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Chapter |

The first chapter provides a brief introduction to heme containing enzymes, of which
described are globins (including hydrogen sulfide transporting globins) as well as
cytochromes P450 and heme oxygenase.

Cytochromes P450 are enzymes capable of oxidative modifications of both
endogenous and exogenous molecules with the purpose of synthesis of useful products and
elimination of unwanted compounds. These enzymes are capable of extracting hydrogen
atoms even from aliphatic C-H units with a schematic representation of the catalytic cycle
given in Figure 1. The chemical species involved in this process is a radical cation porphyrin
bound to a Fe(IV)O? unit called Compound 1 (see Figure 1.).

~
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Figure 1. Schematic representation of the catalytic cycle of cytP450 derived from ref [1, 2]

with the cysteinate axial ligand shown as methylthiolate.

Heme degradation in the human body is performed by the heme oxygenase enzymes,
leading to iron, bilirubin and CO. The process occurs through oxygen activation and self
oxidation in the meso position of the heme (the methylene bridging the pyrrole rings),
catalyzed by the heme itself [3]. Further details on heme oxygenase type reactions are given

in text. Each relevant section also contains its own introduction.



Chapter Il

Chapter 11 deals with computational studies on the sulfite reductase active site,
followed by studies on the interaction on cobalamines and cobinamides with series of
different ligands. The last part of the chapter concerns the activation of dioxygen and related
species by copper bleomycins.

Section 11.1.1.

Sulfite reductase features a siroheme-containing active site and catalyzes the six-
electron reduction of sulfite to sulfide at the heme iron [4-8]. A mechanism [9] has been
proposed for this process, based on spectroscopic data as well as on the crystal structure of
several sulfite reductase adducts [4-8]. After several proton and electron dependent
dehydrations, four SO adducts at the iron (with the formal oxidation states of I, 11, 11l and 1V)
were proposed to be part of the catalytic cycle.

This subchapter deals with the DFT characterization of these adducts with emphasis
on the geometric and electronic structures. For this purpose, models were constructed
containing iron-porphyrins bound to an axial methylthiolate. Trans to the thiolate, a neutral
SO molecule was bound to the iron, both through the oxygen and sulfur atoms. Calculations
were performed by using BP86/6-31G**, B3LYP/6-31/G* as implemented in Spartan 06 and
MO06-L/6-31G** as implemented in Gaussian 09.

One first observation that can be noted is that that the differences between relative
energy predictions made by the three functionals examined here — B3LYP, BP86 and MO6L,
are in some cases rather large — close to 20 kcal/mol — whether concerning the spin state
preferences or isomer preferences. This places emphasis on the need to always examine trends
between related complexes, as opposed to single values for any given complex in terms of
either isomerism or spin state preference.

Another general observation is that although the Fe-OS and Fe-SO isomers are often
degenerate in energy, suggesting that they both may be observable, and that interconversion is
thermodynamically facile (indeed, calculations performed on Fe(I1)-SO models indicate an
isomerisation barrier of just over 20kcal/mol); the Fe-SO isomers would be the ones more
likely to occur during the catalytic cycle of sulfite reductases — a cycle which is initiated

indeed with the sulfite bound to iron via the sulfur, not via the oxygen [4-8].



Of the models employed here the formally Fe(1)-SO/OS states are predicted to be low-
spin. The electronic structure in Fe(l)-OS/SO is best described as featuring a superoxide-like
SO’ ligand and a porphyrin anion radical, relatively different from the isoelectronic Fe(l)-O-
states, which at similar levels of theory [10] were previously described as Fe(l1)-superoxo,
with no porphyrin anion radical. The Fe(I1)-SO and Fe(11)-OS adducts are computed to be
essentially isoelectronic with Fe(I1)-O,, including the tendency to favor the electromer
featuring Fe(l11) bound to a superoxide-like SO". Concerning the formal Fe(l1l) models, they
were found to feature distinctly weaker bonding to the iron (especially due to the higher-spin
preference) than seen in Fe(1)-SO or Fe(11)-SO. No other electromers except Fe(l11)-SO°
electromer are found to contribute significantly to the electronic structure in this case. Fe(IV)-
SO models appear to feature the weakest Fe-S bonds of the four oxidation states examined
here, with a key factor being the higher-spin state preference. Notably, Fe(IV)-SO is the first
of these to occur in the proposed catalytic cycle [9]. The lower-spin states of the Fe(IV)-SO
and Fe(IV)-OS appear to feature some unprecedented structures, with the SO ligand attaching
either to the nitrogen (with such structures never before observed experimentally [11]) or to

the meso carbon in the porphyrin ring as seen in Figure 11.

Section 11.1.2.

The present subchapter deals with the interaction of inorganic sulfides with Compound
| type structures as a theoretical probe for the different catalytical route in the last steps of the
sulfite reductase. Also, of practical importance is insight into sulfhemes whose mechanism of
formation is not completely elucidated and was proposed before to be formed by reaction of
hydrogen sulfide with oxygen activated hemes [12-14].

Like in the previous subchapter, models were constructed containing iron(lll)-
porphyrin bound axially to methylthiolate (for sulfite reductase) and to imidazole (for
myoglobin Compound 1). Trans to these ligands another series of ligands were bound to the
iron center through the oxygen atom (charges given in parentheses): OS (2-), OSH (-), OSH.,
(0) and OHSH (0). Full geometry optimizations were performed using BP86/6-31G** using
constrained O-S distances as to mimic dissociation/association along the sulfur and oxygen
fragments.

Interesting results can be noted regarding the geometries obtained. Certain models

have been observed to give heme oxygenase type reactions during geometry optimization and



comparison with equivalent Fe-O, models has been performed in this subchapter. Also,
dissociation/association barrier energies, influence of the trans axial ligand (imidazole and
methylsulfide) and comparisons with literature electronic structures are given in detail in the
full text of the thesis together with a proposed explanation for sulfheme formation and

mechanism for sulfite reductase.
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Figure I1. Optimized geometries for Fe(IV)-OS singlet (first row, two different views)
and for Fe(IV)-SO triplet (second row, two views). Key distances are marked (C-C meso-to-

meso for the distorted heme, and S-N for the bridging sulfur geometry).

Section 11.1.3.

The present subchapter deals with the last steps of the sulfite reductase pathway,
similarly with the previous subchapter, but with emphasis on sulfur bound ligands. The
models were constructed by using a formal Fe(l1l)porphyrin with ligands employed being SO
(2-), SOH (-), SOH; (0) and SHOH (0) and methylthiolate trans to the ones presented before.



Geometry optimizations were performed with BP86/6-31G** with constrained S-O distances
similar to the previous subchapter. The results obtained and comments are presented in detail
in the full text of the thesis.

Chapter 11.2.

The cobalt-containing corrin macrocyclic compound cobalamin (vitamin Bj;) is a
cofactor for two mammalian enzymes [15, 16]. Redox processes involving cobalamin and its
relatives, between Co(l11), Co(Il) and Co(l), are known to offer opportunities for axial ligand
changes reminiscent of those known to dictate reactivity in heme complexes. Axial
coordination to the corrin-bound cobalt center depends on the formal oxidation state of the
metal ion. As a general rule, the number of axial ligands decrease parallel with the cobalt
oxidation state, viz. two axial ligands are bound to the Co(lll) center, one axial ligand is
bound to the Co(ll) center and no axial ligands are bound to the Co(l) center.

This chapter deals with the reactivity of cobalt corrins with different ligands studied
by DFT methods and kinetics determined by UV-VIS. For the DFT calculations (BP86 and
B3LYP using 6-31G** as basis set), models were constructed containing cobalt (I11, Il and I)
ligated to an unsubstituted corrin macrocyle. Benzimidazole was bound axially so as to mimic
the ,,base-on” forms of cobalamines. Extra sets of axial ligands were employed, of which
included are: water, hydroxo, cyanato, methyl, sulfides and thiols, thiocyanate and
isothiocyanate, nitrogen oxydes and oxyanions, dioxygen and related species as well as
sulfoxylate.

DFT results presented contain geometrical parameters (bond lengths), as well partial
charges and spin densities on different subunits of the models (ligand, corrin, cobalt). From
the energy point of view, calculated here are binding energies for the ligands (including
benzimidazole), proton and electron affinities and comparisons in thermodynamic preference
between isomers where applicable.

Each respective subsection contains comparisons with known geometrical parameters
from X-ray crystallography [17-25], reaction energies obtained from experiment [26-31] and
results obtained by other studies involving DFT [32-36].

As a general conclusion, we have observed that BP86 performs marginally better in
describing the geometry of the models when compared to experimentally determined

parameters and also the binding affinities. Also, interesting results were obtained in



hexacoordinated formally Co(Il) models which are described in the full text. Full details of

the experimental procedures are given in the text.

Chapter 11.3.

Bleomycin is a drug whose action involves chelating a metal center and then
damaging DNA within living cells. A key intermediate in bleomycin’s anti-DNA action is a
species known as activated bleomycin, ABLM, which, on the basis of spectroscopic and
theoretical studies, appears well described as a bleomycin-ferric-hydroperoxo adduct.
ABLM’s instability has to some extent precluded detailed structural characterization [37-39].
Copper is also known to activate bleomycin and attack DNA in a similar way to (but less
much efficiently than) iron-bleomycin [40]. Structural data on Cu-bleomycin is available
showing that copper binds in a very similar way to iron [41, 42].

The present chapter deals with a DFT study of dioxygen and related species activation
by copper bleomycin using B3LYP with the 6-31G** basis set. The models used are
described in the full text, as well as the geometrical parameters, partial charges and spin
densities.

Interesting results have been obtained showing that the models studied here behave
completely different compared to ferric adducts, both concerning coordination by the
bleomycin at the metal center and the electromerism involved, probably providing a different

pathway towards DNA damage.

Chapter I11.

Thiazoles, chalcones and Schiff bases are important groups present in
pharmacologically active compounds [43-55]. Described in this chapter are the synthesis of
the thiazole ring using the Hantzsch method followed by the obtaining of several novel
compounds: three new thiazole chalcones and four new thiazole Schiff bases. NMR and MS

characterization for the obtained compounds as well as the precursors is provided.
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