times in 20 mM Tris/HCl pH 8.0 and loaded on a Q Sepharose 
Fast Flow column (CV ~ 1-2 mL) equilibrated with 20 mM Tris/HCl, 0.1 M NaCl 
pH 8.0 and eluted with 20 mM Tris/HCl, 1.0 M NaCl pH 8.0 by gravity. 

8.1.2 Results and Discussion 

The chromatogram from the purification of reconstituted Ori-ISP on 10/5 Source 
30Q column is shown in Figure 8.2. Several peaks are observed in the 
chromatogram. Both Ub and YUH1-His6 are present in the reaction mix so they 
should appear in the chromatogram. Ub does not bind to the column and is in the 
flow through (marked FT in the figure). A minor peak is seen at 29.1 mS/cm and 
 

Figure 8.2: Chromatogram of the purification of Ori-ISP. X-axis: Elution volume, blue: 
Absorbance at 280 nm, outer left scale, red: conductivity, inner left scale, black: percent 
NaCl where 100 % equals to 1.0 M.  
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attributed to YUH1-His6 [55]. A major peak eluting at 36 mS/cm was collected 
(marked with a black hash mark box in Figure 8.2) and concentrated for further 
experiments. A peak at 74.6 mS/cm, previously assigned a oligomer of Ori-ISP 
and obtained as the major species [55], is hardly observable. In the vast majority 
of the reconstitutions I have made, this peak is negligible. It is not clear why the 
results of my work and the work presented by Signe Smedegaard Helt differ. 
 
Figure 8.3 shows a representative UV/vis spectrum of the obtained species from 
the Source 30Q column. The spectrum shows an absorption maximum around 
400 nm similar to spectra of iron-sulfur proteins coordinating [4Fe-4S]2+ clusters 
(see Table 2.1, page 8). The extinction coefficient of Ori-ISP was not determined, 
but typical values for proteins containing a single [4Fe-4S] cluster are A390 ~ 17 
mM-1cm-1 [16b]. Using a molar absorbance of A390 = 17 mM-1cm-1 reconstitution 
yields ranged from 30-39 %. 
 

 
Figure 8.3: UV/vis spectrum of reconstituted Ori-ISP, measured 
on a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies). 

8.2 Oligomerization of Ori-ISP 

Upon reconstitution and purification Ori-ISP was investigated by analytical gel 
filtration. Gel filtration reveals the presence of two species of different size (data 
not shown) analogous to what was observed for reconstituted Ub-Ori-ISP, see 
section 6.3 and [55]. The low molecular weight species seems to be present 
immediately after purification, while the other is formed upon incubation. In some 
experiments this second species of higher molecular weight also appeared when 
the protein solution was analyzed immediately after the last purification step, 
while in other cases this second species only appeared in very small amounts 
even after several hours of incubation in glovebox (data not shown).  
 
Gel filtration shows that Ori-ISP, like Ub-Ori-ISP, exists in (at least) two different 
forms of different sizes. Signe Smedegaard Helt [55] suggested that these 
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species were monomers and dimers of Ori-ISP. In her work the larger molecular 
weight form also appeared earlier in the purification process. In chromatograms 
from the anion-exchange purification step, she saw a major peak at 74 mS/cm, 
which eluted at 12.9 mL upon analytical gel filtration.  
 
In order to investigate how to achieve separation of these two species, it is 
desirable to understand the relationship between these two species and their 
interconversions. Several factors may influence the oligomerization, and different 
reaction mechanisms for the reaction are possible. Here three possible scenarios 
are presented: 
 
If the oligomerization is based on electrostatic interactions between the peptides, 
then increasing/decreasing the ionic strength of the buffer or the concentration of 
protein could affect the equilibrium. 
 
Another possibility is a dimerization of the holo-protein through the iron-sulfur 
clusters, see section 3.1. Orme-Johnson et al. [33] reported that upon tryptic 
cleavage of Clostridium acidiurici ferredoxin, a ferredoxin that usually coordinates 
two [4Fe-4S] clusters, the C-terminal and N-terminal of the protein could 
recombine through the iron-sulfur clusters. This kind of dimerization could also 
take place in the case of Ori-ISP. 
 
Although every attempt has been made to keep the protein under strictly 
anaerobic conditions, it is impossible to remove all oxygen from the gloveboxes 
used in these experiments. It is therefore possible that the oligomerization is 
caused by reactions with oxygen, for example formation of disulfide bridges. 
 
It is important to point out, that even though gel filtration reveals the presence of 
more than one species, the method does not allow the determination of precise 
molecular size. Therefore, it is not a good method for determining whether the 
species are monomeric, dimeric or larger than that.  
 
A series of experiments were carried out to optimize conditions that would lead to 
a single isolated form of holo-Ori-ISP. 

8.2.1 Incubation of Ori-ISP at Different NaCl Concentrations 

Apo-Ub-Ori-ISP was cleaved, reconstituted and purified as described in section 
8.1.1. Four samples were prepared for gel filtration as follows: Four aliquots of 
protein were diluted 5-fold to give final NaCl concentrations of 0.2 M, 0.5 M, 1.0 
M, and 1.8 M. All sample solutions which also contained 20 mM Tris/HCl were 
kept at pH 8.0. All samples were incubated over night and analyzed by gel 
filtration the next day. Two further samples were prepared by diluting the 
concentrated protein solution five fold in 20 mM Tris/HCl, 1.0 M NaCl pH 8.0 just 
before being loaded on to the column. One of these samples were made and 
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analyzed immediately after purification, while the other one was prepared the 
next day and analyzed along with the other five samples. 

8.2.1.1 Gel filtration 

500 µL sample solution was loaded onto an ÄKTAprimeTM (Pharmacia) equipped 
with a 13/31 Superdex 75 HR column equilibrated with 20 mM Tris/HCl, 0.15 M 
NaCl pH 8.0. The protein was eluted isocratically with the same buffer at 0.4 
mL/min. One gel filtration analysis took about one hour and in order to separate 
effects caused by the different NaCl concentrations and the different incubation 
times (since all samples could not be analyzed at the same time) the order in 
which the samples were investigated was as follows (indicated by the molar 
concentration of NaCl in the sample): 0.2, 1.0, 1.8, 0.5, and 1.0 (diluted just 
before analysis).  

8.2.1.2 Results and Discussion 

Figure 8.4 shows the recorded UV-vis spectra of Ori-ISP immediately after 
reconstitution and purification, and a spectrum recorded the next day. Both 
spectra show absorbance maximum at ~390 nm. This broad peak is more 
pronounced when the protein was incubated over night, and this was observed 
for all the protein solutions with different salt concentrations prepared in this 
experiment (data not shown). There is also a small change in absorbance and 
this is assigned to the inaccuracy in the absorbance measurements using 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The 
reconstitution was performed under reducing conditions (in the presence of DTT), 
and a possible explanation for the subtle differences in UV-vis spectra could be a 
result of a slight reduction of the sample. Trace amounts of oxygen in the 
glovebox could then oxidize the clusters and thus give the more pronounced 
feature at 390 nm found for the sample that was incubated over night.  

 
Figure 8.4: UV-vis of Ori-ISP. Red curve is the spectrum 
recorded immediately after reconstitution and purification. Blue 
curve is the spectrum of Ori-ISP after the protein was incubated 
over night in glovebox. 
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Figure 8.5: Chromatograms from analytical gel filtration of Ori-ISP after 
incubation at different NaCl-concentrations. Each curve shows the 
absorption at 280 nm as a function of elution volume. Blue: 0.2 M NaCl, 
red: 0.5 M NaCl, green: 1.0 M NaCl, and brown: 1.8 M NaCl. 

 

 
 

Figure 8.6: Chromatograms from analytical gel filtration of Ori-ISP. Each 
curve shows the absorption at 280 nm as a function of elution volume. 
Blue: Immediately after purification. Blue: Upon incubation over night in 
glovebox.  

 
The chromatograms from the analytical gel filtration of the samples incubated at 
different NaCl concentrations are shown in Figure 8.5. The figure clearly shows 
that there are no significant differences in the chromatograms for the different 
samples. The chromatograms all have a major peak a 14.4 mL and a shoulder at 
around 13 mL, indicating two species of different molecular weights. Salt does 
not seem to cause any significant differences in the ratio between the two forms 
of Ori-ISP. The reason for this could be that an oligomerization process controlled 
by ionic strength of the buffer is too fast to be tracked in this experiment. The gel 
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filtration was performed with the same buffer in all analysis, and if the equilibrium 
of the two species was reached long before the protein was eluted from the 
column the effect of the ionic strength would not be observed. The 
chromatograms shown in the figure would in this case show the equilibrium state 
under the conditions used in the gel filtration (20 mM Tris/HCl, 0.15 M NaCl pH 
8.0). This experiment would, however, show slow changes caused by the ionic 
strength of the buffer. Previous results for Ori-ISP and Ub-Ori-ISP suggest that 
the oligomerization of the protein is slow and it has been observed during the 
analytical gel filtration under the same conditions as used in this experiment. 
 
Gel filtration was performed on the concentrated protein immediately after 
reconstitution and purification, and a new analysis was made of the same 
solution the next day. The two chromatograms are shown in Figure 8.6. The 
shoulder before the single major peak that appears on the chromatogram after 
incubation in glovebox (and all chromatograms in Figure 8.5) is not seen when 
the sample is analyzed immediately after reconstitution. It is clear that the 
formation of the larger species seen in gel filtration is not influenced by 
differences in salt concentration during incubation. Changes are however 
observed upon over night incubation – both in UV-vis spectra and analytical gel 
filtration – regardless of the salt concentration. 

8.2.2 Addition of Oxygen to Purified Ori-ISP 

This experiment tested the effect of small amounts of oxygen on reconstituted 
Ori-ISP. The experiment was performed in a glovebox and oxygen was 
introduced into the protein solution by addition of air-saturated buffer. The buffer 
was taken in to the glovebox immediately before use, and the lid was kept on the 
buffer flask as far as possible. The concentration of oxygen in the air-saturated 
buffer is assumed to be 0.3 mM [61]. 

8.2.2.1 Experimental 

Apo-Ub-Ori-ISP was cleaved, reconstituted and purified as described in section 
8.1.1. Five samples were prepared for gel filtration as follows: Four solutions of 
207 µM Ori-ISP and 0.1, 0.5, and 1.2 equivalents of oxygen were prepared by 
diluting the concentrated Ori-ISP solution in 20 mM Tris/HCl, 0.1 M NaCl pH 8.0. 
The desired oxygen concentration was obtained by mixing deoxygenated buffer 
with air-saturated buffer. A fifth sample was prepared in deoxygenated buffer, 
and sodium dithionite was added to a final concentration of 2 µM from a 1 mM 
freshly made stock solution. All samples were filtered (0.45 µm) before 1:1 
dilution in 20 mM Tris/HCl, 0.1 M NaCl pH 8.0 and analysis using analytical gel 
filtration, see section 8.2.1.1.  

8.2.2.2 Results and Discussion 

The results from the gel filtrations are shown in Figure 8.7 while the elution 
volumes of the two major peaks are shown in Table 8.1. The figure clearly shows 
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that the samples give significantly different chromatograms. All chromatograms 
show a peak at around 14.6 mL and the intensity of the peak decreases with 
increasing amount of oxygen added. This is especially clear for the sample with 
1.2 eq. of oxygen (black trace) where the intensity is less than a third of the 
intensity of the chromatogram when no oxygen was added (red trace). All 
chromatograms also show some absorbance at lower elution volumes. These 
shoulders and peaks also differ significantly in intensity, where the lowest 
intensity is the shoulder seen in the sample with 2 µM dithionite added (blue 
trace) and the highest intensity is seen for the sample with 1.2 eq. of oxygen 
added (black trace). The intensity of the shoulder/peak at lower eluting volume 
increases with increasing amount of oxygen added to the sample. These 
observations suggest that addition of oxygen indeed leads to an oligomerization 
of Ori-ISP. It is not surprising that oxygen has an influence on the protein, since it 
is known that Ori-ISP is not stable under aerobic conditions [55]. 

Figure 8.7: Analytical gel filtration chromatograms of Ori-ISP samples. Each curve shows 
the absorption at 280 nm as a function of elution volume. Blue: 2µM Na2S2O4, red: as 
purified, green: 0.1 equivalents of oxygen, brown and black: 0.5 and 1.2 equivalents of 
oxygen, respectively. 
 
 

Table 8.1: Elution volumes of the two major peaks 
found in gel filtration when analyzing Ori-ISP. 
 Peak 1 Peak 2 
2 µM Dithionite shoulder 14.7 mL 
As purified 13.6 mL 14.6 mL 
0.1 eq. of O2 shoulder 14.7 mL 
0.5 eq. of O2 13.2 mL 14.6 mL 
1.2 eq. of O2  13.3 mL 14.6 mL 
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Table 8.1 shows the elution volumes of the observed peaks in the 
chromatograms. Elution volume of peak 2 does not vary much and the small 
differences observed can be ascribed to the precision of the HPLC. Elution 
volumes of peak 1 differ much more and close inspection of the chromatograms 
in Figure 8.7 reveals that the shape of the peaks also varies. Chromatogram of 
the sample with protein as purified (red trace) reveals a small peak at 13.6 mL. 
This peak elutes later and is much narrower than for the sample where 0.1 eq. of 
oxygen was added (green trace). In the samples with the highest amount of 
oxygen added (brown and black traces) there seems to be more than two species 
in the chromatograms. Besides the two major peaks a small shoulder is observed 
at 12-12.5 mL and peak 1 for the sample with the highest amount of oxygen 
added (black trace) is asymmetrical and there seems to be a shoulder on the left 
side of the peak (~13 mL). Oxygen could cause (partial) cluster degradation and 
oligomerization due to formation of cysteine bridges. Every Ori-ISP contains four 
cysteines and that leaves many possibilities for formation of different oligomers. 
Some of these would have the same molecular weight and it would be difficult 
separating them using gel filtration. The inhomogeneous composition of the 
samples could be a result of cysteine bridges resulting in many different 
oligomers. Analytical gel filtration is not suited to separate species with same 
molecular weight, and other methods are needed to investigate the two major 
species seen in the chromatograms above. 

8.2.3  Addition of Oxygen to Ori-ISP Before Purification 

It was earlier reported that a dimer was observed in chromatograms from anion-
exchange purification of Ori-ISP [55]. In the vast majority of my reconstitutions of 
Ori-ISP this was not seen or only seen in very low concentration. Section 8.2.2 
describes the formation of a larger Ori-ISP species in the presence of oxygen that 
elutes at the same volume as the dimer reported by Signe Smedegaard Helt. In 
this experiment an attempt to obtain this dimer by introducing oxygen to the 
reaction mixture was made.  

8.2.3.1 Experimental 

One portion of apo-Ub-Ori-ISP was cleaved, reconstituted and purified as 
described in section 8.1.1 with the following modifications: 5 mL air-saturated 20 
mM Tris/HCl, 0.1 M NaCl (~1.2 equivalents of oxygen) was added to the second 
portion Ori-ISP before incubation in glovebox. Half of the sample was incubated 
for 1½ hours before filtering and loading on to the anion-exchange column. The 
other half was left in the glovebox over night and then filtered and loaded on the 
Source 30Q column. 

8.2.3.2 Results and Discussion 

The top chromatogram of Figure 8.8 shows the result from a purification without 
any added oxygen in the reaction mixture. The middle chromatogram is for the 
purification  of  the  protein  incubated  with  oxygen  for 1½ hours while the lower  
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Figure 8.8: Chromatograms from purification of reconstituted Ori-ISP. X-axis: 
Elution volume, blue traces: Absorbance at 280 nm, red traces: conductivity 
and black traces: Percent NaCl where 100 % equals to 1.0 M. Top: Result when 
the procedure described in section 8.1.1 is followed with no modifications. 
Middle: Chromatogram when Ori-ISP was incubated for 1½ hours with 1.2 
equivalents of oxygen before purification. Bottom: Chromatogram when Ori-
ISP was incubated over night with 1.2 equivalents of oxygen before 
purification. 
 

chromatogram is the result when the protein was incubated with oxygen over 
night. Only half the amount of protein was loaded in the experiments where 
oxygen is added compared to the upper chromatogram. None of three 
chromatograms show any presence of a species eluting at 74 mS/cm, and 

  0

100

200

300

400
mAu

  0

 20

 40

 60

 80

%B

0.0

20.0

40.0

60.0

mS/cm

 0  50 100 150 ml

0.0

10.0

20.0

30.0

mAu

  0

 20

 40

 60

 80

%B

0.0

20.0

40.0

60.0

mS/cm

 0  50 100 150 ml

0.0

5.0

10.0

15.0

20.0

25.0

mAu

  0

 20

 40

 60

 80

%B

0.0

20.0

40.0

60.0

mS/cm

 0  50 100 150 ml

74.6 mS/cm 

74.6 mS/cm 

74.6 mS/cm 

Standard

1.2 eq. O2 
next day 

1.2 eq. O2



67 
 

addition of oxygen lowers the absorption of the main peak at 36 mS/cm 
significantly (notice that the scales for the absorbance at 280 nm in the 
chromatograms are not the same). It seems that the apparent dimerization 
caused by oxygen (see section 8.2.2) does not result in the same species as that 
found earlier by Sign Smedegaard Helt eluting at 74 mS/cm [55]. It was also 
found that repurification of the apparent dimer of Ori-ISP obtained upon 
incubation in glovebox did not result in any peaks eluting at 74.6 mS/cm (data not 
shown). 

8.2.4 Concluding Remarks 

The experiments described in this chapter show that the apparent oligomerization 
of Ori-ISP is complex and not fully understood. Previously other members of our 
research group found two distinctive species when reconstituting the protein. I 
have not been able to produce both species, but I have shown that one form of 
the protein can be synthesized in a reproducible manner. The oligomerization of 
Ori-ISP upon reconstitution and purification in my experiment is most likely 
caused by trace amounts of oxygen in the otherwise anaerobic atmosphere 
under which all experiments were carried out, and the resulting oligomer of the 
protein is not the same as the one reported previously eluting at 74 mS/cm during 
purification.  
 
The aim of these experiments was partly to try to reproduce the second peak 
(74.6 mS/cm) and also to separate the various species in order to characterize 
them separately. It is possible to prevent the oligomerization of reconstituted and 
purified Ori-ISP by adding small amounts of dithionite and characterize this 
version of the protein.  

8.3 Electrochemical Studies of Ori-ISP 

8.3.1 Experimental 

Ori-ISP was reconstituted, purified and concentrated as described in section 8.1 
and a ~227 µM Ori-ISP (concentration was determined by UV-vis using 
NanoDrop ND-1000, NanoDrop Technologies) in 20 mM Tris/HCl, 0.5 M NaCl pH 
8.0 was prepared. Electrochemical measurements were performed by PhD 
Student Jytte Kristensen using a three electrode setup with an edge plane 
pyrolytic graphite working electrode (Pine Instrument Company, USA), polished 
with SiC paper and 1 µm and 0.05 µm Al2O3 slurry and ultrasonicated. The 
reference electrode was an Ag/AgCl electrode (Metrohm, Switzerland), washed in 
water prior to use and the counter electrode was a curled Pt-wire, homemade, 
and cleaned in a H2-flame prior to use. The potentiostat used was an 
electrochemical analyzer/workstation (CH Instruments). Neomycin was added as 
a promoter to the solution [58] in order to improve the signal quality. All potentials 
are quoted with reference to the normal hydrogen electrode (NHE). 
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8.3.2 Results and Discussion 

Cyclic voltammograms obtained are shown in Figure 8.9 and Figure 8.10. 
Measurements were carried out with (red traces) and without (blue traces) 
addition of neomycin. At the low potential range (Figure 8.9) there are reductive 
and oxidative peaks, but no evident redox couple could be assigned. Addition of 
neomycin under these conditions did not improve the signal, rather the signal 
faded. At higher potentials (Figure 8.10) additional peaks are observed. These 
peaks are not in the region of [4Fe-4S]2+/1+ clusters (see section 2.1). 
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Figure 8.9: Voltammogram from the electrochemical studies of Ori-
ISP at 20 mV/s at potentials from -0.7 – -0.15 mV vs. NHE. Red: ~ 227 
µM Ori-ISP in 20 mM Tris/HCl, 0.5 M NaCl pH 8.0. Blue: Measurement 
of same solution upon addition of 5 mM neomycin. 

 

 
Figure 8.10: Voltammogram from the electrochemical studies of Ori-
ISP at 20 mV/s at potentials from -0.3 – 0.6 mV vs. NHE. Red: ~ 227 µM 
Ori-ISP in 20 mM Tris/HCl, 0.5 M NaCl pH 8.0. Blue: Measurement of 
same solution upon addition of 5 mM Neomycin. 
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After measurements the protein solution had changed color which indicates 
changes in the integrity of the sample. The protein appeared not to be stable 
under the conditions of the cyclic voltammetric experiments. In Figure 8.9 a 
cathodic peak is observed at ~-0.5 V for the sample with neomycin. A similar 
signal has been observed and reported previously by Jytte Kristensen and it was 
ascribed to O2 [62], and this is probably the reason why the protein degraded. 
This experiment was repeated twice with similar results (data not shown).  

8.4 EPR Spectroscopic Studies of Ori-ISP 

8.4.1 Experimental 

Ori-ISP was reconstituted, purified and concentrated as described in section 8.1. 
EPR samples were prepared and measured as described in sections 7.3.1.1, 
7.3.1.2 and 7.3.2. 

8.4.2 Results and Discussion 

Figure 8.11 shows the X-band EPR spectrum of dithionite-reduced Ori-ISP. As 
for LCA Fd1 the spectrum is complicated and not easily interpreted. The signal 
was quantified using a copper standard resulting in 0.97 spins per monomer. 
 

 
Figure 8.11: X-band spectrum of dithionite-reduced Ori-ISP. 
Concentration of Ori-ISP: 330 µM, frequency: 9.3946 GHz, 
attenuation: 24 dB, modulation amplitude: 6.3, Temperature: 13.2 K. 

8.4.2.1 Redox Titration 

Figure 8.12 shows the recorded EPR spectra for the EPR-monitored redox 
titration of Ori-ISP, and Figure 8.13 shows the resulting titration curve. The data 
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was fitted using equation 5.1 resulting in a redox potential of -305 mV vs. NHE. 
As for LCA Fd1 only one redox transition is seen in the titration. 
 

 
Figure 8.12: EPR spectra of the redox titration of Ori-ISP. 
Concentration of Ori-ISP ~ 175 µM, frequency: 9.39 GHz, 
attenuation: 24 dB, modulation amplitude: 6.3, 
Temperature: 13.2 K. 

 
In Figure 8.14 EPR spectra of fully reduced Ori-ISP and ~10 % reduced Ori-ISP 
are shown. If the EPR signal of the fully reduced Ori-ISP is caused by two 
interacting [4Fe-4S] clusters, the EPR spectrum is expected to change as a 
function of degree of reduction as was observed for LCA Fd1, see section 
7.3.1.1. In this case spectral differences are much less obvious. In the spectrum 
of the fully reduced protein (black trace) there are features at 3450-3600 Gauss 
that differ somewhat from the same part of the spectrum for when only 10 % is 
reduced (red trace). However, the spectrum of partly reduced sample does not 
resemble that of an isolated [4Fe-4S]+ cluster found for LCA Fd1,see Figure 7.10. 
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Figure 8.13: EPR-monitored titration curve for Ori-ISP. Y-
axis is the relative intensity of the signal compared to that 
of the sample with the highest intensity (-476 mV vs. NHE) 
and adjusted with respect to protein concentration. 

 

 
Figure 8.14: X-band spectrum of 10 % reduced Ori-ISP 
(~175 µM, red trace) and dithionite-reduced Ori-ISP (330 µM, 
black trace). frequency: 9.39 GHz, attenuation: 16 dB, 
modulation amplitude: 6.3, Temperature: 13.2 K. 
 

 
It is not clear why a spectrum of an isolated [4Fe-4S]+ cluster is not observed, as 
it was seen for LCA Fd1. However measurements of dithionite-reduced Ori-ISP at 
Q-band conditions could be fitted with parameters typical of a [4Fe-4S] cluster, 
see section 8.4.2.3. 
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8.4.2.2 Low Field Spectrum 

As for the LCA Fd1 EPR properties of dithionite-reduced Ori-ISP was 
investigated at low field. No half-field spectrum was found for Ori-ISP. This does 
not exclude dipole-dipole interaction between two clusters in the protein as the 
intensity of the half-field is generally low and depends on several factors, such as 
the angle between the magnetic moment of the two clusters and distance 
between the two clusters. An EPR signal at 900 Gauss was observed in the low 
field region, see Figure 8.15. This signal could not be assigned to a half-field 
signal as a g-value of 7.3 is much higher than the expected g ~ 4. The origin of 
the signal was not identified, and although preliminary attempts to fit the 
observed spectrum with a high-spin version of a cluster (S = 5/2 and S = 7/2) was 
not successful, a high-spin version seems to be the most plausible origin of this 
signal. 

 
Figure 8.15: X-band spectrum of dithionite-reduced Ori-ISP. 
Concentration 330 µM, frequency: 9.3946 GHz, attenuation: 
0 dB, modulation amplitude: 6.3, Temperature: 13.2 K. 

8.4.2.3 Q-Band EPR Spectrum 

Dithionite-reduced Ori-ISP was measured under Q-band conditions, see Figure 
8.16. The spectrum could be fitted with parameters of [4Fe-4S]+ cluster where no 
dipole-dipole interaction is observed. The resulting spectrum was fitted in 
Geestrain (WR Hagen Visual Software), resulting in g = [2.075; 1.92; 1.90], W = 
[0.023; 0.01; 0.023], and w = [0.01, 0.01, 0.01].   
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Figure 8.16: Black trace: Q-band spectrum of dithionite-
reduced Ori-ISP. Average of 4 scans. Linear background 
is subtracted from spectrum. Concentration of Ori-ISP: 
1.1 mM, frequency: 34.982 GHz, attenuation: 4 dB, 
modulation amplitude: 16, Temperature: 13 K. Red trace: 
Simulation of the recorded spectrum. 

8.5 Concluding Remarks 

The experiments presented in this chapter show that Ori-ISP can be reconstituted 
and purified in a reproducible manner, and that the resulting holo-Ori-ISP 
coordinates [4Fe-4S] clusters. This was demonstrated by EPR spectroscopy in 
which Q-band spectra could be fitted with parameters observed for other [4Fe-
4S] clusters. EPR does, however, not rule out [2Fe-2S] clusters, but this seems 
unlikely based on the UV-vis spectra of Ori-ISP as well as the Mössbauer 
spectrum of Ub-Ori-ISP.  
 
Oligomeric forms of Ori-ISP reported by others are most likely the result of 
oxidative degradation of the holoprotein and what was presumed to be a 
monomeric form of Ori-ISP has been demonstrated by EPR spectroscopy to be a 
dimer. EPR spectrometric studies revealed that Ori-ISP form dimers as observed 
from the dipole-dipole interaction in the spectra. Dipole-dipole interaction is 
observed in 2 [4Fe-4S] Fds, and the experimental data suggest that the structure 
of holo-Ori-ISP is similar to that of LCA Fd.  
 
Figure 8.17 shows the suggested cluster coordination scheme of the dimeric Ori-
ISP. In this dimer cluster coordination resembles that of clusters in 2 [4Fe-4S] 
folds, see Figure 2.3 on page 10. In this case three cysteines of each Ori-ISP 
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polypeptide coordinate to one [4Fe-4S] cluster, while the fourth cysteine 
coordinates to the second cluster in the dimer.   
 

 
 

Figure 8.17: Schematic view of the suggested cluster 
coordination of the dimeric Ori-ISP. Black lines are peptides. ‘S’ 
represents cysteines in the sequence.  
 

Differences in EPR properties of LCA Fd and Ori-ISP revealed differences in the 
structure as well. The dipole-dipole interaction is weaker for Ori-ISP. At Q-band 
conditions the interaction was not seen in spectra of Ori-ISP, while it was 
observed for LCA Fd. A half-field signal was found for LCA Fd, while it was not 
observed for Ori-ISP. The magnitude of dipole-dipole interaction depends on the 
distance between the iron-sulfur clusters and on the angle between the magnetic 
moments.  

 
Figure 8.18: Suggested structure of Ori-ISP based on the structure of 
Clostridium acidiurici. Brown: AA 1-23, Green AA 31-52, orange: 
sulfur, blue: iron. The figure was prepared in the program ViewerLite 
4.2 (Accelrys Software, Inc.) using PDB entry 2FDN [21]  
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Figure 8.18 shows a suggested structure of Ori-ISP based on the structure of 
Clostridium acidiurici 2 [4Fe-4S] Fd. Residue 1-23 (representing one polypeptide) 
are shown in brown, residue 31-52 (representing the second polypeptide) are 
shown in green. Residues that are negatively charged in the sequence of Ori-ISP 
are colored red. 
 
When looking at the structure presented in Figure 8.18 it is clear that negatively 
charged AAs, that Davis suggested were responsible for attaching the protein to 
positively charged mineral surfaces, are located in a plane and thus might in fact 
provide a good surface attachment domain. However, in aqueous solution it 
seems intuitively unlikely that two highly negatively charged areas of the protein 
would be located that close to each other. The spectroscopic data presented in 
this chapter shows that there are structural differences between Ori-ISP and 2 
[4Fe-4S] Fds, and some of these differences might be caused by the negatively 
charged N-terminus of the peptide sequence of Ori-ISP. 
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9 Discussion 
Did Ori-ISP ever exist? The internal repeat in 2 [4Fe-4S] has long been 
recognized as a possible result of an ancient gene duplication [12,23,24]. The 
sequence of Ori-ISP might not be identical to the true origin of 2 [4Fe-4S] Fds, 
but it seems reasonable that sequence is very similar to what might have been. 
Apart from the oxygen sensitivity Ori-ISP has proven to be quiet stable in 
aqueous solution at room temperature over extended periods of time and clusters 
are formed spontaneously upon addition of iron and sulfur under reducing 
conditions. These properties are all required if the protein were to function in 
primitive ecosystems around hydrothermal vents. Investigation of the origin of 
Life is an ever interesting subject; however it is very difficult to prove what really 
happened. Apart from the evolutionary perspective, Ori-ISP is a starting point in 
the understanding of the core structure of iron-sulfur proteins. The essential part 
of a small protein has been isolated and cut in half, and yet the peptide is able to 
spontaneously reconstitute clusters in the highly conserved structure of 2 [4Fe-
4S] Fds.   
 
A remarkable discovery in this project is the dimerization of Ori-ISP. [1Fe], [2Fe-
2S], and [4Fe-4S] clusters are in general all coordinated by four cysteines, and in 
a given protein the structure of the cluster is determined by the peptide. It is 
remarkable that Ori-ISP – a 23 AA peptide – contains enough information not 
only to determine cluster type ([4Fe-4S]), but also allow complicated cluster 
coordination schemes, where each peptide coordinates to two different clusters, 
thus forming dimers. Gibney et al [63] investigated a 16 AA Fd maquette 
containing four cysteines. The design of the sequence was based on 
Peptococcus aerogenes Fd and the resulting polypeptide was able to coordinate 
a [4Fe-4S] cluster. This peptide did however not dimerize, which a modified 
version of Ori-ISP might. A significant difference between Ori-ISP and the studied 
Fd maquette is the positioning or the cysteines in the sequence, see Figure 9.1. 
Ori-ISP contains three cysteines that in the evolutionary younger 2 [4Fe-4S] Fds 
coordinates to one cluster, while the fourth coordinates to the second cluster in 
the structure, the positioning of the fourth cysteine in the Fd maquette was 
positioned differently in the sequence. 
 
Ori-ISP:  VDVDE EECVG CGACV NVCPV GAV 

Fd maquette: NH2-KLCE GGCI A CGACG GGW-CONH2 

    
Figure 9.1: Comparison of the AA sequences of Ori-ISP [1] and a Fd maquette [63]. 
 
Another interesting notion about the dimerization is the fact that not only did the 
ancient peptide duplicate on RNA/DNA level, but the preceding peptide was also 
found in pairs. 
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9.1 Outlook 

The investigations of holo-Ori-ISP show that a dimer is formed. This is an 
interesting finding and further modifications of the AA sequence could lead to 
deeper understanding of the dimerization process. The structure presented in 
Figure 8.18 suggests that the two monomers are linked through coordination to 
two different [4Fe-4S] clusters. By replacing the fourth (distal) cysteine with a 
non-cluster coordinating AA such as alanine or a different cluster coordinating AA 
such as aspartate the importance of the fourth cysteine could be elucidated. 
Adding and removing AAs in the sequence between the third and fourth cysteine 
would also make an interesting experimental setup in understanding when the 
fourth cysteine is coordinated to a different cluster than the other three. 
 
This project has shown that a 23 AA peptide is able to dimerize through 
coordination of two [4Fe-4S] clusters. Maybe it is possible to shorten the 
sequence even further and yet preserve the dimeric cluster coordinating 
structure. The N-terminus of Ori-ISP consists primarily of negatively charged 
AAs. Two such relative large negatively charged domains would intuitively repel 
one another in an aqueous solution, so it is difficult to imagine how they improve 
the ability of dimerization or cluster coordination. By removing these negatively 
charged AAs all together one might find that the core structure of the cluster 
coordination is preserved in a much smaller peptide (monomers of ~ 16 AA).  
 
What functions did Ori-ISP have? 2 [4Fe-4S] Fds are involved as electron 
carriers in various metabolic pathways. Assay for pyruvate dehydrogenase 
activity [64] could be used to test Ori-ISP for ferredoxin activity in pyruvate 
metabolism. Pyruvate is believed to be part of the very first metabolic cycles in 
the earliest ecosystems. The finding that the negative N-terminus of Ori-ISP 
could be positioned in a planar structure would be interesting to study further. 
The properties of Ori-ISP on mineral surfaces could be probed using methods 
such as scanning tunneling microscopy. 
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10 Conclusion 
Part I of this dissertation has shown that the theoretically derived sequences of 
evolutionary ancient Fds could be synthesized and characterized using cyclic 
voltammetry, mass spectrometry and EPR. 
 
Two Fds were investigated. LCA Fd – a 55 AA protein – was found to harbor two 
iron-sulfur clusters, either two [4Fe-4S] clusters or one [4Fe-4S] cluster and one 
[3Fe-4S] cluster. Ori-ISP – a 23 AA protein – was found to dimerize upon 
reconstitution resulting in dimers containing two [4Fe-4S] clusters. 
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1 Introduction 
The work presented in this section is performed in close collaboration with and 
supervision by PhD Student Wei Jiang at Pennsylvania State University. It was 
recently discovered that Chlamydia trachomatis (Ct) ribonucleotide reductase 
(RNR) functions using a [Mn-Fe] active site in the R2 subunit, while a tyrosine 
residue that is essential in the active site from other organisms is lost. In this 
project a variant of Ct RNR is investigated. In this variant the tyrosine is inserted 
in the cofactor and the effects on the properties of the protein is investigated.  

1.1 Chlamydia trachomatis Ribonucleotide Reductase 

Ribonucleotide reductases (RNRs) catalyze the reduction of ribonucleoside-5’-
diphosphates or triphosphates (NDP/NTP) into the corresponding 2’-
deoxynucleotides (dNDP/dNTP), which are essential in the synthesis of DNA. All 
known RNR function is based on the abstraction of a hydrogen atom by a 
cysteinyl radical. Three classes of RNRs have been identified and they differ in 
the way in which the cysteinyl radical is generated [1]. 
 

Figure 1.1: A: Suggested proton coupled electron transfer pathway between Y122 from 
R2 and C439 in R1 in Ec. B: Structure of the [Fe-Fe] site in R2 from Ec. C: Structure of 
the [Mn-Fe] site in R2 in Ct. Reproduced with permission from [1,2]. 

 
Conventional class I RNR (found in Homo sapiens  and Escherichia coli (Ec))  
consists of two homodimeric subunits, R1 and R2, see Figure 1.1 A. R1 is 
responsible for substrate binding and catalysis and there is a cysteine thiyl radical 
(C439 in Ec) in the active center where DNP/DTP is reduced. R2 contains a very 
stable tyrosyl radical (Y122 in Ec) that generates the cysteine thiyl radical by 
proton-coupled electron transfer (PCET). The PCET is reversible and upon every 
catalytic cycle the tyrosyl radical is regenerated [1]. 
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In conventional class I RNR a [Fe-Fe] site is located approximately 5 Å from the 
tyrosyl radical and the [Fe-Fe] site is important in the formation of the radical, see 
Figure 1.1 B. The mechanism of activation of R2 is illustrated in Figure 1.2. The 
R2 subunit holding a [FeII-FeII] site is activated by O2, which leads to the [Fe2O2]

4+ 
intermediate. Upon a one electron reduction [FeIII-O-FeIII] and a tyrosyl radical 
(Y122 in Ec) are formed. This is the active form of the cofactor. Upon 
coordination of R1, allosteric factors and substrate the radical is transferred to the 
R1 subunit by PCET where catalysis takes place. R2 is deactivated if the [FeIII-O-
FeIII] state is reached without coordination to R1 holding a cysteinyl radical and 
R2 needs to be reduced to the [FeII-FeII] state before reactivation is possible [1]. 
 

Figure 1.2: The mechanism of class I RNR and class Ic RNR. (a) Conventional class I 
RNR using [Fe-Fe] to generate a tyrosyl radical for activation of R1. (b) Class 1c RNR 
using a [Mn-Fe] site to activate R1 [1].  

 
Ct RNR belongs to class Ic. In this case no tyrosyl radical is formed in R2, and 
the corresponding tyrosine is substituted with a phenylalanine (F127 in Ct), see 
Figure 1.1 C.  In CtR2 a [Mn-Fe] site is found where the [Fe-Fe] site is found in 
conventional class I R2s. CtR2 is activated from the [MnII-FeII] state by O2 and 
the [MnIV-FeIV] intermediate is formed prior to formation of the active [MnIV-FeIII] 
state by a one-electron reduction. As for conventional class I RNRs one-electron 
reduction of the active form leads to an inactive [MnIII-FeIII] form [1]. Unlike 
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conventional class I R2, CtR2 can be reactivated from the [MnIII-FeIII] state by 
hydrogen peroxide [3]. 
 
Figure 1.3 shows EPR spectra of CtR2 under different conditions. The active 
oxidation state of CtR2, [MnIV-FeIII], is paramagnetic with S = 1. EPR signals from 
this oxidation state are not seen under X-band conditions at fields in the region of 
g ~ 2. However, when activating Ct R2 with O2 from the [MnII-FeII] state, the 
intermediate [MnIV-FeIV] state is paramagnetic (S = 1/2) and has been observed 
in freeze-quenched EPR samples. 55Mn posses nuclear spin (I = 5/2), and for this 
reason the resulting EPR spectrum is split into six lines. The deactivated [MnIII-
FeIII] state is also paramagnetic with S = 1/2. In this case the EPR spectrum is 
more complex and it changes upon coordination of R1 [1]. 
 

 
Figure 1.3: X-band EPR spectra of CtR2 WT. A: CtR2 in the [MnIII-FeIII] 
state when CtR2 WT is not coordinated to CtR1. B: CtR2 WT in the 
[MnIV-FeIV] oxidation state. EPR spectra were provided by PhD Student 
Wei Jiang, temperature ~14 K.  

 
In this project the phenylalanine (F127) in Ct RNR R2 corresponding to the 
tyrosyl radical forming tyrosine (Y122) in Ec RNR R2, see Figure 1.1, was 
replaced with a tyrosine leading to the CtR2 F127Y variant. 

2800 3000 3200 3400 3600 3800 4000

CtR2 [MnIII-FeIII]
 + CtR1

CtR2 [MnIV-FeIV]

Field (Gauss)

CtR2 [MnIII-FeIII]
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1.2 Construction of the CtR2 F127Y Expression Strain 

An expression strain was constructed in order to express recombinant CtR2 
F127Y. An expression plasmid is made using a pET28a vector (Novagen) and 
the plasmid is then inserted in the Ec expression strain BL21(DE3) (Novagen). 
 
Design of primers was performed by PhD Student Wei Jiang. The pET28a his6-
CtR2 F127Yplasmid was constructed by polymerase chain reaction (PCR) using 
pET28a his6-CtR2 WT as template. 30 bp primers were designed to introduce a 
mutation, F127Y, and a restriction site, BsrGI. A schematic view of the 
constructed plasmid is shown in Figure 1.4. The two fragments (fragment I and 
fragment II) were synthesized by separate PCR reactions, digested with relevant 
restriction enzymes and ligated with digested pET28a his6-CtR2 WT to obtain the 
plasmid. The pET28a plasmid contains a gene coding for kanamycin resistance 
and uses a T7 promotor. Expression of CtR2 F127Y is induced with isopropyl-β-
D-thiogalactopyranoside (IPTG).   

 

 
Figure 1.4: Schematic drawing of the pET28a his6-
CtR2 F127Y plasmid. 

 

1.2.1 Experimental Procedures 

PCR was performed for both fragment I and fragment II using 30 bp primers. 
PCR reactions were performed in 100 µL containing 1 µM of each primer, 10 mM 
of each deoxynucleoside-triphosphate (dATP, dTTP, dCTP, and dGTP), 1.4 
ng/µL pET28a CtR2 WT, 0.02 U/µL Polymerase (Phusion ®, Finnzymes) in 
Phusion HF Reaction Buffer (Finnzymes). Each reaction mix was overlaid with a 
drop of mineral oil, before the PCR on Robocycler gradient 40 (Stratagene). Each 
mix was incubated at 95 °C for 5 minutes prior to 30 cycles of 1 minute at 95 °C, 
50 seconds at 54 °C and 2 minutes at 72 °C. After the cycles the reaction mixes 
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were incubated at 72 °C for 4 minutes. The PCR reaction mixes were recovered 
without mineral oil and 10 µL 3 M NaCH3COO, pH 5.5, 4 °C and 385 µL ethanol 
(-20°C) was added to each mix and solutions were incubated at -80 °C for 15 
minutes. The reaction mixes were centrifuged at 14,000 rpm for 10 minutes at 4 
°C, the supernatant discarded and the pellet resuspended in double distilled 
water (ddH2O) and loaded onto a 1 % agarose gel. Upon running the gel, the two 
fragments were recovered by cutting bands out of the gel and purifying them 
using Qiaquick kit (Qiagen). 
 
Purified PCR products were digested by addition of restriction enzymes (New 
England Biolab). Fragment I was digested with NdeI and BsrGI and fragment II 
was digested with BsrGI and XhoI. The solutions were incubated at 37 °C for 3 
hours. After 1½ hours additional restriction enzyme was added (NdeI and BsrGI 
for fragment I and BsrGI and XhoI for fragment II). The digestion products were 
loaded on a 1 % agarose gel and bands with digested fragment I and fragment II 
were cut out of the gel and purified using Qiaquick kit (Qiagen).  Digested 
fragment I, digested fragment II and digested (NdeI and BsrGI) pET28a CtR2 WT 
were incubated with ligase (T4 DNA ligase, New England biolab) at 15 °C over 
night. After ligation the constructed plasmid were transformed into cells 
competent for propagation of the plasmid. 20 μL GC5™ Competent Cells (Sigma-
Aldrich) were transferred to prechilled, sterile 5 mL tubes. 5 µL ligation reaction 
mix were added and the cells were incubated for 30 minutes on ice. Cells were 
heat shocked at 42 °C for 45 seconds and incubated on ice for three minutes. 
250 μL SOC media was added and the tube was incubated at 37 °C for one hour. 
Cells were streaked on an LB agar plate, 50 μg/L kanamycin sulfate and 
incubated over night. 10 mL Rich LB media with 50 μg/L kanamycin sulfate was 
inoculated with one colony from the transformation and the cells were incubated 
at 37 °C over night, and the plasmid was purified using Wizard Mini-Prep kit 
(Promega). Sequence analysis confirmed the sequence of CtR2 F127Y in the 
plasmid. 
 
After confirmation by sequence analysis the plasmid was transformed into cells 
competent for protein expression. 10 μL BL21(DE3) cells were transferred to 
prechilled, sterile 5 mL tubes. 1 μL plasmid solution was added and the cells 
were incubated for 30 minutes on ice. Cells were heat shocked at 42 °C for 45 
seconds and incubated on ice for three minutes. 250 μL SOC media was added 
and the tube was incubated at 37 °C for one hour. Cells were streaked on an LB 
agar plate, 50 μg/L kanamycin sulfate and incubated over night. Glycerol stock 
was prepared by inoculating 10 mL LB rich media with a single colony until the 
culture became slightly turbid. 50 (v/v) % glycerol was added and the stock was 
stored at -80 °C. 
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1.3 Cell Cultivation and Purification of CtR2 F127Y  

1.3.1 Cultivation and Purification 

Expression strain from glycerol stock, see section 1.2.1, was streaked on a LB 
agar plate with 50 µg/L kanamycin sulfate and incubated at 37 °C for 12 hours. 
One colony was selected and used to inoculate 200 mL LB rich broth media with 
50 µg/L kanamycin sulfate. The preculture was shaken at 250 rpm at 37 °C for 12 
hours. Six portions of 20 mL preculture were each used to inoculate 1 L LB rich 
broth media with 50 µg/L kanamycin sulfate and the cultures were incubated at 
37 °C while shaken at 250 rpm until an OD600 of 0.7 was obtained. The cultures 
were cooled on ice for about 10 minutes and IPTG (final concentration: 200 µM) 
were added. The cultures were incubated at 250 rpm at 20 °C for ~20 hours.  
 
Cultures were cooled on ice prior to centrifugation at 10,000 g for 15 minutes. 
The supernatant was discarded and the pellet resuspended in (1 mL/g cells) 50 
mM Tris/HCl, 10 mM imidazole, 0.25 mM PMSF, 10 % (v/v) glycerol pH 7.6 and 
lysed in a French press. The lysate was centrifuged at 10,000 g for 15 minutes. 
The pellet was discarded and the supernatant was stirred gently for 1 hour at 4 
°C with a Ni-NTA resin (Qiagen GmbH, 1 mL resin pr 10 mL lysate). The slurry 
was poured in an empty column and the liquid was removed by gravity. The 
column was then washed with 3 CV 50 mM Tris/HCl, 20 mM Imidazole, 10 % 
(v/v) glycerol pH 7.6 and the protein was eluted with 4 CV 50 mM Tris/HCl, 250 
mM Imidazole, 10 % (v/v) glycerol pH 7.6. The collected fractions were 
concentrated using Centriprep YM-30 (Millipore) until a final volume of ~15 mL 
was obtained. The solution was frozen in liquid nitrogen and stored – 80°C. 

1.3.2 Removal of Metal Ions from CtR2 F127Y 

To remove iron from the protein it was treated with ferrozine in the following way 
[4]. The protein was thawed and incubated in a glovebox for about one hour. 
Sodium dithionite (stock solution: 500 mM Na2S2O4, 1 M Tris/HCl pH 8.0) and 
methyl viologen (stock solution: 2 mM in ddH2O) were added to give final 
concentrations of 6 mM and 20 µM, respectively. The solution was incubated in 
the glovebox for 1 - 2 hours. Ferrozine (stock solution: 100mM in ddH2O) was 
added to a final concentration of 10 x the concentration of iron (determined by 
ferrozine assay, see section 1.3.2.1). The protein solution was removed from the 
glovebox and loaded onto a 30/88 G-25 Sephadex column equilibrated with 100 
mM Hepes/HCl, 10 % (v/v) glycerol, pH 7.6. The protein was eluted with the 
same buffer at 2.0 mL/min in fractions of 4 mL. Colorless fractions with A280>1 
was collected and concentrated using Centriprep YM-30 (Millipore) at 4 °C. The 
solution was dialyzed once against 2 L 100 mM Hepes/HCl, 10 mM EDTA, 10 % 
(v/v) glycerol, pH 7.6 and two times against 2 L 100 mM Hepes/HCl, 10 mM 
EDTA, 10 % (v/v) glycerol, pH 7.6 to remove additional metal ions. The protein 
solution was concentrated using Centriprep YM-30 (Millipore)to a final volume of 
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~3 mL. The protein concentration was determined using absorptivity determined 
by the method described by Gill and von Hippel [5], resulting in ε280= 60850 M-

1cm-1. All concentrations are given for dimers, i.e. ε280= 121700 M-1cm-1. 

1.3.2.1 Ferrozine Assay 

The concentration of iron was determined before and after removing iron from the 
protein using the ferrozine assay described in [4]. 12.5 nmol Ct R2 F127Y (c = 
150-250 µM) was denaturated with 20 % (v/v) 50 % TCA. The mix was 
centrifuged at 14,000 g for 2 minutes at room temperature. The supernatant was 
diluted in water to final volume of 500 µL, and a blank sample of 500 µL water 
was also prepared. To each solution (sample and control) 20 µL 75 mM ascorbic 
acid, 20 µL 10 mM Ferrozine, and 120 µL saturated ammonium acetate was 
added. Absorbance of the sample at 562 nm was measured using the control 
sample as blank. The amount of iron in the sample was calculated using ε562 = 
26.4 mM-1cm-1 [4]. 

1.3.3 Results and Discussion 

Cell cultivation led to a yield of 83 g cells, and purification on the Ni-NTA column 
was followed by SDS-PAGE, see Figure 1.5. Fractions E1 and E2 were collected 
as the SDS-PAGE showed that these fractions contained a protein with the 
desired molecular weight (calculated weight of CtR2 F127Y = 42.7 kDa). 
Ferrozine assays resulted in 0.92 eq. iron per CtR2 F127Y dimer before ferrozine 
chelation of the protein, and 0.02 eq after removal of iron. The final protein yield 
after dialysis was 681 mg determined by UV-vis (2.28 mM CtR2 F127Y dimer in 
~3.5 mL). The purified protein was frozen in liquid nitrogen and stored at -80 °C. 
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Figure 1.5: Harvesting and purification of CtR2 F127Y monitored by SDS-PAGE. M: 
Marker low range (Bio-Rad 161-0305), P: Pellet from centrifugation of lysed cells, S: 
Supernatant of lysed cells, FT: Flow through from Ni-NTA column, W1 and W2: 
eluent when column wash washed, E1-4: elution volume 1-4. 
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1.4 Activity Measurements of CtR2 F127Y 

1.4.1 Time Dependent Activity of CtR2 F127Y  

Frozen solutions of CtR2 wild type (WT) and CtR2 F127Y (~200 µM in ~100-150 
µL) were transferred in to a glovebox and incubated at room temperature for 
about 1 hour to remove oxygen from the samples. Two equivalents of both 
manganese and iron were added from 10 mM stock solutions to the metal-
depleted proteins. Protein solutions were taken out of the glovebox and the 
activity was tested at various times after air exposure as described in 1.4.1.1. 

1.4.1.1 Activity Assay 

The activity of CtR2 F127Y was tested using the method described in [4]. Activity 
was tested in an assay mix consisting of 20 µM CtR2 F127Y or CtR2 WT, 200 µM 
CtR1, 2 mM ATP, 2 mM CDP, 10 mM DTT, 12.6 mM magnesium acetate, 1 mM 
EDTA in 100 mM Hepes/HCl, 10 % (v/v) glycerol, pH 7.6 in a total volume of 200 
µL. The assay was initiated by addition of CtR2 F127Y or CtR2 WT and the mix 
was allowed to react for 1 minute before quenching with HCl (final concentration 
50 mM) and filtered through a Microcon YM-3 microcentrifuge filter. Turnover was 
measured by mass spectrometry with electrospray ionization in a negative ion 
mode. The ratio of dCDP and CDP peaks were used to determine the relative 
concentrations between the two, and the turnover could be calculated. The 
experiment was performed three times for both CtR2 WT and CtR2 F127Y. 

1.4.2 Results and Discussion 

The activity of CtR2 WT (blue) and CtR2 F127Y (red) are shown in Figure 1.6. 
The activity of WT increases to a maximum after ~5-10 minutes and remained 
constant within the time frame of the experiment. The activity of the F127Y 
variant is comparable to that of the WT at early time points but decreases after 
that. There is almost no activity after one hour of air exposure. The activity 
measurements show that CtR2 F127Y can be activated by oxygen, and 
apparently the activity of the protein is comparable to that of CtR2 WT on a short 
time scale. However, it appears that the introduction of tyrosine near the [Mn-Fe] 
center causes the cofactor to be unstable and activity is lost. An explanation 
could be, that a tyrosyl radical is formed, analogue to what is observed in EcR2, 
and that this leaves the cofactor inactive. 

1.5 EPR Studies of CtR2 F127Y 

1.5.1 Freeze-quench EPR 

CtR2 F127Y purified as described in section 1.3 was thawed on ice and diluted to 
333 µM (determined by UV-vis) in 2.5 mL 100 mM Hepes/HCl pH 7.6, 10 % (v/v) 
glycerol. The protein solution was deoxygenated by alternating vacuum and 
argon  exposure (each about  30  seconds)  eight  times  and  leaving  the protein  
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Figure 1.6: Activity of CtR2 as a function of time exposed to air. Blue: CtR2 
WT and red: CtR2 F127Y. 

 
solution in argon atmosphere for 10 minutes. The deoxygenation procedure was 
repeated eight times. In a glovebox three equivalents of manganese (from 10 mM 
MnSO4 stock) and one equivalent of iron (from 10 mM Fe(NH4SO4)2 stock) was 
added. 100 mM Hepes/HCl pH 7.6, 10 % (v/v) glycerol was saturated with O2 at 5 
°C by exposure to alternating oxygen and vacuum atmosphere (10 minutes of 
each). This was repeated ten times. Equal volumes of solution deoxygenated 
CtR2 F127Y and oxygenated buffer were allowed to react at 5 °C and freeze-
quenched as described in [6].  

1.5.2 EPR Sample of the Final Product Upon Oxygen Exposure 

An additional EPR sample to obtain the inactive product observed for long 
incubation times in activity measurements (see section 1.4) of the reaction of 
CtR2 F127Y with oxygen was prepared. Three equivalents of manganese (from 
10 mM MnSO4 stock) and one equivalent of iron (from 10 mM 57Fe2+ stock, 
prepared as described [7]) was added to 200 µM CtR2 F127Y in 100 mM 
Hepes/HCl pH 7.6, 10 % (v/v) glycerol. The solution was kept on ice and stirred 
gently for one hour before dialysis at 5 °C against 20 mM Hepes/HCl, 10 mM 
EDTA pH 7.6 for five hours, then 20 mM Hepes/HCl pH 7.6 over night and finally 
100 mM Hepes/HCl pH 7.6, 10 % (v/v) glycerol for 24 hours. The solution was 
concentrated using Centriprep YM-30 (Millipore). 300 µL was transferred to an 
EPR tube and frozen in liquid nitrogen. 
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1.5.3 EPR Measurements 

EPR measurements were performed using an ESP300 spectrometer (Bruker) 
equipped with a ER 041 MR Microwave Bridge and a 4102ST X-band Resonator 
(Bruker) and He(l) cooling system. 

1.5.4 Results and Discussion 

EPR spectra of the freeze-quenched samples are shown in Figure 1.7. From 
each spectrum contribution from Mn2+ in solution was removed by subtracting the  

 
Figure 1.7: X-band EPR spectra of the freeze-quenched EPR 
samples of CtR2 F127Y, quenched at the times indicated. Bottom 
spectrum is the EPR spectrum of CtR2 WT [MnIV-FeIV]. 
Measurement conditions for the freeze-quenched samples of 
CtR2 F127Y: protein concentration: 167 µM, microwave power: 
200 µW, modulation amplitude: 10, Temperature: 14 K. Gains are 
comparable (but not for WT) 

2800 3000 3200 3400 3600 3800

CtR2 WT [MnIV-FeIV]

CtR2 F127Y 140 s

CtR2 F127Y 5.36 s

CtR2 F127Y 1.6 s

CtR2 F127Y 360 ms

Field (Gauss)

CtR2 F127Y 57 ms
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EPR spectrum of the anaerobic reconstituted protein solution (t = 0). For 
comparison the EPR spectrum of CtR2 WT [MnIV-FeIV] is shown at the bottom of 
the figure. The freeze-quenched samples of CtR2 F127Y shows that an EPR 
signal is formed and the shape of the spectrum is very similar to that of CtR2 WT 
[MnIV-FeIV]. The intensity of the spectrum is very small at early time points but 
reaches a maximum (360 ms – 1.6 s) and decreases again. This is also observed 
for CtR2 WT [1] where the CtR2 WT [MnIV-FeIV] is an intermediate in the 
activation of the cofactor. There is a sharp feature at ~3400 G in the spectrum of 
the sample quenched after 1.6 s. This could be the tyrosyl radical at tyrosine that 
was introduced in this variant (Y127). The EPR spectrum of the sample that 
contains the final product of reaction with oxygen is shown in Figure 1.8. The 
spectrum shows a different signal than what was observed at times shorter than 
140 s. This new spectrum could be the [MnIII-FeIII] state, which is inactive. For 
comparison the EPR spectrum of CtR2 WT [MnIII-FeIII] is shown. The spectra are 
similar, but not identical, which could be result of the introduction of the tyrosine 
and the fact that CtR2 F127Y was reconstituted with 57Fe. 

 
 
Figure 1.8: X-band EPR spectra of CtR2 F127Y after reaction with O2 
Measurement conditions for CtR2 F127Y: protein concentration: 336µM, 
microwave power: 200 µW, modulation amplitude: 10, Temperature: ~14 K. 
Bottom spectrum is an EPR spectrum of CtR2 WT [MnIII-FeIII] without 
coordination of CtR1 provided by Wei Jiang. 
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CtR2 WT [MnIII-FeIII]
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CtR2 F127Y
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1.6 Concluding Remarks 

The experimental work presented shows that CtR2 F127Y can be activated from 
the [MnII-FeII] state, but that the variant is deactivated within an hour at ambient 
temperature. The deactivation of the enzyme is probably caused by the formation 
of an unstable tyrosyl radical in the variant. Freeze-quenched EPR samples 
showed that the [MnIV-FeIV] state is formed transiently and that the protein 
reaches an EPR silent state before the inactive [MnIII-FeIII] state is reached. This 
is in line with the observed activity loss. In CtR2 WT an intermediate [MnIV-FeIV] 
state is formed upon activation with O2, and the active form of the cofactor is EPR 
silent. The variant is apparently activated in a similar way as WT with a [MnIV-
FeIV] intermediate and reaches the active [MnIV-FeIII] state. However, the active 
form is not stable as in WT and decays to the inactive [MnIII-FeIII] state in the 
variant. 
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