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Abstract

Abstract
Cytochrome P450 enzymes are heme proteins that catalyze a great variety of
oxidations, amongst others, stereo- and regioselective hydroxylations of non-activated
C-H bonds. The function and spectroscopic characteristics of this superfamily of
enzymes have been largely attributed to the structural components of the protein
environment in the heme active site, specifically a cysteine thiolate that acts as a
proximal axial ligand. The catalytic reaction cycle of cytochrome P450 involves two
electron transfer steps. Electrons are donated by cytochrome P450-specific reductases.
The study of P450 enzymes is challenging due to their high reactivity and due to the
limitations posed on the mutagenesis of the porphyrin containing active site by its
sensitive geometry.
In order to examine the role of the axial ligand, a cytochrome P450cam
(CYP101) variant in which the axial cysteine is replaced by selenocysteine (C357U)
was produced and investigated as part of this thesis. Sulfur and selenium are nearly
isosteric, but their corresponding thiol and selenol compounds differ in their pKa and
electrode potentials. Thus, modulating the heme axial ligand can be mechanistically
informative. The insertion of selenocysteine was achieved by using a genetic element
known as the selenocysteine insertion sequence (SECIS) downstream of a UGA codon,
which enables site-specific, ribosomal incorporation of selenocysteine into proteins.
The C357U mutant was overexpressed in E. coli, and the effects of the selenocysteine
substitution were characterized by various biochemical and biophysical methods.
In Chapter 2, the design, expression and purification procedure of this artificial
selenoprotein is reported in detail. SECIS elements are highly conserved in structure
and partially in sequence. An important achievement of this thesis is the successful
design of a functional SECIS element that concurrently minimizes mutations in the
P450cam sequence. Due to sequence restrictions, still two extra mutations at position
365 (R365L) and 366 (E366Q) had to be introduced besides the cysteine-toselenocysteine substitution at position 357 in the P450cam sequence. To test whether
experimentally observed differences between wild type and the selenoprotein are due to
these two additional mutations or the effect of the selenium incorporation, a control
P450cam variant was prepared containing the R365L/E366Q mutations (denoted as
P450cam*). All three P450cam variants, wild type, P450cam* and C357U P450cam*
were kinetically and spectroscopically characterized and show a few important
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differences. The sulfur-to-selenium substitution subtly modulates the structural,
electronic and catalytic properties of the enzyme. Thus the overall catalytic activity of
C357U P450cam decreases 2-fold compared to P450cam* and 4-fold compared to wild
type P450cam. The oxidation of camphor also becomes uncoupled: the hydrogen
peroxide production rate of C357U P450cam* is about 5-to 10-times higher than for the
wild type enzyme or P450cam*. Comparison of the crystal structures of P450cam* and
C357U P450cam* reveals small deviations on the proximal side of the heme probably
due to the longer iron-selenium-bond (2.47 Å compared to 2.39 Å of the iron-sulfurbond). The electrode potential of C357U P450cam* was lower compared to P450cam*
and wt P450cam.
Chapter 3 focuses on the individual electron transfer steps and on binding of
oxygen. It is widely accepted that transfer of the first electron is rate limiting in the
reaction cycle. C357U P450cam* was reduced about 2-fold slower than P450cam* and
4-fold slower than the wild type enzyme, which reflects the relative reactivity observed
in the steady-state measurements. After the first electron is transferred, oxygen binds to
the ferrous iron. Oxygen binding is the fastest reaction observed in the experiments
described in Chapter 3; wild type P450cam and P450cam* bind oxygen at similar rates,
while the selenoprotein forms the oxygen complex significantly faster. The subsequent
transfer of the second electron is considerably faster than the first electron transfer but
similar for all three proteins.
In analogy to peroxidases, the oxo-ferryl π-cation radical intermediate
(“compound I“) is generally thought to be the key oxidant in the reaction cycle.
However, in contrast to peroxidases, this intermediate has never been detected in
cytochrome P450, and there is an ongoing debate about its existence. Because a
cytochrome P450 variant whose axial ligand is replaced by selenocysteine was
predicted to stabilize compound I (1), we attempted to generate the high-valent
oxidation state artificially by oxidation of the heme cofactor through peracids. In the
experiments presented in Chapter 4, wild type P450cam and P450cam* show no direct
evidence for compound I, but rather show characteristics of a mesomeric form of
compound I, an oxo-ferryl and a tyrosine radical close to the heme. The selenoprotein
exhibits a different reaction behavior; it shows slower oxidation kinetics in stoppedflow experiments with peracid. Furthermore, freeze-quench EPR experiments reveal at
least one additional radical species.
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However, the identity of this newly observed, short-lived radical species in the C357U
mutant remains unclear and a profound spectroscopic characterization will be needed in
the future to verify if the intermediate of the selenoprotein is indeed compound I.
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Zusammenfassung
Cytochrom P450-Enzyme sind Hämproteine die eine Vielzahl von Oxidationen
katalysieren, unter anderem stereo- und regioselektive Hydroxylierungen von
unaktivierten C-H-Bindungen. Die Funktion und spektroskopischen Eigenschaften
dieser Enzym-Superfamile werden grösstenteils auf strukturelle Komponenten der
Proteinumgebung

der

aktiven

Tasche

zurückgeführt,

insbesondere

auf

ein

Cysteinthiolat, das als proximaler axialer Ligand des Häms dient. Der katalytische
Reaktionszyklus beinhaltet zwei Elektronentransferschritte. Elektronen werden von
Cytochrom-P450-spezifischen Reduktasen auf das P450 übertragen. Untersuchungen an
P450-Enzymen sind eine Herausforderung aufgrund ihrer hohen Reaktivität und der
limitierten Möglichkeiten, die Häm-bindende aktive Tasche zu mutagenisieren, weil
diese eine empfindliche Geometrie hat.
Ziel dieser Doktorarbeit war es, die Rolle des axialen Liganden zu erforschen; es
wurde eine Mutante des Cytochrom P450cam (CYP 101) produziert, bei dem das axiale
Cystein gegen Selenocystein (C357U) ausgetauscht wurde. Schwefel und Selenium sind
nahezu isosterisch, aber ihre entsprechenden Thiol- und Selenolverbindungen
unterscheiden sich in ihrem pKa und ihren Elektrodenpotentialen. Daher könnte man
durch Modulation des axialen Liganden mechanistische Informationen erhalten. Das
Einfügen von Selenocystein in P450cam wurde ermöglicht durch die Anwendung eines
genetischen Elements, der Selenocystein-Insertionssequenz (SECIS), nachfolgend eines
UGA-Codons. Dieses Element bewirkt ortsspezifischen und ribosomalen Einbau von
Selenocystein in Proteine. Die C357U-Mutante wurde überproduziert in E.coli, und der
Effekt der Selenocysteinsubstitution wurde durch mehrere biophysische und
biochemische Methoden untersucht.
In Kapitel 2 wurde das Design, die Expression und die Aufreinigungsmethode
im Detail berichtet. SECIS-Elemente sind in ihrer Struktur und teilweise auch in ihrer
Sequenz stark konserviert. Daher war das erfolgreiche Design eines funktionellen
SECIS-Elements, welches gleichzeitig auch Mutationen in der P450cam-Sequenz
minimiert,

ein

wichtiges

Teilergebnis

dieser

Doktorarbeit.

Aufgrund

dieser

Sequenzeinschränkungen mussten allerdings trotzdem zwei extra Mutationen an der
Position 365 (R365L) und 366 (E366Q) in der P450cam-Sequenz eingefügt werden,
abgesehen vom Selenocysteineinbau an der Position 357. Um herauszufinden ob die
experimentell beobachteten Unterschiede durch die zwei extra Mutationen oder durch
4
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den Selenocysteineinbau hervorgerufen wurden, wurde eine Kontroll-P450camVariante hergestellt, die nur die beiden extra Mutationen R365L/E366Q enthält
(genannt „P450cam*“). Alle drei P450cam-Varianten, wt P450cam, P450cam* und
C357U P450cam* wurden kinetisch und spektroskopisch charakterisiert und zeigen ein
paar wichtige Unterschiede. Der Schwefel-zu-Selenium-Austausch ändert leicht die
strukturellen, elektronischen und katalytischen Eigenschaften des Enzyms. Es zeigte
sich dass die katalytische Gesamtaktivität im Falle des Selenoproteins zweifach
verringert ist im Vergleich zu P450cam* und vierfach im Vergleich zum wt-Protein.
Die Campheroxidation war entkoppelt, und die Wasserstoffperoxid-Bildungsrate ist
etwa 5-10 mal höher im Vergleich zu P450cam* und wt P450cam. Ein Vergleich der
Kristallstrukturen von P450cam* und C357U P450cam* zeigt kleine Abweichungen auf
der proximalen Seite des Häms; wahrscheinlich werden diese durch die längere Fe-SeBindung hervorgerufen (2.47 Å im Vergleich zu 2.39 Å der Fe-S-Bindung). Ausserdem
war das Elektrodenpotenzial im Falle des Selenoproteins leicht erniedrigt im Vergleich
zu wt P450cam oder P450cam*.
In Kapitel 3 werden die einzelnen Elektronenübertragungsschritte und die
Bindung von Sauerstoff genauer untersucht. Es ist eine allgemein akzeptierte
Hypothese, dass der erste Elektronentransferschritt geschwindigkeitsbestimmend für die
Gesamtreaktion ist. C357U P450cam* wurde etwa zweimal langsamer reduziert als
P450cam*, und viermal langsamer als das wt-Enzym. Dieser Befund ähnelt der
relativen Reaktivität die auch in den Reaktionen unter stationären Bedingungen (Kapitel
2) gefunden wurde. Nachdem das erste Elektron übertragen wurde bindet Sauerstoff an
das zweifach-positive Eisen. Die Bindung von Sauerstoff ist die schnellste Reaktion die
in den Experimenten in Kapitel 3 untersucht wurden; wt P450cam und P450cam*
binden Sauerstoff in ähnlicher Geschwindigkeit, hingegen bildet das Selenoprotein den
Sauerstoffkomplex

beträchtlich

schneller.

Der

darauffolgende

zweite

Elektronenübertragungsschritt ist schneller als der erste und ähnlich in den
Geschwindigkeiten für alle drei Proteine.
In Analogie zu Peroxidasen wird als Oxidanz das Oxo-Ferryl Porphyrin-π-Kation
Radikalintermediat („compound I“) im Reaktionszyklus angenommen. Allerdings, im
Gegensatz zu den Peroxidasen, konnte dieses Intermediat bis jetzt noch nicht in
Cytochrom P450 detektiert werden, und es gibt eine bis heute andauernde Kontroverse
über die Existenz dieser Spezies. Es wurde von Shaik und Mitarbeitern vorausgesagt
dass eine Selenocystein-enhaltende Variante von P450cam „compound I“ stabilisieren
5

Zusammenfassung

sollte (1). Der hohe Oxidationszustand von „compound I“ kann künstlich durch
Persäuren erzeugt werden. Das wt-Enzym und P450cam* zeigen in den Experimenten,
beschrieben in Kapitel 4, keinen Hinweis auf „compound I“, sondern vielmehr auf eine
mesomere Spezies von

„compound

I“,

eine oxo-Ferryl-Spezies mit

einem

Tyrosinradikal nahe des Häms. Das Selenoprotein hingegen verhält sich anders, es
zeigte eine langsamere Oxidationskinetik in Stopped-Flow-Experimenten, und in
Freeze-quench

EPR-Experimenten

konnte

mindestens

eine

zusätzliche

neue

Radikalspezies nachgewiesen werden. Leider konnte die Identität dieser kurzlebigen
Radikalspezies bis jetzt nicht geklärt werden und weitere spektroskopische Experimente
werden in der Zukunft notwendig sein um zu klären, ob es sich bei der neuentdeckten,
kurzlebigen Spezies des Selenoproteins um das „compound I“-Intermediat handelt.
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Abbreviations
Å

angstrom (10-10 meters)

°C

degree celsius

cm

centimeter

Da

Dalton (molecular mass)

DDAB

didodecyldimethylammonium bromide

DNA

deoxyribonucleic acid

DTE

Dithioerythritol

ε

molar extinction coefficient

E. coli

Escherichia coli

EPG

edge-plane graphite

EPR

electron paramagnetic resonance

ESI-MS

electrospray ionization mass spectrometry

EXAFS

extended x-ray absorption fine structure

FPLC

fast protein liquid chromatography

fs

femto seconds

G

Gauss

GC/MS

gas chromatography-mass spectrometry

Hz

Hertz

k

rate constant

kobs

observed rate constant

kcat

catalytic rate constant

Km

Michaelis-Menten constant

K

Kelvin

M

molar

mCPBA

m-chloroperoxybenzoic acid

min

minute(s)

mM

millimolar

ms

millisecond(s)

µM

micromolar

mT

milli Tesla

mV

milli Volt(s)

7

Abbreviations

NADH

reduced form of nicotinamide adenine dinucleotide

NHE

normal hydrogen electrode

nm

nanometer

OD600

optical density at 600 nm

PCR

polymerase chain reaction

PDB

Protein Data Bank

Pdr

Putidaredoxin reductase

Pdx

Putidaredoxin

PLP

pyridoxal-5'-phosphate

pH

acidity or basicity of a solution

pKa

acid dissociation constant

PYLIS

Pyrrolysine insertion sequence

QM/MM quantum mechanics/molecular mechanics
RSMD

root mean square deviation

s

second(s)

SBP2

SECIS-binding protein 2

SDS

sodium dodecyl sulfate

SECIS

selenocysteine insertion sequence

Sec

selenocysteine

SerRS

seryl-tRNA synthetase

SRE

selenocysteine-redefinition element

T

temperature

τ

time constant

TB

Terrific-Broth (growth medium)

Tm

transversal relaxation time

Tris-HCl 2-amino-2-(hydroxymethyl)-1,3-propandiol/hydrochloric acid buffer
UV-Vis

ultraviolet-visible spectroscopy

wt

wild type

XANES

x-ray absorption near-edge structure

The standard abbreviations for natural amino acids (one and three letter codes), DNA
bases and elements were used.
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Chapter 1. Introduction
Selenium
The trace element selenium was discovered by the Swedish chemist Berzelius in
1817 and named after the ancient Greek moon goddess, Selene. Like oxygen, sulfur,
tellurium, and polonium, selenium belongs to group 16 of the periodic table, the
elements of which are called the chalcogens. Selenium shares the most chemical
similarity with sulfur. For example, they have similar electronegativities, atom sizes,
and the same major oxidation states. Selenium occurs in six stable isotopes and a
number of radionuclides, whereas sulfur has 4 stable isotopes and radionuclides. In
contrast to oxygen, they both utilize d-orbitals for bonding, which certainly contributes
to their unique chemical properties (2, 3). Both sulfur and selenium exist as disulfides
(diselenides), sulfites (selenites), sulfides (selenides), methylated sulfur compounds
(methylated selenium analogs), sulfenic acids (selenic acids), sulfinic acids (selininic
acids) and sulfonic acids (selenonic acids). Selenium and sulfur can also react with each
other to form selenylsulfide bonds.
Despite their many similarities, a major difference between selenol and thiol
containing compounds is their pKa. Usually, compounds containing a selenol are more
acidic than their corresponding thiol analogs, since the selenium atom is more
polarizable than the sulfur atom (Table 1.1). Furthermore, selenium compounds
generally have a more negative electrode potential compared to the isomorphous sulfur
compounds. This difference in electrode potential also affects the reactivity of the
selenol compared to the thiol: usually the selenium compound is more nucleophilic and
reactive than its sulfur counterpart.
Selenium is of fundamental importance for human health. It is known primarily
for its antioxidant activity, and selenium deficiencies have been linked to many
diseases, such as cancer, viral infections, thyroid disfunction, male infertility, mood
disorders, cardiovascular diseases and several neurological diseases including
Alzheimer`s and Parkinson`s diseases (4-9). However, the exact role of selenium is still
poorly understood for many of these diseases.

9

Chapter 1. Introduction

Amino acids containing selenium
Selenoproteins are present in bacteria, archaea, and eukaryotes, and about 30
selenoprotein families have been identified so far. Interestingly, yeast and higher plants
lack selenoproteins. Most of the identified selenoproteins are enzymes and many of
them are involved in redox reactions. Selenium is mainly present in proteins as
selenomethionine (Sem) and selenocysteine (“Sec” or “U”).
Although selenium was found to play a major role in formate dehydrogenase in
bacteria (10) and in glutathione peroxidase (11) over 40 years ago, it was shown to be
an encoded amino acid (12) about only 20 years ago. Selenocysteine is introduced sitespecifically into these proteins (13, 14), expanding the set of known proteinogenic
amino acids to 21. Selenocysteine is incorporated into proteins by an expansion of the
genetic code by suppressing a UGA codon, which is normally a stop codon. In contrast,
selenomethionine is incorporated unspecifically into proteins instead of methionine (due
to the similar size of selenomethionine and methionine, enzymes involved in protein
synthesis can hardly distinguish between these two species) (15).
Table 1.1. Chemical and physical properties of sulfur versus selenium compounds.

Elemental properties

Sulfur

Selenium

Atomic number

16

34

Atomic weight

32.07

78.96

Atomic radius (Å)

1.04

1.17

Electronegativity

2.5

2.4

Common oxidation states -2, 0, +4, +6

-2, 0, +4, +6

Stable isotopes

32

Amino acids

Cysteine

Selenocysteine

pKa

8.3

5.2

Electrode potential

-233 mVa

-380 mVa

Codon

UGU, UGC

UGA

a

S, 33S, 34S, 36S

74

Se, 76Se, 77Se, 78Se, 80Se, 82Se

vs NHE, Cystine/Cysteine (Selenocystine/Selenocysteine), pH 7.0, 25°C
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Selenocysteine is an isomorphous analog of cysteine (16). As expected, the pKa
for Sec is much lower compared to Cys (5.2 vs. 8.3). As a consequence, the selenol
group is deprotonated at physiological pH, whereas the thiol of Cys is protonated. The
difference in electrode potential between selenocystine/selenocysteine (-380 mV vs
NHE, pH 7.0, 25°C) and cystine/cysteine (-233 vs NHE) is about 150 mV (17, 18).
Selenocysteine can occur in proteins as a free selenol, as a diselenide, or as a ligand for
metal complexes (19).
Besides their natural function, selenocysteine and selenomethionine have also become
interesting tools for enzymologists (see below).

Natural incorporation of selenocysteine into proteins: expansion of the
genetic code
Although there are more than 140 amino acids found in natural proteins, most of
them are derived from the 20 canonical amino acids and are modified postranslationally
(20). At the time of its discovery about 4 decades ago, Crick believed that the genetic
code, consisting of 64 base triplets that encode 20 amino acids, was a “frozen accident”
(21), meaning that the genetic code stopped evolving once it reached a certain level of
cellular complexity. However, it turned out that Crick`s statement was not completely
correct. The discovery of selenocysteine changed the previously accepted view. Based
on phylogenetic data it was concluded that the genetic code was expanded to include
selenocysteine. However, this must have happened at an early stage of evolution since it
was subsequently lost independently in different organism lineages (22-24). The
discovery of pyrrolysine as the 22nd cotranslationally inserted amino acid, together with
other deviations in the genetic code observed in mitochondria and bacteria, clearly
demonstrates that the genetic code is far more variable than previously thought. Based
on the information obtained from analyses of genomes of various organisms, it also
shows that the genetic code is still evolving (25-30).

1. Prokaryotic selenoprotein synthesis
In bacteria, Sec formation and incorporation has been well studied (31, 32).
Selenocysteine biosynthesis starts with a seryl-tRNA synthetase (SerRS) which acylates
tRNASec to form Ser-tRNASec (Figure 1.1). In the next step, Sec synthase (SelA), which
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is a pyridoxal phosphate (PLP)-dependent enzyme, removes the hydroxyl group of
serine to generate an aminoacrylyl-tRNA intermediate. This aminoacrylyl compound is
then nucleophilically attacked by selenophosphate, the selenium donor synthesized by
selenophosphate synthetase (SelD) from selenite and ATP. Unlike the other 20
canonical aminoacyl-tRNAs, Sec-tRNASec is not delivered to the ribosome by
elongation factor Tu (EF-Tu), but requires a homolog of EF-Tu, the GTP-dependent
SelB. SelB binds to the ribosome and tRNASec with comparable affinities as canonical
elongation factors. In addition, this protein binds to a hairpin structure in the mRNA
which is called the SECIS element (selenocysteine insertion sequence). The latter
property is unique to SelB.

Figure 1.1. Scheme of the selenocysteine incorporation pathway in bacteria.

Selenocysteine is encoded by the UGA codon, which normally signifies truncation.
Successful suppression of the stop codon and reassignment to Sec is determined by the
SECIS element. In prokaryotes, the SECIS element is cis-acting and located
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immediately downstream of the stop codon, in many cases within the selenoprotein
coding region. Apart from a number of bases involved in the recognition process,
SECIS elements generally have relatively low sequence similarity. However, their
secondary structures are highly conserved (33, 34). The SECIS element of the
selenoprotein formate dehydrogenase from E. coli shown in Figure 1.2 is a well-studied
example.

Figure 1.2. Canonical SECIS element from E. coli formate dehydrogenase.

The SECIS mRNA required for selenocysteine incorporation consists of a UGA
codon, an intermediate region of 11 nucleotides (lower stem in Figure 1.2) downstream
of the stop codon whose sequence is not crucial, and the SECIS hairpin. The nature of
the nucleotide immediate downstream of the UGA codon is important; if it is a purine, a
tryptophan suppression pathway competes with selenocysteine suppression (35). The
SECIS hairpin consists of 17 nucleotides. Ten of these nucleotides form base-pairs (1531, 16-30, 18-29, 19-28 and 20-27) and are non-specific (upper stem). SelB contains a
domain 4 which recognizes the SECIS hairpin backbone (nucleotides 15-31), the
nucleotides (G23 and U24) at the top of the loop and the bulged nucleotide U17, which
explains the partial sequence conservation in the SECIS hairpin (36, 37).
Some research has focused on how sequence variability of the SECIS hairpin
correlates with suppression efficiency, showing that some sequence flexibility is even
13
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tolerated in the conserved regions (36, 38-40). It is still difficult to define clear rules
regarding features that are responsible for a functional SECIS element. In most cases,
the stability and consequently the functionality of a SECIS element depend on its
position in the protein sequence.
The structures for archaeal SelB (37), of prokaryotic SelB (36), bacterial EF-Tu
(41) and yeast eEF1A (the eukaryotic homologue to EF-Tu) (42) are known. A SelB
structure complexed with its Sec-tRNASec is not yet available, but biochemical
experiments indicate that all SelB is bound in a SelB•GTP•Sec-tRNASec complex with
the SECIS element in the cell (43). Upon translation, the lower part of the SECIShairpin (10-11 nt) would be expected to dissociate in order to accomodate the UGA
codon in the ribosomal A site. In analogy to the known structure of EF-Tu, the
anticodon of Sec-tRNASec may pair with the UGA codon in the A site. Codon-anticodon
interaction presumbly activates GTP hydrolysis.

2. Eukaryotic and archaeal selenoprotein synthesis
In eukaryotes and archaea, the selenocysteine incorporation machinery is more
complex and some mechanistic steps are still elusive. In contrast to the situation in
bacteria, where the SECIS is adjacent to the UGA codon, in the archaeal-eukaryotic
pathway, the SECIS element is located within the 3’-untranslated region (UTR) of the
mRNA, in some cases several kilobases away from the UGA codon (44). The SECIS
elements have low sequence similarities overall (Figure 1.3). However, their secondary
structures are highly conserved and contain consensus sequences (45).
A single SECIS element is usually sufficient for Sec incorporation, with the only
known exception being a selenoprotein SelP, which contains two SECIS elements. SelP
contains up to 10 Sec residues in mammals and up to 17 in zebra fish (46) and is
considered as a selenium storage protein.
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Figure 1.3. Consensus structures of (A) eukaryotic type I SECIS element, (B) eukaryotic type II SECIS
element and (C) archaeal SECIS element. Conserved nucleotides are indicated, N represents any
nucleotide, S either a guanine or cytosine.

The Sec formation pathway in eukaryotes and archaea has only recently been
elucidated (Figure 1.4) (47, 48). Selenophosphate synthetases 1 and 2 (SPS1 and SPS2)
are the eukaryotic SelD homologs that synthesize selenophosphate. Interestingly, SPS2
is a selenoprotein and thereby autoregulates its own production along with the
production of other selenoproteins (49-51). As in the bacterial pathway, archaea and
eukaryotes initiate Sec biosynthesis via formation of Ser-tRNASec by SerRS (52, 53).
The seryl moiety is then phosphorylated by an O-phosphoseryl-tRNASec kinase (PSTK)
(54). The final conversion of O-phosphoseryl-tRNASec (Sep-tRNASec) to Sec-tRNASec is
mediated by a PLP-dependent enzyme, distantly related to but in the same enzyme
family as SelA, called Sep-tRNA:Sec-tRNA synthase (SepSecS) (55). SepSecS was
previously also known as the human protein soluble liver antigen/liver pancreas
(SLA/LP), which forms a ribonucleoprotein antigenic complex with tRNASec in
individuals suffering from autoimmune chronic hepatitis (56).
There are also several translation factors involved in selenoprotein synthesis. It is
known that there is an essential cis-acting element, the so-called “selenocysteineredefinition element” (SRE), which is a conserved stem-loop RNA structure within the
coding region (57, 58), that modulates selenocysteine insertion. Furthermore, there are
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recently discovered trans-acting selenocysteine-decoding protein factors like the
SECIS-binding protein 2 (SBP2) (59), the specific elongation factor EFSec, which is
homologous to bacterial SelB (60), SecP43 (61) and ribosomal protein L30 (rpL30)
(62). EFSec (62) recruits Sec-tRNASec to the ribosomal A-site and acts together with
SBP2 to insert selenocysteine into the nascent peptide chain (63). EFSec then dissociates
from the ribosome and SECIS element and reassembles with another Sec-tRNASec for
the subsequent round of Sec incorporation. SBP2 binds to the large ribosomal subunit
and a conserved internal loop domain within the core of the SECIS element (64, 65).
The ribosomal protein rpL30 enhances the incorporation of selenocysteine residues into
proteins during translation by interacting with the SECIS element at a site overlapping
the SBP2 binding site (62). Many biochemical details of these interactions remain
unresolved.

Figure 1.4. tRNA synthesis in bacteria, eukaryotes and archaea.

Analogy of pyrrolysine incorporation to the selenocysteine system
The incorporation of pyrrolysine, the 22nd amino acid which was discovered in
2002 (66), is in some aspects similar to the incorporation mechanism of selenocysteine.
Pyrrolysine is a crucial residue in the enzyme methyltransferase protein (MtmB) of the
methanogen Methanosarcina barkeri, which catalyzes methane production from
monomethylamine. Pyrrolysine is encoded by the stop codon UAG and is a lysine
residue with a pyrroline-ring derivative attached to its ε-amino group (Figure 1.5).
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Figure 1.5. Chemical structure of pyrrolysine.

Until today, it has not been proven whether a so-called PYLIS element (in
analogy to a „SECIS element“), which has been identified in M. barkeri and
D.hafniense methylamine methyltransferase genes, is of importance for pyrrolysine
incorporation. Experiments in E.coli suggest that a PYLIS element is not essential.
Pyrrolysine insertion requires an orthogonal aminoacyl-tRNA-synthetase-tRNA pair,
PylRS and tRNAPyl (67, 68).

Natural selenoproteins
There are several naturally occurring proteins originating from bacteria and
mammals that contain a selenocysteine residue. Presumably, though, not all of the
existing selenoprotein families have been discovered yet, and many of the known
selenoproteins have only been cursorily characterized (69).
Glutathione peroxidase (GPx) is one of the best characterized selenoenzymes. It
protects cells from oxidative damage by catalyzing the reduction of H2O2, lipid
hydroperoxides, and other organic peroxides, using glutathione as a reducing substrate
(70). Replacing the active site selenocysteine by a cysteine decreases the catalytic
activity of the GPx mutant 1000-fold (71).
Mammalian iodothyronine deiodinases (D1-D3) play a major role in the
activation or inactivation of thyroid hormones. Iodothyronine deiodinases are
oxidoreductases with a conserved Sec residue at their catalytic center (72). They
catalyze a deiodination reaction of thyroid hormones (73). Only D1 forms a
selenenyliodide intermediate, and a cysteine substitution results in a > 100-fold decrease
in activity. For D2 and D3, this substitution is less dramatic (2- to 10-fold dercrease)
(74-76).
Mammalian thioredoxin reductases (TrxR isoenzymes) are NADPH-dependent
homodimeric flavoproteins and constitute an essential part of the thioredoxin system,
which has a wide range of important antioxidant and redox regulatory roles in cells (77,
17
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78). Replacement of selenocysteine by cysteine can decrease their activity by more than
100-fold (19, 79, 80).
Selenophosphate synthetase 2 (SPS2) is a selenoenzyme in mammals, which is
believed to be involved in the production of other selenoenzymes and has an active site
Sec residue. SPS2 catalyzes the synthesis of selenophosphate from ATP and selenite.
Selenophosphate is needed for the synthesis of selenocysteinylated tRNASec (81).
Methionine-R-sulfoxide reductase (Ms-rB) is also a mammalian selenoenzyme.
It reduces methionine-R-sulfoxides to methionine and is an important thioredoxindependent enzyme involved in the defense against oxidative stress (82, 83).
The role of the catalytic selenocysteine of both selenophosphate synthase 2 and
methionine-R-sulfoxide reductase is not known. However, replacing the selenocysteine
by cysteine leads to a 40-fold decrease for selenophosphate syntase 2 (19) and more
than 100-fold for methionine-R-sulfoxide reductase (83).
There are also some bacterial selenoenzymes that have been characterized, for
example E. coli formate dehydrogenases H, N and O. They are expressed under
different growth conditions and all catalyze the oxidation of formate to CO2 and H+.
Formate dehydrogenase H is the best characterized variant and contains a catalytically
active iron-sulfur (Fe4S4) cluster, a molybdopterin atom, two guanine dinucleotide
cofactors, and a Sec residue (84). Selenocysteine is coordinated with the Mo atom, and
a Sec-to-Cys mutations leads to > 100-fold decrease of catalytic activity (85).
Some gram-positive anaerobic bacteria contain glycine reductase, which is a
complex of three proteins (A, B and C). Glycine reductase catalyses the formation of
acetyl phosphate from glycine (86, 87). Replacing selenocysteine inactivates this
enzyme (88).
All selenoproteins characterized so far, except selenoprotein P (46), contain
single selenocysteine residues that are located in the enzyme-active site and are
important for their activity.
Although the insertion of selenocysteine residues into proteins requires an
energetically costly synthetic machinery, selenoproteins have survived a strong
evolutionary pressure over a long time period. It consequently seems reasonable to
assume that placing selenocysteine residues into these proteins confers advantages
compared to their Cys homologues.
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Table 1.2. Summary of important natural selenoproteins

Selenoprotein

Reaction
catalyzed

Organism

Role of
selenocysteine

Effect of Sec
→ Cys
mutation on
activity

Glutathione
peroxidase

Reduction of
hydroperoxides

Mammals

Redox

1000-fold
decrease

Iodothyronine
deiodinase D1

Modification of
T3 and T4
hormones
Reduction of
Trx

Mammals

Selenyliodide
intermediate

> 100-fold
decrease

Mammals

Redox

10-100-fold
decrease

Selenophosphate Conversion of
Mammals
synthetase 2
selenite to
selenophosphate

Unknown

> 100-fold
decrease

Methionine-Rsulfoxide
reductase

Reduction of
methionine
sulfoxide to
methionine

Mammals

Redox

> 100-fold
decrease

Formate
dehydrogenase

Conversion of
formate to CO2

Bacteria

Metal ligand

> 100-fold
decrease

Glycine
reductase

Conversion of
Anaerobic
glycine to acetyl bacteria
phosphate

Nucleophile

Unknown

Thioredoxin
reductase

This trade-off is demonstrated in two examples: Formate dehydrogenase H
normally contains selenocysteine. In Methanobacterium formicum, this residue is
replaced by cysteine. Although the cysteine-contaning version has lower activity (see
Table 2), this effect is compensated by high intracellular expression levels (89).
In the case of the thioredoxin reductase from Drosophila melanogaster, a cysteinehomologue has alsmost the same catalytic activity as the Sec protein, but all Seccontaining TrxR mutants have the benefit of a broader pH optimum and a broader
substrate specificity than their Cys counterparts (90, 91).
As phylogenetic studies show, during evolution selenocysteine residues were
frequently replaced by cysteine in some organisms and vice versa (92). Selenoproteins
tend to be more common in higher eukaryotes. Interestingly, eukaryotic selenoproteins
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are not found in bacteria and vice versa, suggesting that these proteins developed
independently.
Indeed, how selenoproteins evolve is an ongoing debate (13, 93, 94). Gladyshev
and coworkers applied computational methods to characterize the mammalian
selenoproteomes, and they found that two groups of selenoproteins exist: one in which
the selenocysteine residue is present together with a cysteine residue as a part of a
thioredoxin-like selenylsulfide/selenolthiol motif, and a second one in which a
selenocysteine is placed as a C-terminal extension to other domains (69). These data
suggest that a selenocysteine residue replaced a cysteine residue (or vice versa) in the
protein, or that a protein aquired new function due to a new protein extension
containing selenocysteine.

How to make (artificial) selenoproteins
There are several established methods to create artificial selenoproteins.
Depending on the size of the protein and the location of the desired selenocysteine
substitution, different methods can have different advantages or disadvantages.
Furthermore, the purpose of the substitution also plays a role, since there are specific,
but more elaborate ways, and simpler but nonspecific ones. The different methods with
their (dis)advantages are discussed in the following paragraphs.

In vitro
(Semi)synthesis has proven to be a method with a broad range of applications.
Selenocysteine-containing peptides and proteins can be synthesized on the solid phase,
and, if long (≥ 80 aa), connected by native chemical ligation (95) (Figure 1.6). A
synthetic peptide segment (A), which contains a thioester at the α-carboxyl group,
undergoes nucleophilic attack by the side chain of the Cys residue at the amino terminus
of a second peptide (B). The initial ligation product (C) undergoes rapid intramolecular
reaction because of the favorable geometric arrangement (involving a five-membered
ring) of the α-amino group of peptide 2, to yield a product (D) with a native peptide
bond at the ligation site. Both reacting peptide segments have the advantage of being in
completely unprotected form, and the target peptide is obtained in final form without
further manipulation, and can be directly refolded to the native fold.
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This method can be expanded to selenocysteine-mediated (96-98) or
selenohomocysteine-mediated ligations (96), which provide further access to seleniumcontaining variations of peptides and proteins. Large proteins, which would require the
assembly of several protein segments, can be also produced by expressed protein
ligation, in which one part of the protein is recombinantly produced as a thioester, and
then ligated to another segment containing an N-terminal Sec (99).

Figure 1.6. The principle of Native Chemical Ligation.

Several proteins have been successfully synthesized using these methods,
including bovine pancreatic trypsin inhibitor (BPTI) (98), selenocysteine-containing
analogs of glutaredoxin 1 (100) and 3 (101), selenocysteine-containing variants of
RNase A (102), a selenocysteine variant of the human copper chaperone for superoxide
dismutase (103), and the copper-binding protein azurin (104). However, synthesis of
peptide segments can be difficult and is strongly dependent on the primary sequence.
This method is less successful for the synthesis of proteins that are very large or
difficult to refold.
Site-specific chemical modification of existing proteins is an alternative strategy
successfully applied. The serine proteases subtilisin (105), and trypsin (106), and to an
antibody (107). The basic principle is the following: a serine residue of choice (for
example in the active site as in the case of subtilisin) is treated with
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phenylmethanesulfonyl fluoride and then converted to a selenocysteine residue by
treatment with excess hydrogen selenide. Unfortunately, this simple and selective
method is limited to amino acid residues with high nucleophilic reactivity.

Biosynthesis in vivo
Another approach for production of selenoproteins involves a cysteineauxotrophic E.coli strain (108, 109). tRNACys is charged with selenocysteine under
cysteine-deprived growth conditions. This enables a relatively easy replacement of
several cysteine residues throughout the protein in relatively good yields, depending on
the desired protein. A disadvantage of this method is that substitution of cysteine is
neither specific nor homogeneous. Typically, only 75-80% of all cysteine residues are
replaced. In most cases, separation of different selenocysteine variants is impossible. A
similar strain was developed for the global replacement of methionines by
selenomethionines, which is very useful in protein x-ray crystallography for solving the
phase problem (110).
In natural selenoproteins, as already noted, a selenocysteine is co-translationally
incorporated into proteins at a specific predefined UGA (stop) codon. Arnér and others
have shown that it is possible to exploit the selenocysteine insertion machinery of E.
coli for heterologous overexpression of several natural selenoproteins (111), including
formate dehydrogenase (112), rat thioredoxin reductase (113), glutathione peroxidase
(114) and methionine sulfoxide reductase B (83). It has been shown that production of
recombinant selenoproteins in E. coli is much more efficient (113, 115) if the gene of
the desired protein is co-expressed with selA, selB and selC gene products. A possible
disadvantage of this system is that the production of recombinant selenoproteins in E.
coli carrying an internal selenocysteine residue requires engineering of a bacterial-type
SECIS element within the open reading frame of the recombinant selenoprotein gene.
Thus, point mutations in the desired protein compatible with a functional SECIS
element are needed in most cases. The sequence of four to seven amino acid residues
starting four positions downstream of the selenocysteine residue becomes restricted and
therefore might not be applicable to every protein.
Selenoprotein production has also been achieved in eukaryotic cells, however; the
efficiency is very low (116).
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Artificial selenoproteins
Replacing a cysteine or methionine residue in a protein by a selenocysteine or
selenomethionine, respectively, has been demonstrated in several cases to be a very
useful tool to study proteins or enzyme mechanisms. Such substitutions can tailor the
specificity or function of the enzyme.
This approach has been shown to be successful in several cases, e.g. for the
artificial selenoprotein selenosubtilisin, where an active site serine residue was
chemically changed into a selenocysteine residue. The serine protease was thus
converted into a bifunctional enzyme with acyl transferase and peroxidase activities
(105, 117). Peroxidase activity could also be aquired in the case of the phosphorylating
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), in which the active site cysteine
was replaced by selenocysteine (108). Glutathione peroxidase activity was similarly
reported in the case of a selenocysteine-containing variants of trypsin (106) and a
monoclonal antibody (107). Interestingly, the antibody exhibits glutathione peroxidase
activity like glutathione peroxidase.
In principle, a tailored selenoenzyme could be also a good starting point for
directed evolution. The introduction of a selenocysteine residue into an M13 phage
display system was used to facilitate glycosyltransferase evolution (118). The
introduced selenocysteine residue was exploited to immobilize the substrate close to the
displayed enzyme, which then allowed affinity capture of the desired product. A
cysteine- to selenocysteine substitution in the copper ligand of azurin illustrated that
iso-structural substitution can fine-tune the structural and functional properties of a
metal-binding site without loss of most of its characteristics (104).
Selenocysteine is also a helpful tool to study oxidative protein folding. Many
secreted proteins contain disulfide bonds. By placing selenocysteine residues into
proteins at positions of interest, insight into the folding pathways can be achieved by
trapping of otherwise transient intermediates. The more negative electrode potential of
selenocysteine compared to cysteine suggests that a selenocystine bond (-381 mV vs
NHE, pH 7, 20 °C) is formed much more rapidly and highly selectively than a mixed
selenosulfide (-326 mV vs. NHE, pH 7, 20 °C) or disulfide bond (-180 mV vs. NHE,
pH 7, 20 °C) (17, 119). This strategy has been successfully applied to apamin (120),
bovine pancreatic trypsin inhibitor BPTI (98), and endothelin (121).
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Oxidative protein folding in vitro is a complex process which demands
significant optimization of the conditions like redox buffer, temperature, pH, ionic
strength, denaturants, various additives, catalysts, etc. Furthermore, redox buffers
typically contain a mixture of reduced and oxidized glutathione (GSH and GSSG,
respectively). However, as Beld et al. showed, protein folding can be enhanced by using
selenoglutathione (Figure 1.7) instead of glutathione as a folding catalyst (122).

Figure 1.7. Selenoglutathione as a folding catalyst; RNase A folding by molecular oxygen which is
catalyzed by selenoglutathione (a), chemical structure of selenoglutathione (b) (123).

Incorporation of a selenium-containing amino acid residue into a protein is also
useful as a means to achieve site-specific peptide conjugation via a mild chemoselective
oxidation to form dehydroalanine. For this purpose, selenocysteine and the artificial
amino acid selenalysine have been reported to be well suited (124, 125).
Dehydroalanine can then be further chemically converted, for example by nucleophilic
addition of peptide conjugates such as glycopeptides and lipopeptides.
It has been also reported that introduction of a small Sec-containing peptide (the
so-called Sel-tag) into proteins can simplify the purification of proteins (126). This four
amino acid long peptide (-Gly-Cys-Sec-Gly-) is attached to the C-terminus of the
protein and is originally derived from the last few amino acids of the natural
mammalian TrxR (127). Proteins bearing this C-terminal tag can be purified by
phenylarsine oxide sepharose (PAO), and this purification technique is comparable in
yield and affinity to Ni-NTA affinity purification.
Selenocysteine and selenomethionine are interesting tools for studying peptideprotein or protein-protein interactions due to their tryptophan fluorescent quenching
properties (128, 129). The selenium-containing compounds have a more effective
fluorescent quenching ability than the corresponding sulfur analogs.
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Alternatively, selenocysteine residues are valuable spectroscopic probes for
NMR and EPR experiments, because of the quite high natural abundance of the spinactive

77

Se isotope (7.6 %). If the natural abundance is not high enough, site-specific

isotope labelling of proteins with 75Se, 73Se and 77Se has proven to be a useful method
which is easy to perform; the isotopes can be incorporated for example by adding them
to the growth media of E.coli. The isotope enriched samples can be then studied by
various spectroscopic methods. The

77

and EPR spectroscopy, whereas the

75

Se isotope enables high-resolution NMR (130)

Se and

73

Se isotopes are interesting markers in

positron emission tomography (PET) experiments. For example, these sensitive markers
are helpful in studying metabolic processes in living cells (131-133). The corresponding
cysteine residue in the protein of interest is less suited, since the spin-active sulfur
isotope
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S has quite a low natural abundance (0.76 %) and is a relatively insensitive

nucleus that yields very broad lines over a wide chemical shift range in NMR
experiments.

Research goals of this thesis
The aim of this research project is to exploit the natural selenocysteine
machinery to incorporate selenocysteine residues into any protein. We chose a
bacterial cytochrome P450 enzyme as a model system, because finding a simple
production procedure for a seleno-P450 variant would be attractive. The unique
reactivity of this heme enzyme family is attributed to the axial ligand, which is
exclusively a cysteine in nature (Figure 1.8). Thus, replacing this cysteine residue
by selenocysteine might provide important mechanistic information.

Figure 1.8. Left: crystal structure of wt P450cam (1dz4) (134). Right: close-up view of the heme cofactor
(red), cysteinate ligand (black), camphor (blue) and potassium ion (pink).
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As described above, biosynthetic incorporation of Sec into P450 is very
challenging because of the sequence restrictions imposed by the required SECIS
element. As this problematic issue is, at least in theory, the main obstacle for
making this approach routine, the design of a functional SECIS element, that
alters the P450 sequence to a minimal extent is the key challenge. How this
problem was solved is described in Chapter 2. Initial characterization of the
selenocysteine-containing P450 variant by kinetic and spectroscopic techniques
is also reported. Chapter 3 describes a more detailed characterization of the
individual steps in the reaction mechanism, including the first and second
electron transfers, and analysis of oxygen binding to the heme complex. Chapter
4 continues exploration on the reaction sequence. However, because reaction
intermediates beyond the second electron transfer are extremely short-lived, new
experimental approaches were needed. The focus herein lies on experiments to
characterize the putative reaction intermediate, called compound I which is
generally believed to be the key oxidant during catalysis. Finally, Chapter 5
presents a summary of all experiments, as well as an outlook and perspectives on
the

recombinant

production

of
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Chapter 2. Selenoenzyme production and characterization

Chapter 2. Production and characterization of a
selenocysteine-containing variant of cytochrome P450cam
Introduction
Cytochrome P450 enzymes are versatile heme-dependent monooxygenases that
catalyze the stereoselective hydroxylation of nonactivated hydrocarbons. They
have been subject to intense mechanistic scrutiny because of their critical role
in diverse biochemical processes, ranging from steroid and lipid biosynthesis to
xenobiotic detoxification and drug metabolism, and due to their potential
synthetic utility outside the cell. High-valent iron-oxo species have been
postulated to be key intermediates in oxygen transfer (Figure 2.1), but precisely
how molecular oxygen is activated in these systems is still an ongoing debate
(135-137).

Figure 2.1. The reaction path of P450cam. Compound I, a ferryl-oxo π-cation porphyrin
radical, is the putative oxidant that reacts directly with substrate. Dotted arrows indicate
possible uncoupling processes.

The axial ligand to the heme iron, a cysteine thiolate, is generally believed to
control P450 reactivity. It has been difficult, however, to modulate its properties as an
electron donor without destroying the heme environment. For example, mutating the
proximal cysteine to histidine, a residue often found in the corresponding position of
non-P450-type heme proteins, inactivates P450s (138, 139). Consequently, more
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conservative replacement of cysteine by a non-standard amino acid such as
selenocysteine is attractive. Although selenium and sulfur are nearly isosteric,
selenols differ from thiols in their pKa values and electrode potentials (2). Thus, their
incorporation into proteins can be mechanistically informative (3). QM/MM
calculations on one of the best characterized enzymes in this superfamily, P450cam,
suggest that the greater electron donating ability of a selenolate compared to a thiolate
should speed up formation of compound I, a highly reactive ferryl-oxo π-cation
porphyrin radical, but slow its subsequent reaction with substrate approximately 100fold (1). Such properties could facilitate observation of this elusive species.
Artificial selenoproteins have been prepared previously by (semi)synthesis (140),
posttranslational modification (105), and reassignment of cysteine codons to
selenocysteine in auxotrophic strains (141). None of these methods is particularly
suited for the targeted replacement of the proximal heme ligand in P450cam,
however, given the large size of the enzyme, the relative inaccessibility of the hemethiolate, and the presence of multiple cysteine residues in the sequence. In nature,
selenocysteine is incorporated cotranslationally into proteins as a 21st building block
by selective suppression of the UGA stop codon (13, 14, 19). The bacterial
biosynthetic machinery for selenocysteine insertion has been successfully adapted for
heterologous production of some natural selenoproteins and their analogues (83, 142144) but, with the exception of a C-terminal GCUG tetrapeptide added as a
purification tag (145), this approach has been difficult to extend to other proteins
because reassignment of the opal stop codon requires an overcoding mechanism. In
bacteria, UGA is read as selenocysteine only when immediately followed by a
specific mRNA stem loop structure, called a selenocysteine insertion sequence
(SECIS) (14). If, as is often the case, this ca. 40nt-long segment encodes part of the
protein, it is a challenge to create a SECIS element that retains function while
minimizing additional sequence changes (146).
Here we show that the P450cam gene can be equipped with a simplified SECIS
element that directs efficient biosynthesis of an enzyme variant possessing a
selenocysteine at position 357 as the proximal heme ligand. Although selenocysteine
insertion requires two additional amino acid changes, the structural integrity of the
active site is maintained as demonstrated by x-ray crystallography and retention of
significant monooxygenase activity. The subtle changes in electronic properties
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resulting from the sulfur-to-selenium substitution provide a unique window for
probing the role of the axial ligand in P450 chemistry.

Results
SECIS design
We used the bacterial SECIS element from formate dehydrogenase (147) (Figure 2.2
A) as a model for redesigning the P450cam gene (Figure 2.2 B). Biochemical and
structural experiments have shown that the boxed 17nt-long stem loop structure is
essential for efficient stop codon suppression (38, 39). This “minimal SECIS element”
is optimally positioned 11 nucleotides downstream of the UGA and contains a
conserved U bulge in its upper stem and four conserved bases in the loop. The exact
structure of the lower stem appears to be less critical, and need not be doublestranded.

Figure 2.2. Design of a simplified SECIS element for P450cam. (A) Canonical SECIS element from E.
coli formate dehydrogenase as encoded by the fdhH gene. The boxed region shows the minimal SECIS
element with essential SelB-contacting bases circled. (B) Sequence of the P450cam gene immediately
downstream of the codon for the proximal heme ligand, Cys357. Sequence differences relative to the
canonical SECIS element are highlighted in blue. (C) Simplified SECIS element for production of
C357U P450cam*, with the mutations that were introduced shown in red. (D) Gene and amino acid
sequences of wt P450cam, the control protein P450cam*, which has a proximal cysteine ligand in
addition to the SECIS mutations, and C357U P450cam*. Mutations are shown in red.
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Based on this information and the inherent degeneracy of the genetic code, nine
nucleotide changes were introduced into the wt P450cam gene to construct a SECIS
element immediately following the codon for residue 357 (Figure 2.2 C). Four
substitutions ensure formation of the Watson-Crick base-paired upper stem at an
appropriate distance from the engineered UGA, and three others optimize the
nucleotides in the recognition loop. The final two changes adjust codon usage in the
lower stem for efficient gene expression in E. coli (148). Six of the nine substitutions
are silent; the other three result in coding changes for two residues, R365L near the
surface of the protein and E366Q (Figure 2.2 D).1 To assess the effect of these
mutations, the gene encoding the double mutant (R365L/E366Q P450cam =
P450cam*) was generated in parallel with the gene for the selenocysteine-containing
variant (C357U P450cam*). Both constructs were cloned into expression plasmids
under control of the salicylate promoter.

Enzyme production
Four gene products are required for efficient UGA suppression in bacteria (13, 14,
19). SelC is the suppressor tRNA with an anticodon complementary to UGA; SelA
and SelD are the enzymes that load selenocysteine onto SelC; and SelB is a GTPdependent elongation factor, homologous to EF-Tu, that recognizes the SECIS
element and delivers the selenocysteinyl-tRNASec to the ribosomal active site. As high
intracellular concentrations of SelA-C improve heterologous production of natural
selenoproteins in bacteria (142), we produced C357U P450cam* in E. coli cotransformed with plasmid pSUABC (142), which directs expression of the selA-C
genes. Cell cultures were supplemented with selenite as a selenium source and
δ-aminolevulinic acid for heme biosynthesis. The control protein was produced by
standard procedures in XL1 Blue cells. Both enzymes were isolated as previously
described for P450cam (149) and purified to homogeneity by ion-exchange
chromatography.

1

A web-based server for designing SECIS elements within coding sequences has been described (ref
146.
Busch A, Will S, & Backofen R (2005) SECISDesign: a server to design SECIS-elements
within the coding sequence. Bioinformatics 21, 3312-3313.) that is particularly useful for optimizing
the sequence of the lower stem. However, because the program fixes the canonical bases in the SECIS
hairpin loop, three mutations (R364G, R365L and E366Q) would be required to replace the axial heme
ligand of P450cam with selenocysteine, rather than two.
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A

B

C

Figure 2.3. Characterization of P450cam* and C357U P450cam*. (A) ESI-MS of P450cam*:
calculated 47561.9 Da, found 47561.6 Da. (B) ESI-MS of C357U P450cam*: calculated 47608.8 Da,
found 47607.4 Da. (C) X-ray fluorescence scan across the selenium edge of tetragonal C357U
P450cam* crystals.

One liter of cell culture typically afforded 5-10 mg of purified C357U P450cam*,
which compares well with the yield of 20-30 mg of purified P450cam*. Although the
selenoenzyme is produced in lower yield than the control protein, it is easier to purify
because it is largely heme-bound. The control protein is typically contaminated by
large amounts of apoenzyme lacking the heme cofactor, so multiple chromatographic
steps are needed to obtain pure holoenzyme. The proteins were characterized by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and electrospray mass spectrometry

31

Chapter 2. Selenoenzyme production and characterization

(P450cam*: calculated 47561.9, found 47561.6; C357U P450cam*: calculated
47608.79, Da; found 47,607.4 Da) (Figure 2.3 A & B). Selenocysteine incorporation
in C357U P450cam* was additionally confirmed by x-ray fluorescence (Figure 2.3
C).

X-ray crystallographic structure of the C357U P450cam* and P450cam*
camphor complexes
X-ray crystallographic studies have been performed in collaboration with Prof. Ilme
Schlichting, Max Planck Institute for Medical Research, Heidelberg, Germany.
C357U P450cam* and P450cam* were crystallized in the presence of camphor, and
their structures solved by molecular replacement (see Table 2.4 for details). Because
the effects of the cysteine to selenocysteine exchange and the SECIS element
mutations were expected to be small, the influence of crystal packing effects and
refinement protocols was minimized by re-refining the native structures used for
comparison with the same protocols as for the variants.
The structure of C357U P450cam*, including the active site (Figure 2.5 A), is very
similar to that of wt P450cam and P450cam* (Table 2.1). The peptide loop, from
which the axial heme ligand projects, adopts the same backbone conformation in all
three proteins. Except for Leu358, for which two rotameric conformations are
observed in the selenoenzyme, the side chains in this region are also superimposable.
The Se-Fe bond length is somewhat longer than the S-Fe bond length in wt P450cam
structures determined from the same crystal forms (Tables 2.1 & 2.5), and falls within
the range of experimentally determined Se-Fe bond distances (2.39–2.49 Å) for
synthetic iron-selenolate complexes (150-152) and non-heme enzymes (153). Despite
the larger size of selenium, the network of hydrogen bonding interactions with the
amide bonds of residues Leu358, Gly359 and Gln360, which regulate the electrode
potential of the heme iron in the wild-type enzyme by stabilizing the heme-thiolate
complex (154-156), is preserved in the selenoenzyme (see Table 2.1).
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Figure 2.4. Stereoview of C357U P450cam* (yellow) superimposed on wt P450cam (gray). The
substitution of Arg365 with the smaller leucine in the selenoenzyme leads to small local changes and
adjustments in the nearby C’ and D-helices.

The additional R365L and E366Q mutations derived from the SECIS element lead to
more pronounced structural changes than the selenium for sulfur swap. For example,
Glu128, which is adjacent to Arg365, moves to fill the void created by the
substitution of the latter with the smaller leucine (∆Cα = 0.8 Å), causing adjustments
in nearby Val124 (∆Cα = 0.8 Å) and residues in the neighboring C’ and D-helices
(Figure 2.4), as well as in the surrounding water structure. In contrast, mutation of
Glu366 to glutamine leads primarily to changes in the network of ordered water
molecules near the active site. As the result of a ~30˚ rotation of the amide side chain
relative to the original carboxylate, Wat523, Wat566, and Wat687 are displaced by
~1.5, ~0.5 and ~0.2 Å, respectively, from their positions in the wt enzyme (Figure 2.5
B).
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Figure 2.5. Structure of C357U P450cam* in the camphor-bound state. (A) Active site of the
selenoenzyme (yellow) superimposed on that of P450cam* (green) and wt P450cam (1dz4, gray); all
three structures were determined from the monoclinic crystal form. Although the axial cysteine ligand
at position 357 was substituted by selenocysteine, the structural integrity of the enzyme is maintained.
The increased Fe-Se distance may account for the two side chain conformations observed for Leu358
in the selenoenzyme. The camphor-binding site is not affected by the mutations (see Figure 2.4). The
camphor molecule has been omitted for clarity. (B) View of the region around Gln366 in C357U
P450cam* (yellow), P450cam* (green), and the wt protein (gray). Mutating the native glutamate
residue to glutamine induces displacement of the connected chain of ordered water molecules.

Since these waters have been postulated to facilitate proton transfer to the
hydrophobic active site during catalytic turnover (157, 158), the observed changes
could be functionally significant. Contrasting wt and control proteins enables this
effect to be estimated. The consequences of replacing the thiolate heme ligand with
the more electron donating selenolate can then be assessed in the absence of other
confounding structural changes by comparing C357U P450cam* and P450cam*,
which share the SECIS mutations and possess identical active site water structures
(Figure 2.5 B).
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Table 2.1. Comparison of the active site geometry of camphor complexes of P450cam, P450cam*, and
C357U P450cam* determined from monoclinic crystals using the same refinement procedure

Complex

Space group
Unit cell
(a,b,c), Å

(PDB code)

Molecules per
asymmetric
unit

Native
ferric
P450cam

P21

(1DZ4)

Resolution, RMSD Coord.
Å
*/native, Error‡,
Å
Å

Distance, Å

a

1.60

na

0.09

67.4, 62.7,
95.5,
β = 90.65°

b

c

d

2.38 3.5 3.3 3.3
2.34 3.5 3.3 3.3

2
P450cam*

P21

(3FWG)

67.2, 62.8,
95.6,
β = 90.53°

1.55

0.18

0.09

0.17

2.39 3.5 3.2 3.3
2.34 3.5 3.2 3.4

2
C357U
P450cam*
(3FWF)

P21

1.83

0.26

67.5, 61.9,
94.5,
β = 90.80°

0.26

2

na, not applicable
‡ Estimated coordinate (Coord.) error based on R-/Rfree value.
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Biophysical characterization
C357U P450cam* exhibits typical optical absorption spectra for cytochromes,
although the maxima are red shifted relative to the wt and control proteins. For
example, the ferric form of the selenoenzyme has an absorption maximum at 395 nm
in the presence of D-(+)-camphor, rather than at 391 nm as seen for P450cam and
P450cam* (Figure 2.6 A). Similarly, the Soret band for the ferrous CO form is
shifted from 446 nm for the control protein to 453 nm for the selenocysteinecontaining variant (Figure 2.6 B).
A

B

C

D

Figure 2.6. Characterization of C357U P450cam* (red) and the control protein P450cam* (black). (A)
UV-vis absorption spectra of the ferric resting state with bound camphor; (B) Ferrous CO form of the
enzymes; (C) EPR spectra at 15 K; (D) Transformation of camphor by C357U P450cam* at 25 ˚C as a
function of time.

Complexes of wt P450cam with benzeneselenol show a similar red shift relative to the
corresponding thiophenol complexes (159), consistent with the lower ionization
energy of selenium.
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The sulfur-to-selenium substitution significantly alters the electron paramagnetic
resonance (EPR) spectrum of the camphor complex (Figure 2.6 C). EPR experiments
have been performed in collaboration with Dr. Igor A. Gromov and Dr. Inés GarcíaRubio, ETH Zürich. As shown previously for wt P450cam, the control protein exists
as a 60:40 mixture of high (S=5/2) and low (S=1/2) spin states at 15 K. The g-values
for both spin fractions are within the range of published values (160) (see Table 2.2).
In contrast, more than 90% of the C357U P450cam* sample is in the low spin state.
These results are consistent with the larger field effect expected for the selenolate
compared to the thiolate. However, since the g-values for the low spin fraction (gx =
2.00, gy = 2.27, and gz = 2.47) are only 1.5 - 2% larger than those for the
corresponding low spin state of P450cam*, large changes in the ligand geometry and
environment can be excluded.

Table 2.2. g-values obtained for the ferric resting states of C357U P450cam*, P450cam*, and wt P450
in the presence of camphora

High-spin
Complex

Low-spin

gx

gy

gz

gx

gy

gz

–b

–b

–b

2.00

2.26

2.47

P450cam*

7.53

4.04

1.79

1.96

2.23

2.41

P450cam

7.57

3.93

1.80

1.96

2.23

2.40

C357U P450cam*

a

The g-values have been ordered as described by J.D. Lipscomb in Biochemistry 19, 35903599 (1980).
b

Two minor signals are observed at g = 7.53 and 8.64 which are probably due to a small
fraction of the protein sample (<10%) in the high-spin state.

The electrode potential of the Fe(III)/Fe(II) couple was investigated by
Osteryoung-type square wave voltammetry using enzymes that were immobilized in a
didodecyldimethylammonium bromide (DDAB) film on an edge-plane graphite
electrode (161), in collaboration with Prof. Bernhard Jaun, ETH Zürich. The
selenoprotein has a 48 mV more negative peak potential (2 ± 6 mV vs NHE) than the
control protein (50 ± 4 mV) (Figure 2.7), again consistent with the stronger electron
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donating effect of selenium compared to sulfur. The peak potential for wt P450cam
(45 ± 2 mV) is similar to that of the control protein, and decreases to -46 ± 5 mV
under denaturing conditions. As seen in other studies of P450 proteins in surfactant
films (161), these values are ca. 200-300 mV more positive than electrode potentials
determined with non-immobilized enzymes.

Figure 2.7. Difference of forward and reverse currents obtained by Osteryoung square wave
voltammetry with wt P450cam (green), P450cam* (black), C357U P450cam (red). Square wave
voltammetry was performed at 4 °C in 50 mM potassium phosphate, pH 7.4, with 20 µM enzyme and
0.5 mM D-(+)-camphor, under argon atmosphere, as previously described by Shumyantseva et al. in J.
Inorg. Biochem. 100, 1353-1357 (2006). The negative peak potentials, which were measured versus the
normal calomel electrode (NCE), are -235 ± 2 mV for wt P450cam, -230 ± 4 mV for P450cam*, and
-278 ± 6 mV for C357U P450cam*. Potentials relative to the normal hydrogen electrode (NHE) were
calculated using the relationship E(NHE) = E(NCE) + 280 mV.

Selenolate ligands like benzeneselenol, bound to the proximal cavity of a mutant
P450-like enzyme lacking a distal electron-donating substituent, have been shown to
reduce the heme iron to the ferrous state (159). In contrast, the ferric form of C357U
P450cam* is stable under aerobic conditions. Despite the highly reducing nature of
selenols compared to thiols (2), the relatively low electrode potential of the
Fe(III)/Fe(II) couple in the selenoenzyme, coupled with conserved hydrogen bonding
interactions with the axial ligand, presumably stabilize the selenolate.

Catalytic properties
Catalytic turnover in P450cam requires the enzymes putidaredoxin (Pdx) and
putidaredoxin reductase (Pdr), which mediate electron transfer from NADH to the
heme. If this process is tightly coupled to substrate hydroxylation, as is the case for wt
P450cam (162), the rate of NADH oxidation reflects the rate of enzyme turnover. The
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consumption of NADH was therefore monitored spectroscopically at 25 ˚C in the
presence of substrate for each variant (Table 2.2).

Figure 2.8. The dependence of reaction rate on Pdx concentration with C357U P450cam* (red),
P450cam* (black) and P450cam (green). Reactions were carried out in 50 mM potassium phosphate,
pH 7.4 at 25 °C, and monitored at 340 nm. The following concentrations were used: 0.5 µM P450
variant, 0.5 µM Pdr, 1 mM D-(+)-camphor, and 200 µM NADH. The apparent Vmax & Km values for
C357U P450cam*, P450cam*, and P450cam are: 310 ± 30 µM/min & 15 ± 3 µM; 660 ± 40 µM/min
& 18 ± 2 µM; and 1300 ± 80 µM/min & 8.8 ± 1.3 µM, respectively.

The specific activity of the selenoenzyme is approximately half that of the control
protein, which, in turn, is 2-fold less active than native P450cam. The latter effect can
be ascribed to the SECIS mutations. In addition to modulating active site water
structure, they appear to perturb the putidaredoxin binding site directly, since higher
putidaredoxin concentrations are needed to saturate P450cam* and C357U P450cam*
than the wt enzyme (Figure 2.8). The further reduction in catalytic efficiency
attributable to the modified electronic properties of the heme-selenolate cofactor is
surprisingly modest.
Table 2.3. Catalytic properties of C357U P450cam*, P450cam* and wild-type P450cam

Parameter
NADH consumption

C357U P450cam*

P450cam*

wt P450cam

100 ± 4

204 ± 4

440 ± 10

90 ± 2

202 ± 6

436 ± 4

7±1

3 ± 0.2

4 ± 0.3

6-10

1-2

≈1

(µM/min/µM enzyme)
Camphor oxidation
(µM/min/µM enzyme)
H2O2 production
(µM/min/µM enzyme)
Uncoupling, %
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Because P450 mutations often redirect reducing equivalents into abortive side
reactions, such as the production of superoxide and hydrogen peroxide (Figure 2.1)
(136), assessing the extent of uncoupling in the individual variants is important.
Indeed, the ferrous oxygenated forms of P450cam* and the selenoenzyme autooxidize
(k = 0.23 min-1 and 0.31 min-1, respectively) seven- to ten-times more rapidly than wt
P450cam (k = 0.033 min-1) (163). Disruption of the network of distal active site
waters, which has been previously invoked to explain strong uncoupling in the T252A
mutant (157, 164), presumably accounts for this observation. Nevertheless,
autooxidation does not appear to compete significantly with substrate hydroxylation,
since formation of 5-exo-hydroxycamphor, monitored by GC (Figure 2.6 D), remains
coupled to NADH consumption for all three proteins. The initial rate of appearance of
the hydroxylated products was within experimental error of the independently
measured rates of NADH consumption for P450cam and P450cam*, and only
somewhat slower for the selenoenzyme (Table 2.3). These results were confirmed by
direct quantification of hydrogen peroxide by an iron thiocyanate assay (162).
Comparison with the amount of NADH consumed gave <2% uncoupling for wt
P450cam and P450cam*, but 6-10% for the selenoenzyme. The enhanced production
of H2O2 by the selenoenzyme compared to the control cannot be rationalized by
disruption of the active site water structure, since C357U P450cam* and P450cam*
have identical distal environments (Figure 2.5).

Discussion and conclusions
Selenium extends the properties of many natural proteins (14, 19), providing
novel prospects for redox activity and metal binding. More generally, it represents a
valuable spectroscopic and mechanistic probe (3) and has been used to create artificial
catalysts with tailored hydrolytic and redox properties (104, 105, 117, 140, 141, 165,
166). A robust method for placing selenocysteine at any site, in any protein would
greatly enhance its utility. Our results show that the normal biosynthetic machinery of
E. coli can be successfully exploited for targeted insertion of selenocysteine into large
and complex proteins like P450cam, provided a functional SECIS element can be
engineered into the encoding gene.
Practical constraints on co-translational selenocysteine insertion derive from the
need for a productive interaction between the elongation factor SelB and the mRNA
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SECIS element (36). In the case of P450cam, this overcoding mechanism necessitated
making two mutations in addition to the desired C357U. However, these substitutions
could be introduced at positions in the protein where they are readily tolerated. Subtle
changes in water structure at the active site give rise to minor differences in specific
activity and coupling efficiency. Nonetheless, wt P450cam and the control protein
exhibit similar spectroscopic and catalytic properties overall. Since the basic
chemistry of the system is preserved, the effect of the axial selenolate ligand on the
redox properties of the heme cofactor can be readily discerned by comparison of the
selenoenzyme with the P450cam* control.
X-ray crystallographic analysis confirms that replacing the heme-thiolate with a
heme-selenolate constitutes a highly conservative substitution. Despite the slightly
larger van der Waals radius of selenium compared to sulfur, the geometry and
environment of the heme ligand are fully preserved in the mutant. However, the
greater electron donating ability of the selenolate compared to a thiolate causes
distinct changes in the electronic and chemical properties of the enzyme, including
diagnostic redshifts of the absorbtion maxima, perturbation of the spin equilibrium in
favor of the low spin resting state, and a lowered Fe(III)/Fe(II) electrode potential.
The rate of camphor hydroxylation is also reduced 2-fold compared to the control
enzyme, consistent with the mutant’s lowered redox potential. Although detailed
stopped-flow and rapid quench experiments will be needed to assess how the
selenolate ligand influences individual steps in the catalytic cycle, this effect is
considerably smaller than the 100-fold decrease in hydroxylation rate predicted by
QM/MM calculations (1), suggesting that downstream chemistry is still very fast
compared to the initial electron transfer steps. Nevertheless, the modest increase in
H2O2 production observed for the selenoenzyme compared to the control protein is at
odds with the general view (139, 154, 155) that a more electron-donating axial heme
ligand should enhance coupling of NADH consumption with substrate oxidation by
facilitating cleavage of the dioxygen bond. As a consequence, a detailed experimental
and theoretical reexamination of the postulated role(s) of the axial heme ligand in
P450 chemistry will be further discussed in Chapters 3 and 4.
Because selenols are versatile functional groups, with valuable nucleophilic,
radical, and redox properties (2), the ability to produce proteins containing
selenocysteine recombinantly should foster their broader application as sensitive
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probes in studies of enzyme mechanism and as prosthetic groups in tailor-made
catalysts. By co-evolving SECIS elements and cognate selB elongation factors it may
be possible to further generalize this approach, simultaneously minimizing undesired
sequence changes and expanding the recognition properties of selB to new amino
acids. Exploiting the basic bacterial overcoding strategy in this way to enhance stop
codon suppression should also profitably extend ongoing efforts to expand the genetic
code (167).

Methods
Site-directed mutagenesis
The gene encoding cytochrome P450cam was subcloned into vector pMG211 (4690 bp)
(168) by standard overlap-extension PCR to attach a C-terminal Leu-Glu-His6 tag. The
primers wtP450sense (5´-GGGAATTCCATATGACGACTGAAACC, NdeI site
underlined) and wtP450anti (5´-GCCGCTCGAGTACCGCTTTGGTAGT, XhoI site
underlined) were used for amplification. The resulting plasmid, pMG211_P450cam,
served as the template to construct plasmids pMG211_P450cam* and
pMG211_C357UP450cam*, encoding R365L/E366Q P450cam (P450cam*) and
C357U P450cam*, respectively. Mutations were introduced by PCR mutagenesis
using primers P450*sense (5’-TGCCTCGGCCAACATCTTGCACGTCTGCAGA
TCATCGTCACCCT); P450*anti (5’-CAGACGTGCAAGATGTTGGCCGAGGCACAGATGGCTGCCGTGG); C357U*sense (5’-TGACTCGGCCAACATCTTGCACGTCTGCAGATCATCGTCACCCT); and C357U*anti (5`-CAGACGTGCAAGATGTTGGCCGAGTCACAGATGGCTGCCGTGG). The mutations are
shown in bold. All constructs were confirmed by DNA sequence analysis.

Protein Production and Purification
C357U P450cam* was produced in E. coli XL1-Blue cells (Stratagene, La Jolla, CA)
cotransformed with plasmid pSUABC (142). Cells were grown to OD600 ∼1.8 in
Terrific-Broth (TB) medium supplemented with 100 mg/L ampicillin, 34 mg/L
chloramphenicol and 0.6 mM L-cysteine. Following induction with 200 µM
salicylate, the broth was supplemented with 5 µM sodium selenite and 1 mM δamino-levulinic acid and incubated for ∼20 h at 30°C. P450cam* and wt P450cam
were produced in E. coli XL1-Blue cells by standard procedures. The proteins were
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purified by Ni-NTA affinity chromatography in the presence of D-(+)-camphor,
followed by repeated ion exchange chromatography on Q-Sepharose until A391/A280 ≥
1.4 for enzyme used for kinetic measurements and ≥ 1.1 for EPR studies. The purity
of all protein samples was assessed by SDS PAGE. Masses were determined by ESIMS analysis. Protein concentrations were determined spectroscopically at 391 and
395 nm, respectively, using a molar absorption coefficient of 102 mM-1 cm-1. The
extinction coefficient of the C357U P450cam* Soret band was determined to be the
same as for P450cam and P450cam* by normalizing all three samples to the same
absorbance at the peak maximum, followed by measurement of protein and heme
concentrations using Bradford protein assay and the QuantiChromTM Heme Chrome
Assay Kit (BioAssay Systems, Hayward, CA, USA), respectively.

Crystallization and Structure Determination of the C357U P450cam* and
P450cam* Camphor Complexes
The proteins were crystallized as described previously (134) with minor adjustments
in the concentrations of DTE and camphor (2 mM each), and their structures solved
by molecular replacement. Diffraction data were collected at the SLS beamline
X10SA and reduced with the XDS program package (169). Molecular replacement
and refinement were performed with MOLREP and REFMAC (170), respectively; for
C357U P450cam*, the coordinates of Cys-357 were exchanged with those of
selenocysteine retrieved from the HIC-Up database (171). A loosely restrained link
was introduced connecting the heme iron and the terminal thiolate or selenolate of
residue 357, the 5th ligand to the heme iron. Several different initial bond lengths and
bond length deviations were tested in parallel for P450cam* and C357U P450cam* to
ensure model-free convergence of the critical Fe –S/Fe –Se bond lengths. The
structures of the native P450s used for comparison (see Table 2.1) were refined in
parallel with the same protocol and restraints, using the structure factor amplitudes
deposited in the PDB. Data collection and refinement statistics are summarized in
Table 2.4. The coordinates and structure factors have been deposited with the Protein
Data Bank (PDB ID codes: 3FWG, 3FWF, 3FWJ, and 3FWI). Figures displaying
structures were generated with PyMOL (172). The superposition of structures was
performed using LSQAB [CCP4 suite (173)].
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EPR Spectroscopy
EPR Spectroscopy. Samples for EPR measurements were concentrated to 300 µM,
and 10% glycerol was added as a glassing agent upon freezing. EPR spectra were
recorded at 15 K on a multipurpose E680 spectrometer equipped with CF935 helium
cryostat and EN4118X-MD-4-W1 probe head (9.73 GHz) or a continuous wave E500
spectrometer with ESR910 cryostat and rectangular ER4102ST or spherical
ER4123SHQ resonators (9.47 GHz). Both setups are from Bruker Biospin. All
measurements were made with a modulation frequency of 100 kHz and a modulation
amplitude of 0.5 or 1 mT. The static magnetic field on the sample position was
calibrated using a teslameter ER035 (Bruker Biospin). The microwave power level
was adjusted to avoid line broadening. The g values were determined by fitting a
numerical derivative of the first-harmonic EPR spectra using simulated spectra from
the ‘‘pepper’’ routine of the EasySpin package (174) and averaged over several
measurements. Standard deviations, including fitting and experimental errors
and sample-to-sample variation, were 0.003 for low-spin complexes and 0.01 for the
high-spin centers. The proportion between low- and high-spin content was estimated
using reported data for ferric P450cam (160) as a reference.
Electrode potential
For the determination of the peak potentials, a BAS 100B/W by Bioanalytical
Systems was used. Square wave voltammetry was per for med at 4 °C in 50 mM
potassium phosphate (pH 7.4), 20 µM enzyme, 0.5 mM D-(+)-camphor, under argon
atmosphere, as previously described (161, 175). The working electrode was an edgeplane graphite (EPG; Carbone Lorraine Composants) electrode (∅ 0.5 cm); a
saturated calomel electrode fitted with a Luggin capillary served as the reference
electrode. Didodecyldimethylammonium bromide (DDAB) films were made by
spreading 5 µL of a 0.1 mM stock solution in chloroform on a freshly polished (with
sandpaper) EPG electrode. The chloroform was allowed to evaporate in air at room
temperature for ~1 h. To incorporate the enzyme into the DDAB film, the electrode
was placed into the enzyme solution in the electrochemical cell under argon
atmosphere for 1 h at 4 °C. The experiment al conditions were 75 mV square-wave
amplitude at 10 Hz and 4 mV potential steps. The indicated error limits are standard
deviations f rom 3 measurements with different protein batches.

44

Chapter 2. Selenoenzyme production and characterization

Enzyme activity
Catalytic activities were determined from the rate of NADH oxidation (154). NADH
(750 μM) was added to a mixture of P450 (0.5 µM), Pdr (0.5 µM), Pdx (5 µM) and
D-(+)-camphor (1 mM) in 50 mM potassium phosphate (pH 7.4). Consumption of
NADH at 25 °C was monitored at 387 nm (ε =0.62 mM-1 cm-1) over 1 min, and the
activity was calculated from the initial slope. The dependence of the initial rates on
Pdx concentration was determined by varying Pdx from 2 to 30 μM in a mixture
containing P450 (0.5 µM), Pdr (0.5 µM) and D-(+)-camphor (1 mM) in 50 mM
potassium phosphate (pH 7.4) at 25 °C. NADH (200 µM) was added to initiate the
reaction, which was followed at 340 nm (ε = 6.22 mM-1 cm-1) over a period of 1 min.
Control experiments at intermediate NADH concentrations showed that rates
detemined at 340 and 387 nm are the same within error.
Product quantification
Formation of 5-exo-hydroxycamphor was monitored by gas chromatography.
Mixtures containing 1 mL of 0.5 µM P450, 0.5 µM Pdr, 5 µM Pdx, 1 mM D-(+)camphor, and 3 mM NADH in 50 mM potassium phosphate (pH 7.4) were incubated
at 25 °C. Substrate and product were extracted at different time points in 0.3-mL
aliquots, quenched with 0.15 mL of chloroform, and injected on a β-Dex 120 column
(30 × 0.25 mm ID, 0.25 µm film, Supelco) in a Thermofinnigan Trace GC/MS
(ThermoQuest). Sample was eluted by a thermal gradient, starting at 40 °C for 6 min,
ramping at a rate of 10 °C per min to 200 °C, which was maintained for 4 min. 5-Exohydroxycamphor was quantified using n-decane as an external standard.
Hydrogen Peroxide Detection
D-(+)-Camphor (1 mM) was incubated with 0.5 µM P450, 0.5 µM Pdr, 5 µM Pdx,
and 750 µM NADH in 50 mM potassium phosphate (pH 7.4) at 25 °C. Production of
H2O2 was monitored by quenching 0.5 mL of the reaction mixture after 1–5 min with
1 mL of cold 3% trichloroacetic acid. The amount of H2O2 formed was then
determined colorimetrically at 540 nm as described by Atkins and Sligar (162).
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Autooxidation
The rate of Fe(II)-O2 decay was determined at 4 °C as previously described (163).
Enzyme samples (5 µM) were reduced with sodium dithionite (2 mM) under an argon
atmosphere in the presence of excess of D-(+)-camphor. After removing the reductant
on a NAP Sephadex G-25 column (GE Healthcare), an equal volume of oxygensaturated buffer was added to the sample, and disappearance of the resulting oxy
complex

was

monitored

spectrophotometrically
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Appendix
Table 2.4. Crystal parameters, data collection, and refinement statistics

PDB code
Space group
Unit cell (a ,b ,c) [Å]
Data collection
Beamline
Wavelength [Å]
Data statistics
Resolution [Å]
No. of observations
(total/unique)
completeness
(total/high) [%]a
<I/σ(I)> (total/high) a
Rsym (total/high)a,b
Refinement statistics
Resolution range [Å]
Molecules per
asymmetric unit
Included amino acid
residues
No. of protein atoms
No. of water molecules
No. of ligand atoms
No. of metal ions
Rwork, Rfree [%]c
Rmsd bonds/angles
[Å/°]
Estimated overall
coordinate error based
on R-/free-Rvalue/max. Likelihood
[Å]

P450cam*
3FWG
P21
67.2; 62.8; 95.6,
β=90.53°

C357U P450cam*
3FWF
P21
67.5; 61.9; 94.5,
β=90.80°

C357U P450cam*
3FWJ
P212121
63.1,65.0,105.8

C357U P450cam*
3FWI
P43212
63.6; 63.6; 243.1

SLS X10SA
0.9994

SLS X10SA
1.0000

SLS X10SA
0.99187

SLS X10SA
0.98158

39.1–1.55
448,299/111,32
1
96.4/90.8

45.6-1.83
285,553/68,754

55.4-1.9
130,427/34,678

45.0–2.4
100,973/20,091

99.7/99.6

99.0/99.5

97.9/99.4

14.5/3.8
5.6/34.7

14.5/4.0
6.5/38.8

17.3/3.4
4.7/34.3

11.7/4.1
10.6/39.2

39.1–1.55
2

45.6-1.83
2

55.4-1.9
1

45.0–2.4
1

11-414
10-414
6,405
949
84 (heme),
22 (cam)
3 K+, -,
2Fe3+
18.6/21.7
0.009/1.37

11-414
10-414
6,415
742
84 (heme),
22 (cam)
3 K+, 2 Se,
2Fe3+
16.2/20.7
0.014/1.53

10-414

10-414

3,210
351
42 (heme),
11 (cam)
1 K+, 1 Se,
1Fe3+
18.2/23.1
0.013/1.50

3,204
140
42 (heme),
11 (cam)
1 K+, 1 Se,
1Fe3+
17.6/23.8
0.020/1.86

0.09/0.09/0.06

0.14/0.13/0.08

0.16/0.15/0.10

0.37/0.25/0.18

a

Completeness, Rsym and 〈I/σ(I)〉 are given for all data and for the highest resolution shell: 1.93-1.83 Å
(C357U P450cam*, P21), 2.0-1.9 Å (C357U P450cam*, P21 2121), 2.4-2.3 Å (C357U P450cam*, P43212),
1.65-1.55 Å (P450cam*),
b

Rsym = ∑I-〈I〉 / ∑I .

c

Rwork= ∑Fobs- kFcalc / ∑Fobs. 5% of randomly chosen reflections were used for the

of Rfree
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Table 2.5. Crystal parameters
Complex
(PDB code)

Spacegroup
Unit cell a, b, c [Å]
Molecules/asymmetric unit

Res.
[Å]

RMSD
[Å]
*/Native

Coord.
Error#
[Å]

a
[Å]

b
[Å]

c
[Å]

d
[Å]

P212121
63.1, 65.0, 105.8
1

1.9

n.a.

0.15

2.50

3.5

3.2

3.6

P212121
64.3, 66.2, 106.8
1

1.8

0.38

0.15

2.32

3.6

3.3

3.5

2.4

n.a.

0.37

2.48

3.4

3.4

3.5

(3FWI)

P43212
63.6, 63.6, 243.1
1

Native ferric
P450
(2zax)

P43212
63.5, 63.5, 249.7
1

1.6

0.26

0.08

2.39

3.5

3.2

3.3

Native ferric
P450cam
(1yrc)

P43212
63.4, 63.4, 246.5
1

1.4

0.23

0.06

2.46

3.4

3.2

3.3

C357U
P450cam*
(3FWJ)
Native ferric
P450cam
(1AKD)
C357U
P450cam*

The active site geometry of camphor complexed C357U P450cam* is independent of crystal form, as
judged by structures determined from crystals from different space groups; the corresponding structures
of wt P450cam obtained using the same refinement procedure are shown for comparison (see also: Table
2.1 for higher resolution data obtained from monoclinic crystals). #Estimated coordinate error based on R/Rfree value
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Chapter 3. Studies on the individual electron transfer steps
and oxygen binding in the reaction cycle of cytochrome
P450cam
Introduction
The mechanism of the hydroxylation reaction by cytochrome P450cam has been
studied in detail in the past (134, 136, 176). The combined results led to a proposed
reaction cycle which is depicted in Figure 3.1. The ferric resting state 1, ferric substrate
bound 2, deoxyferrous 3, and oxyferrous intermediates 4 have all been well
characterized (177). After the first electron has been transferred (2 → 3), the affinity for
oxygen (or CO and NO) significantly increases and oxygen is bound to form the
oxyferrous intermediate 4. It has been suggested that addition of the second electron to
oxyferrous P450 4 leads to a peroxo-ferric derivative 5 that, upon protonation of the
distal oxygen, forms a hydroperoxo-ferric intermediate 6.

Figure 3.1. Proposed reaction cycle of cytochrome P450cam. The reactions that are relevant to this
chapter are marked in red.

In the case of P450cam, both the electrons required for a full reaction cycle are
transferred by the enzyme putidaredoxin (Pdx), which itself is reduced by putidaredoxin
reductase (Pdr). Pdx not only delivers electrons to P450cam, it also plays a major role
as an effector in catalysis (178-181), for example, it induces conformational changes in
P450cam upon binding, which are essential for activity. The transfer of the first electron
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from Pdx to ferric P450cam (2 → 3) is supposed to be rate determining, and all
following reaction steps (3 → 8) are fast (182-185).
The first electron transfer reaction to form ferrous P450cam 3 has been studied
in detail (182, 183, 185). The interactions between Pdx and ferric P450cam (186, 187),
and between Pdx and ferrous P450cam complexed with NO and CO, have been
examined by various kinetic and spectroscopic methods (188). It has been proposed that
modulation of the protein structures of P450cam and Pdx upon complex formation is an
important factor in electron and proton transfer as well as O-O bond cleavage (180).
The oxyferrous P450cam complex 4 is relatively unstable (163). Nevertheless,
the complex has been crystallized (134) and studied by various spectroscopic
techniques, including optical absorbance, Mössbauer, resonance Raman and
EXAFS/XANES (136). Binding of oxygen to the heme (189, 190), as well as
autooxidation of the oxyferrous P450cam complex 4 (163, 189) have also been
extensively investigated. Investigation of the second electron transfer from Pdx to
P450cam (4 → 5) is more challenging than the first electron transfer since there is no
simple way to assess this particular reaction by UV-Vis spectroscopy. The major
problem is that the reaction cannot be stopped directly after transfer of the second
electron by using an inhibitor as in the case of the first electron transfer experiment. As
a consequence, several reactions steps (4 → 8) are resolved, making the analysis
difficult and ambiguous (190-192).
Transfer of the second electron from Pdx to P450cam is considerably faster
compared to the first electron transfer. The decay of intermediate 5 and 6 and formation
of compound I (7) are believed to be even more rapid. As seen for for model porhyrin
complexes, they can only be detected and studied by a few spectroscopic techniques
such as stopped-flow UV-Vis and EPR (134, 193-196).
The goal of the experiments described in this chapter was to examine the early
steps in oxygen activation (2 → 5) by C357U P450cam* and how these results compare
to the findings for P450cam* and wt P450cam. To better understand the characterisics
of the sulfur- to selenium substitution in cytochrome P450cam, a detailed analysis of the
individual reaction steps is essential. Our data described in this chapter show that the
selenovariant shows a similar reaction behavior as P450cam* and wt P450cam, and
with no evidence for a decrease in activity due to a dramatically less reactive compound
I intermediate.
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Results
First electron transfer reaction
The first electron transfer was proposed to be the rate-limiting step in the
reaction cycle of wt P450 (184, 185, 192), because this step of the reaction sequence
was found to be slow compared to the oxygenation and second electron transfer
reactions. The transfer reaction was studied here as described by Tosha et al. (185). In
this experiment, Pdx is reduced by small amounts of Pdr (0.1 µM) before loading
solutions into the stopped-flow instrument. Anaerobic conditions were maintained by
preparing the enzyme solutions in a glove box and transferring them into gas-tight
syringes. An oxygen scavenging system consisting of catalase, glucose oxidase, and
glucose was added to ensure anaerobic conditions (185).
A

B

C

Figure 3.2. Representative stopped-flow UV-Vis spectra for the first electron transfer. The reaction
between ferric P450cam (0.5 µM) and reduced Pdx (60 µM) was performed at 25°C in 50 mM potassium
phosphate buffer, pH 7.4, containing 100 mM KCl and 1 mM camphor. All concentrations are the final
values obtained after mixing. (A) C357U P450cam*, (B) P450cam*, and (C) wt P450cam. The first 3.6 s
after mixing are shown in 8 spectra, the dark green lines represent the first spectrum obtained after 3 ms,
orange lines the last after 3.6 s.

51

Chapter 3. Electron transfer and oxygenation reactions

Ferric P450cam was mixed together with a range of concentrations of prereduced Pdx in a stopped-flow instrument at 25 °C under a nitrogen atmosphere. To
stop the overall reaction after the first electron transfer from Pdx to P450cam, both
reaction solutions are saturated with carbon monoxide. CO is a strong inhibitor of P450
enzymes that only binds to the Fe(II) state. Binding of CO is considerably faster than
the electron transfer and is therefore negligible for the analysis (183). In order to obtain
the rate constants for the first electron transfer reaction, the increase in absorbance of
the ferrous-CO form is measured at 445 nm (Figure 3.2). The ferrous-CO form of
cytochrome P450cam has a new and distinct absorption maximum at 445 nm, in the
case of the selenovariant, the spectrum is red-shifted. Typical time courses for the
reactions are shown in Figure 3.3.
A

B

C

Figure 3.3. Representative kinetic time traces for the first electron transfer recorded at 445 nm. The
reaction between ferric P450cam (0.5 µM) and reduced Pdx (3.75 µM) was performed anaerobically at
25°C in 50 mM potassium phosphate buffer, pH 7.4, containing 100 mM KCl and 1 mM camphor. All
concentrations are the final values obtained after mixing. (A) C357U P450cam*, (B) P450cam*, and (C)
wt P450cam. Thin inset lines represent fits.

The kinetic traces can be divided into two phases and fitted to a sum of two
exponentials, which represents two consecutive first-order or pseudo first-order
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reactions. Since the Pdx concentrations were chosen to be at least 8-times higher than
the P450cam concentrations, pseudo-first order reaction behavior was assumed for the
initial phase.
The observed rate constants, kobs, obtained from the fitting of the first phase of
the absorption changes at 445 nm are plotted as a function of Pdx concentration in
Figure 3.4. The data were fitted as described in earlier studies to a kinetic model
(Equation 3.1) under the assumption that binding of Pdx (k1[Pdx]) and the following
conformational changes are fast compared to the electron transfer step (183, 185). The
kET1 and Km values for the first electron transfer and are shown in Table 3.1.
Equation 3.1. Kinetic model of the reduction of ferric P450cam by reduced Pdx (182, 185).

P450III • cam + Pdxred

k1

Pdxred • P450III • cam

k-1
A

kET1

Pdxox • P450II • cam

k-2
B

C

Figure 3.4. Michaelis-Menten plot of the first electron transfer reaction. (A) C357U P450cam*. (B)
P450cam*, (C) wt P450cam. (kET1 and Km values derived from these fits are shown in Table 3.1).
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The rate constant kET1 is 39 ± 2.9 s-1 for the wt enzyme, which is in good
agreement with previously reported values (183, 185, 197), The natural enzyme is
reduced about twice as fast as P450cam* (16.9 ± 0.4 s-1), which in turn is reduced about
twice as fast as C357U P450cam* (9.5 ± 0.3 s-1).
Table 3.1. Kinetic parameters for the first electron transfer reaction.

wt P450cam

P450cam*

C357U P450cam*

kET1 (s )

39 ± 2.9

16.9 ± 0.4

9.5 ± 0.3

Km (µM)

7.2 ± 1.8

81.4 ± 3.8

52.1 ± 3.8

-1

These results parallel the overall trends observed under steady state conditions
(198). However, the rate constants kET1 for the first electron transfer are about twice as
fast for each P450cam variant relative to the kcat values derived from the Vmax
obtained under steady state conditions (Chapter 2).
It is known that binding of reduced Pdx to ferric P450cam (described by k1) induces
small absorbance and structural changes (186, 199, 200).
An initial short lag phase (not clearly resolvable because it overlays with the mixing
time span of the stopped-flow instrument) which would most likely account for binding
of reduced Pdx to the ferric P450cam mutants has also been described by Hintz et al.
(182, 183).
The second phase resolved in this experiment corresponds to a slow reaction and
is similar for all three P450cam variants (∼ 1 s-1 for all enzymes). It is difficult to
interpret this result, since these absorption changes could be associated with the
P450cam enzyme, Pdx or Pdr. There are different possible explanations for the second
phase. First, it is possible that after transfer of the first electron, the dissociation of Pdx
from P450cam induces an absorption change, which would result in the slow second
phase (197). This would be in agreement with the findings of others (181, 184, 197,
199) who observed a loss in affinity of Pdx to P450cam upon binding of CO. Second,
dissociation of Pdx from P450cam before transfer of the electron (described by k-1)
would also lead to absorption changes, and this process is estimated to be relatively
slow (a modeled value of 1.5 s-1 at 25 °C for wt P450cam) (182). Alternative
explanations which seem to be less likely are the detection of the dissociation of CO
from P450cam, which has been reported also to be slow (0.2 s-1 at 4°C for wt P450cam)
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(189), or the oxidation of the ferrous P450cam complex by oxidized Pdx (k-2; 0.05 s-1 at
25°C for wt P450cam) (182).
The observed Km value for P450cam obtained in this experiment is similar to the
reported values for the wt enzyme (183, 185, 197). The Km values for C357U
P450cam* and P450cam* are higher, which is probably due to the SECIS mutations.
The replacement of arginine at position 365, which is involved in important P450camPdx interactions, might be responsible for the higher Km values compared to that of wt
P450cam. The Km value for the wt agrees well with the value obtained under steady
state conditions described in Chapter 2 (7.2 ± 1.8 µM versus 8.8 ± 1.3 µM (198)), but
P450cam* and C357U P450cam* show large discrepancies (81.4 ± 3.8 and 52.1 ± 3.8
µM, respectively). However, as discussed in detail by Purdy et al. (184), the Km value
obtained from steady state experiments is a rather complicated term compared to the
first electron transfer experiment, since it involves several steps of Pdx and substrate
binding and dissociation, the first and second electron transfer reactions, and product
dissociation. Therefore it is not surprising that the proteins show deviations, especially
in the case of C357U P450cam* and P450cam*, in which the two SECIS mutations
(R365L/E366Q) might have changed certain binding processes.
Interestingly, the Km value for C357U P450cam* obtained in this electron
transfer experiment (52.1 ± 3.8 µM) is slightly lower than the Km value of P450cam*
(81.4 ± 3.8 µM). The seemingly higher affinity of the C357U P450cam* mutant might
reflect the slightly altered geometry of the active site due to the longer Fe-Se bond. It
has been proposed before that the active site of P450cam undergoes conformational
changes upon binding of reduced Pdx (201-203). In those earlier studies, the structurally
perturbed active site could be mimicked in the absence of Pdx by introducing the L358P
mutation. The bulkier proline residue pushes the heme closer to the distal side and
weakens the electrostatic interactions between the backbone amides and the thiolate.
This leads to a stronger push effect by the axial ligand, which is reflected in a lower
electrode potential and a higher autooxidation rate (154, 155, 201). In the C357U
P450cam* mutant, the active site is also slightly changed due to the longer Fe-Se bond
(Chapter 2). Therefore, it might be possible that subtle geometric changes of the heme
active site mimic the rearranged active site upon Pdx binding, which possibly explains
the higher affinity of C357U P450cam* for Pdx compared to P450cam*.
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Oxygenation reaction
The binding of oxygen to ferrous P450cam (3 → 4, Figure 3.1) was determined
as previously described (190). P450cam (8 µM) was first reduced by small amounts of
Pdx (0.2 µM) and Pdr (0.4 µM), and the resulting ferrous P450cam variant was then
mixed together with different concentrations of oxygen in a stopped-flow instrument at
25°C. Binding of oxygen is a fast process, and the reaction is already complete after ∼ 5
- 20 ms.
A

B

C

Figure 3.5. Stopped-flow UV-Vis spectra of the first 50 ms reaction time of the oxygenation reaction.
Concentrations after mixing: P450cam (4 µM), Pdx (0.1 µM), Pdr (0.2 µM), 1 mM camphor, 120 µM O2,
50 mM potassium phosphate, pH 7.4, 25 °C. (A) C357U P450cam*, (B) P450cam*, and (C) wt P450cam.
Dark green lines represent the first spectrum (after 0.6 ms), orange lines represent spectra after 50 ms.

Since oxygen is always in excess over protein (> 8-fold), pseudo-first order
conditions are assumed. The oxyP450cam complex of all variants has a new absorption
maximum at ~417 nm and the spectrum (Figure 3.5) shows an isosbestic point at 410
nm. Kinetic traces at 403 and 432 nm, the wavelengths at which the largest absorbance
changes were observed, were used to monitor the reaction. The data were fitted to a
single exponential as described before (190). Typical time courses for oxygenation are
shown in Figure 3.6. The rate constants obtained at both wavelengths were the same for
each mutant, indicating that the reaction proceeds in a single-step reaction pathway.
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A

B

C

Figure 3.6. Representative kinetic traces of the first 30 ms reaction time of oxgenation reaction.
Concentrations after mixing: P450cam (4 µM), Pdx (0.1 µM), Pdr (0.2 µM), 1 mM camphor, 120 µM O2,
50 mM potassium phosphate, pH 7.4, 25°C. (A) C357U P450cam*, (B) P450cam*, and (C) wt P450cam.
Green colour represent the kinetic traces at 403 nm, whereas the kinetic traces at 432 nm are shown in
black. Thin inset lines represent fits.

The resulting kobs values are plotted as a function of oxygen concentration in
Figure 3.7. The slope of these plots yields the second order rate constant kon for oxygen
binding (Table 3.2).

Figure 3.7. Binding of oxygen to ferrous P450cam. Plot of the pseudo-first order rate constants as a
function of oxygen concentration. Wt P450cam (green), P450cam* (black), C357U P450cam* (red). The
slope yields the oxygen binding constants (kon) presented in Table 3.2.
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Table 3.2. Kinetics of O2 binding.

wt P450cam

P450cam*

C357U P450cam*

(kon, M-1 s-1)

(kon, M-1 s-1)

(kon, M-1 s-1)

kon (M-1 s-1)

1.8×106

2.1×106

2.7×106

koff (s-1)

60

150

143

The rate constant kon obtained for wt P450cam (1.8 ×106 M-1 s-1) is in good
agreement with a previously reported value obtained under the same conditions (190)
and is about 2-fold higher than when measured at 4 °C (7.7 ×105 M-1 s-1) (189). The
second order binding constant for P450cam* (2.1×106 M-1 s-1) is very similar to that of
the wt protein. However, binding of oxygen to the heme of the selenoprotein is slightly
faster (2.7×106 M-1 s-1).
Rate constants for the dissociation of oxygen (koff) can be directly determined
from the y-axis intercept of the kobs versus oxygen concetration plot (Figure 3.7) (190).
In the case of the wt protein, this value is 60 s-1, which is in agreement with the
published value by Purdy et al. (190). However, as already pointed out by Purdy et al.
(190), our value for wt P450cam strongly differs from a koff of 1.1 s-1 at 4 °C obtained
by a displacement method (exchange from O2 to CO on the heme iron) (189). One
possible explanation for this might be that the value of the y-intercept does not ideally
describe the dissociation process.
P450cam* and C357U P450cam* have a faster dissociation rate constants of
150 and 143 s-1, respectively. These findings agree with the results obtained from the
autooxidation experiment described in Chapter 2, in which wt P450cam forms the most
stable oxy-complex, while P450cam* and C357U P450cam* form a similarly unstable
one.

Second electron transfer reaction
Transfer of the second electron to the oxy P450cam by Pdx (4 → 5) was studied
at 25 °C by a double-mixing stopped-flow method as described by Purdy et al. (190).
The moderately unstable oxyP450cam-complex (5 µM) was pre-formed prior to mixing
with reduced Pdx by reducing the P450cam variants with small amounts of Pdx (0.05
µM) and Pdr (0.05 µM). In the first mixing step of the sequential stopped-flow
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experiment the ferrous P450 variant was mixed with oxygen saturated buffer. After a
time delay of 200 ms, which is sufficiently long for formation of the oxy complex, the
solution was mixed together with pre-reduced Pdx (25 µM). The reaction of P450cam is
stopped after a single turnover by binding of the P450-inhibitor metyrapone (see
Equation 2), which is added in high excess (2.5 mM; all concentrations reported in this
experiment refer to the final values obtained after double-mixing in the instrument).
Anaerobic conditions were maintained by preparing the solutions for the
stopped-flow experiment in a glovebox, and by adding glucose oxidase, glucose, and
catalase as an oxygen scavenging system (190). The stopped-flow instrument was also
kept under nitrogen atmosphere.
A

B

C

Figure 3.8. Stopped-flow UV-Vis spectrum of the reaction: C357U P450cam* (A), P450cam* (B), and
wt P450cam (C). The first spectrum (green line) was obtained after 0.6 ms, the last (yellow line) after
2000 ms. Conditions used as described by Purdy et al. (190), P450cam (5 µM), Pdx (25 µM), 25 µM
camphor, ~ 300 µM O2, 2.5 mM metyrapone, 50 mM potassium phosphate, pH 7.4, 25 °C.

The stopped-flow spectra are characterized by three isosbestic points at 400, 404
and 429 nm for wt and P450cam*, and 404, 408, and 433 nm for C357U P450cam*
(Figure 3.8). The spectra of the C357U variant were red-shifted by ~5 nm. The kinetic
traces were extracted at several wavelengths (376, 405/409 for C357U P450cam*, 421
and 450 nm) and analyzed by a global fit to sums of single exponential functions as
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described by Purdy et al. (190). The (pseudo-)first order rate constants are reported in
Table 3.3.
Equation 3.2. Kinetic model for the second electron transfer reaction (190, 192).

Pdxred + P450II • O2 • cam
k1

k-1

Pdxred • P450II • O2 • cam
k2
Pdxox • [P450II • O2 • cam] k3

+ metyrapone
– Pdxox – cam-OH – H2O

P450III • metyrapone
k4 + Pdxred
P450II • metyrapone

Based on the absorption changes and deconconvoluted spectra described in early
studies, a kinetic model (Equation 3.2.) was derived (190-192) in which the first
reaction corresponds to the formation of the “perturbed” oxyferrous P450cam
intermediate (0.3 - ~ 10 ms). The second reaction corresponds to reduction of
oxyP450cam by reduced Pdx (8 - ~ 40 ms), while the third process might reflect the
reaction turnover, product release and metyrapone binding steps (40 - ~ 200 ms). The
fourth process is most likely the reduction of the Fe(III)-metyrapone complex (from 200
ms on).
All three P450cam variants behave similarly (Figure 3.9). The first reaction
phase, which is interpreted as binding of reduced Pdx to oxyP450cam to form a
“perturbed” intermediate, is very fast and short. In our experiments, a rate constant of
≥150 s-1 can be estimated. Glascock et al. (191) also observed a very fast initial phase
which they ascribed to formation of a “perturbed” P450 intermediate based on a derived
absorption spectrum. Although their experiment was performed at 4 °C whereas ours
was performed at 25 °C, they found a rate constant of ~ 140 ± 14 s-1 for the first phase.
This very short first phase was not observed by Purdy et al. (190), however, it is
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possible that they could not resolve it in their spectra due to a lower resolution of their
diode array detector.
A

B

C

Figure 3.9. Time course of the reaction between oxyP450cam variants and reduced Pdx. Conditions used
as described by Purdy et al. (190), P450cam (5 µM), Pdx (25 µM), 25 µM camphor, ~ 300 µM O2, 2.5
mM metyrapone, 50 mM potassium phosphate, pH 7.4, 25°C. The green line represents the kinetic trace
extracted at 405 nm (409 nm in the case of C357U P450cam*), the black trace at 421 nm. C357U
P450cam* (A), P450cam* (B), and wt P450cam (C). Thin inset lines represent fits.

The second phase which probably represents the electron transfer step is similar
for wt P450cam and P450cam* (k2 = 61 ± 1 s-1 and 54 ± 1 s-1). The C357U mutant is
slightly faster (84 ± 1 s-1) than P450cam* or wt P450cam. The rate constant k2 for the
wt is similar to previously reported values (191, 192, 204). However, our experiments
were performed at 25 °C rather than 4 °C. In the case of the first electron transfer step it
has been suggested that the binding and conformation changes of the proteins are
temperature dependent, whereas the subsequent electron transfer is not (183). It could
well be that the second electron transfer reaction is also temperature independent. In
contrast, Purdy et al. (190) claimed a value of 390 ± 23 s-1 for the first phase for wt
P450cam using our conditions. Their first phase most likely corresponds to our second
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phase. An explanation for this discrepancy could be their limited number of data points,
which makes an accurate fit difficult.
Table 3.3. Kinetic data of the second electron transfer reaction. Concentrations after mixing: 5 µM
P450cam, 25 µM Pdx, 25 µM camphor, ∼ 300 µM oxygen, 2.5 mM metyrapone, 50 mM potassium
phosphate, pH 7.4, 25 °C.

wt P450cam

P450cam*

C357U P450cam*

(s-1)

(s-1)

(s-1)

1. phase (k1)

≥ 150

≥ 150

≥ 150

2. phase (k2)

61 ± 1

54 ± 1

84 ± 1

3. phase (k3)

2 ± 0.5

11 ± 4.6

15 ± 3.3

4. phase (k4)

2 ± 0.5

2.9 ± 0.1

1.4 ± 1

The third and fourth phases are more difficult to interpret. As mentioned above,
the third phase (described by k3) could represent product turnover and dissociation,
followed by binding of metyrapone. However, it is unclear why P450cam* and C357U
P450cam* would have a much higher rate constant than wt (11 ± 4.6 s-1 and 15 ± 3.3 s-1
for P450cam* and C357U P450cam*, respectively, compared to 2 ± 0.5 s-1 for wt
P450cam). A possible explanation for this might be that ligand exchange on the heme,
or substrate binding and dissociation occurs much faster in the case of P450cam* and
C357U P450cam* due to the changed water network on the distal side of the heme
(Chapter 2). Perhaps the dissociation of product and replacement by metyrapone occurs
much faster.
Purdy et al., who used the same experimental conditions as we did, found a rate
constant of 17 ± 2 s-1 (190). However, in contrast to our findings, they observed only
two phases. The first of which corresponds to our second phase and the second to our
third and fourth phases. We could probably resolve phases better because of the
superior resolution of the spectrograph that was used in our stopped-flow experiments.
The last phase possibly describes the reduction of the P450cam-metyrapone
complex from Fe(III) to Fe(II). It is slow for all three protein variants (∼1-3 s-1). The
assignment of this phase is based on the appearance of a new absorption maximum at
around 440 nm. The decay is most distinct for the wt enzyme (Figure 3.8).
Unfortunately, it cannot be ruled out that the observed absorption changes of the third
and fourth phase are also caused by conformational changes.
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Discussion and conclusions
The results from the first electron transfer experiment indicate that the first etranfer process is indeed rate limiting in the overall reaction cycle for C357U
P450cam*, as also for P450cam* and wt P450cam, because the obtained rate constants
of this experiment are small compared to those obtained from the second electron
transfer and oxygenation reactions. Moreover, the trends seen in steady–state kinetic
experiments that C357U P450cam* reacts about half as fast as P450cam*, which again
reacts half as fast as wt P450cam, are also found in these rapid-mixing experiments. The
smaller rate constants kET1 for P450cam* compared to wt P450cam shows clearly that
the SECIS-mutations have a small but discernable influence on the overall rate. The
even smaller reduction rate observed for C357U P450cam* can presumably ascribed to
the stronger electron-donating effect of selenium. The number of observed reaction
phases is the same for all three proteins.
The fastest reaction observed in these experiments is the binding of oxygen.
While wt and P450cam* have similar rate constants for binding, the C357U mutant
shows an increase in rate of about 50%. The reverse reaction, the dissociaton of oxygen
from Fe(II)-P450cam is also faster for P450cam* and C357U P450cam* than for wt
P450cam. The results for this experiment parallel the findings of the autooxidation
experiment described in Chapter 2, where both C357U P450cam* and P450cam* were
found to undergo autooxidation faster than wt P450cam (10- and 7- times, respectively).
The third experiment that is presented in this chapter is the study of the transfer
of the second electron. Unfortunately, inhibition with metyrapone is not as efficient as
CO binding to Fe(II) at preventing turnover. Consequently, several processes occur, and
the kinetic traces are multiphasic and difficult to interpret. All three P450cam variants
show similar reaction behavior, with the second electron transfer slightly faster for the
C357U mutant than for P450cam*. In contrast, the transfer of the first electron was
somewhat slower for the selenoprotein compared to P450cam* and wt P450cam. The
SECIS mutations also appear to speed up the third phase of the reaction corresponding
to reaction turnover, product release and metyrapone binding.
It is clear that these rapid mixing experiments do not provide any evidence to
support the predictions that the C357U P450cam* mutant should exhibit considerably
slower substrate turnover due to a longer-lived compound I. In fact, the selenoprotein
behaves very much like P450cam* with individual rate constants at most a factor of two
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different. In comparison to P450cam*, the spectra of the selenovariant exhibit the same
number of phases and are typically red-shifted by up to 5 nm throughout all monitored
spectra. However, because electron transfer is rate determining, these experiments do
not allow us to test the predictions of Cohen et al. (1), that compound I should form
faster and react more slowly with substrate in the selenovariant. The formation and
reaction of putative compound I are still too fast to be observed in the above mentioned
experiments. Additional kinetic and spectroscopic experiments will be needed to
unravel the complex reaction. Alternative approaches for generating and studying
compound I are presented in the next chapter.
Materials and methods
The stopped flow instrument used for all experiments in this chapter (SX17MV,
Applied Photophysics, Leatherhead, Surrey, UK) is equipped with a 32-channel
photomultiplier (Hamamatsu, Hamamatsu City, Shizuoka Pref., Japan) and coupled to a
spectrograph (600 L/mm grating, Acton, Acton Massachusetts, USA). The instrument
was kept anaerobic by constantly saturating the water of the thermostat with nitrogen.
The stopped-flow instrument was deoxygenated and the drive syringes and flow
circuitry were flushed with argon-saturated buffer (50 mM potassium phosphate, pH
7.4, 100 mM KCl) prior to all measurements.
First electron transfer reaction
The first electron transfer rates were determined by using protein and reagent
concentrations at 25°C as described before (185, 192), except that the P450
concentration which was reduced 2-fold to 1 µM (concentration before mixing in the
stopped-flow instrument).
Anaerobic conditions in the samples were maintained by adding glucose oxidase (0.1
mg/mL), glucose (120 mM), and catalase (3000 units/mL, all concentrations before
mixing in the stopped-flow system) (183). The protein solutions were deoxygenated in
Schlenk flasks by first purging with argon for ~ 0.5 h, and then with CO gas for another
0.5 h. Shortly before reducing the Pdx solutions (7.5 – 400 µM Pdx, before mixing in
the stopped-flow instrument), glucose was added. After adding NADH (360 µM), the
Pdx solutions were allowed to stand for at least 45 min. The protein solutions were
transferred into gas-tight syringes (Hamilton, Reno Nevada, USA). The reactions were
initiated by mixing the ferric P450cam and reduced Pdx together, and monitored by
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detecting formation of the ferrous CO form of the P450 samples at 445 nm. The kinetic
traces were fitted to a double exponential function using Microsoft Excel (Solver addin).
Oxygenation reaction
The oxygenation reactions were performed at 25 °C as described by Purdy et al.
(190). The solutions of P450cam (8 µM), containing catalytic amounts of Pdr (0.4 µM)
and Pdx (0.2 µM), were degassed in a glovebox for ~ 45 min and reduced by adding
NADH (100 µM). After further incubation for ~ 45 min, the protein solution was
transferred into a gas-tight syringe. The oxygen containing solutions were obtained by
mixing oxygen-saturated buffer (∼1.2 mM oxygen in 50 mM potassium phosphate, pH
7.4, 25°C) in desired ratios with argon-saturated buffer in a gas-tight syringe. The
stopped-flow instrument was prepared as described above for the first electron transfer
experiment. The concentration of oxygen was kept at least 7-times higher than the P450
concentration to ensure pseudo-first order conditions. The kinetic traces were fitted to a
single exponential function using Microsoft Excel (Solver add-in).
Second electron transfer reaction
The reaction between oxyP450cam variants and reduced Pdx was studied at
25 °C according to a published procedure (190) using the same protein and reagent
concentrations. Solution A containing 20 µM P450cam variant, 100 µM camphor, 0.1
µM Pdx and Pdr, and solution B containing 50 µM Pdx, 5 mM metyrapone and 0.05
µM Pdr were degassed in a glovebox for ~ 45 min, and then reduced by addition of
NADH (100 µM and 250 µM for solutions A and B, respectively). All solutions were
transferred to gas-tight syringes. The oxygen buffer (50 mM potassium phosphate, pH
7.4) was saturated with oxygen by bubbling the gas through the buffer for ~ 30 min.
Anaerobic conditions in the protein samples were maintained by adding glucose oxidase
(0.05 mg/mL), glucose (30 mM) and catalase (750 units/mL) (190). The data were
analyzed by a global fit using Microsoft Excel (Solver add-in).
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Appendix 1
P450cam preparations
The P450cam variants used in these experiments were overexpressed in E. coli and
purified as described in Chapter 2. Only pure proteins, with a A391/395 to A280 ratio of ~
1.4, were used for the kinetic experiments (Figure 3.10).
A

B

C

Figure 3.10. UV-Vis spectra of ferric, camphor-bound P450cam protein preparations used for kinetic
experiments: C357U P450cam* (A), P450cam* (B), and wt P450cam (C).
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Chapter 4. Studies on the oxidation reaction of the ferric
cytochrome P450cam mutants with peracid
Introduction
The reaction mechanism of cytochrome P450cam shown in Figure 4.1 has been
object of research for more than four decades, and considerable progress has been
achieved in the last 10 years in the study of several of the suggested short-lived
intermediates 5-7 by applying spectroscopic techniques such as X-ray crystallography,
UV-Vis spectroscopy, electron paramagnetic resonance (EPR) and laser flash photolysis
or radiolytic reduction (134, 193-195, 205).

Figure 4.1. Proposed reaction pathway of cytochrome P450cam. The red arrows indicate reaction steps
that are relevant to this chapter.

The ferric-resting state 1, substrate-bound ferric species 2, deoxyferrous
intermediate 3, and oxyferrous intermediate 4 have all been already well characterized
(177). However, the subsequent reaction steps remain less characterized. It has been
suggested for the reaction cycle that addition of the second electron to oxyferrous P450
leads to a peroxo-ferric derivative 5 which, upon protonation of the distal oxygen, forms
a hydroperoxo-ferric intermediate 6. Both 5 and 6 were recently characterized by
Hoffman and Sligar (193, 195, 206) using γ-radiation at 77 K to generate hydrated
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electrons that reduce the oxyferrous intermediate 4. The peroxo-ferric intermediate 5
and hydroperoxo-ferric intermediate 6 were then characterized by UV-Vis
spectroscopy. Intermediate 6 exhibits a characteric absorption maximum at 440 nm.
Subsequently, a second protonation leads to heterolytic O-O bond cleavage with
loss of water to form a π-cation radical oxoiron(IV) species 7, which is, as mentioned
before, also called “compound I“. Compound I is proposed to abstract a hydrogen atom
from the substrate (R-H) to form a carbon radical and an Fe(IV)-OH complex. These
two species recombine in a so-called “rebound step” to form product 8 (207).
Schlichting et al. observed an intermediate by Laue x-ray crystallography that they
interpreted as compound I. However, the crystallographic data were not precise enough
and other interpretations, for example a species containing a water- or hydroxide-bound
heme, could not be ruled out (134).
Compound I (7) is potentially the most interesting intermediate in the catalytic
cycle, since it is postulated to be the oxidant that reacts directly with substrate. This is in
analogy to peroxidases and catalase, in which an oxoiron(IV) porphyrin radical was
unequivocally identified as an intermediate by UV-Vis spectroscopy and EPR (208,
209). Compound I of Caldariomyces fumago chloroperoxidase (CPO) is currently one
of the best studied examples; it was characterized by several spectroscopic techniques,
amongst others UV-Vis, EPR, resonance Raman, and Mössbauer spectroscopy (210212).
Compound I of CPO is considered to be a good model of P450 compound I
because, unlike many other peroxidases, this enzyme is a thiolate-liganded heme
peroxidase (210, 212). It exhibits a characteristic absorption spectrum with two maxima
at 370 and 690 nm and an EPR spectrum with signals at g = 2.008 and g = 1.732. The
EPR signal is interpreted as an oxoferryl moiety magnetically coupled to a nearby
radical (212). Although it is widely accepted that compound I of CPO is a π-cation
radical oxoiron(IV) species due to its unique EPR absorption pattern, there is still an
ongoing debate whether the radical is only localized over the porphyrin or partially
delocalized onto the axial thiolate ligand (213-216). The unique coupling properties
observed in EPR spectra of oxidized CPO show that an exchange coupling between the
radical and the ferryl iron occurs. However, hyperfine interactions between the radical
2

The g value is related to the magnetic field (B0) through the resonance condition: hν = gµBB0; where µB
is the Bohr magneton, h is the Planck constant, and ν the frequency of the radiation. The g value is
independent of the microwave frequency and therefore much more appropriate as a fingerprint for a
paramagnetic species than the magnetic field.
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and backbone protons near the axial ligand were also seen (215), and the value of the
hyperfine coupling assigned to the cysteinyl β-proton supports the idea that some spin
density arises from a sulfur-based radical (∼ 0.23 %).
Compound I of CPO has a much longer lifetime than its putative counterpart in
P450cam, which never actually builds up, making detection and characterization
extremely challenging.

Figure 4.2. Possible intermediates of cytochrome P450cam variants upon oxidation with peracid, shown
is a representative near-by tyrosine (≤ 10 Å); brackets indicate heme active site. The radical can be
located on the porphyrin (“compound I”), on the sulfur/selenium atom, or on a nearby tyrosine
(“compound II”). The different intermediates might also be in mesomeric equilibrium.

Ishimura, Sligar and their coworkers have suggested that P450 compound I
forms upon mixing substrate-free enzyme with m-chloroperoxybenzoic acid (mCPBA)
(217, 218). They observed a transient derivative that has an absorption spectrum that
resembles that of CPO compound I in stopped-flow UV-Vis spectroscopy experiments.
On the other hand, Schünemann and coworkers examined the same reaction by rapid
freeze-quench EPR and Mössbauer, and instead of an oxoiron(IV) π-cation radical, they
observed formation of a radical on a nearby tyrosine (≤ 10 Å). This species, which is
also an oxoiron(IV) species, is called “compound II“ or “compound ES“ (Figure 4.2)
(219-221).
Based on anomalous kinetic isotope effects and distributions of unexpected
hydroxylation products, the possibility that other oxidizing intermediates than
compound I might participate in the P450cam catalytic cycle cannot be ruled out (222224). In fact, several studies have focused on the reactivity of the peroxoferric state 5 in
nucleophilic reactions and of the hydroperoxoferric intermediate 6 in electrophilic
chemistry. These intermediates are possible alternative oxidants (225, 226) that might
account for much of the experimental data. Other species, such as oxoiron(V)
porphyrins and oxoiron(IV) porphyrins, might also participate in the oxidation reaction
(196, 227, 228).
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In an attempt to explain the aberrant data, Shaik and coworkers have employed
theoretical methods to examine a “several oxidant“ hypothesis. They suggest that
P450cam reactivity can be explained by the competition between two different spin
states of compound I. In their “two-state“ hypothesis (229, 230), the energy profiles are
similar for high- and low-spin states in the case of C-H bond activation and
reorientation of the enzyme-substrate complex, but the rebound step is barrierless for
the low spin case and shows a significant energy barrier for the high-spin state. The
consequence of this effect would be that the low spin radical intermediate has an ultrashort lifetime (~ fs time scale), whereas the high-spin radical intermediate would have a
lifetime that might be long enough to be observable. This radical species could in
principle even rearrange and form several intermediates and products.
In another more recent study using QM/MM methods, Shaik and coworkers
proposed that replacement of the heme axial ligand, which is naturally a cysteine, by
selenocysteine, might stabilize the putative compound I (158). As an axial ligand to the
heme, selenocysteine is expected to donate more electron density into the ironporphyrin system, thereby accelerating the heterolytic cleavage of oxygen (“pusheffect“) to form compound I. Since compound I in the selenoenzyme would be less
electrophilic, it will react about 100-fold slower with hydrocarbons, which should
facilitate isolation and characterization. In the kinetic experiments described in Chapters
2 and 3, we could not find support for these predictions by Shaik and coworkers.
However, as the formation and decay of putative compound I is expected to be much
faster than the electron transfer steps (190, 192), another approach is needed to detect
this species.
As described in this chapter, we have attempted to generate high-valent iron
intermediates of the selenoenzyme using the peroxide shunt pathway (2 → 6, Figure
4.1). Unlike the results described in the previous chapters, we found significant
differences in the oxidation of C357U P450cam* compared to P450cam* and wt
P450cam, that suggest formation of a new radical species. Specifically, our results show
that the C357U P450cam* variant reacts with peracid more slowly than P450cam* and
wt P450cam. To isolate and characterize the new species, rapid freeze-quench EPR
experiments were used. Interestingly, only in the case of C357U P450cam* did we see
something prior to formation of a tyrosine radical. Tyrosines Y75 and Y96, which are
close to the heme active site (≤ 10 Å), were in further experiments replaced by
phenylalanines to prevent reduction of compound I (231, 232). The analogous
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Y75F/Y96F P450cam double mutants show a different behavior in UV-Vis and EPR
spectroscopy oxidation experiments than wt P450cam, C357U P450cam* and
P450cam*, but the presence of compound I in these oxidized double mutants could not
be verified.

Results
Oxidation of P450cam variants studied by stopped-flow UV-Vis spectroscopy
Oxidation of the iron-porphyrin complex of heme enzymes can be achieved with
various oxidants, including peracids, hydrogen peroxide, or peroxynitrite. Hydrogen
peroxide is inefficient since it is a kinetically slow oxidant. Peroxynitrite is both a oneand two-electron oxidant and therefore complicates the analysis of the results. However,
peracetic acid and meta-chloroperbenzoic acid (mCPBA) are established two-electron
oxidants in this field (221, 232-234). mCPBA has the additional advantage of being
relatively pure (~ 80%, the remaining 20% is the corresponding acid). This is in contrast
with peracetic acid, which contains about 60% acetic acid, which could potentially
interfere with the oxidation reaction.
We first studied the oxidation of our P450cam variants by mCPBA by UV-Vis
spectroscopy. The reaction was performed in a stopped-flow apparatus, which was
coupled to a 32-channel spectrograph. The advantage of a spectrograph over a more
common diode array detector is the better time resolution (0.2 ms, which is about five
times faster, with lower noise) and superior optical bandwidth. A possible disadvantage
is that only a spectral range of 300 nm can be covered per measurement.

P450cam + mCPBA

10°C

P450: mCPBA
1:25

25°C

P450 : mCPBA………
1:1

P450 : mCPBA………P450: mCPBA
1:25
1:1

Figure 4.3: Selection of reaction conditions: P450cam variants were oxidized using different ratios of
mCPBA at different temperatures.
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To our knowledge there are three earlier studies (217, 235, 236) in which
stopped-flow experiments of cytochrome P450 with peracid were described. We used
these results as a starting point for our measurements. Kellner et al. (236) used a
thermostable P450 enzyme (CYP119) and performed the oxidation reaction with
submolar concentrations of mCPBA at 4 °C. They observed two phases, the first was
interpreted as compound I formation, the second as the decay of compound I back to the
resting state. Another study by Spolitak et al. (235) employs P450cam, and compared to
the experiments by Kellner et al., an excess of peracid (at least 25-fold) with respect to
the enzyme was used, at two different temperatures, 25 °C and 3.4 °C. They observed
for each temperature four phases, but the interpretation of the individual phases changes
with temperature. At 25 °C, the first phase represents compound I formation, the second
the conversion of compound I into a compound ES species, the third and fourth include
heme bleaching. At lower temperatures, they could resolve the phase representing
peracid complex formation in addition. Egawa et al. (217) studied the oxidation reaction
of P450cam by mCPBA at 25 °C, using a large excess of peracid over protein (30-fold).
However they did not perform a detailed kinetic analysis but showed a calculated
spectra of compound I.
Several different conditions were initially examined to identify the optimal reaction
conditions for the oxidation reaction (Figure 4.3). As Kellner et al. pointed out in their
study, high peracid concentrations lead to complicated kinetic behavior. This may also
explain why Spolitak et al. observed multiple phases in reactions wih excess peracid
and elevated temperatures, which may have made mechanistic interpretations difficult.
Therefore we tested the oxidation reaction with mCPBA, at two different concentrations
ratios at 10 °C and 25 °C. Thus, mCPBA was used either 1:1 or with a 25-fold excess
over P450cam (Figure 4.3). As expected, the reaction proceeds faster at 25 °C than at 10
°C, which complicates resolving possible fast phases in catalysis. Furthermore, heme
degradation proceeds more rapidly at elevated temperatures especially in the presence
of excess oxidant ((237) and personal communication by Christiane Jung) (see
Appendix Tables 4.5 and 4.6). For this reason, we performed most of our experiments at
10 °C with equimolar concentrations of protein and peracid.
Due to the technical setup of the stopped-flow instrument, two central wavelengths
were selected, 385 and 650 nm, and spectra were obtained in an optical range of ± 150
nm around these wavelengths (Figure 4.4). At wavelengths below the isosbestic point
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(~ 400 nm), absorption increases, whereas above the isosbestic point, absorption
decreases with reaction time.
A

B

C

D

E

F

Figure 4.4. Stopped-flow spectra showing the Soret band area of the P450cam variants. Shown are the
first 145 ms reaction time of the oxidation of C357U P450cam* (A & B), P450cam* (C & D) and wt
P450cam (E & F). The spectra on the right are the corresponding close-up views of the spectroscopic
changes around 385 nm. P450cam (10 µM): mCPBA (10 µM) = 1:1, 25 mM potassium phosphate, pH
7.4, at 10 °C. The first spectrum (red) is obtained after 0.6 ms, the seond (orange) after 33 ms, the third
(black) after 65 ms, the fourth (light blue) after 112 ms, the last (green) after 145 ms.

We monitored the reaction between mCPBA and the three enzymes at 385 and 417 nm
and fitted the data with at least three consecutive exponential functions. The obtained
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rate constants for wt P450cam, P450cam* and C357U P450cam* are consistent at 385
and 417 nm.
As seen previously for wt P450cam (217, 235), all three enzymes each show four
phases (Figure 4.5, Equation 4.1). The first phase ends after ~ 6 ms, the second lasts ~
100-200 ms, the third ~ 500 ms, and the last phase lasts more than 2 s. The second and
the third phases of the wt and P450cam* are similar in magnitude and hence difficult to
separate. However, analysis of the residuals of the fits supports the presence of four
phases. In contrast, C357U P450cam gives well-resolved second and third phases (see
Table 4.1).
A

B

Figure 4.5. (A) Kinetic traces monitored at 385 nm; P450cam (10 µM): mCPBA (10 µM) = 1:1, 25 mM
potassium phosphate, pH 7.4, at 10 °C, C357U P450cam* (red), P450cam* (black) and wt P450cam
(green). Thin inset lines are the fits. (B) The first 15 ms reaction time.

As proposed by others (217, 235), the first phase likely corresponds to the coordination
of the peracid to the heme active site. The second may be the cleavage of the O-O bond
of the peracid and oxidation of Fe(III) to give oxo-Fe(V) or the oxo-Fe(IV) cationic
radical (“compound I“). Then in the third phase, the radical can migrate through the
protein to form a sulfur/selenium-based radical or a thermodynamically stable tyrosine
radical (Figure 4.2). In the case of P450cam, it has been shown that a rather stable
tyrosine radical forms with no evidence for a porphyrin radical within the described
time-span (238). The fourth and last phase reflects the decay of the radical species and
degradation of the heme.
k1

k2

k3

k4

Fe(III)-P450cam --> Acylperoxo Complex --> Oxidized Species 1 --> Oxidized Species 2 --> Decay
Equation 4.1. Kinetic model for the oxidation reaction.
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Using this model (Equation 4.1), we assigned the phases to our kinetic traces
(Table 4.1). The reaction order of the first phase (k1) is difficult to assign for all three
enzyme variants because of the fast rate of reaction and small changes in absorption. It
quite likely corresponds to a coordination of the peracid to the heme cofactor. During
this coordination a water molecule, the 6th ligand on iron (in the absence of camphor),
would be displaced. Assuming that this phase is second order, reflecting encounter of
the peracid with the protein, a rate constant of ∼106 M-1s-1 can be estimated (Figure
4.5B), which is typical for ligand exchange on Fe(III)-porphyrins (239). In the case of a
25-fold excess of peracid over protein, the initial fast phase was too rapid to be
observed. This supports our hypothesis that the first phase which is observed under 1:1
conditions is dependent on the peracid concentration. Spolitak et al. (235) obtained a
similar value of ~ 5 × 105 M-1 s-1 for formation of an acylperoxo complex of wt
P450cam (kobs = 170 s-1 at 300 µM peracid). These values are also in good agreement
with the value found by Kellner et al. (2.49 × 105 M-1 s-1) for CYP119, a thermostable
P450 enzyme (236). However, the latter authors interpreted this first phase as formation
of compound I rather than a P450-peracid complex formation, based on the fact that
they observed an increase in absorption at around 370 nm. It is possible that the
thermostable enzyme CYP119 shows a different reaction behavior than our enzymes.
Although model porphyrin complexes form porphyrin π-radical cations in similar rates
(240, 241), we hesitate to assign this first phase to compound I formation.
As with other studies (217, 231, 235, 236), the spectroscopic evidence for
compound I is weak. In most of the published studies, the spectrum of compound I was
calculated by singular value decomposition (SVD) and the findings were not supported
by additional experiments such as EPR. Therefore, like Spolitak et al. (235), we believe
that the rapid first phase more likely represents complex formation.
The second phases of wt and P450cam* as well as the second and third phase of
C357U P450cam* are strictly first order reactions, which means that they must reflect
intramolecular processes. Wt P450cam and P450cam* show similar k2 rate constants at
10 °C (23 ± 2 s-1 and 16 ± 2 s-1, respectively), whereas C357U P450cam* shows a clear
biphasic behavior (k2 = 22 ± 2 and k3 = 2 ± 1 s-1).

75

Chapter 4. Oxidation reaction of P450cam mutants with peracid

Table 4.1. P450cam (10 µM): mCPBA (10 µM) = 1:1, 25 mM potassium phosphate, pH 7.4 at 10 °C.

λ (nm)

385

417

610

wt P450cam

P450cam*

C357U P450cam*

k1 (M-1 s-1)

∼ 1 × 106

∼ 1 × 106

∼ 1 × 106

k2 (s-1)

23 ± 2

16 ± 2

22 ± 2

k3 (s-1)

n.r.

n.r.

2±1

k4 (s-1)

1± 1

1± 1

1± 1

k1 (M-1 s-1)

∼ 1 × 106

∼ 1 × 106

∼ 1 × 106

k2 (s-1)

23 ± 2

16 ± 2

22 ± 2

k3 (s-1)

n.r.

n.r.

3±1

k4 (s-1)

1± 1

1± 1

1± 1

k1 (s-1)

n.r.

n.r.

∼ 1 × 106

k2 (s-1)

n.r.

n.r.

20 ± 2

k3 (s-1)

n.r.

n.r.

n.r.

k4 (s-1)

n.r.

n.r.

1± 1

n.r. not resolved
Although mCPBA was used in 30-fold excess over the wt P450cam
concentration in experiments described by Spolitak et al.(235), compared to 1:1
conditions in our experiments, our value for the wt (23 ± 2 s-1) is similar to the reported
value for the second phase (38 s-1). Spolitak et al. assigned the second phase to the
formation of compound I based on the spectrum obtained by singular value
decomposition. In contrast to their findings, a third phase (k3) was not resolved in our
measurements for wt P450cam and P450cam*, which they assigned to the formation of
a compound ES-like species, presumably a tyrosine radical. At this point, we are not
able to assign the second and third phases to either compound I or compound ES
formation with certainty. However, based on the results obtained from the EPR
experiments described below, these phases are most likely related to formation of an
oxoiron(IV) plus a tyrosine radical (compound ES, Figure 4.2)
The situation is different in the case of the C357U mutant. As already
mentioned, the selenovariant shows a distinct second and third phase, (22 ± 2 and 2 ± 1
s-1). A possible interpretation is that C357U P450cam* has a similar formation rate of
the first intermediate, perhaps compound I, like wt P450cam and P450cam*, but a
significantly slower rate constant to form a subsequent second intermediate, presumably
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a tyrosine radical. Interestingly, the amplitude of the absorption change for C357U
P450cam* is significantly larger than those of wt P450 and P450cam*, which have
similar amplitudes. The peracid turnover is not higher for the C357U P450cam* variant
as the overall reaction rate is lower. The higher amplitude must be a result of a greater
change of the absorption coefficient compared to wt and P450cam*. Different reaction
intermediates of the C357U mutant or an influence of the selenolate ligand on the
extincition coefficient of the oxidation product are possible explanations. Another
reason for this phenomenon could be that the C357U mutant undergoes different
changes in spin state than wt or P450cam*, as has been postulated for wt P450 by Shaik
and co-workers (229).
The last phase (k4) is similar for all three P450 variants (1± 1 s-1) and is rather
difficult to interpret because it includes a broad decrease in absorption between ∼ 350700 nm, which is most likely the result of heme degradation, as observed by others
(235-237). Heme degradation reactions are likely to be unspecific and manifold. This
effect is even more pronounced with excess peracid (25-fold) and at elevated
temperature (25 °C). It is therefore not surprising that the rate for the heme bleaching
reaction found by Spolitak et al. is about 4-fold higher than in our case, since they used
a large excess of mCPBA over P450 concentration (∼ 30-fold).
Around 695 nm, no significant absorption changes that could be ascribed to
compound I were detected, in contrast to other heme enzymes like chloroperoxidase
(Appendix 3). However, the selenoprotein shows an increase in absorption at around
610 nm, whereas P450cam* and wt P450cam show only noise in this region (Figure
4.19, Appendix 1). The rate constants determined by fitting the kinetic traces at 610 nm
of C357U P450cam* are similar to the values extracted at 385 and 417 nm (Table 4.1)
with the only difference that the third phase (described by k3) is not resolved.
The stopped-flow behavior of C357U P450cam* is clearly distinct from that of
wt and P450cam* with respect to the magnitude of the absorbance changes, the number
of resolved reactions steps and the individual rate constants. To complement the UVVis stopped-flow experiments, other approaches are needed to examine the nature and
location of the potential radical species in all three oxidized P450cam variants. Several
spectroscopic techniques are available, including as EPR, Mössbauer and resonance
Raman spectroscopy. However, no other method is as sensitve as EPR and can yield as
much information. Consequently, EPR spectroscopy appears to be the method of
choice.
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Freeze-quench process of oxidized P450cam samples
In order to study the oxidation reaction by EPR spectroscopy, the reaction has to
be stopped after a few milliseconds. This can be only achieved by fast freezing.
Particles of the frozen solution are collected in EPR tubes and then analyzed. Freezequench experiments have been performed in collaboration with Dr. Reinhard Kissner,
ETH Zürich. We used two different freeze-quench devices. Most of the data described
in this chapter were obtained with the first (standard) freeze-quench device, which was
constructed based on a commercial model of Update Instruments, WI (Figure 4.6).
In a typical experiment, the P450 variant (~ 300 µM) and peracid solutions (5
mM) are placed in separate syringes of a pump and are mixed in a high pressure HPLC
mixer which is connected to a pump via HPLC capillaries. After a short reaction time
(≥ 27 ms, see also Table 4.2), a thin jet of the reaction solution (∅ ≤ 254 µm) is injected
into a bath of cold 2-methylbutane (163 K) and frozen.
Precision Syringe Pump

Temperature Controller

HPLC Capillaries with
Low-Volume T-Mixer

163.0
Thermocouple

Insulating
Mantle

N2 Stream Heater Power

N2 Evaporator
Power

Outer Tube Containing
Sample Tube Immersed
in 2-Methylbutane

Dewar Tube with N2
Stream Heater

Cold N2 Stream

Liq. N2 Reservoir

Figure 4.6. Scheme of the home-built freeze-quench device 1.

Depending on the diameter of the capillary leading out of the T-mixer (Figure
4.6), the flow rate and the distance between the capillary and the 2-methylbutane bath,
different quenching times can be achieved. Exact quenching times were determined by
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correlating freezing times with the formation of product of a previously characterized
radical, arising from the oxidation of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid) (ABTS) by Fe(III).With the first freeze-quench device, the fastest freezing time is
~ 27 ms. A second freeze-quench device (see Appendix 4) was later constructed to
reduce the quenching times, but so far, the quenching process was slow and rather
unreproducible with respect to the attainable quenching times
Table 4.2. Typical quenching times attainable with the first freeze-quench apparatus 1.
“Thin” capillary (∅ =100 µm)

Flow (m/s) Distance (mm) Time of flight (ms) Freezing time total (ms)
5

35

3.4

46

5

70

6.8

92

5

95

10.0

230

2.5

35

6.8

27

“Thick” capillary (∅ =254 µm)

Flow (m/s) Distance (mm) Time of flight (ms) Freezing time total (ms)
5

30

5.6

27

5

90

16.8

35

EPR with freeze-quenched P450cam samples
EPR experiments have been performed in collaboration with Dr Inés GarcíaRubio, ETH Zürich. EPR spectra of oxidized P450 samples were obtained under
standard measurement conditions at X-band frequencies of ~ 9 GHz, using 1 Gauss
modulation amplitude, 0.063 mW power, and T = 15 K. Depending on the desired
freeze-quench times, either a thick (∅ =254 µm) or thin (∅ =100 µm) capillary leading
out of the T-mixer was used (Figure 4.6, Table 4.2). Figure 4.7 shows typical wholerange continuous wave (CW) EPR spectra of C357U P450cam* (red) and P450cam*
(black) samples that have been oxidized with mCPBA and freeze-quenched after ~ 27
ms. The broad feature at lower magnetic fields is due to background of the probe head
cavity. The spectra show a characteristic radical signal at g ~ 2. Furthermore, there are
minor signals visible at B ~ 3000 G due to the Fe(III) resting state. In the case of C357U
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P450cam*, additional signals at ~ 1000 G are observed that only appear upon freezequenching; their origin is unknown, but they may be mechanistically important.

Figure 4.7. CW-EPR spectrum of oxidized P450cam* (black) and oxidized C357U P450cam* (red),
freeze-quenched after ~ 27 ms (capillary ∅ = 254 µm). Full range spectrum with the radical signal at the
center. There is a broad background signal for B < 2000 G.

The region of the CW EPR spectrum around 3400 G, g ~ 2, for several variants
of P450cam, freeze-quenched after oxidation by mCPBA, are shown in Figure 4.8. In
this region of the magnetic field organic radicals typically appear. The spectrum of
oxidized wt P450cam is shown in green (Figure 4.8). Although hyperfine interactions
are not clearly resolved, the shape of the line suggests that there is some hyperfine
broadening. This shape, together with the total linewidth of the signal is in perfect
agreement with the reported spectra of oxidized wt P450cam (221, 232, 237) in which
the CW EPR signal was assigned to a tyrosine radical.
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Figure 4.8. Free radical region of the CW-EPR spectra of the different variants of P450cam treated with
mCPBA. The oxidation reaction of wt P450cam (green) and P450cam* (black) was freeze-quenched after
∼ 27 ms (capillary ∅ = 254 µm), spectra of C357U P450cam* are shown in red (quenched after ∼ 27 ms,
capillary ∅ = 254 µm) and orange (quenched after ∼ 45 ms, capillary ∅ = 100 µm).

The spectrum of the oxidized P450cam* sample is shown in black in Figure 4.8;
the shape of the line at g ~ 2 is a bit more rounded but the overall linewidth is the same
as for the wt enzyme. It is therefore most likely that the main contribution to this line is
also a tyrosine radical. Nevertheless, there might be a less intense, unresolved signal
that accounts for the difference in shape.
The red and orange spectra in Figure 4.8 correspond to oxidized C357U
P450cam* at two different quenching times. The shape of the red spectrum, which was
obtained by quenching the reaction after ~27 ms, is distinctly different from the shape
of the orange spectrum, and has at least two contributions. One broad signal at ~ 3380 G
shows the characteristics of the tyrosine radical as observed in the wt or P450cam*, but
there is another component that is steeper and narrower than the tyrosine radical signal.
The spectrum shown in orange of the oxidized C357U P450cam* was obtained by
freezing after ~ 45 ms and resembles the spectra obtained from oxidation of wt
P450cam and P450cam*. The fact that the signal of the earlier spectrum decays to the
signal of the tyrosine radical suggests it contains a species that is formed earlier and
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disappears fast. It is worth emphasizing again that wt P450cam and P450cam* exhibit a
constant EPR spectrum in this time range (~ first 50 ms).

Figure 4.9. Difference spectrum of the two time-related spectra of oxidized C357U P450cam*. Red:
C357U P450cam* (quench after ∼ 27 ms; capillary ∅ = 254 µm), Orange: C357U P450cam* (quench
after ∼ 45 ms; capillary ∅ = 100 µm), blue: difference spectrum showing the spectrum of the short-lived
component. The spectra shown in this figure were proportioned to optimally show the short-lived species.

The C357U P450cam* sample thus appears to give rise to at least two species,
one short-lived, whose signal decreases quickly with time, and another which is more
long-lived. To approximate the spectra of the short- and long-lived components, we
subtracted a 45 ms spectrum from the 27 ms spectrum (Figure 4.9), and vice versa
(Figure 4.10). The short-lived component is a narrow line centered at g ~ 2 (Figure 4.9)
lacking any resolved structure. It is estimated that this species accounts for ~ 12% of the
total radical species. The short-lived component decays to a longer-lived species,
presumably a tyrosine radical, that gives a CW EPR spectrum that resembles that of
P450cam* in shape and linewidth (Figure 4.10). Note that the shape of the central part
(between 3370-3390 G) of the difference spectrum (blue spectrum in Figure 4.10) may
have been affected by the substraction procedure.
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Figure 4.10. Difference spectrum of the two time-related spectra of oxidized C357U P450cam*. Red:
C357U P450cam* (freeze-quenched after ∼ 27 ms; capillary ∅ = 254 µm), Orange: C357U P450cam*
(freeze-quenched after ∼ 45 ms; capillary ∅ = 100 µm), blue: difference spectrum showing the spectrum
of the long-lived component, presumably a tyrosine radical; green: wt P450cam for comparison of shape
and linewidth. The spectra shown in this figure were proportioned to optimally show the long-lived
species.

The fact that at least two species contribute to the spectrum obtained with the
C357U P450cam* sample is further substantiated by their behavior upon variation of
the microwave power. The microwave saturation behavior is distinct for each
paramagnetic species. As seen in Figure 4.11, the relative intensity of the short-lived
component decreases and the relative intensity of the long-lived component increases
when the microwave power is increased (turquoise spectrum), whereas when
microwave power is decreased, the short-lived component of oxidized C357U
P450cam* becomes more apparent (red spectrum).
Apparently, the short-lived radical signal is more easily “saturated” than the
long-lived signal. The fact that both components have different saturation behavior
reflects different electronic relaxation times for the two species.
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Figure 4.11. CW-EPR spectrum of C357U P450cam* (freeze-quenched after ∼ 27 ms; capillary ∅ = 254
µm) at T = 15 K. The sample was measured at two different microwave powers, Red: 35 db, turquoise:
15db. The intensity of the spectra have been normalized.

The newly observed short-lived radical species does not resemble the reported
EPR spectra of compound I from various peroxidases (208, 209, 242). Compound I
intermediates of peroxidases have a different CW EPR spectrum and the compound I
signal is typically more difficult to saturate by microwave power. However, this is not
surprising because peroxidases usually have different axial ligands such as histidine or
tyrosine residues, which influence the whole electronic system of the heme. One
exception is chloroperoxidase, which contains a cysteine residue as an axial ligand, as
in the case of cytochrome P450. Its compound I spectrum is the most appropriate
reference (212, 237, 243), although chloroperoxidase differs clearly in its structure from
P450cam, and compound I in chloroperoxidase is typically generated at low pH (~ 3).
Our freeze-quench EPR data presented herein show no similarity to the reported data of
chloroperoxidase compound I. The EPR spectrum of chloroperoxidase compound I
exhibits characteristic signals g = 2.008 and g = 1.73 and the signals need high
microwave power to become saturated.
As already mentioned before, there is still an ongoing debate about the
localization of the compound I radical. It is possible that the radical is located on the
axial cysteine ligand and not, as often assumed, on the porphyrin. To test the hypothesis
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of whether the radical we detect is located on the axial selenolate ligand, we repeated
the experiment with a C357U P450cam* variant that is isotopically enriched with 77Se3,
which has a nuclear spin of 1/2. The result is shown in green in Figure 4.12. For
comparison, spectra obtained with the natural abundance C357U P450cam* at short
(red) and long (orange) quenching times are also shown.

Figure 4.12. Comparison of CW EPR spectra of isotopically enriched C357U P450cam* with spectra of
natural abundance C357U P450cam*. Shown is the free radical region. Red: oxidized C357U P450cam*
(freeze-quenched after ∼ 27 ms; capillary ∅ = 254 µm), Orange: oxidized C357U P450cam* (freezequenched after ∼ 45 ms; capillary ∅ = 100 µm), Green: oxidized 77Se-C357U P450cam* (freezequenched after ∼ 27 ms; capillary ∅ = 254 µm).

If the radical is centered on the selenium atom a splitting of the signal would be
expected due to the interaction of the radical with the nuclear spin of 77Se. Although the
isotopically enriched sample was freeze-quenched under the fastest (∼ 27 ms)
conditions it seems that the reaction was stopped at an intermediate point (Figure 4.12)
in time between the faster and slower freeze-quenched samples of the natural abundance
C357U P450cam* sample (7.6 %). However, it is also possible that the observed
difference in the spectrum of the isotopically enriched sample is indeed caused by a
peak splitting. Unfortunately, the fraction of the short-lived component is estimated to
be only around 12%, so it could well be that the splitting is covered by the predominant
3

Based on our earlier experiments, the enrichment of 77Se is between 95-100 %.
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tyrosine radical signal. Without faster freeze-quenching in the future, it will be difficult
to resolve this ambiguity.
Relaxation times
Pulse EPR experiments yield important structural information regarding hyperfine
interactions of the electron spin (e.g. the radical) with the surrounding nuclei. Most of
them are based on the detection of the electron spin echo which is generated upon
adequate manipulation of the electron spin with microwave pulses. We observed that
the echo in the selenoprotein sample was noticeably weaker than in the wt or P450cam*
enzymes despite similar sample concentrations. This difference could be due to
relaxation effects; we therefore proceeded to study the electron relaxation properties of
the tyrosine radical by monitoring the decay of the electron spin echo generated after
exciting the protein with the sequence of microwave pulses π/2 - τ - π - τ - echo. Pulse
EPR experiments measure the relaxation time more directly compared to the microwave
saturation experiment described above. The relaxation time measurements can give
information about the interaction of two electron spins, which is often translated into
dynamical or distance information.
Our first results showed that the relaxation time of C357U P450cam* was about
three times shorter than that of wt P450cam or P450cam* at 6 K. This fact can explain
the lower intensity of the echo. Due to the very weak echo intensity found in all of the
C357U P450cam* samples, the pulsed EPR experiments were all recorded using a
sample that was twice as concentrated as the other samples. We assume that the
difference in the relaxation times is related to the presence of selenium at the active site,
and consequently studied this effect in more depth by measuring the relaxation times as
a function of temperature (Figure 4.13).
The electron transversal relaxation time (Tm) of the paramagnetic species was
measured in both oxidized P450cam* and oxidized C357U P450cam*. As already noted
in CW EPR experiments, in the case of P450cam*, a tyrosine radical gives rise to the
predominant signal. In the C357U P450cam* sample used for this experiment, the
amount of the short-lived component was less than 5%. To interpret the results we have
to take into account the possible contributions to the Tm value. There are two main
contributions, which are ultimately related to spin-spin (flip-flop) interactions of the
electron spin of the tyrosine radical and other spins in the vicinity. One contribution is
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caused by nuclear spin diffusion, the other by dipolar or exchange interactions between
two electron spins. However, the difference in relaxation times is most likely not caused
by nuclear spin diffusion because this process should be very similar in P450cam* and
C357U P450cam* since the geometry of both proteins is very similar. On the other
hand, there could be an interaction of the radical on tyrosine residue 96 with the heme
iron (assumed to be in an oxoferryl(IV) state with an electron spin S = 1) as they are
very close to each other (about 10 Å). This interaction between the two electron spins (a
tyrosine radical and the iron) is surely large enough to contribute to Tm.

Figure 4.13: Transversal relaxation rates of the tyrosine radical species in the P450cam* and C357U
P450cam* proteins. The relaxation times were obtained by fitting the 2-pulse echo decay trace to an
exponential decay.

Studies of the relaxation time Tm of a slow-relaxing paramagnetic species, such
as a tyrosine radical, that interacts with a fast-relaxing paramagnetic species, such as the
oxoferryl(IV) metal center, have shown that the relaxation time of the slow relaxing
species is affected by the longitudinal relaxation time (T1) of the fast relaxing species
and by the magnetic interaction between the two paramagnetic species (244). It has
been observed that when the spin-spin interaction is on the order of the T1 relaxation
time of the fast relaxing species, there is an enhancement in Tm of the slow relaxing
species giving a feature like the peak observed in Figure 4.13 for the C357U mutant at a
temperature of around 6 K.
In our particular case, we assume that the magnetic interaction is similar in all
proteins, as both the dipole electron-electron spin and the exchange interaction are
determined by the structure. The difference in the relaxation time must therefore be due
to the different relaxation behavior of the fast relaxing species (the oxoferryl moiety).
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Our data suggest that the iron in P450cam* proteins have a shorter relaxation time T1
than the selenoenzyme. The axial selenocysteine ligand could affect T1 of the putative
oxo-iron (IV) moiety by various mechanisms such as changing the local vibrations or its
zero-field splitting.
HYSCORE experiments
A

B

Figure 4.14. HYSCORE spectrum of mCPBA-oxidized P450cam* (A) and mCPBA-oxidized C357U
P450cam* (B) measured at T = 6 K. The displayed spectrum is the sum of three spectra taken at different
τ values. Although the concentrations of the oxidized C357U P450cam* sample was doubled (600 µM
before mixing), the electron spin echo of the C357U P450cam* sample has a 2-3 fold lower intensity.

In addition to the electron spin relaxation measurements, we performed electron spin
echo envelope modulation (ESEEM) experiments in order to determine the hyperfine
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interactions between the unpaired electron in the radical species and the nearby
magnetic nuclei.
A particularly useful method to probe such interactions is the 2-dimensional
hyperfine sublevel correlation (HYSCORE) experiment, in which the nuclear
frequencies of the magnetic nuclei coupled with the electron are correlated. All three
oxidized protein variants (wt P450cam, P450cam* and C357U P450cam*) exhibit very
similar HYSCORE spectra (Figure 4.14). The spectra are also similar to those reported
for tyrosine radicals (245, 246).
Table 4.3. Assignment of tyrosyl protons in HYSCORE spectra.
Hyperfine tensor
H3,5

Hβ1

Hβ2

H2,6

Tyrosyl radical

Ax,y,z (MHz) Ax,y,z (MHz)

Ax,y,z (MHz) Ax,y,z (MHz)

P450cam

27.5, 8,19

2.5, 2.5, 7

26.5, 32.5, 35

2.5, 2.5, 7

(from this work)
P450cam (232)

25,10, 20

YD of PS II (246)

10, 15, 26

Y-BLC (246)

5, 14, 22

31

< 8.4

not resolved

26.6, 26.6, 31.7

3.5, 3.5, 8.8

3.5, 3.5, 8.8

15.5, 15.5, 20

10, 10, 14

3.5, 3.5, 8.3

PS II = Photosystem II; BLC = bovine liver catalase
Analysis of the HYSCORE spectrum afforded the hyperfine couplings
summarized in Table 4.3. Although an additional radical species was detected in CWEPR spectra in the case of the oxidized fast-quenched C357U mutant (Figure 4.8), only
hyperfine couplings assignable to tyrosine radicals were detected. Nevertheless, we
cannot rule out the possibility that a signal with low intensity might be present. Because
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of the fast relaxation behavior of the selenoenzyme, we could only record a low
intensity HYSCORE spectrum for this sample (Figure 4.14).

Oxidation reactions of mCPBA with Y75F/Y96F P450cam mutants
Previous studies established that upon oxidation of P450cam with peracids, the
radical migrates away from the radical site of origin, most likely the porphyrin, to
nearby tyrosines (Figure 4.2) (232). Tyr75 and Tyr96 are less than 10 Å away from the
heme. For this reason, a Y75F/Y96F P450cam mutant was designed to possibly
stabilize compound I (231, 232). A phenylalanine radical is significantly less stable than
a tyrosine radical and therefore not formed to a detectable amount.
Spolitak et al. (231) published a stopped-flow UV-Vis study in which they
examined the oxidation reaction of Y75F/Y96F P450cam with peracid, in analogy to
their previous study on the parent wt P450cam (235). They used a 15-fold excess of
mCPBA over protein at 25°C and observed two phases. The first was interpreted as
formation of a mixture of acylperoxo complex and compound I, whereas the second as
formation of an unknown compound ES species. In a second study by Schünemann et
al. (232) the oxidation reaction of Y75F/Y96F P450cam with peroxy acetic acid was
only studied by EPR. However, the EPR signal of the freeze-quenched Y75F/Y96F
P450cam could not be assigned.
As already pointed out before, reducing the reaction temperature and
concentration of peracid help to resolve individual reaction phases, they also reduce the
heme bleaching reaction. The kinetic traces obtained under these conditions with the
double mutants oxidized with mCPBA differ from those for the reactions of wt
P450cam, P450cam* and C357U P450cam*. Specifically, the stopped-flow absorbance
changes are significantly smaller, which might indicate that the proteins react relatively
poorly with peracids. Since the absorption changes are very small, unambiguous fitting
is difficult. The Y75F/Y96F mutants also show a different spectral behavior. They have
a new isosbestic point at ~ 370 nm instead of 400 nm.
As also pointed out by Spolitak et al. for Y75F/Y96F P450cam (231), all double
mutants in our experiments exhibit a significant amount of high spin, as judged by the
slight shoulder observed around 391 nm (Figure 4.15), which is not present in the parent
enzymes. This is probably due to the introduction of more hydrophobic phenylalanines
close to the heme cofactor.
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A

B

C

D

E

F

Figure 4.15. Stopped-flow spectra showing the Soret band area of the oxidized Y75F/Y96F/C357U
P450cam* (A & B), Y75F/Y96F P450cam* (C & D) and Y75F/Y96F P450cam (E & F), mixed 1:1 = 10
µM: 10 µM, with mCPBA, 25 mM potassium phosphate, pH 7.4 at 10 °C. Shown are the first 900 ms.
The first spectrum (green) is obtained after 0.6 ms, the second (black) after 270 ms, the third (red) after
530 ms, the fourth (light blue) after 800 ms, the last (orange) after 900 ms. The spectra on the right side
of whole-range spectrum are always the corresponding close-up view of the spectroscopic changes
around 385 nm.

The kinetic time course obtained at 385 nm of Y75F/Y96F P450cam looks similar to
the kinetic trace published for the same double mutant by Spolitak et al. (231).
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In the initial 1000 ms of the oxidation reaction time, all three Y75F/Y96F
variants exhibit three phases (Figure 4.16), which differ from the parent enzymes,
which exhibit four phases in the same type of reaction.
The beginning of the reaction shows a very short phase that probably reflects
complexation of the peracid to the heme (~ 2 ms). However, this very short phase
overlaps with the mixing-time of the stopped-flow instrument and cannot be quantified.
The value of k2, which describes the second phase determined from the absorbance
changes at 385 nm (Table 4.4), is similar for Y75F/Y96F P450cam* (Figure 4.16) and
Y75F/Y96F/C357U P450cam* (k1 = 40 s-1), but somewhat lower for Y75F/Y96F
P450cam (k1 = 30 s-1).

Figure 4.16. Kinetic traces for Y75F/Y96F P450cam mutants, mixed 1:1 with mCPBA, 25 mM
potassium phosphate, pH 7.4 at 10 °C, monitored at 385 nm, (D) under aerobic conditions.
Y75F/Y96F/C357U P450cam* (red), Y75F/Y96F P450cam* (black) and Y75F/Y96F P450cam (green);
thin inset lines represent the fits.

The rate constant k2 of Y75F/Y96F P450cam is about 2-fold lower than the
published value of 50 s-1. However, their stopped-flow measurements were performed
at 25°C and with a 15-fold excess of peracid compared to ours which were recorded at
10°C and with an equimolar amount of peracid. Spolitak et al. (231) interpreted this
phase as formation of compound I.
The third rate constant k3 is in the same range for all Y75F/Y96F mutants (k2 ≈
4-6 s-1) and similar to the published value of 3.6 s-1 for Y75F/Y96F P450cam (231).
Based on absorption spectra calculated by singular value decomposition, Spolitak et al.
interpreted this third rate constant as the turnover of compound I to form compound ES.
Although we saw a similar kinetic behavior for Y75F/Y96F P450cam, we are skeptical
about the assignment of phases 2 and 3 in the absence of supporting data from other
experiments. Therefore, EPR additional experiments are needed.
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Table 4.4. Kinetic data of the oxidation of Y75F/Y96F P450 (10 µM): mCPBA (10 µM) = 1:1, 25 mM
potassium phosphate, pH 7.4, at 10 °C.

Y75F/Y96F

Y75F/Y96F

Y75F/Y96F/C357U

P450cam

P450cam*

P450cam*

k1 (M-1 s-1) n.r.

n.r.

n.r.

k2 (s-1)

30 ± 2

40 ± 2

40 ± 2

k3 (s-1)

4±1

6±1

4±1

k1 (M-1 s-1) n.r.

n.r.

n.r.

k2 (s-1)

25 ± 2

40 ± 2

40 ± 2

k3 (s-1)

5±1

9±1

4±1

λ (nm)
385

417

n.r. not resolved

EPR with freeze-quenched, oxidized Y75F/Y96F P450cam mutants
In the case of the oxidized Y75/Y96 P450cam variants, the EPR signals of the enzymes
when freeze-quenched after the reaction with mCPBA have been assigned to nearby
tyrosine radicals that are theoretically formed from the reduction of compound I by the
tyrosine residues 96 or 75 in the vicinity of the heme site. We therefore studied the
same freeze-quench reaction of the double mutant Y75F/Y96F P450cam variants. The
results of the CW EPR experiments in the free radical region (g ~ 2) are depicted in
Figure 4.17. The signal of the wt variant seems to be anisotropic and it might be
composed of more than one species, since it shows features at g-values of ~ 2.035,
2.027, 2.018 and 2.008 as also seen in a previously published spectrum for Y75F/Y96F
P450cam (232). The spectrum of the Y75F/Y96F P450cam* mutant is qualitatively to
that of Y75F/Y96F P450cam, but the selenoprotein exhibits a sharp and narrow feature
centered at g = 2.008. This signal resembles the short-lived signal of the parent
selenoprotein, and accounts for 10-30% of the total radical signal. Consistent with the
stopped-flow UV-Vis data obtained with the Y75F/Y96F mutants showing that the
oxidation reaction proceeds in low yields (as also reported by Schünemann et al. (232)),
the signal intensity of the radical in the CW spectra is low for all Y75F/Y96F mutants.
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Figure 4.17. Free radical region of the CW-EPR spectra of the different oxidized Y75F/Y96F P450cam
variants, in 25 mM potassium phosphate buffer, pH 7.4, freeze-quenched after ~ 27 ms. Green:
Y75F/Y96F P450cam, black: Y75F/Y96F P450cam*, red: Y75F/Y96F/C357U P450cam*.

The spectra of the mutants also exhibit new features at g =2.035 and 2.008.
These signals are reminiscent of peroxy radicals, which have been previously shown to
have g-values of 2.036 (g//) and 2.009-2.003 (g┴). Since peroxy radicals have been
described previously in the reactions of hemo- and myoglobins with peroxides (247,
248), it is possible that at least some of the signals in the spectrum of Figure 4.17
originate from the reaction of molecular oxygen with a radical centered on a carbon
atom to form a peroxy radical. To test this idea, we performed the experiment in the
presence of glucose oxidase and glucose as described before to decrease the amount of
oxygen in the reaction solution (248). However, no significant differences in the CW
EPR spectra were observed (Figure 4.18). Although our system may not have been
strictly anaerobic, these signals probably derive from another radical species, possibly a
thiyl/selenyl radical. A clear assignment is difficult, because only a few EPR spectra of
thiyl radicals and none of selenyl radicals in proteins are available (247, 249, 250).
Nevertheless, we repeated the stopped-flow experiments for the Y75F/Y96F mutants
under anaerobic conditions, and the results are presented in Table 4.7, Appendix 2.
Compared to the data obtained under aerobic conditions, exclusion of oxygen changes
the oxidation reaction. More phases could be resolved under anaerobic conditions that
were quenched otherwise or were not resolved in the spectra/kinetic traces.
Unfortunately, we were not able to clearly assign our observed absorption changes.
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Figure 4.18. Free radical region of the CW-EPR spectra of the oxidized Y75F/Y96F P450cam variants,
in 25 mM potassium phosphate buffer, pH 7.4, containing 25 mM glucose and 25 U/ml glucose oxidase
to keep oxygen level in samples low, and freeze-quenched after ~ 27 ms. Green: Y75F/Y96F P450cam,
black: Y75F/Y96F P450cam*, red: Y75F/Y96F/C357U P450cam*.

Discussion
In this chapter, several experiments were performed in an attempt to gain
evidence for long-sought putative intermediate compound I, which has never been
isolated in wt P450cam. The rapid kinetic experiments described in Chapter 3 revealed
only subtle differences between C357U P450cam* and P450cam*, despite the
prediction that the selenoenzyme should greatly stabilize compound I (1). Because
electron transfer is rate-determining in the overall reaction cycle, we decided to
investigate the peroxide shunt pathway as a possible means to prepare this elusive
intermediate directly.
While wt and P450cam* show similar spectroscopic absorption changes in the
oxidation reactions as measured in stopped-flow UV-Vis experiments, the C357U
P450cam* mutant differs in several respects. In the case of C357U P450cam*, larger
absorption changes are detected. At least two explanations can account for this. First, it
might be possible that the selenocysteine-containing variant undergoes a spin-transition.
A spin-state transition that occurs along the reaction step sequence has been postulated
in QM/MM studies by Shaik et al. (229, 230). If the spin-state changes upon oxidation,
major absorption changes are expected. This is plausible since the resting high-spin
state has an absorption maximum at 395 nm, whereas the low-spin state has its
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maximum at 419 nm. Another explanation might be that the C357U P450cam* variant
has an additional UV-active radical species, perhaps involving the heme.
Further, the oxidation reaction of C357U P450cam* proceeds about three times
more slowly than P450cam* and wt P450cam as judged by the kinetic traces of the
stopped-flow experiment (Figure 4.5 A). Freeze-quench EPR revealed that a new
radical species is seen in the reaction of mCPBA with C357U P450cam* but not with
the other two enzymes. This short-lived radical species has a narrower EPR spectrum
compared to the broader tyrosine radical signal that is found in all oxidized proteins (wt,
P450cam* and late-quenched C357U P450cam*). This short-lived species shows a
different microwave power saturation and relaxation time behavior compared to the
radical species of wt P450cam and P450cam*. These results raise the question about the
nature of this additional radical species. The fact that the line width is narrow and shows
almost no hyperfine splitting suggests that it is an isolated radical. One feasable location
could be the selenium atom of the axial ligand, but isotopic enrichment with 77Se of the
freeze-quench probes did not provide unambiguous support for this hypothesis. The
radical could also be located on the porphyrin, as postulated for compound I. However,
attempts to increase the yields of this species and reduce the abundance of the tyrosine
radical by faster freeze-quenching have not yet succeeded. Further experiments will be
needed to reduce the freezing times. A second freeze-quench device was constructed
based on a model that was reported to achieve very short freezing times, freezing would
be about 200 times faster than with our first model (251, 252). But our new device still
needs technical improvement, so far we could not obtain quenching times faster than 30
ms (Appendix 4).
Another attempts to stabilize compound I by introducing Y75F/Y96F mutations
to prevent reduction of the initially-formed radical were only partially informative. It
turned out that these Y75F/Y96F mutants react poorly with peracid and yield only small
absorption changes in the stopped-flow UV-Vis experiments and low radical signal
intensity in freeze-quench EPR experiments compared to the corresponding nonmutated enzymes. High radical yield is a prerequisite for a successful characterization
by EPR. Nevertheless, a radical signal that resembled the short-lived species was again
detected in the case of oxidized Y75F/Y96F/C357U P450cam*.
Although the observation of a short-lived radical species in the selenoprotein is a
promising development, unambiguous assignment of this signal to compound I is not
possible because there is little consensus regarding the characteristics (fingerprint) of
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compound I. In porphyrin systems studied so far, either in proteins or model complexes,
an iron-oxo porphyrin radical can have different electronic properties reflected in UVVis and EPR spectra. The spectroscopic properties of the short-lived species of the
selenoprotein reported in this chapter do not resemble the reported characteristics of
compound I intermediates of other peroxidases. However, the axial ligands and the
environment of the porphyrin strongly influencing the electronic and magnetic
properties (see for a more detailed view e.g. the review by Fujii (196)). Therefore it
would not be surprising if compound I of cytochrome P450 would show new
spectroscopic features which are different from those of other known compound I
species. Improvement of the freezing techniques will be an essential prerequisite for
detailed characterization of the short-lived radical species. An enrichment of the shortlived radical species would be important for performing spectroscopic techniques such
as HYSCORE and ENDOR spectroscopy appropriately, which can reveal the location
of the radical. Especially ENDOR spectroscopy was used in the past to determine the
location of the radical in compound I intermediates. Once the nature of the newly
detected short-lived species is revealed, other spectroscopic techniques such as
Mössbauer, resonance Raman or EXAFS/XANES could be applied for further
chracterization.
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Materials and Methods
Cloning of Y75F/Y96F P450cam variants
Plasmids pMG211_P450cam, pMG211_P450cam* and pMG211_C357U P450cam*
served as templates for construction of plasmids pMG211_Y96F P450cam,
pMG211_Y96F P450cam* and pMG211_C357U/ Y96F P450cam*. The mutation Y96F
was

introduced

using

the

primers

Y96F

sense

CGGCGAAGCCTTCGACTTCATTCCCACCTCGAT)

and

Y96F

GAATGAAGTCGAAGGCTTCGCCGGCTTCACGAG).

Plasmids

anti

(5′(5′-

pMG211_Y96F

P450cam, pMG211_Y96F P450cam* and pMG211_ Y96F C357U P450cam* served as
templates

to

construct

the

plasmids

pMG211_Y75F/Y96F

P450cam,

pMG211_Y75F/Y96F P450cam* and pMG211_Y75F/Y96F/C357U P450cam*. The
Y75F

mutation

was

introduced

using

the

primers

Y75F

sense

(5′-

and

Y75F

anti

(5′-

ATCCGTGAGGCCTTCGAAGATTACCGCCACTTT)
GCGGTAATCTTCGAAGGCCTCACGGATCAGTTG).

The

proteins

were

overexpressed and purified as described in Chapter 2. Compared to the non-mutated
P450cam variants decribed in Chapter 2, the Y75F/Y96F P450cam variants express in
much lower yields, and were therefore purified by ion exchange chromatography only
once. Y75F/Y96F mutants with an A391/280 ratio ≤ 1 were used for stopped-flow, EPR
and freeze-quench experiments, in contrast to the parent P450cam variants, which had
A391/280 ratios ≤ 1.4 for stopped-flow and for freeze-quench experiments.
Protein preparation for stopped-flow and freeze-quench experiments
After protein purification as described in Chapter 2, P450cam enzymes were dialyzed
against 50 mM potassium phosphate, pH 7.4, then against 50 mM Tris-HCl, pH 7.4
(two NAP-25 columns equilibrated with 50 mM Tris-HCl, pH 7.4), and finally against
50 mM potassium phosphate, pH 7.2 (all steps at 4 °C). The Soret band of camphor-free
P450cam is shifted from 391 (395) nm to 418 nm. Due to instability of the P450cam
samples after removal of camphor, the protein samples had A418/280 ratios ≤ 1.1. The pH
of 7.2 was chosen to obtain a pH of 7.4 after mixing the enzyme solution with the
peracid solution (mCPBA was dissolved in 10 mM NaOH).

98

Chapter 4. Oxidation reaction of P450cam mutants with peracid

Stopped-Flow UV-Vis measurements
The oxidation reaction of 10 µM P450cam in 25 mM potassium phosphate buffer, pH
7.4, by mCPBA (10 or 250 µM) was measured at 10 and 25 °C on an stopped flow
instrument (SX17MV, Applied Photophysics, Leatherhead, Surrey, UK), with a dead
time of 1.2 ms (assuming the viscosity of H2O). The changes in absorption were
monitored over a range of 150 nm around a central wavelength (385 and 650 nm) in 4.5
nm steps with a time resolution of 0.2 ms, on an Acton imaging Spectrograph (600
L/mm grating, Acton, Acton Massachusetts, USA) with 0.1 nm optical band width and
a 32-channel photomultiplier (Hamamatsu, Hamamatsu City, Shizuoka Pref., Japan).
Freeze-quench preparations
Standard freeze-quench device
About ∼ 300 µM P450cam, 25 mM potassium phosphate, pH 7.4 and mCPBA (5
mM) were mixed in an Upchurch Scientific HPLC T-mixer made from PEEK (∅ ≤ 300
µm). It was fed through 2 PEEK capillaries of 254 µm diameter and 200 mm length
from Hamilton gastight syringes. The syringes were driven precisely by a KD Scientific
250 syringe pump. The solution was injected as a thin stream (∅ ≤ 100 or 254 µm) onto
2-methyl butane at 163 K and shock-frozen. The liquid jet can be set to a velocity of up
to 5 m/s, which was confirmed by measurement with a photoelectric barrier. The ice
particles that were formed fell directly into an EPR tube (∅ = 3.8 or 5 mm) and were
compacted with a teflon stamp. The samples tubes were immersed in a glass tube (∅ =
12.5 mm) filled with 2-methyl butane, which was cooled by a constant gas flow of a
liquid nitrogen evaporator (163 K). The plexiglass tube was isolated by an additional
glass mantle (∅ = 6 cm).
For the calibration of the quenching delay the reaction of 2,2'-azino-bis(3ethylbenzthiazoline-6-sulphonic acid), abbreviated ABTS, with Fe(III) at pH ≤ 2 was
used. The colorless ABTS forms an intensely green radical when it reduces Fe(III) to
Fe(II). The formation rate of the ABTS radical was determined with an Applied
Photophysics SX17MV stopped-flow spectrophotometer at 405 nm. The bimolecular
rate constant determined was (4.00 ± 0.02) x 103 M-1s-1 in 10-20 mM HClO4 at an ionic
strength of 0.1 M and 25 °C. The reaction was carried out at room temperature in the
freeze-quench devices. All EPR sample tubes were weighed before use and weighed
again after EPR spectroscopy and thawing in order to determine the collected sample
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mass. The ABTS concentration was 5 mM and in excess over the 50 µM Fe(III) such
that a pseudo first-order rate constant of k = 20 s-1 could be applied. The time for the
reaction to stop is then calculated as tstop = - [ln(1-S/S0)/k]. The EPR signal integrals S
were all corrected by the weights and S0 normalized to 1.
EPR instrumentation
Continuous wave EPR spectra were recorded on a E500 spectrometer with ESR910
cryostat and a spherical ER4123SHQ resonator (~9.49 GHz). Both setups were from
Bruker Biospin. All measurements were made with a modulation frequency of 100 kHz
and a modulation amplitude of either 10 G (for the long range spectra) or 1 G, used for
the radical range spectra. The microwave power level was adjusted to avoid line
saturation under the standard measurement conditions (T = 15 K) and was typically
0.063 mW.
Pulse EPR spectra were recorded on a multipurpose E680 spectrometer equipped
with CF935 helium cryostat and an EN4118X-MD-4-W1 probe head (~9.73 GHz). For
the measurement of the relaxation time Tm the pulse sequence π/2- τ - π -τ - echo was
used with a two step phase-cycle. The time delay τ was varied from 96 ns to 3 µs in
steps of 8 ns. The decay was then fit to a single exponential function.
Standard HYSCORE experiments (253, 254) were performed with the pulse
sequence π/2- τ - π/2 -t1 - π- t2 – π/2 - τ - echo. The pulse lengths were tπ/2 = 24 ns, tπ =
16 ns. Spectra with three different τ values, 96, 144 and 208 ns were recorded and
summed together to minimize the effects of blind spots. The time intervals t1 and t2 were
varied in steps of 12 ns starting from 96 ns. An eight-step phase cycle was used to
eliminate unwanted echoes. The experimental time traces were baseline corrected,
apodized with a Hamming or gaussian window and zero filled. After two-dimensional
Fourier transformation, the absolute-value spectra were calculated.
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77

Se incorporation

Selenite was synthesized according to a literature procedure (255). To 2 mg of

77

Se

metal powder, 50 uL of 60 % HNO3 (aq) was added slowly and heated to 90 °C for 30
min. An additional portion (100 µL) of 60% HNO3 (aq) was added and the solution was
heated for 3h at 100 °C. After all elemental 77Se metal powder was dissolved, residual
H2O and HNO3 were evaporated and the white powder lyophilized. The reaction
product was characterized by IR and melting point and the obtained values correspond
to literature. [77Se]selenite was added instead of normal selenite when C357U
P450cam* was overexpressed, as described in Chapter 2.
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Appendix 1. Stopped-flow UV-Vis data for the oxidation of P450cam
variants by mCPBA.
Table 4.5. Kinetic data of the oxidation of P450cam (10 µM): mCPBA (10 µM) = 1:1 , 25 mM potassium
phosphate, pH 7.4 at 25 °C.

λ (nm)
385

417

wt P450cam

P450cam*

C357U P450cam*

k1 (M-1 s-1)

∼ 1 × 106

∼ 1 × 106

∼ 1 × 106

k2 (s-1)

90 ± 10

36 ± 2

66 ± 8

k3 (s-1)

-

-

16 ± 2

k1 (M-1 s-1)

∼ 1 × 106

∼ 1 × 106

∼ 1 × 106

k2 (s-1)

n.d.

34 ± 2

65 ± 8

k3 (s-1)

-

-

16 ± 2

n.d. not determined
Table 4.6. Kinetic data of the oxidation of P450cam (10 µM): mCPBA (250 µM) = 1:25, 25 mM
potassium phosphate, pH 7.4 at 10 °C.

λ (nm)
385

417

wt P450cam

P450cam*

C357U P450cam*

k1 (M-1 s-1)

n.r.

n.r.

n.r.

k2 (s-1)

100

33

54

k3 (s-1)

18

3

1

k1 (M-1 s-1)

n.r.

n.r.

n.r.

k2 (s-1)

100

28

48

14

3

6

-1

k3 (s )
n.r. not resolved

Figure 4.19. Kinetic trace of the oxidation of C357U P450cam* monitored at 610 nm; P450cam (10
µM): mCPBA (10 µM) = 1:1, 25 mM potassium phosphate, pH 7,4, at 10 °C. C357U P450cam* (red),
P450cam* (black) and wt P450cam (green), thin orange inset line is the fit. (B)
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Appendix 2. Stopped-flow UV-Vis results for oxidation of Y75F/Y96F
P450cam mutants by mCPBA obtained under anaerobic conditions.
As discussed for the EPR data, we observed that oxygen influences the
oxidation of Y75F/Y96F P450cam mutants by mCPBA. Oxygen might also play a role
in our other experiments. This is most apparent for the phenylalanine double mutants.
When the stopped-flow experiments were performed anaerobically, multiphasic traces
were also found for all three mutants (Figure 4.20 A, Table 4.7). However, compared to
aerobic conditions, more phases were resolved.
A

B

Figure 4.20. Kinetic traces for Y75F/Y96F mutants, mixed 1:1 with mCPBA, 25 mM potassium
phosphate, pH 7.4 at 10 °C, monitored at 385 nm, (A) under anerobic conditions. (B) shows kinetic traces
at 695 nm under anaerobic conditions. Y75F/Y96F/C357U P450cam* (red), Y75F/Y96F P450cam*
(black) and Y75F/Y96F P450cam (green); thin lines represent the fits.

Interestingly, the Y75F/Y96F mutants show absorption changes at around 700 nm
(Figure 4.20 B), whereas the corresponding “wt” enzymes show only noise. At 695 nm,
Y75F/Y96F P450cam and Y75F/Y96F P450cam* exhibit three phases, and they are
similar for both proteins (see Table 4.7), whereas the Y75F/Y96F/C357U P450cam*
shows only two phases and almost no absorption changes.
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Table 4.7. Kinetic data of the oxidation of Y75F/Y96F P450 (10 µM): mCPBA (10 µM) = 1:1 , 25 mM
potassium phosphate, pH 7.4 at 10 °C, anaerobic conditions.

λ

Y75F/Y96F

Y75F/Y96F

Y75F/Y96F/C357U

(nm)

P450cam

P450cam*

P450cam*

k1 (s-1)

≥ 20

≥ 20

≥ 20

k2 (s-1)

3

4

5

k3 (s )

4

1

1

k1 (s-1)

≥ 20

≥ 20

≥ 20

k2 (s-1)

7

23

2

k3 (s-1)

8

-

-

k1 (s-1)

200

200

200

k2 (s-1)

15

10

0.1

k3 (s-1)

4

1

-

385

-1

417

695
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Appendix 3. Stopped-flow studies on chloroperoxidase compound I of
Caldariomyces fumago
Chloroperoxidase (CPO) of Caldariomyces fumago is one of the few known and
characterized heme-dependent peroxidases whose proximal ligand is a cysteine.
Therefore, it is very interesting to compare its biochemical and biophysical properties to
those of cytochrome P450cam. Chloroperoxidase is believed to form an iron-oxo(IV)
porphyrin radical intermediate, compound I, upon oxidation by peracids and hydrogen
peroxide (210). We studied chloroperoxidase to have a well-documented reference
system for our P450cam experiments. We hoped that experience with CPO compound I,
would facilitate the interpretation of the stopped-flow kinetics and EPR spectra of the
P450cam mutants.
A

B

Figure 4.21. Stopped-flow absorption spectra of CPO oxidation (CPO : mCPBA = 1 : 25 = 10 µM : 250
µM) in 5 mM sodium acetate, pH 2.8, 10 °C. The first spectrum (green) was recorded 0.6 ms after
mixing, the last spectrum (orange) after 190 ms.

In stopped-flow experiments that were performed in 5 mM sodium acetate, pH
2.8, 10 °C, with mCPBA used either in equimolar amount or in 25-fold excess (10 and
250 µM, respectively), CPO (10 µM) shows a clear decrease at around 405 nm, which
corresponds to the absorption maximum of the resting state, and an increase in
absorbance at 356 nm (Figure 4.21 A). This absorption maximum was assigned to
compound I. In addition, another absorption maximum was detected at around 690 nm
(Figure 4.21 B), which has been claimed to be a key feature of compound I, giving the
intermediate its characteristic green color (210).
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A

B

C

D

Figure 4.22. Kinetic traces at 405 nm (blue) and 340 nm (red), CPO (10 µM) : mCPBA (10 µM) = 1:1
(A), CPO (10 µM) : mCPBA (250 µM) = 1: 25 (C); kinetic traces that are shown in B and D are recorded
at 695 nm with CPO : mCPBA = 1:1 (B) and CPO : mCPBA = 1:25 (D). Thin lines represent fits. The
reactions were performed in 5 mM sodium acetate, pH 2.8, 10 °C.

Kinetic traces at 340, 405 and 695 nm were extracted and fitted by exponential
functions. The results are listed in Table 4.8.
In contrast to cytochrome P450cam, no fast complexation phase between protein
and peracid was detectable. At all three wavelengths, the extraced kinetic parameters
are the same, irrspective of whether the peracid was used in equimolar amounts or in
excess (Table 4.8). The first phase reflects the oxidation process and formation of
compound I. If the first rate constant of 35 s-1 (CPO: mCPBA = 1:1, Table 4.8) is
divided by the peracid concentration (10 µM), a second order rate constant of ∼ 4 × 106
M-1 s-1 is obtained. This value is in good agreement with previously reported values for
CPO (256, 257).
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Table 4.8. Kinetic data of the oxidation of chloroperoxidase in 5 mM sodium acetate, pH 2.8, 10 °C.

mCPBA : CPO
λ (nm)

(1:1)
k1 (s-1)

340
405
695

mCPBA : CPO
(25:1)

35

90

k2 (s )

6

14

k1 (s-1)

35

152

k2 (s-1)

6

14

k1 (s-1)

35

100

6

14

-1

-1

k2 (s )

The second phase, described by rate constant k2, is the decay of compound I and
a possible heme degradation process. Interestingly, CPO compound I is relatively stable
(k2 ≈ 5 s-1 for equimolar amounts of mCPBA, and ≈ 14 s-1 for excess mCPBA), the
maximum intensity at 695 nm is reached after about 500 ms for 1:1 conditions and 220
ms for 25:1 (mCPBA:protein), respectively (Figure 4.22).
If the peracid concentration is increased, the formation and decay rate of
compound I are increased as well (Table 4.8). The differences in rates under conditions
in which excess of peracid suggest that heme degradation is an unspecific process
which depends on the peracid concentration.
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Appendix 4. Attempts to produce a faster freeze-quench device
In the freeze-quench experiments performed with the standard apparatus depicted in
Figure 4.6, sample freezing is rather slow (≥ 27 ms, Table 4.2). In an attempt to
decrease the freezing times, we constructed a new freeze-quench device, based on a
prototype published by Tanaka et al. (251, 252) (Figure 4.23), which is reported to
achieve very fast freezing (≤ 1 ms). Compared to the old set-up, in which the reaction
was frozen in cold methylbutane (163 K), the new device involves liquid nitrogen
cooled silver wheels for quenching (Figure 4.23). Compared to the freezing process in
liquid methylbutane, the silver wheels have much higher thermal conduction which
theoretically leads to faster freezing processes.
The trap is made of 2 silver cylinders of 2 cm diameter and 2 cm width. They are spun
by an electric drive up to 1500 rpm, and are immersed in liquid nitrogen on their bottom
sides (see Figure 4.23). Standard HPLC material was used to build this device, the
nozzle is a 12 mm PEEK capillary tubing with an inner diameter of 63-150 µm. The
outlet side is ground to a conical shape. The mixer is an Upchurch Scientific HPLC M540A T-mixer made from PEEK. It is fed through 2 PEEK capillaries of 100 µm inner
diameter and 200 mm length from Hamilton gastight syringes. The syringes were driven
precisely by a KD Scientific 250 syringe pump. The syringe pumps are the same as in
the standard freeze-quench device (Figure 4.6). The liquid jet can be set to a velocity of
up to 20 m/s, which was confirmed by measurement with a photoelectric barrier. The
products were trapped on the rotating silver cylinders (16.5 Hz) at 77 K and the
particles fall in a liquid nitrogen-filled funnel.
The new device was tested for its freeze-quench time, but was not found to be
faster than the standard apparatus (30-100 ms) (Table 4.9).
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T mixer with 63 µm
capillary nozzle

100 µm
PEEK
capillaries

Rotating silver
cylinders

liq.
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1 ml
gastight
syringes

Collecting
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EPR
sample
tube

Syringe pump
Dewar

Figure 4.23. Scheme of a freeze-quench apparatus 2 constructed based on a published model (251, 252).

By optimizing this new device, we hope to enrich mCPBA-oxidized C357U
P450cam* with the short-lived radical species.
Preliminary CW EPR spectra of oxidized C357U P450cam* samples obtained with the
new freeze-quench device are shown in Figure 4.24.
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Figure 4.24. Comparison of CW EPR spectra of oxidized C357U P450cam* samples obtained with
standard and new freeze-quench devices. Shown is the free radical region. Red: oxidized C357U
P450cam* (freeze-quenched after ∼ 27 ms; capillary ∅ = 254 µm), Blue: oxidized C357U P450cam*,
(freeze-quenched after ∼ 30-100 ms with device 2).

Table 4.9. Typical quenching times attainable with new freeze-quench apparatus.

Flow (m/s) Distance (mm) Time of flight (ms) Freezing time total (ms)
4.6

10

2

31

4.6

20

4

39

4.6

40

9

100

4.6

80

17

113
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Chapter 5. Conclusions and Outlook
The goal of this thesis was to produce a selenovariant of cytochrome P450 to
examine the role of the heme axial ligand, which is ascribed to be responsible for its
unique reactivity. Furthermore, finding and establishing a suitable method to produce
such a variant was also a substantial and challenging part of this work.
The method of incorporating a selenocysteine residue recombinantly and sitespecifically into the P450cam enzyme turned out to be straightforward. As described in
Chapter 2 several silent mutations and only two amino acid changes had to be
introduced to place a SECIS element directly into the P450cam gene and to find a
solution to minimize mutations in both the SECIS element and the P450cam sequence.
The two mutations are not in close proximity to the heme active site and therefore well
tolerated. Our findings suggest that the SECIS element has more sequence flexibility as
previously assumed, and that turns it into an attractive tool to design and produce new
selenoproteins in a convenient way. In retrospective, this method is superior to the
techniques presented in the introduction in Chapter 1. Using an auxotrophic strain for
example was not an adequate alternative for our purpose since it would yield an
inhomogeneous mixture of selenium-substituted proteins. In comparison, we would
expect to obtain low yields by chemical methods. Chemical synthesis of large proteins
is difficult and laborious, and apart from the synthesis itself, a heme protein has to be
refolded in the presence of the heme cofactor, two critical procedures that might lead to
low yields.
As shown in experiments by other coworkers from our laboratory, utilization of
the bacterial biosynthetic machinery for selenocysteine insertion could succesfully be
applied to generate also a selenocysteine-containing variant of DsbA and ribonucleotide
reductase (unpublished results). One disadvantage of the method is the fact that it might
not be universally applicable to any protein of choice because of some sequence
restrictions of a SECIS element. To further develop this method and making it more
convenient and universally applicable, it would be necessary to establish an selection
system to evolve a SelB protein that can bind to a preset SECIS element which was
designed for a protein of interest. By presenting an application of this technique of
recombinant insertion of selenocysteine herein, we hope that this strategy will become
more established in the future and that more examples of newly designed selenoproteins
will follow.
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By applying this unique system we were able to produce a selenovariant of
cytochrome P450cam in order to study the role of the heme axial ligand. The wt of
cytochrome P450cam is one of the best studied members of this superclass of enzymes,
and a lot of kinetic and spectroscopic studies have been performed in the past that were
useful as a reference to our experiments. However, while a lot of information is
available for the wt enzyme, there is much less data available for active site mutants.
The reason is that the active site is sensitive to geometric changes and very often,
mutations (for example a histidine as an axial ligand) lead to an inactivated enzyme. We
found that the sulfur-to selenium substitution changes the catalytic, electronic and
structural properties of the enzyme. However, the substitution of the heme axial ligand
induces only subtle changes, and given the lack of suitable active-site mutants for a
more general view, our results imply that the role of the sulfur as a unique ligand for
function might have been overestimated in the past.
As it has been proposed by Cohen et al. in a QM/MM study (1), a
selenocysteine-containing variant of cytochrome P450 should enhance the lifetime of
putative intermediate compound I due to the stabilizing effect of selenium. We could
not support this hypothesis, however, we found significant differences in the case of the
selenoprotein upon oxidation with peracid compared to wt P450cam or to the control
protein, P450cam*. In the case of the oxidized C357U P450cam* probes, we found at
least one additional short-lived radical species in EPR experiments, but its nature still
remains unknown. One reason is that we could not find adequate reaction conditions to
enrich this additional radical species, which would allow spectroscopic characterization
by EPR. A major obstacle in the field of studying heme enzyme intermediates is the fact
that these reactions are fast and that the lifetime of many intermediates is short.
Therefore, only a few spectroscopic techniques are currently suitable. The next step in
this particular part of the project in the future surely should deal with improving the
quenching conditions and thereby enriching the selenoprotein samples with the newly
detected radical. For example, reducing the quenching times in order to obtain samples
that reacted for less than 10 ms would be eligible.
Perhaps other spectroscopic techniques such as Mössbauer and pulse radiolysis
should be additionally applied in the future. Mössbauer spectroscopy for example could
provide complementary information about the oxidation state of the iron, however, not
about the location of the radical. Pulse radiolysis could be an alternative technique to
the oxidation pathway with peracids in the future to generate high-valent oxidation
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states of the P450cam mutants, and in addition, it has the advantage that its optical time
resolution is very high (≤ ms).
To further extent our studies, it would be interesting to design and express a
selenovariant of a peroxidase, preferably chloroperoxidase, by using our strategy.
Peroxidases have, as mentioned before, a more stable compound I intermediate that
could be detected. Compound I of chloroperoxidase is considered as a reference for
compound I of cytochrome P450. It would therefore be of importance to examine if a
selenium substitution could stabilize compound I in thoses enzymes. Furthermore, as
described in the precedent chapter, the radical site of chloroperoxidase compound I
remains speculative; it is ambiguous wether the radical is only located on the porphyrin
or partially also delocalized over the heme axial ligand. A compound I intermediate of
chloroperoxidase that contains an isotopically labelled 77Se heme axial ligand instead of
the natural cysteine might provide information about the location. However,
chloroperoxidase is a fungal protein and is poorly expressed in E. coli. Therefore,
production of such a selenocysteine-containing variant poses a challenge.

113

References

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.

Cohen S, Kumar D, & Shaik S (2006) In silico design of a mutant of
cytochrome P450 containing selenocysteine. J. Am. Chem. Soc. 128, 2649-2653.
Patai S & Rappoport Z (1986) The Chemistry of Organic Selenium and
Tellurium Compounds (John Wiley & Sons Ltd., Chichester a.o.).
Moroder L (2005) Isosteric replacement of sulfur with other chalcogens in
peptides and proteins. J. Peptide Sci. 11, 187-214.
G. F. Combs J, Clark LC, & Turnbull BW (2001) An analysis of cancer
prevention by selenium. BioFactors 14, 153-159.
Rayman MP (2000) The importance of selenium to human health. The Lancet
356, 233-241.
Papp LV, Lu J, Holmgren A, & Khanna KK (2007) From Selenium to
Selenoproteins: Synthesis, Identity, and Their Role in Human Health.
Antioxidants & Redox Signaling 9, 775.
Martin-Romero FJ, Kryukov GV, Lobanov AV, Carlson BA, Lee BJ, Gladyshev
VN, & Hatfield DL (2001) Selenium Metabolism in Drosophila. Selenoproteins,
selenoprotein mRNA expression, fertility, and mortality. J. Biol. Chem. 276,
29798-29804.
Aurnab G, Janis F, & Paul RH (2001) Selenium and signal transduction: Roads
to cell death and anti-tumour activity. BioFactors 14, 127-133.
Ursini F, Heim S, Kiess M, Maiorino M, Roveri A, Wissing J, & Floh L (1999)
Dual Function of the Selenoprotein PHGPx During Sperm Maturation. Science
285, 1393-1396.
Pinsent J (1954) The need for selenite and molybdate in the formation of formic
dehydrogenase by members of the coli-aerogenes group of bacteria. Biochem. J.
57, 10-16.
Forstrom JW, Zakowski JJ, & Tappel AL (1978) Identification of the catalytic
site of rat liver glutathione peroxidase as selenocysteine. Biochemistry 17, 26392644.
Leinfelder W, Zehelein E, Mandrand-Berthelot M-A, & Böck A (1988) Gene for
a novel tRNA species that accepts L-serine and cotranslationally inserts
selenocysteine. Nature 331, 723-725.
Böck A, Forchhammer K, Heider J, & Baron C (1991) Selenoprotein synthesis:
An expansion of the genetic code. Trends Biochem. Sci. 16, 463-467.
Stadtman TC (1996) Selenocysteine. Annu. Rev. Biochem. 65, 83-100.
Schrauzer GN (2000) Selenomethionine: A Review of Its Nutritional
Significance, Metabolism and Toxicity. J. Nutr. 130, 1653-1656.
Glass RS, Berry MJ, Block E, Boakye HT, Carlson BA, Gailer J, George GN,
Gladyshev VN, Hatfield DL, Jacobsen NE, Johnson S, Kahakachchi C,
Kaminski R, Manley SA, Mix H, Pickering IJ, Prenner EJ, Saira K, Skowronska
A, Tyson JF, Uden PC, Wu Q, Xu X-M, Yamdagni R, & Zhang Y (2008)
Insights into the Chemical Biology of Selenium. Phosphorus, Sulfur, and Silicon
and the Related Elements 183, 924 - 930.
Schneider A, Brandt W, & Wessjohann LA (2007) Influence of pH and flanking
serine on the redox potential of S-S and S-Se bridges of Cys-Cys and Cys-Sec
peptides. Biol. Chem. 388, 1099-1101.
Nauser T, Dockheer S, Kissner R, & Koppenol WH (2006) Catalysis of Electron
Transfer by Selenocysteine. Biochemistry 45, 6038-6043.

114

References

19.
20.
21.
22.
23.

24.
25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.

Johansson L, Gafvelin G, & Arnér ESJ (2005) Selenocysteine in proteins —
Properties and biotechnological use. Biochim. Biophys. Acta 1726, 1-13.
Uy R & Wold F (1977) Posttranslational covalent modification of proteins.
Science 198, 890-896.
Crick FHC (1968) The origin of the genetic code. J. Mol. Biol. 38, 367-379.
Romero H, Zhang Y, Gladyshev V, & Salinas G (2005) Evolution of selenium
utilization traits. Genome Biology 6, R66.
Zhang Y, Romero H, Salinas G, & Gladyshev V (2006) Dynamic evolution of
selenocysteine utilization in bacteria: a balance between selenoprotein loss and
evolution of selenocysteine from redox active cysteine residues. Genome
Biology 7, R94.
Sherrer RL, O'Donoghue P, & Söll D (2008) Characterization and evolutionary
history of an archaeal kinase involved in selenocysteinyl-tRNA formation. Nucl.
Acids Res. 36, 1247-1259.
Ambrogelly A, Palioura S, & Söll D (2007) Natural expansion of the genetic
code. Nat. Chem. Biol. 3, 29-35.
Agris PF (2004) Decoding the genome: a modified view. Nucleic Acids Res. 32,
223-238.
Tomita K, Ueda T, & Watanabe K (1998) 7-Methylguanosine at the anticodon
wobble position of squid mitochondrial tRNASer GCU: molecular basis for
assignment of AGA/AGG codons as serine in invertebrate mitochondria.
Biochim. Biophys. Acta 1399, 78-82.
Tomita K, Ueda T, & Watanabe K (1999) The presence of pseudouridine in the
anticodon alters the genetic code: a possible mechanism for assignment of the
AAA lysine codon as asparagine in echinoderm mitochondria. Nucleic Acids
Res. 27, 1683-1689.
Suzuki T, Ueda T, & Watanabe K (1997) The "polysemous" codon-a codon with
multiple amino acid assignment caused by dual specificity of tRNA identity.
EMBO J. 16, 1122-1134.
Min B, Kitabatake M, Polycarpo C, Pelaschier J, Raczniak G, Ruan B,
Kobayashi H, Namgoong S, & Söll D (2003) Protein Synthesis in Escherichia
coli with Mischarged tRNA. J. Bacteriol. 185, 3524-3526.
Commans S & Bock A (1999) Selenocysteine inserting tRNAs: an overview.
FEMS Microbiol.Rev. 23, 335-351.
Böck A, Thanbichler M, Rother M, & Resch A (2005) in Aminoacyl-tRNA
Synthetases, eds. Ibba M, Francklyn CS, & Cusack S (Landes Bioscience,
Georgetown, TX), pp. 320-327.
Fourmy D, Guittet E, & Yoshizawa S (2002) Structure of Prokaryotic SECIS
mRNA Hairpin and its Interaction with Elongation Factor SelB. J. Mol. Biol.
324, 137-150.
Thanbichler M & Böck A (2002) EMBO J. 21, 6925-6934.
Sandman KE & Noren CJ (2000) The efficiency of Escherichia coli
selenocysteine insertion is influenced by the immediate downstream nucleotide.
Nucl. Acids Res. 28, 755-761.
Yoshizawa S, Rasubala L, Ose T, Kohda D, Fourmy D, & Maenaka K (2005)
Structural basis for mRNA recognition by elongation factor SelB. Nat. Struct.
Mol. Biol. 12, 198-203.
Leibundgut M, Frick C, Thanbichler M, Böck A, & Ban N (2005)
Selenocysteine tRNA-specific elongation factor SelB is a structural chimaera of
elongation and initiation factors. EMBO J. 24, 11-22.

115

References

38.
39.
40.
41.
42.

43.
44.
45.
46.

47.

48.
49.

50.

51.
52.

Sandman KE, Tardiff DF, Neely LA, & Noren CJ (2003) Revised Escherichia
coli selenocysteine insertion requirements determined by in vivo screening of
combinatorial libraries of SECIS variants. Nucl. Acids Res. 31, 2234-2241.
Liu Z, Reches M, Groisman I, & Engelberg-Kulka H (1998) The nature of the
minimal 'selenocysteine insertion sequence' (SECIS) in Escherichia coli. Nucl.
Acids Res. 26, 896-902.
Heider J, Baron C, & Böck A (1992) Coding from a distance: dissection of the
mRNA determinants required for the incorporation of selenocysteine into
protein. EMBO J. 11, 3759-3766.
Kjeldgaard M, Nissen P, Thirup S, & Nyborg J (1993) The crystal structure of
elongation factor EF-Tu from Thermus aquaticus in the GTP conformation.
Structure 1, 35-50.
Andersen GR, Pedersen L, Valente L, Chatterjee I, Kinzy TG, Kjeldgaard M, &
Nyborg J (2000) Structural basis for nucleotide exchange and competition with
tRNA in the yeast elongation factor complex eEF1A:eEF1Balpha. Mol. Cell 6,
1261-1266.
Thanbichler M, Böck A, & Goody RS (2000) Kinetics of the Interaction of
Translation Factor SelB from Escherichia coli with Guanosine Nucleotides and
Selenocysteine Insertion Sequence RNA. J. Biol. Chem. 275, 20458-20466.
Allmang C & Krol A (2006) Selenoprotein synthesis: UGA does not end the
story. Biochimie 88, 1561-1571.
Krol A (2002) Evolutionarily different RNA motifs and RNA–protein
complexes to achieve selenoprotein synthesis. Biochimie 84, 765-774.
Castellano S, Lobanov AV, Chapple C, Novoselov SV, Albrecht M, Hua D,
Lescure A, Lengauer T, Krol A, Gladyshev VN, & Guigo R (2005) Diversity
and functional plasticity of eukaryotic selenoproteins: Identification and
characterization of the SelJ family. Proc. Natl. Acad. Sci. USA 102, 1618816193.
Yuan J, Palioura S, Salazar JC, Su D, O'Donoghue P, Hohn MJ, Cardoso AM,
Whitman WB, & Söll D (2006) RNA-dependent conversion of phosphoserine
forms selenocysteine in eukaryotes and archaea. Proc. Natl. Acad. Sci. USA 103,
18923-18927.
Xu XM, Carlson BA, Mix H, Zhang Y, Saira K, Glass RS, Berry MJ, Gladyshev
VN, & Hatfield DL (2007) Biosynthesis of selenocysteine on its tRNA in
eukaryotes. PLoS biology 5(1), e4.
Guimaraes MJ, Peterson D, Vicari A, Cocks BG, Copeland NG, Gilbert DJ,
Jenkins NA, Ferrick DA, Kastelein RA, Bazan JF, & Zlotnik A (1996)
Identification of a novel selD homolog from eukaryotes, bacteria, and archaea:
is there an autoregulatory mechanism in selenocysteine metabolism? Proc. Natl.
Acad. Sci. USA 93, 15086-15091.
Kim IY, Guimaraes MJ, Zlotnik A, Bazan JF, & Stadtman TC (1997) Fetal
mouse selenophosphate synthetase 2 (SPS2): characterization of the cysteine
mutant form overproduced in a baculovirus-insect cell system. Proc. Natl. Acad.
Sci. USA 94, 418-421.
Low SC, Harney JW, & Berry MJ (1995) Cloning and functional
characterization of human selenophosphate synthetase, an essential component
of selenoprotein synthesis. J. Biol. Chem. 270, 21659-21664.
Bilokapic S, Korencic D, Söll D, & Weygand-Durasevic I (2004) The unusual
methanogenic seryl-tRNA synthetase recognizes tRNASer species from all three
kingdoms of life. Eur. J. Biochem./ FEBS 271, 694-702.

116

References

53.
54.
55.

56.
57.
58.
59.
60.
61.

62.
63.
64.
65.

66.
67.

Wu XQ & Gross HJ (1993) The long extra arms of human tRNA(Ser)Sec and
tRNASer function as major identify elements for serylation in an orientationdependent, but not sequence-specific manner. Nucleic Acids Res 21, 5589-5594.
Carlson BA, Xu XM, Kryukov GV, Rao M, Berry MJ, Gladyshev VN, &
Hatfield DL (2004) Identification and characterization of phosphoseryltRNA[Ser]Sec kinase. Proc. Natl. Acad. Sci. USA 101, 12848-12853.
Araiso Y, Palioura S, Ishitani R, Sherrer RL, O'Donoghue P, Yuan J, Oshikane
H, Domae N, Defranco J, Söll D, & Nureki O (2008) Structural insights into
RNA-dependent eukaryal and archaeal selenocysteine formation. Nucleic Acids
Res 36, 1187-1199.
Gelpi C, Sontheimer EJ, & Rodriguez-Sanchez JL (1992) Autoantibodies
against a serine tRNA-protein complex implicated in cotranslational
selenocysteine insertion. Proc. Natl. Acad. Sci. USA 89, 9739-9743.
Howard MT, Aggarwal G, Anderson CB, Khatri S, Flanigan KM, & Atkins JF
(2005) Recoding elements located adjacent to a subset of eukaryal
selenocysteine-specifying UGA codons. The EMBO journal 24, 1596-1607.
Howard MT, Moyle MW, Aggarwal G, Carlson BA, & Anderson CB (2007) A
recoding element that stimulates decoding of UGA codons by Sec tRNA[Ser]Sec.
RNA (New York, N.Y) 13, 912-920.
Copeland PR & Driscoll DM (1999) Purification, redox sensitivity, and RNA
binding properties of SECIS-binding protein 2, a protein involved in
selenoprotein biosynthesis. J. Biol. Chem. 274, 25447-25454.
Fagegaltier D, Hubert N, Yamada K, Mizutani T, Carbon P, & Krol A (2000)
Characterization of mSelB, a novel mammalian elongation factor for
selenoprotein translation. EMBO J. 19, 4796-4805.
Xu XM, Mix H, Carlson BA, Grabowski PJ, Gladyshev VN, Berry MJ, &
Hatfield DL (2005) Evidence for direct roles of two additional factors, SECp43
and soluble liver antigen, in the selenoprotein synthesis machinery. J. Biol.
Chem. 280, 41568-41575.
Chavatte L, Brown BA, & Driscoll DM (2005) Ribosomal protein L30 is a
component of the UGA-selenocysteine recoding machinery in eukaryotes. Nat.
Struct. Mol. Biol. 12, 408-416.
Tujebajeva RM, Copeland PR, Xu XM, Carlson BA, Harney JW, Driscoll DM,
Hatfield DL, & Berry MJ (2000) Decoding apparatus for eukaryotic
selenocysteine insertion. EMBO reports 1, 158-163.
Copeland PR, Stepanik VA, & Driscoll DM (2001) Insight into mammalian
selenocysteine insertion: domain structure and ribosome binding properties of
Sec insertion sequence binding protein 2. Mol. Cell. Biol. 21, 1491-1498.
Fletcher JE, Copeland PR, & Driscoll DM (2000) Polysome distribution of
phospholipid hydroperoxide glutathione peroxidase mRNA: evidence for a
block in elongation at the UGA/selenocysteine codon. RNA (New York, N.Y 6,
1573-1584.
Hao B, Gong W, Ferguson TK, James CM, Krzycki JA, & Chan MK (2002) A
New UAG-Encoded Residue in the Structure of a Methanogen
Methyltransferase. Science 296, 1462-1466.
Blight SK, Larue RC, Mahapatra A, Longstaff DG, Chang E, Zhao G, Kang PT,
Green-Church KB, Chan MK, & Krzycki JA (2004) Direct charging of
tRNACUA with pyrrolysine in vitro and in vivo. Nature 431, 333-335.

117

References

68.
69.
70.
71.
72.
73.
74.
75.
76.

77.
78.
79.

80.
81.

82.
83.

Polycarpo C, Ambrogelly A, Bérubé A, Winbush SM, McCloskey JA, Crain PF,
Wood JL, & Söll D (2004) An aminoacyl-tRNA synthetase that specifically
activates pyrrolysine. Proc. Natl. Acad. Sci. USA 101, 12450-12454.
Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigo R, &
Gladyshev VN (2003) Characterization of Mammalian Selenoproteomes.
Science 300, 1439-1443.
Flohe L, Gunzler WA, & Schock HH (1973) Glutathione peroxidase: a
selenoenzyme. FEBS Lett. 32, 132-134.
Rocher C, Lalanne J-L, & Chaudière J (1992) Purification and properties of a
recombinant sulfur analog of murine selenium-glutathione peroxidase. Eur. J.
Biochem. 205, 955-960.
Köhrle J (2000) The deiodinase family: selenoenzymes regulating thyroid
hormone availability and action. Cell. Mol. Life Sci. 57, 1853-1863.
Kuiper GGJM, Kester MHA, Peeters RP, & Visser TJ (2005) Biochemical
Mechanisms of Thyroid Hormone Deiodination. Thyroid 15, 787.
Berry MJ, Kieffer JD, Harney JW, & Larsen PR (1991) Selenocysteine confers
the biochemical properties characteristic of the type I iodothyronine deiodinase.
J. Biol. Chem. 266, 14155-14158.
Buettner C, Harney JW, & Larsen PR (2000) The role of selenocysteine 133 in
catalysis by the human type 2 iodothyronine deiodinase. Endocrinology 141,
4606-4612.
Kuiper GGJM, Klootwijk W, & Visser TJ (2003) Substitution of Cysteine for
Selenocysteine in the Catalytic Center of Type III Iodothyronine Deiodinase
Reduces Catalytic Efficiency and Alters Substrate Preference. Endocrinology
144, 2505-2513.
Arner ESJ & Holmgren A (2000) Physiological functions of thioredoxin and
thioredoxin reductase. Eur. J. Biochem. 267, 6102-6109.
Gromer S, Urig S, & Becker K (2004) The thioredoxin system-From science to
clinic. Med. Res. Rev. 24, 40-89.
Lee S-R, Bar-Noy S, Kwon J, Levine RL, Stadtman TC, & Rhee SG (2000)
Mammalian thioredoxin reductase: Oxidation of the C-terminal
cysteine/selenocysteine active site forms a thioselenide, and replacement of
selenium with sulfur markedly reduces catalytic activity. Proc. Natl. Acad. Sci.
USA 97, 2521-2526.
Bar-Noy S, Gorlatov SN, & Stadtman TC (2001) Overexpression of wild type
and SeCys/Cys mutant of human thioredoxin reductase in E. coli: the role of
selenocysteine in the catalytic activity. Free Radical Biol. Med. 30, 51-61.
Kim IY, Guimaraes MJ, Zlotnik A, Bazan JF, & Stadtmann TC (1997) Fetal
mouse selenophosphate synthetase 2 (SPS2): characterization of the cysteine
mutant form overproduced in a baculovirus-insect cell system. Proc. Natl. Acad.
Sci USA 94, 418-421.
Kryukov GV, Kumar RA, Koc A, Sun Z, & Gladyshev VN (2002)
Selenoprotein R is a zinc-containing stereo-specific methionine sulfoxide
reductase. Proc. Natl. Acad. Sci. U.S.A. 99, 4245-4250.
Bar-Noy S & Moskovitz J (2002) Mouse methionine sulfoxide reductase B:
effect of selenocysteine incorporation on its activity and expression of the
seleno-containing enzyme in bacterial and mammalian cells. Biochem. Biophys.
Res. Commun. 297, 956-961.

118

References

84.
85.
86.
87.
88.
89.

90.
91.

92.

93.
94.
95.
96.
97.
98.
99.
100.

Boyington JC, Gladyshev VN, Khangulov SV, Stadtmann TC, & Sun PD (1997)
Crystal structure of formate dehydrogenase H: catalysis involving Mo,
molybtopterin, selenocysteine, and an Fe4S4 cluster. Science 275, 1305-8454.
Axley MJ, Böck A, & Stadtman TC (1991) Catalytic properties of an
Escherichia coli formate dehydrogenase mutant in which sulfur replaces
selenium. Proc. Natl. Acad. Sci. USA 88, 8450-8454.
Turner DC & Stadtmann TC (1973) Purification of protein components of the
clostridial glycine reductase system and characterization of protein A as a
selenoprotein. Arch. Biochem. Biophys. 154, 366-381.
Andreesen JR (2004) Glycine reductase machanism. Curr. Opin. Chem. Biol. 8,
454-461.
Garcia GE & Stadtman TC (1992) Clostridium sticklandii glycine reductase
selenoprotein A gene: cloning, sequencing, and expression in Escherichia coli.
J. Bacteriol. 174, 7080-7089.
Shuber AP, Orr EC, Recny MA, Schendel PF, May HD, Schauer NL, & Ferry
JG (1986) Cloning, expression, and nucleotide sequence of the formate
dehydrogenase genes from Methanobacterium formicicum. J. Biol. Chem. 261,
12942-12947.
Gromer S, Johansson L, Bauer H, Arscott LD, Rauch S, Ballou DP, Williams
CH, Schirmer RH, & Arner ESJ (2003) Active sites of thioredoxin reductases:
why selenoproteins? Proc. Natl. Acad. Sci. U.S.A. 100, 12618-12623.
Kanzok SM, Fechner A, Bauer H, Ulschmid JK, Muller HM, Botella-Munoz J,
Schneuwly S, Schirmer R, Becker K, & Arner ESJ (2001) Substitution of the
thioredoxin system for glutathione reductase in Drosophila melanogaster.
Science 291, 643-646.
Zhang Y, Romero H, Salinas G, & Gladyshev VN (2006) Dynamic evolution of
selenocysteine utilization in bacteria: a balance between selenoprotein loss and
evolution of selenocysteine from redox active cysteine residues. Genome
Biology 7.
Gladyshev VN & Kryukov GV (2001) Evolution of selenocysteine-containing
proteins: significance of identification and functional characterization of
selenoproteins. BioFactors 14, 87-92.
Gladyshev VN, Kryukov GV, Fomenko DE, & Hatfield DL (2004)
Identification of trace element-containing proteins in genomic databases. Annu.
Rev. Nutr. 24, 579.
Dawson PE, Muir TW, Clark-Lewis I, & Kent SBH (1994) Synthesis of proteins
by native chemical ligation. Science 266, 776-779.
Hondal RJ, Nilsson BL, & Raines RT (2001) Selenocysteine in Native Chemical
Ligation and Expressed Protein Ligation. J. Am. Chem. Soc. 123, 5140-5141.
Gieselman MD, Xie L, & van der Donk WA (2001) Synthesis of a
Selenocysteine-Containing Peptide by Native Chemical Ligation. Org. Lett. 3,
1331-1334.
Quaderer R, Sewing A, & Hilvert D (2001) Selenocysteine-mediated native
chemical ligation. Helv. Chim. Acta 84, 1197-1206.
Muir TW, Sondhi D, & Cole PA (1998) Expressed protein ligation: A general
method for protein engineering. Proc. Natl. Acad. Sci. USA 95, 6705-6710.
Casi G, Roelfes G, & Hilvert D (2008) Selenoglutaredoxin as a Glutathione
Peroxidase Mimic. ChemBioChem 9, 1623-1631.

119

References

101.
102.
103.

104.
105.
106.
107.
108.

109.

110.
111.
112.

113.

114.

Metanis N, Keinan E, & Dawson PE (2006) Synthetic Seleno-Glutaredoxin 3
Analogues Are Highly Reducing Oxidoreductases with Enhanced Catalytic
Efficiency. J. Am. Chem. Soc. 128, 16684-16691.
Hondal RJ, Nilsson BL, & Raines RT (2001) Selenocysteine in native chemical
ligation and expressed protein ligation. J. Am. Chem. Soc. 123, 5140-5141.
Barry AN & Blackburn NJ (2008) A Selenocysteine Variant of the Human
Copper Chaperone for Superoxide Dismutase. A Se-XAS Probe of Cluster
Composition at the Domain 3-Domain 3 Dimer Interface. Biochemistry 47,
4916-4928.
Berry SM, Gieselman MD, Nilges MJ, van der Donk WA, & Lu Y (2002) An
engineered azurin variant containing a selenocysteine copper ligand. J. Am.
Chem. Soc. 124, 2084-2085.
Wu Z-P & Hilvert D (1989) Conversion of a protease into an acyl transferase:
Selenolsubtilisin. J. Am. Chem. Soc. 111, 4513-4514.
Liu J-Q, Jiang M-S, Luo G-M, Yan G-L, & Shen J-C (1998) Conversion of
trypsin into a selenium-containing enzyme by using chemical mutation.
Biotechnol. Lett 20, 693-696.
Luo GM, Zhu ZQ, Ding L, Gao G, Sun QA, Liu Z, Yang TS, & Shen JC (1994)
Generation of Selenium-Containing Abzyme by Using Chemical Mutation.
Biochem. Biophys. Res. Commun. 198, 1240-1247.
Boschi-Muller S, Muller S, Van Dorsselaer A, Böck A, & Branlant G (1998)
Substituting selenocysteine for active site cysteine 149 of phosphorylating
glyceraldehyde 3-phosphate dehydrogenase reveals a peroxidase activity. FEBS
Lett. 439, 241-245.
Mueller S, Senn H, Gsell B, Vetter W, Baron C, & Böck A (1994) The
Formation of Diselenide Bridges in Proteins by Incorporation of Selenocysteine
Residues: Biosynthesis and Characterization of (Se)2-Thioredoxin. Biochemistry
33, 3404-3412.
Strub MP, Hoh F, Sanchez JF, Strub JM, Böck A, Aumelas A, & Dumas C
(2003) Selenomethionine and selenocysteine double labeling strategy for
crystallographic phasing. Structure 11, 1359-1367.
Arner ESJ (2002) Recombinant expression of mammalian selenocysteinecontaining thioredoxin reductase and other selenoproteins in Escherichia coli.
Methods Enzymol. 347, 226-235.
Zinoni F, Birkmann A, Stadtman TC, & Böck A (1986) Nucleotide-sequence
and expression of the selenocysteine-containing polypeptide of formate
dehydrogenase (formate-hydrogen-lyase-linked) from Escherichia coli.
Proc. Natl. Acad. Sci. USA 83, 4650-4654.
Arner ESJ, Sarioglu H, Lottspeich F, Holmgren A, & Böck A (1999) High-level
expression in Escherichia coli of selenocysteine-containing rat thioredoxin
reductase utilizing gene fusions with engineered bacterila-type SECIS elements
and co-expression with the selA, selB and selC genes. J. Mol. Biol. 292, 10031016.
Hazebrouck S, Camoin L, Faltin Z, Strosberg AD, & Eshdat Y (2000)
Substituting selenocysteine for catalytic cysteine 41 enhances enzymatic activity
of plant phospholipid hydroperoxide glutathione peroxide expressed in E. coli.
J. Biol. Chem 275, 28715-28721.

120

References

115.

116.
117.
118.
119.
120.
121.

122.
123.
124.
125.
126.
127.

128.
129.
130.
131.

Rengby O, Johansson L, Carlson LA, Serini E, Vlamis-Gardikas A, Karsnäs P,
& Arner ESJ (2004) Assessment of production conditions for efficient use of
Escherichia coli in high yield heterologous recombinant selenoprotein synthesis.
Appl. Environ. Microbiol. 70, 5159-5167.
Mehta A, Rebsch CM, Kinzy SA, Fletcher JE, & Copeland PR (2004)
Efficiency of mammalian selenocysteine incorporation. J. Biol. Chem. 279,
37852-37859.
Wu Z-P & Hilvert D (1990) Selenosubtilisin as a glutathione peroxidase mimic.
J. Am. Chem. Soc. 112, 5647-5648.
Routenberg Love K, Swoboda JG, Noren CJ, & Walker S (2006) Enabling
Glycosyltransferase Evolution: A Facile Substrate-Attachment Strategy for
Phage-Display Enzyme Evolution. ChemBioChem 7, 753-756.
Besse D, Siedler F, Diercks T, Kessler H, & Moroder L (1997) The Redox
Potential of Selenocystine in Unconstrained Cyclic Peptides. Angew. Chem., Int.
Ed. 36, 883-885.
Pegoraro S, Fiori S, Cramer J, Rudolph-Bohner S, & Moroder L (1999) The
disulfide-coupled folding pathway of apamin as derived from diselenidequenched analogs and intermediates. Protein Sci 8, 1605-1613.
Pegoraro S, Fiori S, Rudolph-Böhner S, Watanabe TX, & Moroder L (1998)
Isomorphous replacement of cystine with selenocystine in endothelin: oxidative
refolding, biological and conformational properties of [Sec3,Sec11,Nle7]endothelin-1. J. Mol. Biol. 284, 779-792.
Beld J, Woycechowsky KJ, & Hilvert D (2007) Selenoglutathione: Efficient
Oxidative Protein Folding by a Diselenide. Biochemistry 46, 5382-5390.
Beld J, Woycechowsky KJ, & Hilvert D (2009) Selenocysteine as a Probe of
Oxidative Protein Folding. RSC Biomolecular Sciences, 253-273.
Gieselman MD, Zhu Y, Zhou H, Galonic D, & van der Donk WA (2002)
Selenocysteine Derivatives for Chemoselective Ligations. ChemBioChem 3,
709-716.
Seebeck FP & Szostak JW (2006) Ribosomal Synthesis of DehydroalanineContaining Peptides. J. Am. Chem. Soc. 128, 7150-7151.
Johansson L, Chen C, Thorell J-O, Fredriksson A, Stone-Elander S, Gafvelin G,
& Arner ESJ (2004) Exploiting the 21st amino acid-purifying and labeling
proteins by selenolate targeting. Nat. Methods 1, 61-66.
Zhong L & Holmgren A (2000) Essential Role of Selenium in the Catalytic
Activities of Mammalian Thioredoxin Reductase Revealed by Characterization
of Recombinant Enzymes with Selenocysteine Mutations. J. Biol. Chem. 275,
18121-18128.
Yuan T, Weljie AM, & Vogel HJ (1998) Tryptophan Fluorescence Quenching
by Methionine and Selenomethionine Residues of Calmodulin: Orientation of
Peptide and Protein Binding. Biochemistry 37, 3187-3195.
Weljie AM & Vogel HJ (2000) Tryptophan fluorescence of calmodulin binding
domain peptides interacting with calmodulin containing unnatural methionine
analogues. Protein Eng. 13, 59-66.
Duddeck H (1995) Selenium-77 nuclear magnetic resonance spectroscopy.
Prog. Nucl. Magn. Reson. Spectrosc. 27, 1-323.
Müller S, Heider J, & Böck A (1997) The path of unspecific incorporation of
selenium in Escherichia coli. Arch. Microbiol. 168, 421-427.

121

References

132.
133.

134.
135.
136.
137.
138.
139.
140.
141.

142.

143.

144.

145.
146.
147.

Bergmann R, Brust P, Kampf G, Coenen HH, & Stöcklin G (1995) Evaluation
of radioselenium labeled selenomethionine, a potential tracer for brain protein
synthesis by PET. Nuclear Medicine and Biology 22, 475-481.
Fassbender M, de Villiers D, Nortier M, & van der Walt N (2001) The
nat
Br(p,x)73,75Se nuclear processes: a convenient route for the production of
radioselenium tracers relevant to amino acid labelling. Appl. Radiat. Isot. 54,
905-913.
Schlichting I, Berendzen J, Chu K, Stock AM, Maves SA, Benson DE, Sweet
RM, Ringe D, Petsko GA, & Sligar SG (2000) The catalytic pathway of
cytochrome P450cam at atomic resolution. Science 287, 1615-1622.
Dawson JH (1988) Probing structure-function relations in heme-containing
oxygenases and peroxidases. Science 240, 433-439.
Denisov IG, Makris TM, Sligar SG, & Schlichting I (2005) Structure and
chemistry of cytochrome P450. Chem. Rev. 105, 2253-2278.
Ortiz de Montellano PR (2005) Cytochrome P450: Structure, Mechanism, and
Biochemistry (Kluwer Academic/ Plenum Publishers, New York).
Yoshioka S, Takahashi S, Hori H, Ishimori K, & Morishima I (2001) Proximal
cysteine residue is essential for the enzymatic activities of cytochrome
P450cam. Eur. J. Biochem. 268, 252-259.
Auclair K, Moënne-Loccoz P, & Ortiz de Montellano PR (2001) Roles of the
proximal heme thiolate ligand in cytochrome P450cam. J. Am. Chem. Soc. 123,
4877-4885.
Hondal RJ & Raines RT (2002) Semisynthesis of proteins containing
selenocysteine. Methods Enzymol. 347, 70-83.
Müller S, Senn H, Gsell B, Vetter W, Baron C, & Böck A (1994) The formation
of diselenide bridges in proteins by incorporation of selenocysteine residues:
Biosynthesis and characterization of (Se)2-thioredoxin Biochemistry 33, 34043412.
Arnér ESJ, Sarioglu H, Lottspeich F, Holmgren A, & Böck A (1999) High-level
expression of Escherichia coli of selenocysteine-containing rat thioredoxin
reductase utilizing gene fusions with engineered bacterial-type SECIS elements
and co-expression with the selA, selB and selC genes. J. Mol. Biol. 292, 10031016.
Hazebrouck S, Camoin L, Faltin Z, Strosberg AD, & Eshdat Y (2000)
Substituting selenocysteine for catalytic cysteine 41 enhances enzymatic activity
of plant phospholipid hydroperoxide glutathione peroxidase expressed in
Escherichia coli. J. Biol. Chem. 275, 28715-28721.
Jiang Z, Arnér ESJ, Mu Y, Johansson L, Shi J, Zhao S, Liu S, Wang R, Zhang
T, Yan G, Liu J, Shen J, & Luo G (2004) Expression of selenocysteinecontaining glutathione S-transferase in Escherichia coli. Biochem. Biophys. Res.
Commun. 321, 94-101.
Johansson L, Chen C, Thorell JO, Fredriksson A, Stone-Elander S, Gafvelin G,
& Arnér ESJ (2004) Exploiting the 21st amino acid — Purifying and labeling
proteins by selenolate targeting. Nat. Methods 1, 61-66.
Busch A, Will S, & Backofen R (2005) SECISDesign: a server to design
SECIS-elements within the coding sequence. Bioinformatics 21, 3312-3313.
Zinoni F, Heider J, & Böck A (1990) Features of the formate dehydrogenase
mRNA necessary for decoding of the UGA codon as selenocysteine. Proc. Natl.
Acad. Sci. USA 87, 4660-4664.

122

References

148.

149.
150.

151.
152.

153.
154.
155.
156.

157.
158.

159.
160.
161.
162.

Sharp PM, Cowe E, Higgins DG, Shields DC, Wolfe KH, & Wright F (1988)
Codon usage patterns in Escherichia coli, Bacillus subtilis, Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Drosophila melanogaster and Homo
sapiens; A review of the considerable within-species diversity. Nucl. Acids Res.
16, 8207-8211.
Shimoji M, Yin H, Higgins L, & Jones JP (1998) Design of a novel P450: A
functional bacterial-human cytochrome P450 chimera. Biochemistry 37, 88488852.
Song L-C, Sun Y, Hu Q-M, & Liu Y (2003) Synthesis of bridging carbyne
butterfly Fe/Se cluster complexes via reaction of complex anions [(µ-RSe)(µCO)Fe2(CO)6]−: Crystal structure of (µ-EtOC)(µ-p-MeC6H4Se)Fe2(CO)6.
J. Organomet. Chem. 676, 80-84.
El-Khateeb
M
(2004)
Iron
Se-bonded
mono-selenocarbonates
CpFe(CO)2SeCO2R: The first selenocarbonate complexes. Inorg. Chim. Acta
357, 4341-4344.
Mathur P, Manimaran B, Hossain MM, Rheingold AL, Liable-Sands LM, &
Yap GPA (1997) Synthesis and structural characterisation of a novel trismethylene bridged compound (NO) 4Fe2 Se(µ-CH2)3. J. Organomet. Chem. 540,
165-168.
Garcin E, Vernede X, Hatchikian EC, Volbeda A, Frey M, & Fontecilla-Camps
JC (1999) The crystal structure of a reduced [NiFeSe] hydrogenase provides an
image of the activated catalytic center. Structure 7, 557-566.
Yoshioka S, Takahashi S, Ishimori K, & Morishima I (2000) Roles of the axial
push effect in cytochrome P450cam studied with the site-directed mutagenesis at
the heme proximal site. J. Inorg. Biochem. 81, 141-151.
Yoshioka S, Tosha T, Takahashi S, Ishimori K, Hori H, & Morishima I (2002)
Roles of the proximal hydrogen bonding network in cytochrome P450camcatalyzed oxygenation. J. Am. Chem. Soc. 124, 14571-14579.
Schöneboom JC, Lin H, Reuter N, Thiel W, Cohen S, Ogliaro F, & Shaik S
(2002) The Elusive Oxidant Species of Cytochrome P450 Enzymes:
Characterization by Combined Quantum Mechanical/Molecular Mechanical
(QM/MM) Calculations. J. Am. Chem. Soc. 124, 8142-8151.
Harris DL & Loew GH (1994) A role for Thr252 in cytochrome P450cam
oxygen activation. J. Am. Chem. Soc. 116, 11671–11674.
Kumar D, Hirao H, de Visser SP, Zheng J, Wang D, Thiel W, & Shaik S (2005)
New features in the catalytic cycle of cytochrome P450 during the formation of
compound I from compound 0. J. Phys. Chem. B Condens. Matter Mater.
Surf.Interfaces Biophys. 109, 19946–19951.
Jiang Y & Ortiz de Montellano PR (2008) Selenolate complexes of CYP101 and
the heme-bound hHO-1/H25A proximal cavity mutant. Inorg. Chem. 47, 34803482.
Lipscomb JD (1980) Electron-paramagnetic resonance detectable states of
cytochrome P-450cam. Biochemistry 19, 3590-3599.
Zhang Z, Nassar A-EF, Lu Z, Schenkman JB, & Rusling JF (1997) Direct
electron injection from electrodes to cytochrome P450cam in biomembrane-like
films. J. Chem. Soc., Faraday Trans. 93, 1769-1774.
Atkins WM & Sligar SG (1988) Deuterium isotope effects in norcamphor
metabolism by cytochrome P-450cam: Kinetic evidence for the two-electron
reduction of a high-valent iron-oxo intermediate. Biochemistry 27, 1610-1616.

123

References

163.
164.

165.
166.

167.
168.
169.
170.
171.
172.
173.
174.
175.

176.
177.
178.
179.
180.

Sligar SG, Lipscomb JD, Debrunner PG, & Gunsalus IC (1974) Superoxide
anion production by the autooxidation of cytochrome P450cam. Biochem.
Biophys. Res. Commun. 61, 290-296.
Imai M, Shimada H, Watanabe Y, Matsushima-Hibiya Y, Makino R, Koga H,
Horiuchi T, & Ishimura Y (1989) Uncoupling of the cytochrome P-450cam
monooxygenase reaction by a single mutation, threonine-252 to alanine or
valine: A possible role of the hydroxy amino acid in oxygen activation. Proc.
Natl. Acad. Sci. USA 86, 7823-7827.
Casi G, Roelfes G, & Hilvert D (2008) Selenoglutaredoxin as a glutathione
peroxidase mimic. ChemBioChem 9, 1623-1631.
Sarangi R, Gorelsky SI, Basumallick L, Hwang HJ, Pratt RC, Stack TDP, Lu Y,
Hodgson KO, Hedman B, & Solomon EI (2008) Spectroscopic and density
functional theory studies of the blue−copper site in M121SeM and C112SeC
azurin: Cu−Se versus Cu−S bonding. J. Am. Chem. Soc. 130, 3866–3877.
Wang L & Schultz PG (2002) Expanding the genetic code. Chem. Commun.,
1-11.
Sasso S, Ramakrishnan C, Gamper M, Hilvert D, & Kast P (2005) A secreted
chorismate mutase from the pathogen Mycobacterium tuberculosis. FEBS J.
272, 375-389.
Kabsch W (1993) Automatic processing of rotation diffraction data from
crystals of initially unknown symmetry and cell constants. J. Appl. Crystallogr.
26, 795-800.
Murshudov GN, Vagin AA, Lebedev A, Wilson KS, & Dodson EJ (1999)
Efficient anisotropic refinement of macromolecular structures using FFT. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 55, 247-255.
Kleywegt GJ & Jones TA (1998) Databases in protein crystallography. Acta
Crystallogr. D: Biol. Crystallogr. 54, 1119–1131.
DeLano WL (2002) (DeLano Scientific, San Carlos, CA).
Bailey S (1994) The CCP4 suite: programs for protein crystallography. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 50, 760-763.
Stoll S & Schweiger A (2006) EasySpin, a comprehensive software package for
spectral simulation and analysis in EPR. J. Mag. Res. 178, 42-55.
Shumyantseva VV, Bulko TV, Samenkova NF, Kuznetsova GP, Usanov SA,
Schulze H, Bachmann TT, Schmid RD, & Archakov AI (2006) A new format of
electrodes for the electrochemical reduction of cytochromes P450. J. Inorg.
Biochem. 100, 1353-1357.
Makris TM, Koenig Kv, Schlichting I, & Sligar SG (2006) The status of highvalent metal oxo complexes in the P450 cytochromes. J. Inorg. Biochem. 100,
507-518.
Sono M, Roach MP, Coulter ED, & Dawson JH (1996) Heme-Containing
Oxygenases. Chem. Rev. 96, 2841-2888.
Lipscomb JD, Sligar SG, Namtvedt MJ, & Gunsalus IC (1976) Autooxidation
and hydroxylation reactions of oxygenated cytochrome P-450cam. J. Biol.
Chem. 251, 1116-1124.
Lipscomb JD (1980) Electron paramagnetic resonance detectable states of
cytochrome P-450cam. Biochemistry 19, 3590-3599.
Shimada H, Nagano S, Hori H, & Ishimura Y (2001) Putidaredoxin-cytochrome
P450cam interaction. J. Inorg. Biochem. 83, 255-260.

124

References

181.
182.
183.
184.
185.

186.
187.
188.

189.
190.
191.

192.
193.

194.

195.

Pochapsky SS, Pochapsky TC, & Wei JW (2003) A Model for Effector Activity
in a Highly Specific Biological Electron Transfer Complex:The Cytochrome
P450cam-Putidaredoxin Couple. Biochemistry 42, 5649-5656.
Hintz MJ, Mock DM, Peterson LL, Tuttle K, & Peterson JA (1982) Equilibrium
and kinetic studies of the interaction of cytochrome P-450cam and
putidaredoxin. J. Biol. Chem. 257, 14324-14332.
Hintz MJ & Peterson JA (1981) The kinetics of reduction of cytochrome P450cam by reduced putidaredoxin. J. Biol. Chem. 256, 6721-6728.
Purdy MM, Koo LS, Ortiz de Montellano PR, & Klinman JP (2004) SteadyState Kinetic Investigation of Cytochrome P450cam:Interaction with Redox
Partners and Reaction with Molecular Oxygen. Biochemistry 43, 271-281.
Tosha T, Yoshioka S, Hori H, Takahashi S, Ishimori K, & Morishima I (2002)
Molecular mechanism of the electron transfer reaction in cytochrome P450camputidaredoxin: Roles of glutamine 360 at the heme proximal site. Biochemistry
41, 13883-13893.
Unno M, Christian JF, Benson DE, Gerber NC, Sligar SG, & Champion PM
(1997) Resonance Raman Investigations of Cytochrome P450cam Complexed
with Putidaredoxin. J. Am. Chem. Soc. 119, 6614-6620.
Aoki M, Ishimori K, Morishima I, & Wada Y (1998) Roles of valine-98 and
glutamic acid-72 of putidaredoxin in the electron-transfer complexes with
NADH-putidaredoxin reductase and P450cam. Inorg. Chim. Acta 272, 80-88.
Unno M, Christian JF, Sjodin T, Benson DE, Macdonald IDG, Sligar SG, &
Champion PM (2002) Complex Formation of Cytochrome P450cam with
Putidaredoxin. Evidence for protein-specific interactions involving the proximal
thiolate ligand. J. Biol. Chem. 277, 2547-2553.
Peterson JA, Ishimura Y, & Griffin BW (1972) Pseudomonas putida cytochrome
P-450: Characterization of an oxygenated form of the hemoprotein. Arch.
Biochem. Biophys. 149, 197-208.
Purdy MM, Koo LS, Ortiz de Montellano PR, & Klinman JP (2006) Mechanism
of O2 activation by cytochrome P450cam studied by isotope effects and transient
state kinetics. Biochemistry 45, 15793-15806.
Glascock MC, Ballou DP, & Dawson JH (2005) Direct Observation of a Novel
Perturbed Oxyferrous Catalytic Intermediate during Reduced Putidaredoxininitiated Turnover of Cytochrome P-450-CAM: Probing the effector role of
putidaredoxin in catalysis. J. Biol. Chem. 280, 42134-42141.
Brewer CB & Peterson JA (1988) Single turnover kinetics of the reaction
between oxycytochrome P-450cam and reduced putidaredoxin. J. Biol. Chem.
263, 791-798.
Davydov R, Macdonald IDG, Makris TM, Sligar SG, & Hoffman BM (1999)
EPR and ENDOR of Catalytic Intermediates in Cryoreduced Native and Mutant
Oxy-Cytochromes P450cam:Mutation-Induced Changes in the Proton Delivery
System. J. Am. Chem. Soc. 121, 10654-10655.
Davydov R, Makris TM, Kofman V, Werst DE, Sligar SG, & Hoffman BM
(2001) Hydroxylation of Camphor by Reduced Oxy-Cytochrome
P450cam:Mechanistic Implications of EPR and ENDOR Studies of Catalytic
Intermediates in Native and Mutant Enzymes. J. Am. Chem. Soc. 123, 14031415.
Denisov IG, Makris TM, & Sligar SG (2001) Cryotrapped Reaction
Intermediates of Cytochrome P450 Studied by Radiolytic Reduction with
Phosphorus-32. J. Biol. Chem. 276, 11648-11652.

125

References

196.
197.
198.

199.

200.

201.

202.

203.
204.
205.

206.

207.

208.
209.
210.

Fujii H (2002) Electronic structure and reactivity of high-valent oxo iron
porphyrins. Coord. Chem. Rev. 226, 51-60.
Unno M, Shimada H, Toba Y, Makino R, & Ishimura Y (1996) Role of Arg112
of Cytochrome P450cam in the Electron Transfer from Reduced Putidaredoxin.
Analyses with site-directed mutants. J. Biol. Chem. 271, 17869-17874.
Aldag C, Gromov IA, Garcia-Rubio I, von Koenig K, Schlichting I, Jaun B, &
Hilvert D (2009) Probing the role of the proximal heme ligand in cytochrome
P450cam by recombinant incorporation of selenocysteine. Proc. Natl. Acad. Sci.
USA 106, 5481-5486.
Tosha T, Yoshioka S, Takahashi S, Ishimori K, Shimada H, & Morishima I
(2003) NMR Study on the Structural Changes of Cytochrome P450cam upon the
Complex Formation with Putidaredoxin: Functional significance of the
putidaredoxin-induced structural changes. J. Biol. Chem. 278, 39809-39821.
Sjodin T, Christian JF, Macdonald IDG, Davydov R, Unno M, Sligar SG,
Hoffman BM, & Champion PM (2001) Resonance Raman and EPR
Investigations of the D251N Oxycytochrome P450cam/Putidaredoxin Complex.
Biochemistry 40, 6852-6859.
Nagano S, Tosha T, Ishimori K, Morishima I, & Poulos TL (2004) Crystal
Structure of the Cytochrome P450cam Mutant That Exhibits the Same Spectral
Perturbations Induced by Putidaredoxin Binding. J. Biol. Chem. 279, 4284442849.
Tosha T, Yoshioka S, Ishimori K, & Morishima I (2004) L358P Mutation on
Cytochrome P450cam Simulates Structural Changes upon Putidaredoxin
Binding: The structural changes trigger electron transfer to oxy-P450cam from
electron donors. J. Biol. Chem. 279, 42836-42843.
Wei JY, Pochapsky TC, & Pochapsky SS (2005) Detection of a High-Barrier
Conformational Change in the Active Site of Cytochrome P450cam upon
Binding of Putidaredoxin. J. Am. Chem. Soc. 127, 6974-6976.
Brewer CB & Peterson JA (1986) Single turnover studies with oxy-cytochrome
P-450cam. Arch. Biochem. Biophys. 249, 515-521.
Wang Q, Sheng X, Horner JH, & Newcomb M (2009) Quantitative Production
of Compound I from a Cytochrome P450 Enzyme at Low Temperatures.
Kinetics, Activation Parameters, and Kinetic Isotope Effects for Oxidation of
Benzyl Alcohol. J. Am. Chem. Soc. 131, 10629-10636.
Davydov R, Makris TM, Kofman V, Werst DE, Sligar SG, & Hoffman BM
(2001) Hydroxylation of camphor by-reduced oxy-cytochrome P450cam:
Mechanistic implications of EPR and ENDOR studies of catalytic intermediates
in native and mutant enzymes. J. Am. Chem. Soc. 123, 1403-1415.
Groves JT, McClusky GA, White RE, & Coon MJ (1978) Aliphatic
hydroxylation by highly purified liver microsomal cytochrome P-450. Evidence
for a carbon radical intermediate. Biochem. Biophys. Res. Commun. 81, 154160.
Roberts JE, Hoffman BM, Rutter R, & Hager LP (1981) Electron-nuclear double
resonance of horseradish peroxidase compound I. Detection of the porphyrin pication radical. J. Biol. Chem. 256, 2118-2121.
Benecky MJ, Frew JE, Scowen N, Jones P, & Hoffman BM (1993) EPR and
ENDOR detection of compound I from Micrococcus lysodeikticus catalase.
Biochemistry 32, 11929-11933.
Palcic MM, Rutter R, Araiso T, Hager LP, & Dunford HB (1980) Spectrum of
chloroperoxidase compound-I. Biochem. Biophys. Res. Commun. 94, 1123-1127.

126

References

211.

212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.

Egawa T, Proshlyakov DA, Miki H, Makino R, Ogura T, Kitagawa T, &
Ishimura Y (2001) Effects of a thiolate axial ligand on the pi -> pi* electronic
states of oxoferryl porphyrins: a study of the optical and resonance Raman
spectra of compounds I and II of chloroperoxidase. J. Biol. Inorg. Chem. 6,
46-54.
Rutter R, Hager LP, Dhonau H, Hendrich M, Valentine M, & Debrunner P
(1984) Chloroperoxidase compound-I-electron-paramagnetic resonance and
Mössbauer studies. Biochemistry 23, 6809-6816.
Green MT, Dawson JH, & Gray HB (2004) Oxoiron(IV) in Chloroperoxidase
Compound II Is Basic: Implications for P450 Chemistry. Science 304, 16531656.
Green MT (1999) Evidence for Sulfur-Based Radicals in Thiolate Compound I
Intermediates. J. Am. Chem. Soc. 121, 7939-7940.
Kim SH, Perera R, Hager LP, Dawson JH, & Hoffman BM (2006) Rapid
Freeze-Quench ENDOR Study of Chloroperoxidase Compound I: The Site of
the Radical. J. Am. Chem. Soc. 128, 5598-5599.
Stone KL, Behan RK, & Green MT (2005) X-ray absorption spectroscopy of
chloroperoxidase compound I: Insight into the reactive intermediate of P450
chemistry. Proc. Natl. Acad. Sci. USA 102, 16563-16565.
Egawa T, Shimada H, & Ishimura Y (1994) Evidence for Compound I
Formation in the Reaction of Cytochrome-P450cam with m-Chloroperbenzoic
Acid. Biochem. Biophys. Res. Commun. 201, 1464-1469.
Kellner DG, Hung SC, Weiss KE, & Sligar SG (2002) Kinetic characterization
of Compound I formation in the thermostable cytochrome P450 CYP119.
J. Biol. Chem. 277, 9641-9644.
Jung C, Schünemann V, Lendzian F, Trautwein AX, Contzen J, Galander M,
Bottger LH, Richter M, & Barra AL (2005) Spectroscopic characterization of
the iron-oxo intermediate in cytochrome P450. Biol. Chem. 386, 1043-1053.
Jung C, Schünemann V, & Lendzian F (2005) Freeze-quenched iron-oxo
intermediates in cytochromes P450. Biochem. Biophys. Res. Commun. 338, 355364.
Schünemann V, Jung C, Trautwein AX, Mandon D, & Weiss R (2000)
Intermediates in the reaction of substrate-free cytochrome P450cam with peroxy
acetic acid. FEBS Lett. 479, 149-154.
Sligar SG, Kennedy KA, & Pearson DC (1980) Chemical mechanisms for
cytochrome P-450 hydroxylation: evidence for acylation of heme-bound
dioxygen. Proc. Natl. Acad. Sci. USA 77, 1240-1244.
Akhtar M, Calder MR, Corina DL, & Wright JN (1982) Mechanistic studies on
C-19 demethylation in oestrogen biosynthesis. Biochem. J. 201, 569-580.
Heimbrook DC & Sligar SG (1981) Multiple mechanisms of cytochrome P450catalyzed substrate hydroxylations. Biochem. Biophys. Res. Commun. 99, 530535.
Vaz ADN, McGinnity DF, & Coon MJ (1998) Epoxidation of olefins by
cytochrome P450: Evidence from site-specific mutagenesis for hydroperoxoiron as an electrophilic oxidant. Proc. Natl. Acad. Sci. USA 95, 3555-3560.
Jin S, Bryson TA, & Dawson JH (2004) Hydroperoxoferric heme intermediate
as a second electrophilic oxidant in cytochrome P450-catalyzed reactions. J.
Biol. Inorg. Chem. 9, 644-653.
Nam W, Ryu YO, & Song WJ (2004) Oxidizing intermediates in cytochrome
P450 model reactions. J. Biol. Inorg. Chem. 9, 654-660.

127

References

228.
229.
230.

231.
232.

233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.

Franke A, Fertinger C, & van Eldik R (2008) Which Oxidant Is Really
Responsible for P450 Model Oxygenation Reactions? A Kinetic Approach13.
Angew. Chem. Int. Ed. 47, 5238-5242.
Shaik S, de Visser SP, Ogliaro F, Schwarz H, & Schröder D (2002) Two-state
reactivity mechanisms of hydroxylation and epoxidation by cytochrome P-450
revealed by theory. Curr. Opin. Chem. Biol. 6, 556-567.
Schöneboom JC, Cohen S, Lin H, Shaik S, & Thiel W (2004) Quantum
Mechanical/Molecular Mechanical Investigation of the Mechanism of C-H
Hydroxylation of Camphor by Cytochrome P450cam:Theory Supports a TwoState Rebound Mechanism. J. Am. Chem. Soc. 126, 4017-4034.
Spolitak T, Dawson JH, & Ballou DP (2006) Rapid kinetics investigations of
peracid oxidation of ferric cytochrome P450cam: Nature and possible function
of compound ES. J. Inorg. Biochem. 100, 2034-2044.
Schünemann V, Lendzian F, Jung C, Contzen J, Barra A-L, Sligar SG, &
Trautwein AX (2004) Tyrosine Radical Formation in the Reaction of Wild Type
and Mutant Cytochrome P450cam with Peroxy Acids: A multifrequency EPR
study on the millisecond time scale. J. Biol. Chem. 279, 10919-10930.
Schünemann V, Jung C, Terner J, Trautwein AX, & Weiss R (2002)
Spectroscopic studies of peroxyacetic acid reaction intermediates of cytochrome
P450cam and chloroperoxidase. J. Inorg. Biochem. 91, 586-596.
Hager LP, Doubek DL, Silverstein RM, Hargis JH, & Martin JC (1972)
Chloroperoxidase. IX. Structure of compound I. J. Am. Chem. Soc. 94, 43644366.
Spolitak T, Dawson JH, & Ballou DP (2005) Reaction of Ferric Cytochrome
P450cam with Peracids: Kinetic characterization of intermediates on the
reaction pathway. J. Biol. Chem. 280, 20300-20309.
Kellner DG, Hung S-C, Weiss KE, & Sligar SG (2002) Kinetic Characterization
of Compound I Formation in the Thermostable Cytochrome P450 CYP119. J.
Biol. Chem. 277, 9641-9644.
Schünemann V, Jung C, Terner J, Trautwein AX, & Weiss R (2002)
Spectroscopic studies of peroxyacetic acid reaction intermediates of cytochrome
P450cam and chloroperoxidase. J. Inorg. Biochem. 91, 586-596.
Schünemann V, Jung C, Lendzian F, Barra A-L, Teschner T, & Trautwein AX
(2004) Mössbauer- and EPR-Snapshots of an Enzymatic Reaction: The
Cytochrome P450 Reaction Cycle. Hyperfine Interact. 156/157, 247-256.
Ostrich IJ, Liu G, Dodgen HW, & Hunt JP (1980) Oxygen-17 nuclear magnetic
resonance study of water exchange on water-soluble iron(III) porphyrins. Inorg.
Chem. 19, 619-621.
Bell SR & Groves JT (2009) A Highly Reactive P450 Model Compound I.
J. Am. Chem. Soc. 131, 9640–9641.
Lahaye D & Groves JT (2007) Modeling the haloperoxidases: Reversible
oxygen atom transfer between bromide ion and an oxo-Mn(V) porphyrin. J.
Inorg. Biochem. 101, 1786-1797.
Harris DL & Loew GH (2001) Proximal ligand effects on electronic structure
and spectra of compound I of peroxidases. J. Porphyrins Phthalocyanines 5,
334-344.
Dhonau HL, Hendrich MP, Rutter R, Debrunner PG, & Hager LP (1984)
Electron-paramagnetic res analysis of chloroperoxidase compound-I-A spin
coupled Fe(IV) porphyrin cation complex. Biophys. J. 45, A373-A373.

128

References

244.
245.
246.
247.
248.
249.
250.

251.

252.
253.
254.
255.
256.

257.

Berliner L, Eaton G, & Eaton S (2002) Distance Measurements in Biological
Systems by EPR.
Nakazawa S, Ishii A, Minagawa J, & Ono T-A (2005) Application of 2DHYSCORE spectroscopy to tyrosine radicals in photosystem II for evaluation of
spin density distributions. Chem. Phys. Lett. 405, 318-322.
Deligiannakis Y, Ivancich A, & Rutherord AW (2002) 2D-Hyperfine sublevel
correlation spectroscopy of tyrosyl radicals. Spectrochim. Acta, Part A 58, 11911200.
Witting PK, Douglas DJ, & Mauk AG (2000) Reaction of Human Myoglobin
and H2O2. Involvement of a thiyl radical produced at cysteine 110. J. Biol.
Chem. 275, 20391-20398.
Kelman DJ, DeGray JA, & Mason RP (1994) Reaction of myoglobin with
hydrogen peroxide forms a peroxyl radical which oxidizes substrates. J. Biol.
Chem. 269, 7458-7463.
Sievers C, Deters D, Hartmann H-Jr, & Weser U (1996) Stable thiyl radicals in
dried yeast Cu(I)6-thionein. J. Inorg. Biochem. 62, 199-205.
Kolberg M, Bleifuss Gn, Sjöberg B-M, Gräslund A, Lubitz W, Lendzian F, &
Lassmann G (2002) Generation and Electron Paramagnetic Resonance Spin
Trapping Detection of Thiyl Radicals in Model Proteins and in the R1 Subunit
of Escherichia coli Ribonucleotide Reductase. Arch. Biochem. Biophys. 397, 5768.
Tanaka M, Matsuura K, Yoshioka S, Takahashi S, Ishimori K, Hori H, &
Morishima I (2003) Activation of Hydrogen Peroxide in Horseradish Peroxidase
Occurs within <200 µs Observed by a New Freeze-Quench Device. Biophys. J.
84, 1998-2004.
Lin Y, Gerfen GJ, Rousseau DL, & Yeh S-R (2003) Ultrafast Microfluidic
Mixer and Freeze-Quenching Device. Anal. Chem. 75, 5381-5386.
Schweiger A & Jeschke G (2001) (Oxford University Press, Oxford), p. 289.
Hofer P (1994) Distortion-Free Electron-Spin-Echo Envelope-Modulation
Spectra of Disordered Solids Obtained from Two-Dimensional and ThreeDimensional HYSCORE Experiments. J. Magn. Reson., Series A 111, 77-86.
Dennis LM & Koller JP (1919) Selenic acid and copper selenate. J. Am. Chem.
Soc. 41, 949-970.
Zhang R, Nagraj N, Lansakara-P DSP, Hager LP, & Newcomb M (2006)
Kinetics of Two-Electron Oxidations by the Compound I Derivative of
Chloroperoxidase, a Model for Cytochrome P450 Oxidants. Org. Lett. 8, 27312734.
Araiso T, Rutter R, Palcic MM, Hager LP, & Dunford HB (1981) Kinetic
analysis of compound I formation and the catalatic activity of chloroperoxidase.
Can. J. Biochem. 59, 233-236.

129

Curriculum Vitae

Curriculum Vitae
Personal Data
Name: Caroline Friederike Aldag
Birthdate: 21st of March 1979
Birthplace: Mannheim, Germany
Citizenship: German

Education
2003-present Ph.D. thesis under the supervision of Prof. D. Hilvert
ETH Zürich, Switzerland.
Title: “Design, Production and Characterization of a Novel Cytochrome
P450cam Mutant with Selenocysteine as a Proximal Heme Ligand”
2002

Diploma thesis under the supervision of Prof. D. Hilvert
ETH Zürich, Switzerland.
Title: “Diels-Alderase antibody 1E9 and anti-progesterone antibody
DB3: a study on the evolution of ligand recognition properties by sitedirected mutagenesis”

1998-2003

Diploma studies in chemical biology at ETH Zürich, Switzerland.
Natural Scientist Diploma (Dipl. Natw. ETH)

1989-1998

Hohenstaufen Gymnasium Eberbach, Germany.

130

