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Abstract
Proteins in the Ferritin-like superfamily are characterized by a four alpha-helical structural motif. These proteins are
distributed across all three kingdoms of life and perform a wide range of functions. Several members in this protein
superfamily can activate dioxygen using a di-metal active site coordinated by four carboxylate and two histidine amino
acid residues. The resulting diverse set of dioxygen activated intermediates is used in nature to perform complex redox
chemical reaction in cells. The R2 subunit of class I Ribonucleotide reductase and soluble Methane monooxygenase are the
most well-characterized groups of proteins in this superfamily. Upon oxygen (or reduced-oxygen) activation of the di-metal
site, the R2 subunit can generate a catalytic radical required for the conversion of ribonucleotides to deoxyribonucleotides,
while soluble Methane monooxygenase can oxidize methane to methanol in an alternative form of carbon assimilation.

The work presented in this thesis aims to better understand metal selectivity, working and the regulation of substrate
specificity in various proteins of the Ferritin-like superfamily, and the development of a novel method to study radiation-
sensitive intermediates. The papers discussed in this thesis present crystallographic and spectroscopic studies of several
Ferritin-like superfamily proteins.

In paper I, the assembly mechanisms of the heterodinuclear manganese-iron cofactor in a class Ic R2 protein and an R2-
like ligand-binding oxidase are compared. Paper II presents the discovery of a novel radical-generating subunit subclass of
Ribonucleotide reductase in Mollicutes, including mycoplasma pathogens, that breaks the paradigm of metal requirement
for radical translocation and catalysis. This new subclass, denoted class Ie, is shown to instead use an unprecedented
modified tyrosine DOPA residue in its four-helix bundle for radical translocation and storage. Paper III presents a
new X-ray free-electron laser sample delivery system that combines acoustic droplet ejection with a drop-on-tape setup,
allowing simultaneous multimodal X-ray diffraction and X-ray emission data collection. This setup is also shown to
support photochemical and chemical activation of catalysis in crystals, allowing the study of radiation-sensitive transient
reaction intermediates. We used this setup in paper IV to solve the first radiation damage-free crystallographic structures
of the soluble methane monooxygenase hydroxylase and its regulatory subunit complex from Methylosinus trichosporium
OB3b. The high-resolution crystal structures of the complex, in both di-ferrous and di-ferric oxidation states, illustrate the
structural reorganization in the hydroxylase subunit upon binding to the regulatory subunit.

These results illustrate the functional range and flexibility in the Ferritin-like protein superfamily. Including the
distinctive metal discrimination in heterodinuclear metalloproteins, influencing substrate specificity in sMMO, and using
a novel metal-free DOPA radical to catalyze ribonucleotide reduction in the class Ie R2 subclass. Experiments using the
novel ADE-DOT setup also showed promising progress towards determining the highly sought-after structures of di-metal
oxygen activated intermediates such as X and Q in subclass Ia R2 and sMMO, respectively.
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1 Introduction 

1.1 Proteins and Metals 
 
Proteins are the workhorses of a living cell. They are complex macromole-
cules that are programmed to perform useful tasks. They provide structural 
rigidity, intracellular transport of nutrients, upkeep of DNA, cell-to-cell sig-
naling, response to external stimuli, and act as catalysts in vital biochemical 
reactions. Proteins help a cell or an organism to survive, respond, and com-
municate in its environment. However, those that perform chemical reactions 
are particularly interesting to study and understand; such proteins are called 
Enzymes.   
 
Enzymes are highly specialized proteins that perform most of the biochemical 
reactions in a living cell. Enzymes act as catalysts and can accelerate a bio-
chemical reaction by several orders of magnitude. The secret to this impres-
sive feat lies with the binding energy of the substrate to the enzyme. Binding 
energy and the formation of the enzyme-substrate complex has two functions. 
It increases the substrate specificity of the enzyme, lowers the activation en-
ergy of a chemical reaction and thus enhances the reaction rate. A high degree 
of substrate specificity and specific catalytic properties allow enzymes to act 
as miniature industries in a living cell. 
 
Enzymes perform a broad range of chemical reactions in a cell and are classi-
fied into six categories: oxidoreductases, transferases, hydrolases, lyases, lig-
ases, and isomerases.  
 
Oxidoreductases are a fascinating class of enzymes. These enzymes catalyse 
oxidation-reduction, or redox reactions, that involve the transfer of electron(s) 
from one molecule to another. The molecule that loses an electron is oxidized 
and the molecule gaining electrons is reduced.  
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A + B = A+ + B-                    (1) 
A = A+ + e-  (half reaction 1 – A is oxidized)         (2) 
B + e- = B-   (half reaction 2 – B is reduced)          (3) 

 
This ‘flow’ of electrons in oxidation-reduction reactions is vital for all energy 
transfer reactions in a living cell. Synthesis of complex macromolecules that 
store energy during photosynthesis in plants and the catabolic breakdown of 
such macromolecules in living cells to provide energy are all fundamentally 
oxidation-reduction reactions, as depicted in Figure 1.  

 

 

Amino acid sidechains, the protein backbone, and small molecules or ions- 
called cofactors, contribute to catalysis as electron donors and acceptors in 
oxidation-reduction enzymes. Cofactors can be described as non-proteina-
ceous, organic, or inorganic molecules that facilitate catalysis by covalently 
or non-covalently binding to an enzyme. Pyridoxal Phosphate (PLP), Flavin 
Mononucleotide (FMN), Flavin Adenine Dinucleotide (FAD), and Coenzyme 
A are examples of organic cofactors. A few such organic cofactors are capable 
of conducting electrons between different enzymes and can act as universal 
electron carriers. Inorganic cofactors, on the other hand, consist of metal ions; 
Fe2+, Cu+, Mg2+ are a few examples. Proteins that bind inorganic cofactors are 
called metalloproteins.  
 
Approximately 30% of all genome-encoded proteins are metalloproteins, with 
metal cofactors directly or indirectly participating in catalytic activity in 30-
50% of all enzymes [1]. These metal cofactors range from a single ion, coor-
dinated directly by the protein, or in a caged porphyrin ring such as in heme-
proteins, to large heteronuclear metal clusters such as iron-sulfur cluster pro-
teins, as seen in Figure 2. 

Figure 1. Oxidation-reduction reactions in carbon fixation and oxygen evolution cy-
cle. 
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Despite such diversity in the size and assortment of metal cofactors, the func-
tion of active site metal cofactors can be broadly classified into five groups 
[5]: 
 

1. Structural – part of tertiary or quaternary protein structure. 
2. Storage – uptake and release of metals in their soluble form. 
3. Electron transfer – uptake and release of electrons. 
4. Dioxygen binding – uptake and release of oxygen.  
5. Catalytic – activation and turnover of substrates. 

 
In this thesis, we will not focus on structural metal-protein complexes. The 
redox reactions in the rest of the groups have been discussed in varying detail 
as we go along.  
 
Alkali metals, such as Na+ and K+, do not bind to ligands strongly and thus are 
ideal for maintaining potential across membranes. Alkaline earth metals, like 
Mg2+ and Ca2+, do bind stronger than alkali metals, but do not have other ac-
cessible oxidation states and hence are delegated to signal transmission and 
structural roles in a cell [6], [7]. Transition metals, by their nature, are ideal 
candidates to make up redox centers in proteins. They function as electron 
reservoirs in redox reactions and can participate as electron sources or electron 
sinks in a reaction, with the exception of Zn2+ [7]–[11]. This property of tran-
sition metal ions is derived from their partially filled d and f-orbitals [8], and 
hence can donate or accept multiple electrons at high redox potential, without 
turning into an unstable radical species. With each addition or subtraction of 
electrons, metal ions undergo a change in their oxidation state. The properties 
of metal ions, such as electronic structure, redox potential, and coordination 
geometry can change drastically with their oxidation states [8]. For example, 

Figure 2. Diversity in iron cofactors. (A) Non-heme, mono-nuclear iron core in 
isopenicillin-N-synthase from Aspergillus nidulans [2], (B) Heme iron in cytochrome 
C from Alcaligenes xylosoxidans [3], (C) Iron7-molybdenum-sulfur9 and iron8-sulfur7 
cluster in nitrogenase MoFe protein from Azotobacter vinelandii [4]. 
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copper in its 1+ oxidation state is essentially insoluble in water, but is water-
soluble in its 2+ oxidation state. 
 
Moreover, the redox potential and hence the driving force of a metal catalyst 
depends on more than just its oxidation state. The coordination environment 
of a protein to a metal cofactor can also vastly influence its redox potential. 
Consequently, depending on the ligand motif and the protein fold environ-
ment, the redox potential of a metal cofactor can be tuned so that metal ions 
in the same oxidation state can function with different redox potentials, as 
illustrated in Figure 3 [12]–[14].  
 

 

 
Using the redox-potential range of metal ions influenced by the oxidation state 
and careful construction of primary and secondary coordination spheres, Na-
ture has been able to design numerous tunable catalytic redox centers. These 
redox centers are the core of many diverse reactions that are catalyzed by en-
zymes [9], [16]. In reactions involving electron transfers over 14 Å distance, 
electrons are commonly shuttled through such metal redox centers connected 
by redox-active amino acids [10], [17], [18]. 
 

Figure 3. Range of redox potential available in biologically relevant metal cofactors. 
Adapted from [15]. 
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1.2 Metal-catalyzed O2 activation 

1.2.1 Oxygen 
 
Photosynthetic systems in cyanobacteria and plants utilize solar energy to fix 
CO2. In this process vast amounts of energy are stored in the form of reduced 
organic compounds and its byproduct - molecular oxygen.  
 
Oxygen or dioxygen (•O-O•) in its abundant ground state is a paramagnetic, 
di-radical triplet spin species with two unpaired parallel-spin electrons in two 
distinct p-orbitals [19], [20]. Interestingly, this di-radical triplet spin species 
constitutes almost 21% of the Earth’s atmosphere [21]. Given the extremely 
reactive nature of most mono-radical and di-radical species, dioxygen unchar-
acteristically, despite its two unpaired electrons, is a curiously stable molecule 
[19], [20]. The thermochemical stability of dioxygen can be attributed to the 
resonance stabilization of the unpaired electrons across its outermost shell, 
contributing to a strong p-bond and a weak s-bond [22].  

 
This unpaired parallel-spin triplet spin state of dioxygen imposes a highly se-
lective reactivity. Acquiring two electrons would fill the p-orbital, but these 
electrons should belong to a substrate of doublet state (unpaired electrons) 
[23]–[27]. Wigner’s spin state rule forbids chemical reactions involving sin-
glet-state (paired electrons) substrates with triplet-state oxygen to yield singlet 
spin state products [28]. Most organic molecules have paired electrons in their 
outer shell and thus cannot break the O-O bond. However, transition metals 
as discussed earlier, are paramagnetic with partially filled d and f-orbitals and 
can act as electron donors to break the dioxygen bond [5], [25], [26]. Radical 
species have ‘electron holes’, making them paramagnetic because of the un-
paired electrons (doublet state) in their valence shell, and can thus activate 
oxygen [26], [29]. 
 
Oxygen is highly electronegative and hence has a low affinity towards the first 
electron. However, upon one-electron reduction, by e.g. a strong metal elec-
tron donor, the resonance stabilization in the p-orbital is broken to generate an 
oxygen superoxide (-O-O•) making further reduction of the dioxygen feasible 
[22], [30]. Transition metals can be seen here as initiators of the oxygen acti-
vation reaction. Further, one-electron reduction of the oxygen superoxide gen-
erates an oxygen peroxide (-O-O-) species. A transient metal-superoxo and 
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metal-dioxo species are generated, respectively, as shown in the following 
steps [22], [30].  

 
Mn + •O-O• Þ Mn+1 + -O-O•                (4) 
Mn+1 + -O-O• Þ Mn+2 + -O-O-               (5) 
 
Two more electrons are required to break the dioxygen bond entirely and can 
be mechanistically advanced over two different pathways [25], [27]. Hetero-
lytic cleavage of the dioxygen bond is a two-electron process in which an ionic 
species may be observed, but no free-radical species intermediates are gener-
ated. Conversely, homolytic dioxygen bond cleavage is a one-electron process 
where free-radical species intermediates are generated [25], [27], [31]. Hence, 
homolytic dioxygen reactions are highly regulated in living organisms [25], 
[32].  
 
Such oxygen activation redox chemical reactions are a much sought-after tool 
in the chemical process industry. Activation and utilization of the free atmos-
pheric dioxygen as an alternative ‘waste-free’ and ‘green’ oxidant has enor-
mous implication in this industry. This can replace the use of harmful chemi-
cal oxidants such as dichromate, permanganate and osmium tetroxide, that 
produce high molecular weight inorganic salt wastes [24], [33], [34]. 
 

1.2.2 Iron 
 
Iron is one of the most versatile and commonly used cofactors in enzymes. It 
is also one of the most commonly occurring elements on Earth. It mostly exists 
in two interconvertible redox states, a reduced 2+ (II) and an oxidized 3+ (III) 
state. Iron, in its 4+ (IV) state, is a highly reactive and short-lived species and 
hence is a common intermediate in enzymatic reactions [7], [8], [35]. In a few 
metalloproteins however, a transient 5+ has also been observed in their cata-
lytic cycle [36]–[38]. A higher oxidation state indicates a stronger oxidant. 
Along with its various oxidation states, iron can also provide a redox potential 
in the range of -300 to 700 mV, which can be tuned by altering its coordination 
sphere, along with its electronic spin state. This pliable nature of iron is used 
in many biological reactions, including O2/CO2 transport, aerobic cellular res-
piration, nitrogen and methane fixation, transcription regulation, DNA syn-
thesis, and xenobiotic compound degradation [39]. Based on coordination 
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chemistry of the metal, iron metalloproteins involved in the above reactions 
can be classified into three different groups, as in Figure 2 [40], [41]: 

 
- Heme-binding proteins 
- Iron-sulfur cluster binding proteins 
- Non-heme iron binding proteins 

 
When life began on Earth around 2.2 to 2.7 billion years ago, iron was a mild-
mannered metal in the then prevailing anoxic environment. However, the later 
turn of the atmosphere into an oxygen-rich environment increased toxicity of 
free-iron in cells [42], [43]. Iron can react with dioxygen or reduced oxygen 
species to generate reactive oxygen species that are harmful to living organ-
isms [32].  
 
O2

● + FeIII ⇒ FeII + O2     Iron reduction         (6)  
FeII + H2O2 ⇒ FeIII + OH● + OH Fenton reaction        (7)  
 
Haber – Weiss reaction, (6) + (7).  Upon Fe catalysis: 
O2

● + H2O2 ⇒ OH + OH● + O2               (8) 
 
Besides the potential iron toxicity, oxygenation of the environment also oxi-
dized the soluble iron in 2+ state to the insoluble 3+ state, making iron unavail-
able in several bio-habitats. In the presence of oxygen, iron thus became both 
unavailable and toxic, but was nonetheless necessary to perform biological 
functions. To avoid iron toxicity, the iron content in cells has to be carefully 
regulated to avoid both complete iron starvation and excess-iron induced tox-
icity [44].  
 
To overcome this iron-oxygen paradox, iron in cells is stored in a non-toxic 
form. Ferritins are the primary iron storage proteins in almost all living organ-
isms. Ferritin picks up iron in its soluble 2+ form and oxidizes it to its insoluble 
3+ form before depositing it as ferric oxy-hydroxy-phosphate mineral into its 
central cavity. This prevents accumulation of Fe2+ in the cell and thus reduces 
the production of reactive oxygen species. Ferritins can hold up to 4500 atoms 
of iron, and through a yet-to-be identified mechanism can reversibly release 
iron as and when required by the cell [45]–[48]. 
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2 The Ferritin-like superfamily 

 
The Ferritin-like superfamily of proteins shares a common four-alpha helix 
bundle core. Helices 1-2 and 3-4 are connected in an antiparallel arrangement 
and are consequently connected to each other through a crossover section, 
constructing an up-down-down-up helix topology (Figure 4). At the center of 
these four helices, a non-heme di-metal site is coordinated through carbox-
ylate and histidine residues. Apart from one of the metal-coordinating gluta-
mate/aspartate residues found on the first helix and an EXXH motif on the 
second helix, no other sequence conservation is found to be shared among the 
members of the Ferritin-like superfamily [49]–[52]. However, despite low se-
quence similarities, a strong structural similarity can be observed among the 
members of this family, along with a di-metal oxygen activation function. The 
metal ions, like in ferritins, are initially bound in the 2+ oxidation state and are 
commonly oxidized by oxygen. They can also generate high oxidation state 
intermediates, that are used to catalyze a variety of reactions [49]–[54]. 
Broadly, these reactions can be classified into the following categories; iron 
storage, oxygen and radical detoxification, substrate oxidation, and radical 
generation [49], [52].  

2.1.1 Iron storage - Ferritins 
 
As discussed earlier, this group of proteins is found across the plant, animal, 
and bacterial kingdoms. Bacterioferritin is another class of bacterial ferritins 
that holds a similar di-iron site in its protomers along with a 24-subunit hollow 
complex. However, unlike the standard ferritins, bacterioferritin also binds to 
a heme group at the interface of its subunits [55]–[57]. DNA-binding proteins 
from starved cells (Dps) differ from both ferritin and bacterioferritin. The pro-
tomers of Dps form a 12-subunit hollow complex and lack the di-iron binding 
site inside their four-helix bundle. They instead have a di-iron binding site at 
the interface of the protomer complexes. This configuration of metal-binding 
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protects DNA by depleting free ferrous iron in the cell and prevents peroxide 
damage by using hydrogen peroxide as the metal oxidant [58], [59]. 

2.1.2 Oxygen and radical detoxification - Manganese catalase 
 
Catalases are potent antioxidant proteins and can catalyze the reaction:  
2H2O2 Þ 2H2O+O2                   (9) 
Manganese catalases are an alternative to the more commonly found heme 
catalases. Manganese catalase binds to a di-manganese cofactor in its 2+ oxi-
dation state, and cycles between its 2+ and 3+ states, acting as an electron stor-
age site during catalytic turnover. Manganese catalase is an adaptation mech-
anism of the cell under iron limiting conditions and is thought to provide a 
selective advantage at extreme temperatures due to its robust four-helix bun-
dle architecture and relative inertness to its intermediates compared to heme 
catalases [60]–[62]. 

2.1.3 Substrate oxidation - Bacterial multicomponent 
monooxygenases 

 
Some bacteria utilize Bacterial Multicomponent Monooxygenases (BMMs) in 
a unique type of carbon fixation. They can use a variety of hydrocarbon com-
pounds as their sole source of carbon and energy [63]. BMMs catalyze the 
hydroxylation of various small inert hydrocarbon substrates with high speci-
ficity. BMMs are unique in the Ferritin-like superfamily, since a gene dupli-
cation and diversification event led to two subunits of Ferritin-like four-helix 
bundle proteins. The a subunit carries a di-iron site that, upon heterolytic ox-
ygen activation, generates a high-valent di-iron cofactor capable of one or 
two-electron oxidation of substrates. The b subunit bears a high structural sim-
ilarity to the N-terminus of the a subunit, but does not accommodate a metal-
binding site. Soluble methane monooxygenase, phenol oxygenase, and tolu-
ene monooxygenase are model examples of BMMs [64], [65].  
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2.1.4 Radical generation - R2 subunit of class I Ribonucleotide 
reductase 

 
Ribonucleotide reductase (RNR) catalyzes the reduction of all four ribonu-
cleic acid (RNA) precursors, ribonucleotides, to their respective deoxyribonu-
cleic acid (DNA) precursors, deoxyribonucleotides. In aerobic RNRs, this 
complex reaction is catalyzed by the R1 subunit by utilizing a radical provided 
by the R2 subunit. A canonical R2 subunit, upon oxygen activation of its di-
metal site in its core, generates this catalytic radical. Following ribonucleotide 
reduction in the R1 subunit, the radical is returned to the R2 subunit for safe-
keeping in the four-helix bundle until the next reaction [66]–[69].  
 
As evident, a common theme observed among the Ferritin-like superfamily of 
proteins is the utilization of oxygen to generate high-valent redox species of 
its di-metal cofactors. In the recent past, the high potential of this oxidized 
cofactor to perform a wide range of biochemical reactions with high specific-
ity has garnered much attention in the scientific and industrial community  
[53], [54].   
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Figure 4. The ferritin fold and the members of the ferritin-like superfamily. Crystal 
structures of Ribonucleotide reductase R2 [70], p-Aminobenzoate N-oxygenase 
(AurF) [71], Bacterrioferritin [72], Ferritin [73], DNA-binding protein from Dsp [74], 
hydrolase component of soluble MMO [75], Aldehyde-deformylating oxygenase 
(ADO) [76], Stearoyl-acyl carrier protein D9 -desaturase (D9D) [77], R2-like ligand 
binding oxidases[78] and Manganese catalase [79], highlighting the four-helix ferrtin-
fold bundle. 
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3 Ribonucleotide reductase 

 
As mentioned above, ribonucleotide reductases catalyze the conversion of di- 
or tri-phosphate ribonucleotides (NDPs or NTPs) to their respective deoxyri-
bonucleotides (dNDPs or dNTPs). In fact, RNRs are the only known enzyme 
system capable of de novo dNDP or dNTP synthesis, as represented in Figure 
5, and are hence conserved across all kingdoms of life [80], [81].  

 
The origin of RNRs marks a pivotal event in the evolution of life on Earth, 
leading to DNA becoming the preferred genetic source material in all cellular 
organisms, including many viruses [82]. According to the RNA-world hypoth-
esis, summarized in Figure 6, in a pre-DNA/protein era billions of years ago, 
before the oxygen enrichment of the atmosphere, RNA moonlighted as both 
catalyst and genetic storage material [82]–[84]. However, along with the ox-
ygen enrichment of the atmosphere, as we noted before, the redox chemistry 
capabilities of metal ions became more readily available to be utilized in en-
zymatic reactions. It is believed that, proteins undertook enzymatic reactions 
involving redox metal ions, since they are less vulnerable to high-valent metal 
ions and radical intermediates as compared to RNA enzymes. Catalytic activ-
ities were henceforth shared between proteins and catalytic RNA [82]–[85]. 
Ribosomes participate in protein synthesis across all branches of life and are 

Figure 5. De novo ribonucleotide reduction reaction catalyzed by RNRs. 
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part-protein part-RNA enzymes - an archaic remnant of this RNP-world [83], 
[84]. 
 

 

RNA molecules, however, are inherently unstable at higher pH and tempera-
tures. The electronegative nature of the 2´-OH group of NTPs makes them 
highly susceptible to oxidation, limiting the sustainable RNA genome size and 
complexity of organisms [82], [84]. In contrast, dNTPs lack this reactive OH 
at their 2´ position and are more chemically stable, making them the prevailing 
choice as genetic material [82], [84], [85].  

3.1 Classes of RNRs 
 
RNRs catalyze the complex oxygen-subtraction reaction in ribonucleotides 
via a transient cysteinyl radical [69], [80], [81], [86]. In all RNRs this catalytic 
radical is generated through a metal cofactor in a radical initiating site. During 
catalysis, the radical is transported to a conserved cysteine residue near the 
substrate binding site of the catalytic subunit [69], [80], [81], [86]. Depending 
on the type of metal cofactor in play, interaction with oxygen, and protein 
architecture, RNRs are classified into three different classes [69], [80], [81], 
[86]: 
 

- The class I RNR, radical initiating subunits (R2) have a Ferritin-like helix 
bundle to selectively bind iron and/or manganese in their di-metal center, 
which upon oxygen activation can generate and store the catalytic radical spe-
cies [87]–[89]. Class I is hence dependent on oxygen for activity [67], [90]. 
The metal specificity of the class I RNR is discussed further in the following 
sections.  

- In class II RNR, the radical is generated by homolytic cleavage of the 
carbon-cobalt bond in a vitamin B12-derivative/adenosylcobalamin [91], [92]. 

Figure 6. Proposed evolutionary steps in transition from the RNA world to the DNA 
world. 
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Class II is unique in RNRs, as they often consist of a single subunit that binds 
directly to the radical-generating metal cofactor [93], [94]. It is indifferent to 
the presence of oxygen [95].  

- In class III RNRs, the radical generating subunit contains a Fe4S4 cluster 
cofactor and a S-adenosyl-methionine (SAM) co-substrate [96]–[99]. The rad-
ical initiating subunit of this RNR belongs to a radical SAM family called 
Glycyl Radical Enzymes (GREs) [100]–[102]. A catalytic glycyl radical is 
generated upon homolytic cleavage of the SAM co-substrate at the iron-sulfur 
cluster [99], [103], [104]. The iron-sulfur clusters and glycyl radicals in class 
III RNRs are extremely oxygen-sensitive. 
 
The catalytic subunit, however, is conserved across all three classes and shares 
a common 10-stranded a/b-barrel motif [93], [104]–[106]. This conserves the 
allosteric regulation mechanism needed to maintain the ratios of different 
dNTPs, and between NTPs and dNTPs, to allow flexibility in DNA replication 
and repair in an organism [81], [107]–[109]. The location of the active site 
cysteine which, upon radical transfer initiates NTP reduction through a tran-
sient cysteinyl radical, is also conserved at the tip of a loop across all classes 
of RNRs suggesting a common catalytic mechanism [93], [104], [105]. Many 
organisms tend to have multiple classes of RNRs which are utilized according 
to the growth environment [110], [111]. 

 
 

3.2 Metal requirement and oxygen activation in the R2 
subunits of the class I RNR 

 
The oxygen-dependent class I RNR functional complex constitutes a dimer of 
two homodimers; the larger catalytic subunit (R1) dimer and the radical initi-
ator (R2) dimer. The R2 proteins share a common four-helix Ferritin-like ar-
chitecture, however, based on metal cofactor selectivity and radical species, 
they are further classified into subclasses 1a, 1b, 1c, and 1d [81], [86], [88], 
[89], [112]–[115].  
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3.2.1 Class Ia 
 
Class Ia, from Escherichia coli, was the first radical initiator protein to be 
studied [116]. In fact, it was also the first instance of observing a non-metal 
protein radical [117], [118]. Class Ia uses a di-iron cofactor to generate this 
stable radical. Similar to ferritins, the iron metal ions are initially coordinated 
in a reduced FeII/ FeII oxidation state. A 4-electron oxygen cleavage at the 
active site, with a simultaneous single-electron injection from a nearby tryp-
tophan (W48) residue, generates a transient diamond core FeIII/ FeIV cofactor. 
The geometric architecture of this short-lived intermediate is yet to be agreed 
upon and is under debate between a bis-µ-oxo / µ-oxo-µ-hydroxo [119], [120], 
or a single oxo bridge and a protein-derived second bridging ligand [121], 
[122], with a terminal hydroxo species. This intermediate state is denoted as 
‘X’ [123]–[126]. Intermediate X readily attacks a nearby tyrosine (Tyr122) to 
generate a tyrosyl radical, and is successively reduced to a stable µ-oxo 
bridged FeIII/ FeIII oxidation state [87], [123]. Class Ia R2 (R2a) from E. coli 
continues to be a model system to study di-iron oxygen activation, high valent 
di-iron intermediates, and radical generation/stability in proteins. The oxygen 
activation reaction in R2a can be summarized as:  

 
R2a-Tyr122(OH) + FeII/ FeII + O2 + e- + H+ ⇒  

R2a-Tyr122(O•) + FeIII/ FeIII -O2-+ H2O   (10) 

3.2.2 Class Ib 
 
RNR subclass Ib was first identified in Corynebacterium ammoniagenes 
[127]. Though initial characterization of R2 from C. ammoniagenes suggested 
it to be a manganese-dependent enzyme [128], [129], heterologously ex-
pressed metal-free protein failed to generate the catalytic radical when loaded 
with MnII [130], [131]. Oxygen activation and radical generation was observed 
when the R2 protein was loaded with FeII [130], [131]. However, homolo-
gously expressed class Ib R2 protein was shown to preferentially bind to a di-
manganese cofactor [132] and generate the catalytic tyrosyl radical required 
for RNR activity [133], [134]. In subsequent studies, a conjugate NrdI protein 
was identified to activate the MnII/ MnII cofactor in class Ib R2s [135]. NrdI 
is a flavoprotein encoded in class Ib operons across all organisms [111]. Under 
reducing conditions, the flavin mononucleotide (FMN) cofactor of NrdI, re-
acts with oxygen to generate a superoxide species. This superoxide species is 
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then channeled to the di-manganese cofactor to function as the metal oxidant 
in this class of R2s [132], [136]–[142]. Upon superoxide activation, an oxo- 
or a hydroxo- bridged MnIII/ MnIII center along with a tyrosyl radical is gener-
ated [132], [136]. The class Ib R2 is suggested to be advantageous under oxi-
dative stress or iron starvation conditions [143]–[145].  

3.2.3 Class Ic 
 
In all of the aerobic RNR R2s discussed so far, the radical harboring tyrosine 
is an absolute requirement for RNR activity, and mutation of this tyrosine ren-
ders the R2 incapable of generating the catalytic radical species [146]. How-
ever, in subclass Ic R2s, this essential tyrosine is replaced by a redox inactive 
phenylalanine residue, as was first structurally observed in Chlamydia tracho-
matis R2 [147], [148]. Instead, a high-valent metal species was proposed to 
substitute the tyrosyl-radical [147]. Indeed, C. trachomatis R2 assembles an 
unprecedented heterodinuclear manganese-iron cofactor [149]–[152]. Upon 
oxygen activation, a short-lived MnIV/FeIV species with a suggested bis-µ-oxo 
bridge is generated [151], [153]. A single electron injection by W51, in the 
same vein as class Ia R2 activation, generates a mixed valent MnIV/FeIII cofac-
tor species with a proposed µ-oxo-µ-hydroxo core [151], [153], [154]. This 
species is similar to the oxidation state of intermediate ‘X’ in R2a. However, 
in class Ic R2s, this mixed-valent cofactor is capable of supporting RNR ac-
tivity, acting as a bioinorganic radical equivalent to the tyrosyl radical of class 
Ia and Ib R2s. Theoretical calculations suggest that this inorganic radical spe-
cies has a similar redox potential as the organic radicals of R2a and R2b, thus 
allowing reversible radical transfer between the R2 and the R1 subunits [154], 
[155]. The class Ic tyrosyl-radical free adaptation is predominantly found in 
pathogens and is hence suggested to be more resilient to radical scavengers 
produced by the immune system [147].  
 

3.2.4 Class Id 
 
The newly annotated subclass Id is a close relative of class Ia in terms of pro-
tein sequence, but prefers to bind a di-manganese cofactor like class Ib R2s. 
Surprisingly, class Id lacks the superoxide generating NrdI accessory protein 
necessary to activate a di-manganese cofactor. Instead, in vitro experiments 
indicate superoxide and hydrogen peroxide to be capable of oxidizing the di-
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manganese cofactor in subclass Id in solution. Although, the radical-harboring 
tyrosine is still present in class Id R2s, albeit a little further (7.6 Å) than usual 
from the metal center. Following a reduced-oxygen species activation, the 
metal cofactor in class Id does not generate a tyrosyl radical but instead gen-
erates a mixed valent MnIV/MnIII metal site, suggested to function similar to 
the bioinorganic radical of class Ic R2 [112]–[115]. 
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3.2.5 R2-like ligand binding oxidases 
 
Bioinformatic investigations into the heterobimetallic class Ic R2 unexpect-
edly led to the discovery of another class of proteins. This new class of pro-
teins conserved the metal coordinating residues and lacked the radical harbor-
ing tyrosine residue. Additionally, a drastic protein sequence reorganization 
and absence of the conserved radical-transfer pathway tyrosine was observed. 
The structure of the Mycobacterium tuberculosis Rv0233 protein revealed a 
R2-like four-helix bundle, with a large cavity housing a ligand directly coor-
dinating the hetero-binuclear manganese-iron site. This ligand cavity extends 
through the protein and protrudes towards the surface of the protein, indicating 
a non-RNR function. Additionally, a novel tyrosine (Tyr162) - valine (Val71) 
crosslink close to the metal site was observed which indicates the potential for 
two-electron oxidation reactions of the metal cofactor (similar to BMMs). The 
M. tuberculosis Rv0233 group of proteins was tentatively named R2-like lig-
and binding oxidases (R2lox) based on information inferred from the struc-
ture. Other proteins of this family have shown similar crosslink characteristics 
as depicted in Figure 8. Understanding the function and potential chemistry of 
this heterodinuclear manganese-iron cofactor in R2lox is currently underway 
[78], [160].  
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Looking at the metal requirements in subclasses of class I RNR and R2lox, 
the following two interesting observations stand out: 

3.3 Redox tuning of the cofactors 
 
A key aspect of class I RNR function, yet to be discussed here, is the proton-
coupled electron transport (PCET) based shuttling of the radical between the 
radical generating subunit and the catalytic subunit. For every catalytic reduc-
tion of NDPs, the radical is believed to be transported back-and-forth between 

Figure 8. Crystal structures of (A) Chlamydia trachomatis R2c [147], (B) Saccha-
ropolyspora erythraea R2c (SeR2c) [yet to be published], (C) Saccharopolyspora er-
ythraea R2lox [yet to be published], (D) Geobacillus kaustophilus R2lox (GkR2lox) 
[160], (E-F) Metal center of SeR2c and GkR2lox, (G) GkR2lox active site showing 
the bound ligand, (H) Tyrosine-valine ether cross-link in GkR2lox scaffold.  
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radical harboring moieties across both these subunits. A delicate redox bal-
ance needs to be maintained for this purpose [69], [80], [81], [86]. Any redox 
imbalance in either moiety could potentially leak the radical species into the 
cell, causing damage to any molecule that comes into contact with it. Notably, 
the substrate-binding site cysteine is conserved across all classes and sub-
classes of RNRs [93], [104], [105]. The radical generating subunit, con-
trastingly, has diverged into protein-based tyrosyl radical in class Ia and Ib 
R2s, and an inorganic MnIV/FeIII and MnIV/MnIII radical equivalent in class Ic 
and Id R2s. Redox fine-tuning of the radical initiation subunit to shuttle both 
organic and inorganic radicals is fascinating and yet to be understood entirely.  

3.4 Metal specificity of the protein scaffold 
All metalloproteins have evolved to function with a specific metal. Mismetal-
lation of an enzyme usually diminishes or completely abolishes its function 
[161], [162]. Among the first-row transition elements, divalent iron and man-
ganese bind to ligands with low affinity while zinc, nickel, copper, and cobalt 
bind with higher affinity and are typically metallochaperone-ligated to avoid 
any metal-induced toxicity [161], [163]. Iron and manganese, however, have 
been shown to exist in cellular ‘pools’ coordinating with organic and inorganic 
ligands in E. coli [164]–[166]. Similarities in the coordination chemistry of 
FeII and MnII can potentially lead to a mismetallation in a subpopulation of 
proteins. Mismetallation on a large scale would be a considerable waste of 
resources [167]. In the case of class I RNRs, the effects of in-vitro mismetal-
lation have been directly observed. A di-manganese loaded E. coli class Ia R2, 
di-iron loaded C. ammoniagenes class Ib R2, and di-manganese or di-iron 
loaded C. trachomatis class Ic R2, either cannot activate oxygen to generate 
the catalytic radical or can generate the radical but with diminished activity 
[130], [131], [162].   
 
A few systems, to encourage proper metallation and more importantly to avoid 
mismetallation, compartmentalize enzymes with their required metals. In 
these milieus, the binding of metals to proteins can be described using the 
Irving-Williams series [168].  Irving and Williams described that in the diva-
lent oxidation state, the stability and thus affinity of the metal-ligand complex 
increases in the order of Mn<Fe<Co<Ni<Cu>Zn. However, the preference of 
manganese over iron in site 1 of the heterodinuclear manganese-iron cofactor 
in class Ic R2 (R2c) and R2lox proteins cannot be explained by this series, 
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indicating that the cellular concentration of metals alone does not dictate as-
sembly of metal cofactors and that the protein scaffold also directly influences 
metal selectivity.  
 
Heterodinuclear assembly in R2c and R2lox is further complicated by (1) sim-
ilar coordination geometry preferences of divalent iron and manganese ions, 
(2) close proximity of structurally similar metal-binding site, (3) site-specific 
preference of manganese in site 1, and iron in site 2 [169]. X-ray crystallo-
graphic studies of C. trachomatis R2 crystals under anaerobic conditions 
showed that MnII could bind to either metal site in the absence of FeII. Upon 
the addition of FeII, it preferentially replaces MnII in site 2, thus assembling a 
MnII/FeII cofactor, even before oxygen activation [170]. Contrastingly, crys-
tallographic studies of G. kaustophilus R2lox revealed site 1 to be nonspecific 
to MnII or FeII, under anaerobic conditions. However, in the presence of O2, 
Mn is enriched in site 1 [160]. Therefore, O2 activation kinetics appears to 
play an important role in metal selectivity in R2lox, whereas metal selectivity 
in R2c could be said to be entirely thermodynamically controlled. These stud-
ies suggest that R2c and R2lox utilize different mechanisms to assemble the 
heterodinuclear metal cofactor. A direct comparison of cofactor assembly in 
these proteins, under the same experimental conditions, was required to ad-
dress this question, which was done in Paper I. 
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4 Nonconformist class I RNR R2s 

 
The biochemical de novo synthesis of dNTPs makes RNRs an essential en-
zyme in almost all living organisms. To this end, RNRs have, along with their 
host organisms, evolved to adapt to their milieus. For example, obligate aero-
bic organisms cannot use class III RNRs, while strict anaerobes cannot use 
class I RNRs. E. coli, a facultative organism, carries both these systems, and 
uses its class I RNR during aerobic growth and its class III RNR under anaer-
obic growth [110], [111].  
 
Most eukaryotes, live in iron-rich conditions and commonly use the di-iron Ia 
(R2a) RNR [145]. The mammalian immune system uses iron-scavenging pro-
teins such as transferrin and lactoferrins to limit the extracellular free iron 
concentration [39], [171]. Some pathogens, under such iron starvation or iron-
limiting conditions, use the di-manganese Ib (R2b) RNR to generate the cata-
lytic tyrosyl radical [133], [134]. Even so, the tyrosyl radical is still susceptible 
to hydrogen peroxide and radical scavengers produced by the host immune 
system [147]. Some pathogens (and extremophiles) have adapted to a 
MnIV/FeIII radical-equivalent cofactor that is potentially less susceptible to hy-
drogen peroxide and other radical scavengers produced by the host’s immune 
system [147], [172]. 
 
Nonetheless, since its first characterization in 1968 [173], [174], the oxygen 
activating R2a subunit and all of the other subclasses identified so far share a 
di-metal site that is coordinated by four carboxylate and two histidine residues 
[81], [86], [88], [89]. Recent genomic bioinformatic analysis has revealed 
many variants of the radical-generating subunit, including the new class Id 
[112]–[115]. Interestingly, sequences from the bacterial class ‘mollicutes’ re-
vealed R2 sequences that lacked three conserved glutamate residues that nor-
mally coordinate the di-metal center in the active site. However, all other es-
sential radical-harboring and radical shuttling residues, across the radical gen-
erating and catalytic subunit, are conserved. 
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Further investigation of these new R2 sequences from mollicutes showed an 
operon construction similar to class Ib, with genes coding for the catalytic 
subunit R1 (nrdE), the radical-initiating subunit (nrdF) and the auxiliary fla-
voprotein NrdI (nrdI). Two variants of the three-glutamate substituted R2s 
were identified; (1) a QSK variant – the glutamates replaced by glutamine, 
serine, and lysine, and (2) a VPK variant – the glutamates replaced by valine, 
proline, and lysine.  
 
Mycoplasmas are pathogens and colonizing agents across the plant, insect and 
animal kingdoms. They are distinguished, besides their small genomes, by the 
lack of a cell wall (hence the name, mollis=soft; cutis=skin, in Latin) [175], 
[176]. The lack of a cell wall also leads to resistance to b-lactam antibiotics 
that target the cell wall synthesis machinery. It has been proposed that mol-
licutes have evolved from gram-positive bacteria through degenerative loss of 
non-essential genes [175], [176]. In fact, Mycoplasma genitalium has the 
smallest known genome of any self-replicating organism, with 525 genes in a 
580 kbps genome [177]. Despite the small genome size, mycoplasmas are the 
causative agent for many human and poultry diseases [175], [178], [179]. Ta-
ble 1 shows some clinically important examples of human diseases such as, 
pneumonia caused by Mycoplasma pneumoniae, sternal wound infection 
caused by Mycoplasma hominis and urethritis/cervicitis caused by Myco-
plasma genitalium [175], [178]. 
 

 

Subgroup Diseases

M. hominis

Cervicitis, vaginitis, prostatitis

Conjunctivitis

Peripartum sepsis

Sternotomy infection, arthritis

M. pneumoniae URI, pneumonia

M. salivarium Periodontal disease

M. fermentans Multisystem disease in AIDS

M. genitalium Urethritis, cervicitis, PID

Ureaplasma spp Urethritis, upper GU infection

AIDS = acquired immunodeficiency syndrome; GU = genitourinary; 
PID=pelvic inflammatory disease; URI = upper respiratory tract infection.

Table 1. Clinically important mycoplasma infections in humans [178]. 
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The following studies have shown the function and importance of VPK-vari-
ant R2s in different organisms: 

 
- Britt-Marie Sjöberg and coworkers [180] studied the essentiality of NrdI 

for the function of the VPK R2 from Streptococcus pyogenes. S. pyogenes 
hosts two clusters of class Ib RNR, a standard di-manganese cofactor binding 
(nrdHEF-I) operon and the VPK variant (nrdI*E*F*) operon. They showed 
that both these genes were expressed simultaneously. A heterologous comple-
mentation assay showed that the nrdI*E*F* operon could rescue a tempera-
ture-sensitive RNR E. coli strain. They further demonstrated that NrdI of each 
operon could not cross-talk outside their respective operons.  
  

- Lloyd Finch and coworkers [181] studied the incorporation of 14C-la-
belled NTP precursors into cellular DNA by Mycoplasma mycoides. They 
demonstrated that M. mycoides could take up these radiolabeled precursors, 
convert them to their respective NTPs, and further reduce them to dNTPs be-
fore incorporating them into their DNA. They further demonstrated the effects 
of hydroxyurea, a R2 radical quenching compound [182], on the growth and 
cellular dNTP concentration in M. mycoides. In the presence of 1 mM hy-
droxyurea, the growth rate of M. mycoides cells decreased by 40%, and the 
intracellular concentration of dATP dropped by 42%, indicating a functioning 
class I RNR in M. mycoides. 
 

- Mollicutes have attracted much attention for their minimalist genome, es-
pecially to identify the smallest set of genes essential to create an artificial 
self-replicating cell. Craig Venter and coworkers [177] used transposon-dis-
ruption studies to determine essential and non-essential genes in Mycoplasma 
mycoides. Upon transposon transformation, the surviving cells were se-
quenced to identify genes that were disrupted by transposons, but did not have 
any effect on the viability of Mycoplasma mycoides. Interestingly, the VPK-
variant R2 genes, nrdEFI, were identified to be essential/quasi-essential. 
Thereby, the genes of the VPK-variant operon were included in the construc-
tion of the smallest self-replicating synthetic cell line, JCVI-syn3.0, with a 
total of 531 kbps and 473 genes. 
 
These studies support the notion that the VPK-variant R2 is a functioning 
RNR system and not just a vestigial operon. In which case, the following ques-
tions are raised: 
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- How does the VPK R2 variant coordinate a metal cofactor while miss-
ing the three, highly conserved, active site glutamates? 

- Which metal(s) could function as the radical generator in this ‘new’ 
coordination sphere? 

- How does this modified R2 prove advantageous to the host organism? 
We answer some of these questions in Paper II. 
 
 



 27 

5 Soluble Methane Monooxygenase (sMMO) 

5.1 Methane 
Methane is the most abundant organic gas in the Earth’s atmosphere. Methane, 
compared to carbon dioxide, absorbs significantly more infrared radiation 
from the sun, making it a more potent greenhouse gas. Over the last century, 
15-30% of global warming has been attributed to atmospheric methane, and 
60% to carbon dioxide. Alarmingly, the current molar ratio of methane to car-
bon dioxide in our atmosphere is set to increase from 1:27 to 1:7.5 over the 
next 100 years, further extending the contribution of methane to global warm-
ing [183]–[186].  
 
Alternatively, methane gas can be used as a precursor to manufacture liquid 
fuels, thereby reducing its release into the atmosphere, all the while providing 
a cleaner alternative to fossil fuels [187]. The utilization of methane gas, re-
covered at crude oil drilling sites, depends on its conversion to liquefied meth-
anol form, for ease of storage and transport in a non-hazardous manner. How-
ever, the current industrial gas-to-liquid conversion process of methane to 
methanol is inefficient, unprofitable, and harmful to the environment [187], 
[188]. This is mainly due to the extremely high energy needed to break a C-H 
bond in methane (105 kcal/mol bond dissociation energy) [189]. For this rea-
son, an estimated $40 billion worth of methane is burnt off every year by oil 
companies all around the world [190]. Thus, new and economical catalytic 
alternatives are compelling. Fortunately, a number of microorganisms already 
perform this complex reaction for a living. 
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5.2 Methanotrophic bacteria 
 
Methanotrophic bacteria are unique in their carbon assimilation mechanism, 
as they use methane as their sole carbon source. Methanotrophic bacteria can 
oxidize methane to methanol, a precursor to formaldehyde - an intermediate 
in both catabolic and anabolic pathways in methanotrophs [63], [183], [186]. 
Two structurally unrelated enzymes catalyze the oxidation of methane: a 
membrane-bound particulate methane monooxygenase (pMMO) and a soluble 
variant named soluble methane monooxygenase (sMMO), as shown in Figure 
9 [183], [191], [192]. The pMMO, a copper metalloenzyme, is upregulated in 
the presence of copper, while in its absence, methanotrophic bacteria undergo 
a ‘copper shift’ where sMMO is upregulated [183], [193]. The sMMO enzyme 
belongs to the BMM protein family and uses a di-iron cofactor to activate 
oxygen and catalyze the following reaction [63], [194]: 

 
CH4 + O2 + NADH + H+ Þ CH3OH + H2O + NAD+       (11) 

 
 

 
  Figure 9. Crystal structures of pMMO [195] and sMMO [75]. 
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5.3 Studies on soluble Methane Monooxygenase 
(sMMO) 

 
Since its identification, sMMO has been the focus of intense biochemical re-
search. The majority of these studies have been conducted on sMMO from 
two sources, Methylosinus trichosporium OB3b (Mt OB3b) and Methylococ-
cus capsulatus Bath (Mc Bath) [184]–[186]. Multicomponent sMMO requires 
three proteins to function: a hydroxylase subunit (MMOH), a regulatory sub-
unit (MMOB) and a reductase (MMOR). The 245 kDa MMOH is a homodi-
mer of trimers (abg). The a and b subunit are paralogous proteins that belong 
to the Ferritin-like superfamily, which is hypothesized to have evolved from 
an ancient carboxylate-bridged di-iron protein. The a subunit coordinates the 
catalytically active di-iron cluster. The b subunit, however, has lost its metal-
binding site, via gene duplication and a subsequent loss-of-function event, as 
mentioned earlier [63], [65].  
 
Reduced MMOH, by itself, is capable of oxygen activation and substrate oxi-
dation [196]. However, this reaction is (a) slow, to the point of physiological 
irrelevance; and (b) unspecific, generating unusable metabolic substrates 
[196]. Interestingly, this substrate promiscuity allows oxidation of a wide 
range of linear, branched, cyclic, and halogenated hydrocarbons by MMOH, 
which can be of great value in bioremediation and biosynthetic industries 
[197]. To this effect, crystal structures of resting oxidized and reduced 
MMOH have been carefully studied to understand the participation of the pro-
tein scaffold in substrate delivery, substrate specificity, and oxygen activation 
[75], [192], [198], [199]. 
 
The true potential of MMOH, however, is unlocked by the 15 kDa regulatory 
component (MMOB). Kinetic studies have shown an increase of turn-over 
number by 150-fold, and the rate constant of oxygen binding by 1000-fold in 
its presence [196], [200], [201]. MMOB binding also decreases the reduction 
potential of the di-iron cofactor in MMOH [202]. Mutation [203], [204] and 
deletion studies [205]–[208] of MMOB have highlighted its influence in in-
creased substrate specificity and regio-specificity of substrate oxidation in 
MMOH. Hence, in order to understand the regulatory effects of MMOB, the 
MMOH-MMOB protein complex has been the subject of numerous spectro-
scopic studies.  
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5.3.1 Oxygen activation in sMMO 
 
The oxygen activation and catalytic cycle intermediates of sMMO have been 
extensively studied through various spectroscopic techniques. The following 
is a concise overview of the proposed catalytic cycle of sMMO, and is de-
picted in Figure 10.  
 
The FeII/FeII cofactor in MMOH rapidly reacts with oxygen, through an inter-
mediate O [209], to generate an oxygen-coordinated intermediate P* [210], 
[211]. This intermediate P* is observed in both Mt OB3b and Mc Bath 
MMOH, although its geometric configuration is still under debate [211], 
[212]. A two-electron reduction of oxygen generates a (proposed peroxo-
bridged) FeIII/FeIII intermediate P [210]–[212].  Oxygen is then completely 
reduced by two more electrons to generate a relatively stable FeIV/FeIV inter-
mediate Q [213]–[218]. The geometric structure of Q is disputed between a 
bis-µ-oxo core and a mono-µ-oxo core with a terminal oxo core [200], [210]–
[212], [217]–[219]. The redox potential of this unprecedented high-valent 
FeIV/FeIV

 species is capable of oxidizing a highly stable C-H bond in methane 
or other heterogeneous substrates. Q rapidly decays if methane or any other 
substrate is present in the active site pocket of MMOH, to generate a methyl-
radical bound µ-oxo-µ-hydroxo FeIII/FeIV intermediate R [200], followed by a 
methanol-bound intermediate T. Methanol is released, and the cofactor goes 
to its resting FeIII/FeIII state [200]. The 37 kDa MMOR protein reduces the 
resting FeIII/FeIII cluster to its II/II form, using two electrons from NADH 
[220]–[222]. 
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Now, a comparison of oxygen activation between the di-iron class Ia R2 and 
sMMO can be made. In both systems, the protein active site provides all of 
the four electrons required to reduce dioxygen and generate a high-valent di-
iron redox species. In the case of sMMO, oxygen activation generates a rela-
tively stable catalytically active IV/IV redox species capable of two-electron 
oxidation of methane [213]–[218]. A similar two-electron oxidation is also 
hypothesized in R2lox, as noted by the generation of a tyrosine-valine cross-
link in its scaffold by an oxygen-activated heterodinuclear cofactor [78], 
[160]. In di-iron R2, however, upon oxygen activation an external electron is 
simultaneously injected into the active site, to generate a catalytically active 
FeIII/FeIV species capable of a one-electron oxidation of a nearby tyrosine to 
generate a tyrosyl radical [124]–[126]. A similar mechanism is observed in 
the heterodinuclear R2c, where an external electron reduces the MnIV/FeIV 
high valent cofactor to generate a tyrosyl-radical equivalent MnIV/FeIII species 
[153]. Additionally, the di-iron cofactor of sMMO is activated by oxygen and 
reduced to its di-ferrous form in every single catalytic turn-over of methane, 
essentially performing an oxygen-insertion reaction. Contrastingly, the tyrosyl 

Figure 10. Catalytic cycle of sMMO. Different oxidation states of the iron cofactor 
are represented as circles of different colors, and oxygen atoms are represented as red 
circles. Figure based on [193]. 
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radical of R2, or its redox equivalent species, aides the multiple turn-overs of 
NDPs, essentially an oxygen-subtraction reaction.  

5.3.2 MMOH-MMOB complex 
 
In 2013, Lee and coworkers [206] solved a 2.9 Å MMOH-MMOB protein 
crystal structure from Mc Bath. This structure of the MMOH-MMOB complex 
provided insights into understanding the rapport between these proteins. 
MMOB binds in-between helices E and F of the a subunit of MMOH, at a 
mere 10.6 Å distance from the di-iron site. Upon binding, the N-terminus of 
MMOB assumes a ring-shaped structure, and the structure of MMOH under-
goes several significant changes as compared to a MMOH-alone structure; 
mainly:  

 
1. Rearranging the pore cavity structure in MMOH- Glu240, a solvent ex-

posed residue, flips inwards towards the active site, forming a hydrogen 
bond with the OH group of Thr213. This hydrogen bond induces rotation 
of the Thr213 side chain, forcing its methyl group into the active site cav-
ity, increasing the hydrophobicity of the cavity. This may increase the se-
lectivity for hydrophobic molecules such as methane and oxygen in the 
cavity.  

2. Repositioning of Phe188- In the MMOH-alone structure, Phe188 discon-
nects the active site cavity from a nearby surface-exposed cavity. In the 
Mc Bath MMOH-MMOB structure, this gating Phe188 is repositioned to 
connect both these cavities. This was rationalized as a means of providing 
direct access to the active site for the substrates. 

3. Glutamate shift- Glu243 binds the site 1 iron in monodentate mode in the 
MMOH-alone structure. MMOB binding in the Mc Bath complex struc-
ture was proposed to induce a shift of Glu243 to a mono-atomic binding 
and bi-dentate chelating coordination by replacing a bridging hy-
droxo/aquo group. This glutamate shift is a common occurrence in all re-
duced (II/II) di-metal cofactors of the Ferritin-like superfamily proteins 
[223], including the subclasses of R2s [169]. It was rationalized that this 
MMOB-induced glutamate shift could possibly influence the electronic 
structure of the di-iron site.  
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However, the carboxylate shift in this superfamily is only observed with re-
duced di-metal cofactors, and not in oxidized di-metal cofactors [223]. A pos-
sible explanation could be that the carboxylate shift in the Mc Bath complex 
structure is an artifact induced by X-ray photoreduction of the di-iron cofactor.  
 
To further understand the influence of MMOB on MMOH, in paper IV we 
describe a new un-photoreduced MMOH-MMOB complex structure from M. 
trichosporium OB3b. 
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6 Studying oxygen activation intermediates 
using X-ray free-electron lasers 

 
Saturated hydrocarbons, including methane, are the main constituents in crude 
oil and natural gas, and are the raw materials of most chemical industries 
[224], [225]. Catalytic conversion of these rather inert, saturated hydrocarbons 
into various useful chemical products is a central goal of these industries 
[224], [225], but the activation of the C-H bond in alkanes (saturated hydro-
carbons) is still a big challenge for chemists [53], [224], [225]. Bacterial mul-
ticomponent monooxygenases (BMMs), however, have evolved to perform 
such C-H bond activation reactions using molecular oxygen as an oxidant 
[63]. Oxidation of methane to methanol by sMMO, phenol to catechol by Phe-
nol hydroxylase (PH), toluene to o-xylene by Toluene/o-xylene monooxygen-
ase (ToMOH) and toluene to p-cresol by Toluene 4-monooxygenase 
(T4MOH), are all catalyzed by oxygen activation of the di-iron cofactor in a 
Ferritin-like superfamily scaffold [53]. Moreover, 6-electron oxidation of 
aminoarenes to nitroarenes by p-Aminobenzoate N-oxygenase (AurF) and Ar-
ylamine N-oxygenase (CmlI), oxidation of fatty acid aldehyde to alkanes by 
Aldehyde-deformylating oxygenase (ADO), fatty acid desaturation by stea-
royl-acyl carrier protein D9 -desaturase (D9D) and, of course, oxidation of ty-
rosine to generate a tyrosyl radical in RNR R2a, can all be classified under the 
oxygen-activating di-iron Ferritin-like superfamily [53]. 
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The reduced di-iron cofactors of all these proteins can activate oxygen to gen-
erate high-valent redox intermediates that can perform substrate-specific oxi-
dation catalysis as highlighted in Figure 11. More importantly, in all the above 
proteins, a structurally-related Ferritin-like scaffold influences the redox po-
tential of the di-iron cofactor, in order to tune the reactivity of the various 
oxygen-activation derived intermediates towards their respective substrates. 
Utilizing this flexibility in reaction potential of dioxygen-activated di-iron co-
factors as a catalyst in a broad range of substrate oxidation is an extremely 
useful tool in synthetic and bioremediation processes [197], [225].  
 
A key step in reproducing such reactions in industries is designing biologi-
cally-inspired synthetic inorganic complexes that can mimic the role of a pro-
tein scaffold and control the redox potential and reactivity of a metal cofactor 
towards a specific substrate [224]. However, to build such a biomimicking 
system, understanding the interplay between the catalytic (high-valent) inter-
mediates and the redox-tuning coordination sphere of the native cofactor is 
paramount.  
 
Among the oxygen-derived intermediates, FeIV/FeIV, the catalytic-intermedi-
ate Q in a sMMO, has a high oxidation state and redox potential. Several de-
tailed time-resolved spectroscopy studies have provided fascinating insights 

Figure 11. Reaction of the O2 activating ferritin-like superfamily enzymes. Modified 
from [53]. 
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into the spin state and geometric structure of intermediate Q. However, a con-
sensus regarding the primary coordination of the FeIV/FeIV core has not yet 
been reached, with studies supporting both a ‘diamond core’ bis-µ-oxo and 
‘open core’ mono-µ-oxo with a terminal oxo species, [200], [210]–[212], 
[217]–[219] as depicted in Figure 12.  

 

 

 

6.1 X-ray induced radiation damage 
 
Protein X-ray crystallography is used to reveal the atomic-resolution geomet-
ric structure of proteins, albeit at a high price of radiation damage. Ionizing 
X-ray photons from synchrotron sources interact with protein crystals, either 
by (a) a non-absorption event (elastic scattering), or (b) total absorption of a 
photon by an atomic electron, followed by ejection of a photoelectron (photo-
electric effect), or by (c) partial absorption of photoenergy by an atomic elec-
tron, resulting in scattering of the photon at lower energy (Compton scatter-
ing) and ejection of a free Auger electron, as summarized in Figure 13 [226]. 
Photoelectrons are high-energy free electrons that can ‘travel’ in a protein 
crystal, inducing further ionization events, including radiolysis of water and 
generating new radical species [227]. Collecting X-ray data at cryo-tempera-
tures can limit the traveling distance of generated photoelectrons and radicals 
in a crystal, but cannot prevent their generation altogether [228]. 
 

Figure 12. Proposed structures of intermediate Q, with (A) depicting the bis-µ-oxo 
bridged ‘diamond core’ model and (B) depicting the mono-µ-oxo bridged ‘open core’ 
model, adapted from [185].  
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Radiation damage in a protein crystal structure can be noted by loss of disul-
fide bridges and decarboxylation of carboxylate residues [229]–[231]. How-
ever, metalloproteins are most affected by radiation damage. Metal cofactors 
in high oxidation states act as ‘vacuum cleaners’ and absorb free electrons 
induced by radiation damage, thus altering their redox state by photoreduction 
[230]–[232]. In fact, the photoreduction of metal cofactors has been observed 
to occur almost instantaneously upon X-ray incidence in a standard crystallo-
graphic experiment [233]. Hence, this ‘observer effect’3 of X-rays has made 
direct observation of geometric structures of high-valent redox intermediates 
at atomic resolution close to impossible. Therefore, traditional X-ray crystal-
lography is not well suited to observe short-lived redox intermediates in an 
oxygen activation reaction. 

6.2 X-ray free-electron laser (XFEL) 
 
One way to circumvent the radiation damage problem is to use serial crystal-
lography at an X-ray free-electron laser (XFEL) source. XFEL sources deliver 

                                                
3 Observer effect refers to the potential change in properties of the subject under observation 
due to the act of observation. 
 

Figure 13. Primary interaction of X-rays with matter, showing elastic scattering, pho-
toelectric and Compton effect. 
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femtosecond X-ray pulses at very high flux, close to 1012 photons/pulse [234]–
[236]. At such high X-ray intensity, it has been hypothesized that a single 
pulse can strip away the electrons of atoms in the beam path, destroying the 
sample [231]. Counterintuitively, these extremely short pulses at such high 
brilliance can be used to outrun X-ray induced radiation damage, even at room 
temperature experiments. This can be explained by the latency period in the 
onset of radiation damage upon X-ray illumination [237], [238]. The absorp-
tion of ionizing photons, either by Compton or photoelectric effect, is not in-
stantaneous. Photoelectrons and Auger electrons, generated by radiation ab-
sorption, move at an average velocity of 43 nm/fs and 7 nm/fs, respectively 
[237]. These extremely short femtosecond X-ray pulses at XFELs will pass 
through the protein crystal in a single diffraction event before any structural 
effects of either absorption events have time to develop (Figure 14). This has 
been termed ‘diffraction before destruction’, or ‘one crystal-one pulse’ ap-
proach [237], [238].  

 

 

 
Furthermore, as long as the pulse duration is kept short enough to not observe 
radiation damage, the intensity of X-rays can be increased immensely, without 
concern. A safe dose-limit to minimize radiation damage events in synchro-
tron data collection at cryogenic temperatures was estimated to be 30 MGy. 
In the case of XFELs, however, this number does not hold any significance. 
With each XFEL pulse, in a typical experiment at the Linac Coherent Light 
Source (LCLS), a single crystal is exposed to a calculated absorption dose of 
approximately 150 MGy [239].  
 
Another advantage of utilizing high-intensity pulses is the crystal size require-
ments. Small micrometer-sized crystals, impractical at synchrotron sources, 
can now, using the high peak brilliance at XFELs, be used to generate high-

Figure 14. Calculated ‘diffraction before destruction’ event during XFEL diffraction. 
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resolution datasets. Using small crystals in room-temperature data collection 
opens up another exciting avenue of studying reaction intermediates in crys-
tals. An enzymatic reaction can be triggered in crystallo by mixing crystals 
with a substrate or a reaction initiator, followed by illumination with X-rays. 
The fast diffusion rate in these small crystals should allow even the earliest 
intermediates to be observed, and subsequent intermediates can be observed 
by data collection at a later timepoint. Femtosecond XFEL pulses can also 
capture extremely fast, short-lived intermediates. XFEL X-rays can be imag-
ined as being analogous to shortening the shutter speed in cameras, thereby 
reducing the exposure time to capture a ‘freeze motion’ picture of a fast-mov-
ing object. 

6.3 Sample delivery systems 
 
With the destruction of a crystal with every diffraction event, new crystals 
have to be continuously replenished, while keeping up with the frequency of 
X-ray pulses of XFELs. Goniometer-mounted fixed target sample delivery 
systems are currently impractical for the goal of trapping chemical reaction 
intermediates by XFELs. However, continuous liquid/matrix injection meth-
ods allow enzymatic reaction initiation before creating a steady stream of crys-
tals into the X-ray beam path, permitting investigation of reaction intermedi-
ates. Currently, several continuous sample delivery systems for XFEL beam-
lines exist: 
 

- The liquid jet systems, such as Gas Dynamic Virtual Nozzle 
(GVDN) [240], use helium sheath gas to aerodynamically focus a jet. Due to 
samples expelled as jets, a lot of crystals go unexposed to the beam, leading 
to excessive sample loss. The Microfluidic Electro-kinetic Sample Holder 
(MESH) [241] uses an electric potential to control the flow of crystals into the 
beam. However, with both liquid jet systems, longer reaction time points can-
not be accessed. 

- The high viscosity extruders, where the crystals are suspended in 
either Lipidic Cubic Phase (LCP) [242] for membrane proteins, or grease ma-
trix injectors  [243], can both provide more extended reaction timepoints than 
liquid jets, but at a lower crystal density.  
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- Rayleigh jet systems [244], [245] use Plateau–Rayleigh instability 
from surface tension of liquids to generate hydrodynamically controlled drop-
lets when forced through a nozzle. Rayleigh jets can provide extended 
timepoint accessibility, but have a high rate of sample consumption. 
 
In the case of metalloproteins, acquiring ‘un-radiated’ X-ray diffraction 
(XRD) structures of reaction intermediates still requires the correct oxidation 
state assignment of the metal cofactors. High-resolution crystal structures pro-
vide limited information regarding the oxidation state and spin state of any 
metal redox center. X-ray emission spectroscopy (XES), is a useful tool to 
characterize metal cofactors spectroscopically. Therefore, simultaneous XRD 
and XES data collection allow direct assignment of an oxidation state to a 
transient intermediate geometric structure. Yet, none of the above mentioned 
XFEL sample delivery systems allow concurrent XRD and XES data collec-
tion. 

 
In Paper III, we discuss a novel sample delivery system that is optimized for 
simultaneous crystallography and spectroscopy measurements while allowing 
initiation of catalysis in the crystals. 
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7 A brief description of the methods used in 
this thesis 

  

7.1 Electron Paramagnetic Resonance (EPR) 
 
EPR or electron spin resonance (ESR) is a non-destructive spectroscopic 
method that can be used to study systems with unpaired electrons. The intrin-
sic angular momentum called 'spin' of an electron along with its charge im-
parts a magnetic dipole. Under the influence of an external magnetic field, the 
spin states of this unpaired electron exist in two different energy levels. Elec-
trons with their magnetic dipole parallel to the external magnetic field occupy 
a lower energy level, while electrons antiparallel to the external magnetic field 
occupy a higher energy level; this is called the Zeeman effect. The splitting of 
the energy levels is directly proportional to the strength of the applied external 
magnetic field. A lower energy level electron can switch to the higher energy 
spin level by absorbing a photon that matches the energy difference between 
the two spin states, usually in the microwave range. After a relaxation-time, 
the excited electron emits the absorbed photon and returns to the lower state. 
In a typical X-band EPR experiment, the frequency of the microwave source 
is kept constant (9.5 GHz) and the external magnetic field is scanned until 
microwave-induced transitions (resonance) of the two spin states occurs. The 
local magnetic field and hence the net spin of an unpaired electron is influ-
enced by magnetic fields of neighboring atoms or molecules and can be used 
in EPR spectroscopy to study the chemical environment of the paramagnetic 
species. EPR spectroscopy can be used to identify, quantify and characterize 
the behavior and surrounding environment of an unpaired electron. EPR spec-
troscopy is only sensitive to paramagnetic species (systems with unpaired 
electrons) and is hence a useful tool to study radical species and metal clusters 
in proteins.  
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7.2 X-ray crystallography (XRD) 
 
The 3-dimensional structure of hemoglobin was solved in 1958 [246]. Since 
then, X-ray crystallography has been the leading method for determining the 
atomic resolution structure of proteins. The 3-dimensional structure of a pro-
tein provides insight into its mechanism and function. The process of solving 
a crystal structure of a protein can be divided into the following four steps. 
The first step is to obtain a well-diffracting protein crystal. Crystals are well-
ordered, periodically-arranged, homogeneous arrays of atoms or molecules. 
Under optimal conditions, when a protein solution reaches supersaturation, 
the protein molecules self-arrange into repeating copies of identically ordered 
blocks called unit cells.  
 
The second step is X-ray diffraction (XRD) data collection. A crystal, when 
exposed to X-rays, acts as a grating and generates an ordered diffraction pat-
tern. The X-rays undergo destructive interference in some directions and con-
structive interference in other specific directions that are recorded as diffrac-
tion spots or reflections. The diffraction pattern of a crystal is determined by 
the X-ray wavelength, the crystal symmetry and unit cell dimensions. The 
atomic contents of the unit cell, however, influence the phase and intensity of 
each reflection. A continuous rotation of the crystal in a defined angle in a 
diffraction experiment is needed to collect enough reflections to reconstruct 
the contents of a crystal. 
 
The next step is to process the XRD data. Amplitude and phase values char-
acterize each observed reflection. The amplitude of a reflection is calculated 
from its intensity. However, the phase information of the reflections cannot 
be directly measured and are lost during the experiment. This phase problem 
in protein crystallography can be solved using isomorphous replacement, 
anomalous dispersion, or molecular replacement. Isomorphous replacement 
and anomalous dispersion compare the changes in the diffraction pattern of a 
crystal under modified conditions. In isomorphous replacement, heavy atoms 
are introduced into the crystals without disrupting the protein structure or the 
crystal packing. Heavy atoms diffract X-rays stronger than lighter atoms and 
thus induce a calculable change in the structure factors. In anomalous disper-
sion, the difference in scattering properties of heavy atoms near their respec-
tive absorption edges is used to collect anomalous XRD data. A tunable wave-
length X-ray source is used to change the scattering contribution of a heavy 
atom. In both techniques, the substructure and phases of the heavy elements 
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added in Multiple Isomorphous Replacement (MIR) or the anomalous scatters 
in Single / Multiple Anomalous Dispersion (SAD/MAD) experiments, is cal-
culated. Phase information of all reflections can be calculated once the loca-
tion of heavy atoms is known. Molecular replacement uses the phases derived 
from a known structure to solve the phase problem. A high sequence (and 
hence structural) similarity is required between the protein of interest and the 
protein used in phase calculations. Structure factors calculated from rotational 
and translational function of the model structure are compared to the observed 
structure factors from a diffraction experiment. Once the calculated and ob-
served structure factors reach a level of consensus, the phases of the unknown 
structure can be calculated. 
 
In the final step, using Fourier transformation, the estimated phases and am-
plitudes of the reflections are used to calculate the electron density distribu-
tion. A crystallographer can now interpret the electron density to create a 
model of the protein structure. This model is refined over several cycles to 
obtain an accurate protein structure model representing the XRD data. 
 

7.3 X-ray emission spectroscopy (XES) 
 
X-ray emission spectroscopy is a non-destructive method to identify, quantify, 
and study the electronic structure of elements in a sample. The photoelectric 
effect, as discussed before, is the emission of a photoelectron from an atom 
following absorption of an ionizing photon by an electron. By using X-rays of 
energy higher than an element’s absorption edge, an electron from its 1s or-
bital can be excited. The resulting electron ‘hole’ is quickly filled by an elec-
tron from a higher orbital. The energy difference between the two orbitals is 
emitted as a primary-fluorescence X-ray photon. If an electron from the 2p or 
the 3p orbital replaces the lost electron, the fluorescence energy or emission 
line is called Ka or Kb, respectively. In total reflection X-ray fluorescence 
(TXRF) spectrometry, trace multi-elemental detection and quantification can 
be performed using small amounts of a sample (nanograms to picograms). By 
irradiating the sample at a shallow angle (> 0.1°), total reflection of the beam 
is achieved, decreasing the spectral background noise and increasing the sen-
sitivity. The fluorescence is measured on a silicon drift detector (Bruker Pico-
Fox S2 instrument used in Paper II) with a fluorescence energy resolution of 
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< 149 eV, sufficient to identify and quantify different elements. In the XFEL 
experiments of Paper III, the fluorescence spectra are detected on a positional 
sensitive detector using an energy dispersive polychromator crystal. Using a 
cylindrical polychromator analyzer allows better energy resolution, close to 
0.5 eV, in a single shot experiment. Using this type of XES detector, subtle 
shifts in the emission line position (Kb) or width (Ka) can be detected, allow-
ing changes in the electronic structure and the oxidation state of a selected 
element to be detected. 



 45 

8 Summary of papers 

8.1 Paper I  
 
In this study, R2c from Saccharopolyspora erythraea (SeR2c) and R2lox from 
Geobacillus kaustophilus (GkR2lox) were used. To examine the cofactor as-
sembly mechanisms, both proteins were purified in metal-free form. Metal 
loading with FeII and MnII were performed in vitro under aerobic conditions, 
using various protein:Mn:Fe ratios, and excess metal ions were removed by 
desalting. The resulting samples were characterized by EPR and Mössbauer 
spectroscopy or X-ray anomalous dispersion. The resting oxidized state of 
R2c, MnIV/FeIII, is diamagnetic and EPR silent, hence all oxidized samples of 
R2c needed to be reduced by one electron to be observed by EPR. The oxi-
dized resting state of R2lox is MnIII/FeIII [247], [248], and is readily visible by 
EPR, while Mössbauer spectroscopy can be used only with 57Fe labeled sam-
ples.  
 
Continuous wave (CW) X-band EPR spectra of R2lox showed a single-spe-
cies spectrum when either loaded with MnII first followed by FeII, or simulta-
neously with both metal ions, with MnII-first samples showing better cofactor 
assembly. However, when FeII was added first, no heterodinuclear cofactor 
was observed, with predominantly FeIII/FeIII being assembled. CW X-band 
EPR for R2c showed two species in its spectra, possibly originating from dif-
ferent relative positions of manganese and iron in the cofactor. R2c showed 
very similar assembly efficiency with either simultaneous addition of both 
metals or addition of MnII first. While a significant reduction of heterodinu-
clear cofactor assembly was observed when FeII was added first, it was not 
completely inhibited, unlike in the case of R2lox. 
 
Further, the efficiency of heterodinuclear cofactor assembly with excess MnII, 
while keeping the FeII concentration at a constant of 1 or 2 ions/monomer, was 
studied. Both proteins showed an increase in heterodinuclear assembly with 
increasing MnII concentrations, with R2c achieving higher assembly rates than 
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R2lox. Although heterodinuclear assembly under substoichiometric FeII con-
centrations increased in R2lox, it decreased in R2c, indicating distinctive as-
sembly mechanisms in both proteins. Mössbauer spectroscopy measurements 
were performed to establish if the lower efficiency of R2lox Mn/Fe assembly 
can be attributed to unmetallated proteins or the formation of Fe/Fe cofactors. 
Results indicate that R2lox prefers the heterodinuclear over the Fe/Fe cofac-
tor, and that the low metallation efficiency could be attributed to R2lox being 
a poorer chelator of metal ions. Anomalous X-ray data on R2lox crystals fur-
ther supported this result. Additionally, to compare the metal-chelating affin-
ities between R2c and R2lox, CW X-band EPR measurements were made on 
MnII-only loaded samples. As di-manganese cofactors do not activate molec-
ular oxygen, the affinity of the protein to MnII was directly observed in this 
experiment. Results showed that R2c indeed assembled a di-manganese center 
with higher affinity than R2lox. TXRF measurements supplemented all of the 
above results.   
 
In conclusion, in the presence of excess MnII, both proteins show a higher 
assembly efficiency of the Mn/Fe cofactor. The R2c protein scaffold, in the 
absence of FeII, can assemble a di-manganese cofactor, and upon addition of 
FeII, can displace MnII from site 2, to form a MnII/FeII cofactor. Although, 
mismetallation by promiscuous site affinities is observed in R2c with FeII re-
placing MnII in site 1 instead of MnII in site 2. The R2c scaffold partially dis-
courages the formation of di-iron cofactors, given the fact that Mn/Fe cofac-
tors were still assembled even after incubation with excess FeII. On the con-
trary, R2lox fails to bind MnII in the absence of FeII, and in the presence of 
excess iron will preferentially assemble di-iron cofactors. Therefore, the as-
sembly of the Mn/Fe cofactor in R2lox is enhanced under substoichiometric 
amounts of FeII binding to site 2. This indicates a cooperative metal binding 
pattern with FeII binding first to site 2, followed by MnII or FeII in site 1 of 
R2lox. The results of this paper are summarized in Figure 15. 
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8.2 Paper II 
 
We solved a 1.23 Å crystal structure of the heterologously expressed VPK-
variant Mesoplasma florum R2 (MfR2) protein. The protein structure dis-
played the canonical Ferritin-like scaffold, with positional conservation of res-
idues required for PCET of the radical to the R1 subunit. However, the di-
manganese coordinating glutamate residues numbered 98, 158 and 192 in a 
representative E. coli class Ib R2 [137] are indeed substituted by valine, pro-
line and lysine residues, respectively. Strangely, no electron density indicative 
of a metal ion was seen in the active site of the MfR2 protein structure. 
 
Assuming the absence of metal ions to be due to lower metal binding affinity 
in the MfR2 protein, we proceeded to perform in vivo and in vitro metal load-
ing experiments with iron, manganese, copper, cobalt, nickel, and zinc. Crys-
tal structures of MfR2 from heterologous overexpression in metal-supple-
mented media, co-crystallization, and crystal soaking experiments in aerobic 
and anaerobic conditions, were solved (unpublished data). Even so, no elec-
tron density indicative of a metal ion was observed in the canonical metal-
coordination site in any of these crystal structures. 
 
We proceeded to repeat the heterologous complementation assay, as previ-
ously conducted by Roca et al. [180], using an E. coli strain lacking both its 

Figure 15. Proposed mechanism of heterodinuclear metal assembly in R2c and R2lox, 
adapted from paper I [249]. 
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di-iron and di-manganese class I RNRs, rendering it incapable of dNTP syn-
thesis under aerobic conditions. The VPK RNR operon from M. florum 
(MfnrdFIE) was indeed able to rescue this double-knockout obligate anaero-
bic strain of E. coli under aerobic conditions. MfR2 protein purified from this 
‘rescued’ E. coli strain showed a deep-blue color, and together with MfR1 
could perform in vitro reduction of NDP. This active blue-colored MfR2 pro-
tein, also obtained when aerobically co-expressed with MfNrdI, showed an 
atypical 383 nm UV-vis radical peak, as compared to the standard 410 nm 
peak in tyrosyl-radical harboring R2s. We further investigated the effect of the 
RNR mechanism-based inhibitor 2’-azido-2’-deoxycytidine-5’-diphosphate 
(N3-CDP), and the tyrosyl-radical quenching compound hydroxyurea, on the 
radical species in active MfR2 protein [182], [250]. Incubation with N3-CDP 
(in the presence of MfR1) or hydroxyurea abolished the 383 nm UV-vis radical 
peak, indicating that MfR2 acts like a classical class I R2 protein. The RNR 
activity of hydroxyurea-quenched MfR2 could be partially restored by redox 
cycling with dithionite and oxygen in the presence of MfNrdI. The presence 
of metal mixtures or ethylenediaminetetraacetic acid (EDTA) did not signifi-
cantly affect the reactivation of radical-quenched MfR2, indicating that metals 
are not required in the reactivation process.  
 
The crystal structure of this active MfR2 protein, solved to 1.48 Å resolution, 
still showed a metal-free active site, further confirmed by solution TXRF 
measurements and EPR saturation experiments on the radical species. How-
ever, the protein structure revealed the canonical radical-harboring tyrosine to 
be meta-hydroxylated, forming a 3,4-dihydroxyphenylalanine (DOPA) resi-
due. Mass spectrometry confirmed this covalent modification of the tyrosine. 
Isotope labeling, EPR and ENDOR experiments further confirmed the cata-
lytic radical species in the MfR2 protein to reside on the modified DOPA res-
idue.  
 
Based on these results, we conclude that the VPK R2 proteins use a novel 
metal-independent catalytic DOPA radical to initiate NDP reduction. In other 
words, VPK R2 proteins have bypassed the need to bind metal ions in their 
active site by adapting to a makeshift DOPA radical. We propose this unusual 
metal-independent class I RNR to be categorized under a new RNR subclass, 
class Ie. An independent study by Boal and coworkers on Aerococcus urinae 
R2 further confirmed these conclusions [251]. Our current understanding of 
this new class of RNR proteins is summarized in Figure 16. 
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Furthermore, we have also solved the crystal structure of a QSK-variant R2 
and the biochemical characterization of this variant is currently underway. 
 
Since its discovery, the radical-generating subunits across all RNR classes 
have been believed to be unconditionally dependent on their respective metal 
cofactors to generate the catalytic radical required for activity [174]. Adeno-
sylcobalamin in class II, iron-sulfur cluster in class III and a di-iron / di-man-
ganese / heteronuclear di-metal cofactor in class I, are all inorganic radical 
generating and translocating cofactors in RNRs [80], [81], [86], [89]. In class 
Ie R2, however, the radical generation mechanism is still unknown and may 
potentially involve a transiently binding metal, but the strategy of radical 
translocation initiated by a wholly-organic core is unprecedented (Figure 17). 
Adaptation to a metal-free R2 by mycoplasmas and other pathogenic strains 
could be a strategy to circumvent the metal-starvation induced by the innate 
immunity of host systems [171], [252], freeing up scarce metal ions for other 
essential functions.  
 
 

Figure 16. Current model describing the mechanism of class Ie RNR, adapted from 
paper II [248]. 
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It is rather striking how Nature has adapted a familiar Ferritin-like scaffold in 
all class I RNRs to either function as a di-metal binding, oxygen-activating 
radical-generating scaffold, or a metal-independent DOPA-radical stabilizing 
scaffold in this new RNR subclass. The updated classification of the RNR 
family is shown in Figure 18. 

Figure 17. Radical shuttling moieties in different classes of RNRs, modified from 
[162]. 
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8.3 Paper III 
 
Our collaborators at the Lawrence Berkeley National Laboratory (LBNL) 
were able to develop a hybrid method of sample delivery for XFEL experi-
ments, by combining an Acoustic Droplet Ejection (ADE) system to deposit 
droplets on to a conveyor belt (Drop-on-Tape/DOT). In this ADE-DOT setup, 
an ADE is used to place droplets of crystal slurries, as small as nanoliter vol-
umes, with varying crystal sizes (20 to 100 µm) onto a polyimide conveyor 
belt. ADE, as a sample delivery system, minimizes the problem of ejector 
clogging from bigger crystals, typically observed in other continuous liquid 
sample delivery systems. The frequency of ADE can be synchronized to that 
of XFEL pulses, to achieve a 100% droplet-pulse hit rate, with reasonable 
sample consumption, thus reducing sample loss. The ADE-DOT setup is il-
lustrated in Figure 19.  
 

 
Once the sample droplet is exposed to a pulse, the conveyor belt is cleaned, 
dried, and looped back to the ADE, for continuous sample delivery. An added 
advantage of the ADE-DOT setup is that it allows the samples to be either 
photo or chemically activated before exposure to the XFEL beam, allowing 
various transient reaction intermediates to be studied. By changing the ratio 
of distance before exposure and the tangential velocity of the belt, the time 
points of data collection can be varied from milliseconds to minutes for chem-
ically activated studies and up to femtoseconds for light-activated studies, 
providing a wide range of reaction intermediates that can be observed. More 

Figure 19. (A) Schematic representation of the ADE-DOT setup, adapted from paper 
III. (B) Schematic geometry for simultaneous XRD and XES data collection ADE-
DOT setup, adapted from paper III [253]. 
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importantly, the ADE-DOT setup also allows multimodal simultaneous XES 
measurements, providing direct observation of the redox state of metal cofac-
tors in the crystals as their XRD data is collected. 
 
Using this setup, our lab was able to collect ‘radiation-damage free’ XRD data 
simultaneously with XES data on SeR2c. The results showed that oxidized 
SeR2c was not photoreduced to its MnII oxidation state before XFEL XRD 
data collection. This result was supplemented with solution XES measure-
ments on CtR2c and solution MnIICl2 standard. This proof-of-principle exper-
iment supported further photoactivation studies on photosystem II [254] and 
oxygen activation experiments in Paper IV. 

8.4 Paper IV 
 
Using the ADE-DOT setup described in paper III, we were able to solve the 
first radiation-damage free XFEL structure of the Mt OB3b MMOH-MMOB 
complex to a resolution of 1.95 Å at LCLS. Further, we solved the first com-
pletely reduced structure of the MMOH-MMOB complex to 1.95 Å resolu-
tion. These radiation damage-free, higher resolution structures, along with the 
previously published structure of MMOH-MMOB from Mc Bath, revealed 
further information about the influence of MMOB on MMOH.  
 
MMOB binding indeed reorganizes key residues in the vicinity of the di-iron 
cofactor, including the shift of Glu240, forcing the rotation of Thr213. This 
rearrangement, along with repositioning of Ile217, Leu216 and Leu110, fur-
ther increases the hydrophobicity and decreases the volume of the active site 
cavity. This hydrophobic alteration of the cavity also removes three water 
molecules that are present in the MMOH-alone active site, increasing the af-
finity further towards hydrophobic methane and oxygen molecules.  
 
However, a few key differences between these two MMOH-MMOB complex 
structures were observed. The non-gating position of Phe188 in the Mc Bath 
complex structure was not observed in our Mt OB3b MMOH-MMOB struc-
ture as shown in Figure 20. Upon binding to MMOB, the opening of cavity 2 
to the active site (cavity 1) by dislocation of Phe188 was identified as a faster 
substrate access route to the di-iron center in the Mc Bath MMOH-MMOB 
structure. However, cavity 1 remains closed and unconnected to cavity 2 in 
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the Mt OB3b MMOH-MMOB structure. This position of Phe188 remains un-
changed from the MMOH-alone structures, indicating that MMOB binding in 
Mt OB3b does not induce a positional change in Phe188, as seen in the Mc 
Bath complex structure. Nonetheless, the flexibility of Phe188 could yet play 
a role in active site access in MMOH. However, the specific circumstances 
and significance of this Phe188 shift is yet to be determined.  
 

 

 
The carboxylate shift of Glu243, in the Mt OB3b MMOH-MMOB structure, 
occurs only under reducing conditions and not upon MMOB binding. Glu243 
in the un-photoreduced XFEL Mt OB3b MMOH-MMOB structure is mono-
dentate and coordinating the site 1 iron, and mono-bridging and bi-dentate 
chelating only in the chemically reduced Mt OB3b complex structure. The 
interatomic distance in the di-iron cofactor increases from 3.08 Å in the oxi-
dized structure, to 3.34 Å in the reduced structure, as described in previous 
studies. This increase in di-iron distance is accompanied by the replacement 
of a di-iron bridging hydroxo/aquo ligand by Glu243, further confirming that 
the di-iron site is reduced. The carboxylate shift in the oxidized Mc Bath com-
plex structure [206] could therefore, potentially be the result of photoreduc-
tion, highlighting the need for radiation-free XFEL structures. 
 
Binding of MMOB to MMOH also induces the formation of a p-helix in helix 
E. Such helical rearrangement upon regulatory subunit binding in BMMs has 
been previously reported in T4MOH structures. In the case of sMMO, un-
bounded MMOH helix E contains a short stretch of p-helix from residues 202-
211, which is extended upon binding to MMOB. A p-helix extension in helix 
E, from residue 202 to 216, was described in 6-bromohexan-1-ol bound Mc 

Figure 20. Cavity reorganization in MMOH upon MMOB binding in (B) Mc Bath 
complex structure [206] and (C) Mt OB3b complex crystal structure (this paper), com-
pared to (A) MMOH-alone structure [75]. 
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Bath MMOH structure [255]. In the Mt OB3b MMOH-MMOB structure, 
however, this p-helix structure in helix E is even further extended to span 
across 202 to 219 residues. Interestingly, the extension of p-helix in both these 
sMMO structures has the opposite effect on the MMOH active site cavity. In 
the Mc Bath MMOH structure, the active site cavity volume increases from 
around 250 Å3 in the apo-MMOH structure, to 330 Å3 in the 6-bromohexan-
1-ol bound structure. Contrastingly, in the Mt OB3b MMOH structure, the 
active site cavity volume decreases, from around 198 Å3 in the unbound-
MMOH structure to 155Å3 in the MMOH-MMOB complex structure. This 
decrease in cavity volume upon MMOB binding increases the hydrophobicity 
and possibly the substrate specificity of MMOH towards smaller hydrocar-
bons and oxygen. The flexible nature of this helix can be attributed to a con-
served Pro215 residue as shown in Figure 21.   
 

 

 
Furthermore, to test the feasibility of trapping intermediates in this Mt OB3b 
MMOH-MMOB crystal form, we attempted to reoxidize the di-ferrous 
MMOH-MMOB crystals, using the oxygen incubation setup (Figure 19A). 

Figure 21. Pi-helix formation and induced flexibility in helix E of MMOH, as ob-
served in (B) Mt OB3b MMOH-MMOB complex structure (Paper IV), and (C) 6-
bromohexan-1-ol bound Mc Bath MMOH structure [255], as compared to (A) 
MMOH-alone structure [75]. 
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We solved the structure of this reoxidized Mt OB3b MMOH-MMOB complex 
to 1.95 Å, revealing a di-ferric metal site organization. This indicates the pos-
sibility of oxygen-activation using the ADE-DOT setup and potential inter-
mediate trapping by varying the time points of data collection. 
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9 Popular science summary 

Proteins can be thought of as very tiny machines that help a cell to perform a 
wide range of functions. For example, they are involved in the utilization of 
nutrients to provide energy, the growth and reproduction of the living 
organism, and in the defense and attack against external threats. This thesis 
focuses on proteins, called metalloproteins, that use metal ions to assist in their 
reactions. To understand the working of these proteins we chose to study a 
subset which use iron and manganese metal atoms. The proteins studied are 
ribonucleotide reductase R2 and soluble methane monooxygenase. 
Ribonucleotide reductases help cells to make DNA building blocks and are 
hence found in all living organisms. Methane monooxygenases are proteins 
found in bacteria that use methane to produce energy. These two fascinating 
proteins have been studied for close to 60 years, with Sweden continuing to 
be at the forefront of ribonucleotide reductase research since its discovery.  
 
Paper 1- 
Ribonucleotide reductase R2 proteins use two metal atoms, which can either 
be two iron atoms, two manganese atoms, or one of each. To date, it is not 
fully understood how these proteins can select one atom over the other. In 
Paper I, we set out to understand how two different proteins that use one atom 
each of iron and manganese, can correctly differentiate between these very 
similar atoms. One of the proteins, called R2c, belongs to the ribonucleotide 
reductase family, while the other, called R2-like ligand binding oxidase, 
performs an entirely different yet-to-be-identified function. Our results 
conclude that both these proteins have a very different mechanism for 
selecting iron and manganese atoms. 
 
Paper II- 
One way our body fights against invading germs is by reducing the amount of 
metals available to them. This way, they are unable to perform vital functions. 
In Paper II, we describe a new member of the ribonucleotide reductase family 
that once activated, can function without using metals at all. This surprising 
discovery completely overturns the notion that these proteins always need 
metals to perform this function. Such proteins are found in several infectious 
mycoplasma bacteria, allowing them to make DNA without the constant 
presence of metals. Now that we know how these proteins work, new drugs 
can be designed to fight against these bacteria. 
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Paper III and IV- 
Chemical industries have always been interested in mimicking the complex 
reactions performed by metal-protein complexes, including the conversion of 
methane to methanol by the soluble methane monooxygenase protein. 
Methane is a highly potent greenhouse gas. According to the International 
energy agency, close to 110 million tons of methane is released into the 
atmosphere every year by oil and gas industries due to the high risk of methane 
storage and transportation. We can overcome this problem by studying and 
replicating the reaction that converts methane (gas) to methanol (liquid), 
performed by soluble methane monooxygenase protein. In Paper III, we 
describe a new system developed by our collaborators, which aids in the study 
of a key component (called Q) of this reaction performed by soluble methane 
monooxygenase. This can be extended to other metal-protein complexes as 
well. In Paper IV, we used this system to better understand how methane 
conversion is regulated in methane monooxygenases. Further, we show that 
under the right conditions, it is indeed possible to observe and study Q using 
this new system. 
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10 Populärvetenskaplig sammanfattning  

Man kan tänka sig proteiner som små maskiner som hjälper cellen att utföra 
en rad viktiga funktioner. De kan till exempel omvandla näringsämnen till 
energi som gör så att cellerna kan växa och reproducera sig. De kan även 
skydda cellen från, och attackera, externa hot. Den här avhandlingen fokuserar 
på metallproteiner, det vill säga proteiner som använder sig av metaller för att 
katalysera en reaktion. För att förstå hur dessa proteiner fungerar har vi valt 
att studera två proteiner som använder sig av järn- och manganatomer. Ri-
bonukleotidreduktas hjälper cellen att göra byggstenar till DNA och finns i 
alla levande organismer och metanmonooxygenas finns i bakterier som an-
vänder metan som energikälla. Dessa två fascinerande proteiner har studerats 
i nära 60 år och ända sedan upptäckten av ribonukleotidreduktas har svensk 
forskning legat i framkant inom detta område.  
 
Artikel I - 
Ribonukleotidreduktas R2 katalyserar sin reaktion med hjälp av två metalla-
tomer, de kan antingen vara två järnatomer, två manganatomer eller en av 
varje. I dagsläget är det inte helt känt hur dessa proteiner kan skilja den ena 
atomen från den andra. I artikel I försöker vi förstå hur två snarlika proteiner 
som använder sig av både en järn och en manganatom kan se skillnad på de 
två. Det ena proteinet kallas R2c och hör till ribonukleotidreduktasfamiljen, 
det andra proteinet kallas R2-likt ligandbindande oxidas (R2lox) och kataly-
serar antagligen en helt annan, men i dagsläget okänd, funktion. Våra resultat 
visar att dessa proteiner har två helt olika selektionsmekanismer för att skilja 
på järn- och manganatomerna.  
 
Artikel II - 
Vår kropp kan skydda sig mot bakterier genom att begränsa deras tillgång till 
metaller. Det innebär att bakterien inte längre kan utföra funktioner som är 
viktiga för dess överlevnad. I artikel II introducerar vi en ny typ av ribonuk-
leotidreduktas som kan fungera helt utan metaller. Den här upptäckten var 
mycket överraskande och omkullkastar teorin att de här proteinerna måste ha 
metallatomer bundna för att fungera. Dessa metallfria ribonukleotidreduktaser 
finns hos mycoplasmabakterier och gör att de kan producera DNA även om 
tillgången till metaller är begränsad. Nu när vi vet att dessa proteiner finns och 
hur de fungerar öppnar det för möjligheten att utveckla nya läkemedel för att 
tackla infektioner orsakade av dessa bakterier. 
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Artikel III och IV - 
Den kemiska industrin har i alla tider inspirerats av, och försökt efterlikna de 
komplexa kemiska reaktioner som förekommer i naturen. Ett exempel är hur 
metanmonooxygenas konverterar metan i gasform till metanol. Metan är en 
gas som bidrar starkt till växthuseffekten. På grund av de stora riskerna med 
lagring och transport av metan släpper olje- och gasindustrin ut ungefär 110 
miljoner ton metan till atmosfären av varje år, enligt International Energy 
Agency. Vi skulle kunna minska detta problem genom att utnyttja reaktionen 
som metanmonooxygenas katalyserar och därmed konvertera metangas till 
flytande metanol. I artikel III beskriver vi ett nytt system, utvecklat av våra 
samarbetspartners. som kan användas för att studera en nyckelkomponent 
(som kallas Q) i reaktionen som drivs av metanmonooxygenas. Det här syste-
met kan även användas för att studera andra likande metallprotein komplex. I 
artikel IV använde vi det här systemet för att undersöka hur omvandlingen av 
metangas regleras av metanmonooxygenas. Vi kunde även visa att det, under 
rätt betingelser, går att studera nyckelkomponenten Q med det här systemet. 
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11 ಜನ#$ಯ &'ಾನ )ಾ*ಾಂಶ 

-ೕವ0ೋಶ0ೆ3 ಹಲ7ಾರು ಉಪಯುಕ= 0ಾಯ>ಗಳನುA Bವ>Cಸಲು ಸEಾಯ Fಾಡುವ H$ೕIೕJ ಗಳನುA ಬಹಳ 

ಸಣM ಯಂತ$ಗOೆಂದು Qಾ&ಸಬಹುದು. -ೕವ0ೋಶದRSನ H$ೕIೕJ ಗಳ 0ಾಯ>ಗಳT ಶU=ಯನುA ಒದWಸಲು, 

Hೕಷ0ಾಂಶಗಳನುA ಬಳಸುವYದZಂದ C[ದು, -ೕ&ಯ \ೆಳವ]^ೆ ಮತು= ಸಂ`ಾaೋತbc=^ೆ ಮತು= dಾವYeೇ 

\ಾಹf \ೆದZ0ೆಗgಂದ ರhಸಲು ಅಥ7ಾ ಆಕ$ಮಣ Fಾಡಲು ಸEಾಯ Fಾಡುತ=7ೆ. ಇRS aಾವY, ಪ$ಕೃcಯRS 

)ಾFಾನf7ಾW ಬಳಸoಾಗುವ, ಸಂUೕಣ> *ಾ)ಾಯBಕ U$pಗಳ 7ಾfಪಕ qೆ$ೕ]ಯನುA Bವ>Cಸುವ 

ಸರಳ7ಾದ aಾಲು3-CRrs (0ಾtu ಅಥ7ಾ vwಂx ತರಹದ) ರಚaೆಯನುA Eೊಂzರುವ H$ೕIೕJ ಗಳ {ೕoೆ 

ಅಧfಯನ ನ}ೆve ~ೇ7ೆ. ಈ ಪ$cU$pಗg^ೆ ಸEಾಯ Fಾಡಲು, ಕ��ಣ ಮತು= FಾfಂಗBೕ�  ನಂತಹ oೋಹದ 

ಪರFಾಣುಗಳನುA )ಾFಾನf7ಾW ಈ ಕುಟುಂಬದ H$ೕIೕJ ಗಳT ಬಳv0ೊಳT�ತ=7ೆ. ಈ ಪ$ಬಂಧದRS, ಈ 

H$ೕIೕJ ಕುಟುಂಬದ ಹಲ7ಾರು ಸದಸfರ 0ಾಯ>ವನುA ಅಥ>Fಾ[0ೊಳ�ಲು aಾವY ಪ$ಯcAve ~ೇ7ೆ. aಾವY 

ಇRS ಅಧfಯನ Fಾಡಲು ಆp3 Fಾ[ದ H$ೕIೕJ ಗಳನುA *ೈ\ೊನೂfUS��ೈ� Zಡ0ೆ�ೕ� R2 ಮತು= 

)ಾಲೂfಬu �ೕ�ೇJ �aೊಆUs�ೆaೇ� ಎಂದು ಕ*ೆಯoಾಗುತ=eೆ. *ೈ\ೊನೂfUS��ೈ� Zಡ0ೆ�ೕ� ಗಳT 

[.ಎJ .ಎ Fಾಡಲು \ೇ0ಾಗುವ ತುಣುಕುಗಳನುA Fಾಡಲು 0ೋಶಗg^ೆ ಸEಾಯ Fಾಡುತ=7ೆ. ಅದZಂeಾW ಈ 

H$ೕIೕJ ಗಳT ಎoಾS -ೕ&ಗಳRS ಕಂಡುಬರುತ=eೆ, Eಾ^ೆ �ೕ�ೇJ �aೊಆUs�ೆaೇಸ�ಳT ಹಲ7ಾರು 

\ಾfU�ೕZಯಗg^ೆ ಶU=ಯನುA ಉತbcಸಲು �ೕ�ೇJ ಅನುA ಬಳಸಲು ಸಹಕZಸುತ=7ೆ. ಈ ಎರಡು ಕುತೂಹಲ-

0ೆರgಸುವ H$ೕIೕJ ಗಳನುA ಸುFಾರು 60 ವಷ>ಗgಂದ ಅಧfಯನ FಾಡoಾWeೆ, *ೈ\ೊನೂfUS��ೈ� 

Zಡ0ೆ�ೕ� ಸಂqೆ�ೕಧaೆಯRS v�ೕಡJ ಮುಂಚೂ]ಯRSeೆ. 
 

 
ಸಂqೆ�ೕಧaೆ I –  

*ೈ\ೊನೂfUS��ೈ� Zಡ0ೆ�ೕ� R2 H$ೕIೕನ�ಳT ಎರಡು oೋಹದ ಪರFಾಣುಗO�ೆಂz^ೆ 0ೆಲಸ 

FಾಡಬಲSವY, ಅದು ಎರಡು ಕ��ಣದ ಪರFಾಣುಗಳT, ಎರಡು FಾfಂಗBೕ� ಪರFಾಣುಗಳT ಅಥ7ಾ ಒಂದು-

ಕ��ಣ ಮತು= ಒಂದು-FಾfಂಗBೕ� ನ ಪರFಾಣು ಆWರಬಹುದು. ಇRSಯವ*ೆ^ೆ, ಈ H$ೕIೕನ�ಳT ಒಂದು 

ಪರFಾಣುವನುA ಇaೊAಂದರ {ೕoೆ Eೇ^ೆ ಆp3 Fಾಡುತ=7ೆ ಎಂಬುದನುA ಸಂಪ�ಣ>7ಾW 

ಅಥ>Fಾ[0ೊಳ�oಾWಲS. ಸಂqೆ�ೕಧaೆ I ರRS, ಒಂದು-ಕ��ಣ ಮತು= ಒಂದು-FಾfಂಗBೕ� ನ ಪರFಾಣುವನುA 

0ಾಯ>0ಾ3W ಬಳಸುವ ಎರಡು H$ೕIೕJ ಗಳT ಈ Zೕcಯ ಪರFಾಣುಗಳ ನಡು7ೆ Eೇ^ೆ ಸZdಾW 

ವf`ಾfಸವನುA `ೋZಸುತ=7ೆ ಎಂಬುದನುA ಅಥ>Fಾ[0ೊಳ�ಲು aಾವY EೊರIe ~ೇ7ೆ. R2c ಎಂದು 

ಕ*ೆಯಲbಡುವ H$ೕIೕJ  *ೈ\ೊನೂfUS��ೈ� Zಡ0ೆ�ೕ� ಕುಟುಂಬ0ೆ3 )ೇZeೆ. ಎರಡaೆಯ 

H$ೕIೕJ ಗಳನುA R2-ತರಹದ oೈಗಂ� \ೈಂ[ಂx ಆUs}ೇ� ಎಂದು ಕ*ೆಯoಾಗುತ=eೆ, ಈ R2lox 

H$ೕIೕJ ಗಳT 0ೋಶದRS ಇನೂA dಾವ 0ಾಯ>ವನುA Bವ>Cಸುತ=eೆ ಎಂದು ಕಂಡುC[ಯಲು )ಾಧf7ಾWಲS. 
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ಈ ಎರಡೂ H$ೕIೕJ ಗಳT ಕ��ಣ ಮತು= FಾfಂಗBೕ� ಪರFಾಣುಗಳನುA ಆp3Fಾಡುವ &�ನA 

0ಾಯ>&�ಾನವನುA Eೊಂz7ೆ ಎಂದು ನಮ� ಫR`ಾಂಶಗಳT cೕFಾ>Bಸುತ=eೆ. 

ಸಂqೆ�ೕಧaೆ II – 

ನಮ� eೇಹವY ಆಕ$ಮಣ0ಾZ *ೋ^ಾಣುಗಳ &ರುದ� Eೋ*ಾಡುವ ಒಂದು Fಾಗ>7ೆಂದ*ೆ, ಈ ಸೂ��-ೕ&ಗg^ೆ 

ಲಭf&ರುವ oೋಹಗಳ ಪ$FಾಣವನುA ಕ[{ FಾಡುವYದು. ಈ ZೕcdಾW, ಸೂ��-ೕ&ಗg^ೆ ಅವರ 

ಉg&^ಾW ಅಗತf7ಾWರುವ ಪ$ಮುಖ 0ಾಯ>ಗಳನುA Bವ>Cಸಲು )ಾಧf7ಾಗುವYzಲS. ಸಂqೆ�ೕಧaೆ II ರRS, 

aಾವY ಒ{� ಸU$ಯ^ೊgvದ*ೆ dಾವYeೇ oೋಹಗಳನುA ಬಳಸeೆ 0ಾಯ> Bವ>Cಸಬಹುeಾದ 

*ೈ\ೊನೂfUS��ೈ� Zಡ0ೆ�ೕ� ಕುಟುಂಬದ Eೊಸ ಸದಸfನನುA aಾವY ಕಂಡುC[eೇ7ೆ. ಈ ಆಶ ಯ>ಕರ 

ಆ&¡ಾ3ರವY ಈ H$ೕIೕJ ಗg^ೆ 0ಾಯ>ವನುA Bವ>Cಸಲು dಾ7ಾಗಲೂ oೋಹಗಳT \ೇ0ಾಗುತ=eೆ ಎಂಬ 

ಕಲbaೆಯನುA ಸಂಪ�ಣ>7ಾW ರದು~^ೊgಸುತ=eೆ. ಇಂತಹ H$ೕIೕನ�ಳT ಹಲ7ಾರು )ಾಂ0ಾ$�ಕ 

{ೖ0ೋ¢ಾS)ಾ� ಸೂ��-ೕ&ಗಳRS ಕಂಡುಬರುತ=7ೆ, ಇದು oೋಹಗಳ Bರಂತರ ಉಪv£ctಲSeೆ [.ಎJ .ಎ 

Fಾಡಲು \ೇ0ಾಗುವ ತುಣುಕುಗಳನುA Fಾಡಲು ಅನುವY Fಾ[0ೊಡುತ=7ೆ. ಈ H$ೕIೕನ�ಳT Eೇ^ೆ 

0ಾಯ>Bವ>Cಸುತ=7ೆ ಎಂಬುದು ನಮ^ೆ ಈಗ cgzeೆ, ಈ \ಾfU�ೕZdಾಗಳ &ರುದ� Eೋ*ಾಡಲು Eೊಸ 

ಔಷ¥ಗಳನುA ಈಗ aಾವY &aಾfಸ^ೊgಸಬಹುದು. 
 
ಸಂqೆ�ೕಧaೆ III ಮತು= IV -  

oೋಹ-H$ೕIೕJ �ೋ[ಗಳT Bವ>Cಸುವ ಸಂUೕಣ> ಪ$cU$pಗಳನುA ಅನುಕZಸಲು )ೇZದಂ`ೆ, 

)ಾಲೂfಬu �ೕ�ೇJ �aೊಆUs�ೆaೇ� H$ೕIೕJ Bಂದ �ೕ�ೇJ ಅನುA {ಥaಾu ಆW 

ಪZವc>ಸುವYದು *ಾ)ಾಯBಕ 0ೈ^ಾZ0ೆಗಳT Bರಂತರ ಆಸU= ವCಸುತ=7ೆ. �ೕ�ೇJ Eೆಚು  ಪ$ಬಲ7ಾದ 

ಹvರುಮaೆ ಅBಲ7ಾWeೆ. ಅಂತರ*ಾ¦§ೕಯ ಇಂಧನ ಏ�ೆBsಯ ಪ$0ಾರ, �ೕ�ೇJ ಸಂಗ$ಹ©ೆ ಮತು= 

)ಾಗ©ೆಯ Eೆª ನ ಅ¢ಾಯzಂeಾW ಪ$cವಷ> 110 ದಶಲ� ಟJ �ೕ�ೇJ 7ಾ`ಾವರಣ0ೆ3 

�ಡುಗ}ೆdಾಗುತ=eೆ. Eಾ^ಾW, )ಾಲೂfಬu �ೕ�ೇJ �aೊಆUs�ೆaೇ� H$ೕIೕJ ನRS �ೕ�ೇJ 

(ಅBಲ) ಅನುA {ಥaಾu (ದ$ವ) ಆW ಪZವc>ಸುವ ಪ$cU$pಯನುA ಅಧfಯನ Fಾಡುವ ಮೂಲಕ ಮತು= 

ಪYನ*ಾವc>ಸುವ ಮೂಲಕ aಾವY ಈ ಸಮ)ೆfಯನುA B7ಾZಸಬಹುದು. ಸಂqೆ�ೕಧaೆ III ರRS, ನಮ� 

ಸಹeೊfೕWಗಳT ಅ�ವೃz�ಪ[vದ Eೊಸ ವfವ) £ೆಯನುA aಾವY &ವZಸು` =ೇ7ೆ. ಇದು )ಾಲೂfಬu �ೕ�ೇJ 

�aೊಆUs�ೆaೇ� ನRS ಈ U$pಯ Q ಎಂದು ಕ*ೆಯಲbಡುವ ಪ$ಮುಖ ಘಟಕವನುA ಅಧfಯನ FಾಡುವYದ0ೆ 

ಸEಾಯ Fಾಡುತ=eೆ. ಈ ವfವ) £ೆಯನುA ಹಲ7ಾರು ಇತರ oೋಹ-H$ೕIೕJ �ೋ[ಗg^ೆ ಬಳಸಬಹುದು. ಈ 

ವfವ) £ೆಯನುA ಬಳv0ೊಂಡು, ಸಂqೆ�ೕಧaೆ IV ಯRS, �ೕ�ೇJ ಪZವತ>aೆಯನುA �ೕ�ೇJ 

�aೊಆUs�ೆaೇ� ನRS Eೇ^ೆ Bಯಂc$ಸoಾಗುತ=eೆ ಎಂಬುದನುA aಾವY ¬ೆaಾAW ಅಥ>Fಾ[0ೊಳ�ಲು 

)ಾಧf7ಾWeೆ, ಮತು= ಸZdಾದ ಪZv£cಗಳRS ಭ&ಷfದ ಪ$�ೕಗಗಳRS ಈ Eೊಸ ವfವ) £ೆಯನುA ಬಳv0ೊಂಡು 

Q ಅನುA ಗಮBಸಲು ಮತು= ಅಧfಯನ Fಾಡಲು )ಾಧf&eೆ ಎಂಬುದನುA `ೋZve ~ೇ7ೆ. 
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