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Abstract

AaeAPO, a novel extracellular heme-thiolate peroxygenase, from the agaric fungus
Agrocybe aegerita was recently discovered to catalyze the cytochrome P450-like
monooxygenation of diverse organic compounds, using hydrogen peroxide as a
cosubstrate. In this dissertation, the function and mechanism of alkane hydroxyl-
ation reactions catalyzed by AaeAPO are addressed.

In Chap. 1, current studies on the functions and mechanisms of heme-thiolate
enzymes are reviewed. In Chap. 2, AaeAPO is found to catalyze various alkane
hydroxylation reactions with high efficiency and selectivity. In Chap. 3, the
hydroxylation event is probed with intramolecular kinetic hydrogen isotope effect
substrates and radical clocks. Reasonable KIEs and the presence of radical rear-
ranged alcohol products indicate the hydrogen atom abstraction step and the
rebound mechanism. In Chap. 4, AaeAPO compound I (oxo-FeIV porphyrin radical
cation) is detected and kinetically characterized by using the UV-vis, rapid-mixing
stopped-flow spectroscopy. The kinetics of AaeAPO-I toward a panel of alkanes is
directly measured and results in extraordinarily fast second-order rate constants.
Both the shape and slope of Brønsted-Evans-Polanyi plot suggest that the reaction
is entropically controlled with an early transition state for weaker C–H bonds.
Additionally, in Chap. 5, the redox potentials of the couple AaeAPO-I/ferric
AaeAPO are determined over a wide range of pHs, based on the reversible oxygen
atom transfer between AaeAPO-I and halide ions. This analysis has allowed the
highly reactive AaeAPO-I intermediate to be placed on an absolute energy scale
for the first time. In Chap. 6, the rebound intermediate, AaeAPO compound II
(FeIV-OH), is generated with a high yield by a one-electron direct reduction of
AaeAPO-I, using nitroxides as the reducing reagents. AaeAPO-II is characterized to
have a basic pKa of 10. The protonated nature of AaeAPO-II at physiological
conditions proves its role as the rebound intermediate. The kinetics of AaeAPO-II is
also investigated and compared with those of AaeAPO-I. Finally, in Chap. 7, the
apo gene is cloned into E. coli and over-expressed. The resulting recombinant
AaeAPO has opened doors for many high potential applications, including indus-
trial usage of AaeAPO as a biocatalyst, site-directed mutagenesis, protein engi-
neering for better biocatalysts, and further mechanistic studies.
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Chapter 1
Hydrocarbon Oxygenation
by Heme-Thiolate Enzymes

Abstract The heme-thiolate enzymes such as cytochrome P450 (CYP), chlorop-
eroxidase (CPO), P450BSβ and recently discovered peroxygenase, AaeAPO, cata-
lyze a variety of crucial oxidative reactions. Among them, the activation of inert
hydrocarbons via C–H bond hydroxylation plays an important role in biology.
These reactions are involved in the biosynthesis of steroids, the degradation of
xenobiotics, the metabolism of drugs and so on. Understanding the mechanisms of
these reactions provides us guidelines for the design of new catalysts and the
application of biocatalysts to chemical synthesis and drug development. In this
chapter, we review the discovery and function of several important heme-thiolate
enzymes. Next, the characterization of intermediates in the catalytic cycle during
the oxidative reactions is addressed. Finally, applications of the knowledge
obtained from these mechanistic investigations on the design of new enzymatic
catalysts are discussed.

© Springer International Publishing Switzerland 2016
X. Wang, A Novel Heme-Thiolate Peroxygenase AaeAPO
and Its Implications for C-H Activation Chemistry,
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1.1 Introduction

Selectively and efficiently converting inert carbon hydrogen bonds to
oxygen-containing functional groups under mild conditions is a difficult class of
transformations that has attracted considerable attention for several decades [1, 2].
Nature has designed various metalloenzymes to perform these transformations [3–
5]. Alpha-ketoglutarate and iron(II)-dependent dioxygenases catalyze various
reactions and have significant roles in biology [6, 7]. For example, ten-eleven
translocation 1-3 (TET 1-3) enzymes have been discovered to convert
5-methylcytosine to 5-hydromethylcytosine, thus changing the DNA methylation
pattern and regulating gene expression [8]. The alkane hydroxylase (AlkB) from
Pseudomonas putida GPo1 hydroxylates propane and butane to support cell growth
[9, 10]. Di-iron and copper-containing methane monoxygenases from methano-
photric bacteria are able to activate the inert C–H bond of methane (BDE
104 kcal/mol) as the carbon energy source [11, 12]. Peptidylglycine monooxyge-
nases, mononuclear copper-containing enzymes, activate C-terminal glycine-extend
peptides to their α-hydroxylated products [13–15]. Heme enzymes with a cysteine
sulfur as the axial ligand also have the capability of activating hydrocarbons.
Cytochrome P450 monooxygenases are a family of enzymes that incorporate an
oxygen atom into various biomolecules [16–18]. It has been proposed that the
cysteine plays a crucial role in driving the chemistry in several ways. From a
mechanistic point of view, sulfur ligation of the heme iron promotes the heterolytic
cleavage of the O–O bond to form the ferryl (Fe=O) species in the so-called
compound I [19]. The electron donating properties of the thiolate ligand also make
the ferryl oxygen more basic, facilitating the C–H hydrogen atom abstraction at a
lower potential than would otherwise be possible [20]. In this chapter, we first
summarize the nature of several heme-thiolate enzymes that have the ability to
oxidize hydrocarbons. Then we will summarize both their functions and reaction
mechanisms.

1.1.1 Cytochrome P450S (CYPs)

Cytochrome P450 proteins (CYP) are monooxygenases that utilize oxygen (O2) as
the oxidant and NAD(P)H as an electron source, performing two-electron oxidation
including alkane hydroxylation, olefin epoxidation, alkane desaturation, heteroatom
oxidation and so on (Scheme 1.1). The cytochrome P450 family has been found in
bacteria, fungi, plants, insects and mammals. Their physiological functions include
the biosynthesis of steroids, lipids and many other signaling molecules. They are

Scheme 1.1 Alkane hydroxylation reactions catalyzed by CYPs
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also responsible for the degradation of xenobiotics and the metabolism of drugs
[21]. For example, CYP3A4 metabolizes over 50 % of all drugs currently on the
market. Because of their important roles, cytochrome P450s have been the interests
for biological, chemical and pharmacological research for a long time. The name of
P450 derives from the fact that these proteins were first discovered in particulate
cell fractions and displayed an unusual 450 nm absorption in the visible spectrum
upon reduction in the presence of carbon monoxide. This absorbance is now
understood to result from the Cys–S–FeII–CO ligation of the heme.

The crystal structures of many cytochrome P450s have been characterized [22]
(Fig. 1.1). Unlike peroxidases and catalases, there are no obvious acid and base
residues close to the heme iron where the oxygen molecule is bound. The hydroxyl
group of a highly conserved threonine in the substrate and O2 binding pocket has
been proposed to play an important role in proton delivery and initiation of the
catalytic cycle [24]. There is also a network of other hydrophilic side chains and
water molecules to deliver protons in the active site [23]. A proposed mechanism of
P450-I formation is shown in Fig. 1.2.

1.1.2 Chloroperoxidase (CPO)

CPO from Caldariomyces fumugo was first discovered by Clutterbuck and
coworkers in 1940 and was found to mediate the chlorination of β-ketoadipic acid
[25]. The isolated enzyme was found to be highly glycosylated with a molecular

Fig. 1.1 The active site structure of cytochrome P450cam (also called CYP101) from the
gram-negative soil bacterium Pseudomonas putida (PDB 1DZ8) [22]. The cyan sphere is water
molecule. The red spheres are oxygen atoms
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weight of about 42 kDa [26]. Unlike cytochrome P450s, chloroperoxidase utilizes
peroxides as the terminal oxidants (Scheme 1.2). Besides the one-electron oxida-
tions catalyzed by most of the peroxidases and halogenation reactions, CPO is also
able to catalyze two-electron oxidations, such as oxygen atom transfer reactions,
although the efficiency is much lower than CYPs [27]. For example, CPO catalyzes
C–H hydroxylation at benzylic position while CYPs are able to catalyze aliphatic
hydroxylation with stronger C–H bonds (*101 kcal/mol). Because of its good
solubility, easy handling and catalytic versatility, CPO has become a good model
for the study of P450 reaction mechanisms [28]. It has also been utilized for
synthetic and biocatalytic applications.

The active site of CPO includes a glutamic acid and a histidine as the acidic and
basic catalytic residues [31] (Fig. 1.3). Glu183 has been proposed to facilitate

Fig. 1.2 The proposed mechanism of P450 compound I formation assisted by threonine, aspartic
acid and the water network [23]

Scheme 1.2 Alkane hydroxylation reactions catalyzed by CPO

Fig. 1.3 The active site
structure of chloroperoxidase
(also called CPO) from the
fungus Caldariomyces
fumago (PDB 2J5M) [29]
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compound I formation via O–O bond cleavage of a hydroperoxoiron(III) precursor
(FeIII–O–OH, so-called compound 0) by supplying a proton during O–O bond
scission to form water and compound I. A mechanistic scheme is shown in Fig. 1.4.
Upon replacement of Glu183 the chlorination activity of CPO is reduced [32]. Also,
the highest activity of CPO is achieved at acid pH. This is possibly due to the higher
potential of compound I at lower pH.

1.1.3 P450SPα and P450BSβ

Cytochrome P450SPα (CYP152B1) from Sphingomonas paucimobilis and P450BSβ
(CYP152A1) from Bacillus subtilis are CYPs classified as H2O2-dependent
enzymes [33, 34]. It has been shown that P450SPα and P450BSβ catalyze fatty acid
hydroxylation with high selectivity. Further, with the use of carboxylate group of
the fatty acid, P450SPα and P450BSβ have been demonstrated to catalyze H2O2

dependent monooxygenation of styrene and ethylbenzene. Although crystal struc-
tures of substrate-free forms showed their lack of general acid-base residues in the
active site, crystal structure of a heptanoic acid bound form of P450BSβ showed an
interaction between Arg242 and the carboxylate group of heptanoic acid [35]
(Fig. 1.5). This investigation demonstrates the importance of glutamate and the
important role of salt bridge between Arg242 and carboxylate group. A proposed
schematic representation of the mechanism is shown in Fig. 1.6.

1.1.4 Aromatic Peroxygenase (AaeAPO)

A new heme-thiolate peroxygenase, AaeAPO, from the filamentous fungus
Agrocybe aegerita was discovered recently [36, 37]. The isolated AaeAPO has a
molecular weight of about 45 kDa. It is a highly glycosylated protein with about
30 % sequence similarity to CPO (Fig. 1.8) and no homology to CYPs. The ferrous

Fig. 1.4 Proposed mechanism of CPO compound I formation assisted by glutamic acid and
histidine in the active site [30]
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form of AaeAPO bound with CO also has an absorption peak at 445 nm, closely
resembling typical CYPs (Fig. 1.7). APOs have been shown to catalyze various
kinds of reactions including hydrocarbon hydroxylation [38]. Unlike CYPs how-
ever, and similar to CPO, AaeAPO utilizes peroxides as the sole oxidants.
Apparently, hydrogen peroxide is a preferred co-substrate. Accordingly, AaeAPO
has been considered to be a hybrid of monooxgenases/peroxidases or peroxygen-
ases. Cytochrome P450 enzymes have had limited use for industrial and

Fig. 1.5 The active site structure of P450BSβ from gram-positive Bacillus subtilis (PDB 1IZO)
[35]

Fig. 1.6 The proposed schematic representation of P450BSβ compound I formation mechanism
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biocatalytic applications because of their general lack of stability, expensive
cofactor requirements and limited solvent tolerance. By contrast, as the extracellular
protein, AaeAPO, has been found to be extremely stable and robust. It uses readily
available and cheap H2O2 as the oxidant and can be used in wide pH conditions and
organic solvents as well. Considering these significant advantages, detailed
mechanistic investigations on AaeAPO have been carried out recently.

A preliminary crystal structure of AaeAPO has been reported [39] (Fig. 1.9). The
structure has confirmed that AaeAPO is a heme-thiolate protein with acid-base
residues of glutamic acid and arginine in the active site. Comparing the acid-base
residues and the two-electron oxidation activity of AaeAPO with CPO, P450SPα and
P450BSβ, suggests an important role of the Arg-Glu salt bridge diad in the initiation
of the catalytic cycle. The positively charged arginine side group might make

Fig. 1.7 AaeAPO UV-vis spectra under different conditions. Black trace is ferric AaeAPO at pH
7.0. Blue trace is ferrous AaeAPO reduced by Na2S2O4 at pH 7.0. Red trace is reduced AaeAPO
bound with CO (experimental in Chap. 7)

Fig. 1.8 N-terminal sequence alignment of AaeAPO with CPO. Identical residues are highlighted
in blue. Chemically similar residues are colored in light blue. The access number of AaeAPO
protein sequence is B9W4V6
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glutamate more acidic, assisting compound I formation. Compound I of AaeAPO
has been directly observed during the oxidative reaction catalytic cycle, kinetically
characterized and compared with other heme enzymes [40]. Figure 1.10 showed a
proposed mechanism on the AaeAPO compound I formation assisted with glutamic
acid and arginine. The reactive ferryl species (Fe=O) is able to cleave strong C–H
bonds so that AaeAPO has great potential to be a robust biocatalyst with board
range of synthetic applications.

AaeAPO has recently been classified as an “unspecific peroxygenase” in the E.C.
nomenclature (E.C.1.11.2.1). The APO family contains other members such as
CraAPO from Ink cap mushroom Coprinellus radians and MroAPO from
Pinewheel mushroom Maramius rotula (unknown sequence). Along with the well
characterized CPO from Caldariomyces fumago, they are all heme-thiolate proteins

Fig. 1.9 The preliminary
active site structure of
AaeAPO from fungus
Agrocybe aegerita [39].
AaeAPO crystal structure is
preliminary data from Dr.
Klaus Piontek. Figures are
reproduced with permission
from Prof. Martin Hofrichter

Fig. 1.10 The proposed schematic representation of AaeAPO compound I formation mechanism
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belonging to the heme-thiolate peroxygenase/peroxidase super-family. Figure 1.12
shows a simplified phylogenetic tree of this super-family [36]. It is also interesting,
as shown in Fig. 1.11, that the tertiary structures and the acid site structures of CPO
and AaeAPO resemble each other. They are close related and have conserved
structure near the heme.

1.2 Mechanistic Investigations of Intermediates
in the Catalytic Cycle

The understanding of the catalytic cycle of heme-thiolate enzymes comes from the
direct observation of the intermediates by a variety spectroscopic techniques [41].
Some other indirect methods, such as mechanistically diagnostic substrates, radical
clocks [17] and KIEs [42] can also be used to study the step of C–H bond cleavage
and the radical formation. Figure 1.13 shows the consensus mechanism of P450
catalyzed hydrocarbon hydroxylation reactions [43]. After the ferric enzyme binds
with the substrate, the resting, six-coordinate ferric heme switches to five coordi-
nated state by loss of a water ligand and a iron d-orbital spin state change from
low-spin, S = 1/2, state (one unpaired electron) to a high-spin state with five
unpaired electrons. After the formation of the enzyme-substrate adduct, this
high-spin, five coordinate heme iron(III) is reduced to the ferrous, iron(II) state by a
reductase and NAD(P)H. The ferrous P450 can bind molecular oxygen and
becomes a ferrous cytochrome P450-dioxygen complex, sometimes considered to
be a ferric-superoxo species. A second reduction and oxygen protonation produces
compound 0 (FeIII–OOH). Peroxidase and peroxygenase compounds 0 are gener-
ated directly from the reaction between ferric enzymes with peroxides, the so-called
peroxide shunt pathway. The protonation of the hydroxyl oxygen in this complex
results in the O–O bond heterolytic cleavage to form FeIV-oxo porphyrin radical

Fig. 1.11 The alignment of CPO structure (green) with AaeAPO structure (cyan) [39]. Left figure
is the alignment of two tertiary structures. Right figure is the alignment of active sites
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Fig. 1.12 A simplified phylogenetic tree of the heme/thiolate superfamily. Three characterized
heme-thiolate proteins are in bold [36]

Fig. 1.13 Catalytic cycle of heme-thiolate enzyme catalyzed hydroxylation reactions
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cation (compound I) and water. During the C–H abstraction step, compound I is
reduced to compound II. Then, in the so-called rebound step, the iron-bound
hydroxyl group captures the incipient carbon radical, resulting in the hydroxylated
product and ferric enzyme. Last, the product is released from the active site and
completes the cycle.

Detailed knowledge of the structural and electronic features of the intermediates
are very important for a thorough understanding of the mechanism of heme-thiolate
enzyme catalysts. So far, many intermediates have been detected and characterized
in the catalytic cycle of porphyrin model complexes, AaeAPO, CPO and CYP
enzymes by various biophysical experimental methods [41, 44, 45]. Some text
books introducing physical methods used in the field of bioinorganic chemistry are
referenced here [46, 47]. Among these methods, UV-vis absorption spectroscopy is
a sensitive method for intermediate detection due to the strong and very charac-
teristic absorbances of the heme. The combination of fast, stopped-flow techniques
with optical spectroscopy makes kinetic study of these intermediates possible [48].
Electron paramagnetic resonance (EPR) is a method to characterize paramagnetic
centers of metals if there is an odd number of electron spins, such as the electronic
spin states of ferric iron (FeIII), hyperfine interactions with other nuclei, the
zero-field splitting and so on [49, 50]. Mössbauer spectroscopy is a probe of the
electronic structure of the iron center. It provides information such as the oxidation
state of iron center, the spin state, the molecular geometry and so on [51]. Raman
spectroscopy is another tool to characterize the interaction between metal and
ligands. It provides information on the bond vibration modes [52]. In particular,
resonance Raman spectroscopy provides bond vibrational information specifically
in the vicinity of the heme. X-ray absorption fine structure (EXAFS) is a useful tool
used to explore the structural information of the complexes [53]. It can provide
information such as the distance between the metal-ligand, the number of ligated
atoms and also the geometry. EXAFS is particularly useful if a protein crystal
structure is not available. Redox properties of the metal can also be determined.
There are many other bioinorganic tools for the study of metalloenzymes, such as
NMR [54], MCD [55], X-ray diffraction [56], ENDOR [57], mass spectrometry
[58], electrochemistry [59] and so on. Further, theoretical approaches, such as
QM/MM calculations, have shown to be very informative on the structure, reac-
tivity and selectivity characterization and provide a complementary tool to aid
experiments [60, 61]. Usually, many different tools support each other, thus pro-
viding a complete characterization. A summary of important data which has been
obtained for several intermediates in the catalytic cycle is presented here.

1.2.1 Compound 0

Cytochrome P450 iron-hydroperoxo complexes, also called compound 0, have been
produced via either a direct reaction of the ferric enzyme with H2O2 or reduction of
dioxygen bound to the ferrous enzyme followed by protonation [45]. Compound 0
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of HRP, CPO and P450 have been characterized by UV/vis, EPR, ENDOR, X-ray
absorption, Raman spectroscopy and QM/MM calculations before [62–64]. One of
the obvious observations of P450 compound 0 formation is the*30 nm red shift of
Soret band [65]. From the electrical and structural characterization of P450 com-
pound 0, it is clear that compound 0 has end-on coordination geometry [62]. From a
crystal structure at 1.75 Å resolution and quantum chemical calculations, CPO
compound 0 was determined to be ferric low-spin doublet ground state, with a Fe–
O bond length of 1.8 Å and O–O bond length of 1.5 Å [29]. From the study of
compound 0, we are able to understand how nature uses the cheap and accessible
dioxygen as the oxidant.

1.2.2 Compound I

Heterolytic cleavage of the O–O bond in compound 0 results in an iron(IV)-oxo
porphyrin radical cation species (compound I) [44]. The first evidence for a P450-I
was provided by Egawa et al. [66]. It was generated from the reaction with mCPBA.
A broad and weak band at 690 nm observed in the visible spectrum is characteristic
of an iron(IV)-oxo porphyrin radical cation. Recently, a complete observation of a
P450 compound I of CYP119 from the thermophilic archaebacterium Sulfolobus
acidocaldarius has been achieved using stopped-flow spectroscopy and
freeze-quench techniques [67]. Substrate kinetics, EPR and Mössbauer spectros-
copies were all well characterized. The kinetic data is consistent with the high
reactivity of compound I toward hydrocarbons. For example, the second-order rate
constant for lauric acid is 107. Structural profiling of CPO-I indicated that the Fe=O
bond length is short, 1.65 Å, determined by EXAFS [68], and confirmed by the
high frequency ν (Fe–O) of 790 cm−1 in resonance Raman spectra [69]. This short
Fe–O bond distance is indicative of the multiple bonding in the ferryl unit. An
isotopic solvent H/D exchange experiment was recently done to show intermediate
states during hydroxylation catalyzed by P450s. With the use of D2-campor in H2O,
C5-OHexo signal detected by 1H ENDOR spectroscopy reappeared during anneal-
ing to 230 K [70]. All of these results provide convincing evidence that compound I
is the reactive species responsible for C–H bond cleavage in hydrocarbon
hydroxylation reactions.

1.2.3 Compound II

The one electron reduction of compound I that occurs during hydrogen atom
abstraction forms another intermediate species called compound II. This is an
important intermediate for the rebound step and sometimes called the rebound
intermediate. Some spectroscopic studies of P450-II, CPO-II and related metallo-
porphyrin complexes are available [71–73]. The π-bonding orbitals of the porphyrin
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ring of compound II are fully occupied, resulting in a less powerful oxidant than
compound I. Some studies suggested a two-electron oxidation catalyzed by com-
pound II [74]. Attempts to generate P450-II were also achieved recently by cyro
reduction of P450-I or the reaction between ferric enzyme with peroxynitrite [75].

Besides the kinetic and electronic features of compound II, EXAFS data
determined that CPO-II has a longer than expected Fe–O bond length of 1.82 Å
[73]. This value was in good agreement with a density functional calculation of a
highly unusual thiolate-ligated Fe(IV)–OH heme unit (1.81 Å). Resonance Raman
spectra of CPO-II also detected the Fe(IV)–OD and Fe(IV)–18OH isotopic shift
[76]. All of these results indicate that CPO-II is protonated at physiological pH. The
study of P450-II is important because the capability of P450-I for hydrocarbon C–H
activation depends on both the pKa of P450-II and the one electron redox potential
of P450-I Eo(I) (Eq. 1.1) [77]. Figure 1.14 is a Borwell thermodynamic cycle
showed the relationship between three intermediates during the catalytic cycle
based on expanded Hess’s law. It also explained how Eq. 1.1 was obtained. D(O–
H) is the strength of the FeO–H bond that is forming, while D(C–H) is the strength
of the substrate C–H bond that is breaking. This activation process has been called a
proton coupled electron transfer (PCET) since the proton of the scissile C–H bond
ends up on the basic ferryl oxygen while the electron reduces the porphyrin radical
cation of compound I. As you can see, the basic nature of P450-II increases the
driving force which is ΔG = D(C–H) − D(O–H) for hydrocarbon abstraction.

D(O - H) ¼ nFEoðIÞ þ 2:3RTpKaðIIÞ þ 57� 2 ð1:1Þ

1.2.4 Diagnostic Radical Clocks

Besides the direct characterization of reaction intermediates, indirect methods can
also reveal the mechanism of the reaction cycle [78]. Diagnostic substrates are
compounds that reveal the presence of particular substrate intermediares, radicals or

Fig. 1.14 Thermodynamic relationships between intermediates in the catalytic cycle of
heme-thiolate enzymes
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cations, by the nature of the rearranged products that are observed. Radical clocks
are compounds that reveal the life-times of substrate radical intermediates produced
by C–H bond abstraction. Those radicals can either recombine to form unrearranged
products or undergo rearrangement to another radical that result in distinct rear-
ranged products. If the rate constants of the rearrangements are known and one
assumes that the radical behavior in the enzyme active site is similar to that in
solution, the radical life time and the rebound rates can be calculated. The hydro-
carbon norcarane was first used as a mechanistically diagnostic substrate in the
characterization of radical intermediates produced by reactive oxo-manganese(V)
porphyrin model compounds [79]. The first radical clocks used in the study of P450
mechanism is bicycle[2.1.0]pentane, showing significant amounts of radical rear-
ranged products [80]. The rebound rate was calculated as 1.4 × 1010 s−1. Later, a
series of different radical clocks were used [17]. Some of them can differentiate a
radical pathway from a cation pathway, such as norcarane [81, 82]. The study with
radical clocks proved the presence of a substrate radical, although some radical
clocks suggest extremely fast rebound rates [83]. Table 1.1 is a summary of radical
clocks have been used in heme-enzyme studies. Average radical lifetimes in the
range of 10–100 ps mean that the radical lives long enough to tumble and rearrange
in the active site but not long enough to freely diffuse from the active site.

1.2.5 Kinetic Isotope Effects

The hydrogen kinetic isotope effect (KIE) is another indirect method to study the
C–H abstraction step [42]. Large intrinsic isotope effects are associated with
hydrogen abstraction. For example, kinetic characterization of CYP119-I generated

Table 1.1 Radical clocks used in heme-enzyme studies

Radical
clocks

Radical
rearranged
products

Rearrangement
rates

Enzymes Radical
lifetime (ps)

References

OH 2.0 × 108 P450cam 52 [81]

CYP2B1 16

AaeAPO 9.4 [38]

OH
2.9 × 107 P450cam 252 [82]

CYP153A6 74

OH
2.1 × 109 Liver

microsomes
50 [84]

OH 2.0 × 109 CYP2E1 120 [85]

Ph

Ph

OH

3.0 × 1011 CYP2B4 1–500 [86]
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by reaction with mCPBA showed extraordinarily fast pseudo-first-order rate con-
stants, in the range of 106 M−1s−1. The KIE for hexanoic acid was 12.5 [67]. For
AaeAPO, intramolecular KIE of 16.0 was determined with n-hexane-1,1,1,2,2,3,3-
d7 for 2-hexanol under turnover conditions [38]. These large KIEs are indicative of
a hydrogen abstraction with a symmetrical transition state structure. However,
isotope effects can be masked if the C–H bond breaking step is not the
rate-determining step, such as when binding and positioning of the substrate is
partially rate-limiting. For example, the KIE for o-xylene with one methyl group
deuterated is 9 but for p-xylene, the KIE is 6. For 4,4′-dimethylbiphenyl the KIE is
almost masked completely, possibly because the two methyl groups are separated
further, by a distance of 11 Å and the reorganization of the substrate is slow with
respect to the rate of C–H scission [87]. This kind of kinetic masking of isotope
effects is sometimes discussed in terms of commitment to catalysis [88]. The
investigation on intrinsic KIE and intramolecular KIEs provide important infor-
mation on the understanding the C–H abstraction step and also the substrate
dynamics in the active site.

1.3 Application on the Design of New Biocatalysts
with Protein Engineering

Regio- and stereospecific oxidation of non-functionalized hydrocarbons has con-
tinued to be a challenge in the field of synthetic chemistry, which has received
considerable attention recently [89]. The knowledge obtained from investigations
on the mechanism of heme-thiolate enzymes can be used to guide the design of new
catalysts.

Protein engineering is a powerful tool for biocatalysts. In order to the overcome
intrinsic limitations of the application of many wild type CYPs, such as low sol-
ubility, low activity and lack of selectivity, proteins are engineered to be more
robust catalysts both by site-directed mutagenesis and evolutionary approaches [90,
91]. One of the advantages of rational approaches is the relatively small variant
library. This is based on the information obtained from crystal structures and
mechanistic studies. Some active site volumes of proteins can be engineered to
become bigger in order to increase the binding affinity of large substrate molecules.
For example, cytochrome P450cam has been redesigned to be able to catalyze the
regioselective aromatic hydroxylation of diphenylmethane by using a Y96A variant
[92]. On the other hand, some active site volumes were down-sized with more
bulky active site residues in order to fit small alkanes. For example, the
F87W/Y96F/T101L/V247L variant of P450cam is able to oxidize n-butane with a
high turnover rate of 755 nmol(nmolP450cam)−1(min)−1 [93]. Further, some
variants have the capability to oxidize terminal alkanes [94].

However, rational redesign is not always possible because many protein crystal
structures are not available. In this situation, evolutionary protein engineering plays
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an important role as a complementary tool [95]. This approach creates a library of
randomly mutated genes, then engineered proteins are screened for the desired
property. This process is a mimic of the Darwinian evolution. The advantage of this
method is that information about the protein structure is not necessary. With this
strategy, some engineered proteins are found to be highly efficient in hydrocarbon
activation. For example, evolutionary variants of P450BM3 were generated with
multiple rounds. High activity was shown towards gaseous alkanes and ultimately
on ethane with BDE of 101 kcal/mol [96].

1.4 Conclusions

Heme-thiolate enzymes, CYPs, CPO and now AaeAPO, have attracted considerable
attention due to their ability to mediate hydrocarbon oxygenation. Thus, these heme
proteins join a select cohort of iron- and copper-containing proteins, such as
methane monooxygenases and the environmentally ubiquitous non-heme diiron
alkane hydroxylase AlkB that have this ability. In order to understand the reaction
mechanisms of C–H oxygenation, a combination of spectroscopic techniques has
been employed that have provided an opportunity to obtain electronic and structural
properties of various reactive intermediates that perform the difficult chemistry. The
primary Fe=O oxidant, compound I, and the radical rebound mechanism have been
proven by many ways in these systems. It therefore guides us in designing new and
better biocatalysts.
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Chapter 2
Efficient and Selective Alkane
Hydroxylation Reactions Catalyzed
by the Fungal Peroxygenase AaeAPO

Abstract In this chapter, we report AaeAPO catalyzed alkane hydroxylations with
H2O2 as the sole oxidant. High selectivity for alcohols, high efficiency of H2O2

utilization, high regioselectivity and stereospecificity were observed. The scope of
the alkane substrates includes linear, branched and cyclic hydrocarbons, further
expanding to gaseous ethane, propane and neopentane. Metabolites of several drug
molecules were also analyzed and compared with P450s metabolites. Combining
with coenzymes or cofactors, AaeAPO can also utilize the environmentally desir-
able oxidant O2 to perform C–H oxidation. All these various reactions suggest that
AaeAPO has potential practical application as an industrial biocatalyst.
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2.1 Introduction

The fungal peroxygenase AaeAPO has become a promising biocatalyst in bio-
technological applications. It has a proximal cysteine ligating to the heme iron, the
same as chloroperoxidase (CPO) and cytochrome P450s. It also fills the gap
between peroxidases and monooxygenases, catalyzing various kinds of reactions
[1], such as nitrogen oxidation, sulfoxidation, halogenations [2], olefin epoxidation,
ether cleavage [3], aromatic [4], benzylic [5] and alkyl [6] hydroxylation by using
peroxide as oxidants (Scheme 2.1). More importantly, AaeAPO catalyzes reactions
with high efficiency and selectivity, making them have more potential industrial
applications such as producing pharmaceutical drugs, use as antimicrobial agents or
detergents and so on.

Since AaeAPO is a highly glycosylated, extracellular enzyme, it has high stability
with wide tolerant temperature range and even tolerates in organic solvents [6]. For
example, its stability has been tested in different nonpolar organic solvents over time.
Data showed that the peroxygenasemaintained at least 50%of its activity after 30min
of incubation in all solvents tested and almost no loss of activity after 2 h of incubation
in acetone/water mixture (60 % v/v) (Table 2.1). There are numerous advantages to
use an enzyme in organic or organic-water mixed solvents system [7, 8]. For example,
the possibility of carrying out new reactions that are impossible in water because of
kinetic, thermodynamic or solubility restrictions. It might also prevent side reactions
caused by the high concentration of water molecules. So, this high stability of
AaeAPO in organic solvents broadens its technological utility.

The C–H bonds strength of alkanes are quite strong, for example 99 kcal/mol for
C–H bonds in cyclohexane. Sometimes, alkanes are even ideal solvents for very

Scheme 2.1 Different types of reactions catalyzed by AaeAPO
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reactive oxidation catalysts. So they are difficult to activate. The functionalization
of inert C–H bonds has been a challenge in the field of organic chemistry for a long
time. Biomimetic transition-metal complexes are designed as catalysts to hydrox-
ylate alkanes, but these complexes support very few total turnovers. Nature has
design several biological systems to perform this function. For example, methane
monooxygenase (MMO) from Methylococcus capsulatus (Bath) can hydroxylate
C–H bonds of methane as well as other alkanes to yield alcohols [9]. Alkane
hydroxylase (AlkB) from Pseudomonas putida GPo1 hydroxylates propane and
butane and supports cell growth [10, 11]. AlkB selectively oxidizes at the terminal
carbon of n-alkanes to produce the 1-alkanols. Cytochrome P450s are also capable
of hydroxylating alkanes, but most of the time the selectivity is not obvious. Most
of the biological systems require cofactors, such as NADPH and partner enzymes,
such as reductase, to transfer electrons. So, the discovery of a simple and high
efficiency biocatalyst is quite desirable for the potential industrial applications.

2.2 Results and Discussion

2.2.1 Hydroxylation of Alkanes with High Efficiency
and Selectivity

Peroxygenase AaeAPO was found to efficiently hydroxylate a variety of alkanes,
including linear, branched and cyclic saturated hydrocarbons using H2O2 as the
terminal oxidant [6] (Scheme 2.2). The alkane hydroxylation reaction catalyzed by
AaeAPO showed both regioselectivity and stereoselectivity. For example, AaeAPO
prefers tertiary and secondary carbons but not primary carbons. Most linear alkanes
(C2–C16) hydroxylations happened at the 2-position and 3-position. Experiments
with n-heptane and n-octane showed that the hydroxylation proceeded with

Table 2.1 Stability of
peroxygenase AaeAPO in
different organic solvents

Solvent Relative enzyme activity (%)

30 min 60 min 120 min

Acetonea 98.5 ± 5.6 101.4 ± 2.8 108.5 ± 1.4

HMNb 102.7 ± 9.2 106.7 ± 13.1 99.9 ± 9.4

n-Hexane 96.4 ± 2.8 101.4 ± 4.7 99.6 ± 13.5

Tetrab 87.6 ± 0.3 54.4 ± 0.5 65.5 ± 0.1

Tridecane 105.7 ± 23.6 86.1 ± 11.8 55.3 ± 18.5

2,3-DMB 85.8 ± 13.6 76.6 ± 5.1 32.8 ± 17.7

DCMb 51.9 ± 0.2 43.0 ± 0.2 –

Experiments were performed by Dr. Sebastian Peter and data
were from Ref. [6]
a(60 %); HMN Heptamethylnonane, DMB Dimethylbutane, DCM
Dichloromethane
bAlthough the enzyme was still active after aqueous extraction,
the conversion of n-hexane in this solvent was not efficient
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complete stereoselectivity for the (R)-enantiomer of the corresponding 3-alcohol.
However, with short linear alkanes, such as n-butane and n-pentane, the major
alcohol products were (S)-enantiomers (Table 2.2). Branched alkanes were oxidized
regioselectively as well and cyclic alkanes (C5–C8) also yielded monohydroxylated
products (Fig. 2.1). For example, 2,3-dimethylbutane was oxidized to
2,3-dimethylbutan-2-ol with 2,2,3,3-tetramethyloxirane as a minor product.
Cyclohexane hydroxylation resulted cyclohexanol with only trace amounts of
cyclohexanone as an over-oxidized product. However, multihydroxylated reaction
products, such as diols, were not detected.

The high stereoselectivity of AaeAPO catalyzed linear alkane hydroxylation
reactions are worthy of further discussion. It is interesting to compare the values
obtained with those of engineered P450s [12], which were optimized for the
selective oxidation of alkanes. In general, the ee-values of the (R)-enantiomers and
(S)-enantiomers obtained are somewhat higher than those of engineered P450s; in
particular, this applies to the ee-value of more than 99 % for the 3-alcohols obtained
after the reaction of peroxygenase with n-heptane or n-octane.

Our results demonstrate that AaeAPO catalyzes the hydroxylation of diverse
alkanes. This type of reaction suggests that AaeAPO may have a role in the

Table 2.2 Product distributions (% total alcohols) and % ee of selected products

Substrate 2-alcohol 3-alcohol Ketones

(%)a ee % (%)a ee (%) (%)b

Propane 100 Trace

n-Butane 100 (S) 30.8 ± 4.7 Trace

n-Pentane 34.1 ± 0.1 (S) 36.3 ± 4.7 65.9 ± 0.1 0.13 ± 0.18

n-Hexane 52.6 ± 0.7 (R) 62.5 ± 2.5 47.4 ± 0.7 (R) 79.5 ± 5.1 1.3 ± 0.1

n-Heptane 60.5 ± 0.1 (R) 62.2 ± 2.9 39.5 ± 0.1 (R) 99.9 ± 0.1 3.0 ± 0.2

n-Octane 55.0 ± 0.3 (R) 50.6 ± 1.5 45.0 ± 0.3 (R) 99.9 ± 0.1 1.1 ± 0.1

Experiments were performed by Dr. Sebastian Peter and data were from Ref. [6]
aProduct distribution determined as ratio of a specific alcohol product in relation to the total
amount of all alcohol products
bProduct distribution for ketones was similar to that of alcohol product distribution. The numbers
reported here are the total of all ketones (%) relative to total products (alcohols and ketones)

Scheme 2.2 Alkane
hydroxylation catalyzed by
AaeAPO
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biodegradation of lignin or cutin fragments, or in the detoxification of aliphatic
compounds that show fungicidal activity, such as terpenes and oxylipins in soils,
plant litter, and wood [13].

2.2.2 Hydroxylation at Benzyl Position with a High Degree
of Stereoselectivity

Enantiomeric analysis of the R and S stereoisomers of 1-phenylethanol was done by
GC of the diastereomeric esters formed by the reaction of enzymatic mixture with
(S)-O-acetylmandelyl chloride [14] (Scheme 2.3). Our result showed that the
benzylic hydroxylation results in (R)-1-phenylethanol as the major product
(Fig. 2.2). The highest ee could be 99 % [15]. The ability of producing pure
R-isomer at the benzylic position is of high importance and has potential industrial
application because they are important building blocks used in organic synthesis.
The yield of (R)-1-phenylethanol per enzyme has been optimized in a fed-batch
reactor, TTN of 43000 related to (R)-1-phenylethanol and a space–time yield of

Fig. 2.1 GC/MS total ion chromatogram of alkane hydroxylation product mixtures catalyzed by
AaeAPO
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approximately 60 g L−1 d−1 [5]. It proves the application of AaeAPO in a
process-oriented approach.

The range of acceptable substrates for AaeAPO is also wider than that of CPO.
The benzylic oxidation of ethylbenzene catalyzed by CPO gave 2-phenethyl alcohol
in the R configuration with ee of 97 %. The oxidation of propylbenzene resulted in
S-1-phenyl-1-propanol in the S configuration, ee of 88 % [16]. However, AaeAPO
oxidized propylbenzene producing the R isomer as well. Unlike CPO, cumene,
tetralin and indane are all good substrates for AaeAPO [5].

The ee of benzylic hydroxylation by AaeAPO is also higher than some P450s.
For example, P450cam hydroxylate ethylbenze with ee of about 46 % [17].
Ethylbenzene hydroxylation by a newly discovered P450BSβ resulted the ee from 35
to 68 % with different carboxylic acids as decoy molecules [18].

Fig. 2.2 Left GC trace of reaction mixture from the hydroxylation of ethylbenzene catalyzed by
AaeAPO. Right GC trace of diastereomeric (S)-O-acetylmandelyl esters of 1-phenylethanol
mixtures

Scheme 2.3 The determination of enantiomers
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2.2.3 Hydroxylation of Neopentane and Ethane

Methane (CH4) is the simplest hydrocarbon and is the principal component of
natural gas. It is abundant throughout the world. Methane is not used very effi-
ciently because it is a combustible gas that requires impractical and expensive gas
pipelines and liquefaction stations for transportation and handling. Lots of oil wells
combust methane instead of storaging it for future use. Methods of converting
methane into more useful chemicals and fuels are challenging. Some costly and
inefficient methods require high temperatures and pressures. A direct method for
conversion of methane into methanol would be ideal because methanol is useful
energy that is easy to handle. The oxidation of methane is difficult because the C–H
bond strength in methane is as high as 104 kcal/mol.

The biological oxidation of methane is catalyzed by MMOs. But MMOs are
complex enzymes and many of them are membrane proteins. There are many
problems with using it as a biocatalyst for industrial application. P450s or engi-
neered P450s have also been shown to accept methane. By using the enzyme P450
BM3 (CYP102A1) from Bacillus megaterium as the catalyst, a maximum TON of
2472 were achieved with perfluoro octanic acids as additives [19]. The additives are
chemical inert to fill the binding pocket and reduce the freedom of small substrates.
Another enzyme, P450153A6 has also shown the ability of methane oxidation by
using iodosylbenzence as the oxidant [20]. These results confirmed that methane
C–H bond can be activated by P450s. Engineered P450s have also shown the ability
to oxidize ethane to ethanol [21]. We want to know about the ability of AaeAPO for
the oxidation of small gaseous molecules.

The reaction was set up with saturated neopentane or ethane in buffer under 1
atom pressure and at room temperature. The reaction mixtures were subjected to 1H
NMR analysis directly after the reactions were done. Then, neopentanol was
extracted to organic solvent and can be analyzed by GC-MS. Figure 2.3 shows GC

Fig. 2.3 Left GC trace of product mixture after the reaction of neopentane with H2O2 catalyzed by
AaeAPO. Right1H NMR of product mixture and compare it with control. There are new peaks
corresponding to neopentanol. The total turnover was about 30. The final concentration of ethanol
was 13 μM calculated from an internal standard which was added before doing NMR

2.2 Results and Discussion 29



trace and water suppressed 1H NMR of mixtures after neopentane reactions. In the
right figure, the arrows pointed to two new peaks corresponding to neopentanol
(2H, s and 9H, s). No neopentanol was formed in the controls without adding
AaeAPO. The total turnover was about 30. In Fig. 2.4, the enlarged two panels
show ethanol peaks (2H, q and 3H, t). No over-oxidized products were detected.
The total turnover was about 10. Our results showed that without the help of
additives, AaeAPO is better than wild-type P450 BM3 for small alkanes oxidation.
The result is competitive with some engineered P450s.

Methane oxidation was also carried out under the same conditions. But no
detection of methanol was found. Maybe the TTN is so small that 1H NMR is not
sensitive enough for the detection of trace amount of products. But the successful
conversion of ethane to ethanol is a good starting point. It is worth trying more
reaction conditions on methane oxidation, such as the use of decoy molecules and
run the reaction under high pressure.

2.2.4 Drug Metabolites

About one-third of the P450s within mammals are found in the liver and their major
functions are involved in the degradation of xenobiotics. And it has been recognized
that most of the pharmaceutical compounds are metabolized by P450s. So far the
most intensively studied route of drug metabolism is the P450-catalysed oxidation
reactions [23, 24]. Metabolite characterization has become one of the key drivers of
the drug discovery process. Some of the drug metabolites kept active or even become
more active. Some of the metabolites are toxic. So studying the metabolites of drugs
helps the design of new drugs and makes important decisions on drug candidates.

Similar to P450s, AaeAPO has showed powerful oxidization capability to
selectivity functionalize inert C–H bonds to hydroxyl groups. So, here we expand

Fig. 2.4 1H NMR of ethane
oxidation catalyzed by
AaeAPO. New peaks are
formed and corresponding to
ethanol. The total turnover
was about 10. The final
concentration of ethanol was
6 μM calculated from an
internal standard which was
added when doing NMR
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its substrates to pharmaceutical drugs and study the metabolites (Scheme 2.4). Our
results suggest that AaeAPO could be a useful biocatalyst to prepare pharmaco-
logically relevant drug metabolites and for the discovery of new commercial
products including drugs.

Clopidogrel (Plavix) is a prodrug metabolized by cytochrome P450 to an active
form that inhibits ADP-induced platelet aggregation. Before clopidogrel, its analog
ticlopidine was used in patients. Early studies have showed that among all of
metabolites of ticlopidine, 2-oxo-ticlopidine was the only metabolite that had
anti-platelet activity in vivo [24]. Our HPLC-MS analysis showed that 40 % of the
total metabolites by AaeAPO in vitro was 2-oxo-ticlopidine (Fig. 2.5). The retention

Fig. 2.5 HPLC trace and ESI-MS of ticlopidine metabolites

Scheme 2.4 Several examples of drug metabolites by AaeAPO
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time and ESI-MS was confirmed by the authentic standard. So AaeAPO might have
the same function as CYP2C19 in the liver [25].

Ibuprofen is a drug to relieve pain, tenderness, swelling, and stiffness caused by
osteoarthritis. Analyzed by 1H NMR of the reaction mixture, the major metabolite
of ibuprofen by AaeAPO is 2-hydroxyibuprofen (80 % of total metabolites)
(Fig. 2.6). Similar to CYPs, 2-hydroxyibuprofen is the major metabolite. Whereas
3-hydroxyibuprofen is almost exclusively produced by CYP2C9 [26].

Imipramine is an antidepressant medicine. The metabolite of imipramine by
AaeAPO is the demethylated product desipramine, the same as CYP1A2/2C19/3A4
[27]. With human liver microsomes in vitro, the major metabolites formed are
desipramine and 2-hydroxyimipramine as well (Fig. 2.7).

Fig. 2.6 Water suppressed 1H NMR of ibuprofen metabolites

Fig. 2.7 GC trace of the
imipramine metabolites
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2.2.5 Flavin Cofactors and Glucose Oxidase Coenzymes

2.2.5.1 Too Much H2O2 Can Kill the Activity of the Enzyme

High concentration of H2O2 could inactive enzyme by oxidative degradation of the
heme prosthetic group. The Michaelis-Mention profile of saturated veratryl alcohol
or benzyl alcohol conversion catalyzed by AaeAPO with different concentration of
H2O2 showed that 2.5 mM of H2O2 decreased the formation rates dramatically
(Fig. 2.8). Though portionwise addition of oxidants by the syringe pump can
maintain the total H2O2 concentration at acceptable levels and it was shown to
increase the total turnover number (TTN) of AaeAPO. There are still contacts
between highly concentrated H2O2 at the needle top with enzyme solution. The
heterogeneous external addition speeds up the enzyme inactivation. So a method of
generating H2O2 homogeneously by the reduction of O2 is desirable.

2.2.5.2 Glucose Oxidase Coenzymes Catalytic Cycle

Glucose oxidase catalyzes the oxidation of glucose to produce H2O2 and gluconic
acid. In the GOx-catalyzed redox reaction, its cofactor FAD works as the initial
electron acceptor and is reduced to FADH2. Then FADH2 is oxidized by the final
electron acceptor, molecular oxygen. O2 is then reduced to hydrogen peroxide
(H2O2) (Fig. 2.9). This enzymatic method solves the problem of generating H2O2

in situ. But in order to make a specific amount of product, equal amount of glucose
has to be used. In the end, the reaction generates equal amount of gluconic acid as
the by-product [16] (Scheme 2.5).

Fig. 2.8 The product formation rates change catalyzed by AaeAPO with different concentration of
H2O2
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2.2.5.3 Flavin Cofactors Catalytic Cycle

Instead of using glucose oxidase as coenzyme, FAD or flavin moiety might serve
the same function as the electron transport system in heme enzymes [28, 29].
A catalytic amount of flavin analogs were added into the system. Upon initiation by
light, with the presence of electron sources such as EDTA or oxalate, flavin got
reduced. The reduced FlredH2 reacts with O2 in the solution, produces H2O2 and
regenerates the oxidative form of Flox. When the flavin catalytic cycle is coupled
with AaeAPO cycle, typical AaeAPO substrates are converted (Scheme 2.6).
Control experiments without flavin, electron sources or under the dark results in no
products formation. Without AaeAPO, there is also no products formation, flavin
only catalyzed by itself. The region- and stereo-selectivity are the same as adding
external oxidants. For example, when using ethylbenzoic acid as the substrate,
almost 100 % conversion to (R)-1-phenylethanol was obtained (Scheme 2.7). The
byproduct of the reaction using EDTA as the electron donors are formaldehyde and
ethylene diamine. However, the byproduct of using oxalate is CO2 which is a clean
gas generated out of the reaction mixture (Scheme 2.8).

The percentage of conversion was confirmed by 1H NMR (Fig. 2.10), the
spectrum of products is distinct from the starting material. The triplet at 1.1 ppm is
the methyl group of benzoic acid. The yield was calculated from the integration
ratio between the new doublet at 1.36 ppm and the peak at 1.1 ppm. It turned out

Fig. 2.9 The UV-vis spectrum of TARF and LumiFlEt at KP 50 mM pH 6. The red lines are
oxidized forms and the black lines are reduced forms by excess DTT

Scheme 2.5 The couple of AaeAPO and glucose oxidase catalytic cycles
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the protein was still active when the reaction was stopped. We also optimized this
clean photo-driven reaction by changing the concentration of flavin, using different
flavins, different light sources, various reaction pHs and so on. The concentration of
flavin concentration was optimized at 30 μM. The TTN could not be improved with
more concentrated flavin solution. N2H4 is also a good electron source. But the
reaction did not work when EDTA and oxalate were replaced with N2H4. The
hydroxylation reaction at pH 6 was better than neutral and slightly basic conditions
(Fig. 2.11) Four different flavins were tried (Table 2.3). The TARF gave the
maximum yield. Lumiflavin and Phlumiflavin did not work well. This is possibly
due to the positive charge on the catalysts.

Scheme 2.7 Ethylbenzene hydroxylation by AaeAPO coupled with Flavin

Scheme 2.8 Cyclohexanecarboxylic acid hydroxylation by AaeAPO coupled with Flavin

Scheme 2.6 The catalytic cycles of AaeAPO reaction coupled with flavins
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Like ethylbenzoic acid and cyclohexanecarboxylic acid, ethane and neopentane
were also converted to their corresponding alcohol products with this new method.
We are trying to carefully tune the active site of AaeAPO by using different flavins
in order to oxidize methane.

Fig. 2.11 Water suppressed 1H NMR of cyclohexancecarboxylic acid hydroxylation product
mixtures at pH 6, 7 or 8. The sharp two triplets at 3.78 and 3.95 ppm indicated that the
hydroxylation happened on two axial sites

Fig. 2.10 Water suppressed 1H NMR of ethylbenzoic acid hydroxylation products (94 %
conversion)
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2.3 Conclusions

In this chapter, we have demonstrated that AaeAPO catalyzes the hydroxylation of
diverse alkanes with high selectivity and efficiency. H2O2 was used as the sole
friendly oxidant. But the flavin light-driven catalytic cycle coupled with AaeAPO
couple increases the stability of AaeAPO and takes advantage of molecular oxygen
as the green oxidant. The wide substrate scope and various kinds of reactions
catalyzed by AaeAPO prove its potential role as a good biocatalyst.

2.4 Experimental

Reagents: wild-type peroxygenase from A. aegerita (isoform II, pI 5.6, 46 kDa)
was produced in bioreactors with a soybean-flour suspension as growth substrate,
and purified as described previously [30]. The enzyme preparation was homoge-
neous by SDS/PAGE, and exhibited an A418 nm/A280 nm ratio of 1.7. The specific
activity of theperoxygenase was 59 U mg−1, where 1 U represents the oxidation of
l μmol of 3,4-dimethoxybenzyl alcohol to 3,4-dimethoxybenzaldehyde in 1 min at
RT. All chemicals and glucose oxidase were of the best available purity from
Aldrich. Different flavins were kindly provided by Dr. Erika Milczek.
2-oxo-ticlopidine authentic standard was kindly provided by Nick Boaz. (S)-O-
acetylmandelyl chloride was made from thionyl chloride and (S)-O-acetylmandelic
acid. D2O was obtained from Cambridge Isotope Laboratories, Inc. Water used in
all experiments was de-ionized (Millipore, Milli-Q). Buffers were prepared fresh
daily using either citric acid/sodium citrate (pH 3–5), KH2PO4/K2HPO4 (pH 6–8).

Instruments: UV-vis spectral measurements were made with a Hewlett Packed
8453 diode array spectrophotometer at room temperature. GC-MS analysis were
run using an Agilent 7890A GC coupled to a 5975 Inert MSD with a Rtx-5Sil MS
column using the following temperature profile: 50 °C hold 2 min, 10 °C min−1 to
230 °C. HPLC-MS analysis were done with HP 1100 A MS equipped with an
auto-sampler. Separation was performed with a Luna C18 50 mm × 4.6 mm column

Table 2.3 Conversion of ethylbenzoic acid hydroxylation catalyzed by AaeAPO and different
flavins

TARF (%) Me-TARF (%)

LumiFlEt (%)
PhFlET (%)

45 36 4 0
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and gradient separation with acetonitrile and water. Water suppressed 1H NMR and
13C NMR spectra were recorded on a 500 MHz Bruker Avance II spectrometer.

Reaction conditions for alkane hydroxylation and drug metabolites: The
reaction mixtures (0.20 ml, stirred at room temperature) contained 0.4 U of
AaeAPO, desired buffer pH (100 mM) and 2 μl of neat liquid alkanes or contin-
uously bubbled with gaseous alkanes or 50 mM of drugs. The solution was mixed
well by a stirred bar and then the reaction was started by syringe pumping 20 µl of
50 mM H2O2 with a rate of 1 µl/min. The mixture was extracted with ethyl acetate
or DCM. The organic layers were combined, dried by Na2SO4 and then analyzed by
GC/MS. Or when the reaction was done, the mixture was directly analyzed by
HPLC/MS. Or when the reaction was done, several drops of D2O were added into
the solution then the mixture was subjected to water suppressed 1H NMR and
13C NMR.

Diastereomeric derivatization of 1-phenylethanol: The dried and concentrated
DCM solution of 1-phenylethanol from the enzyme reaction was kept on ice in a
septum-sealed vial. Dry pyridine (2 µL) was added, followed by excess amount of
(S)-O-propionylmandelyl chloride (100 mM solution in DCM). The solution was
stirred and allowed to stand at room temperature for at least 1 h. Sufficient reaction
time was always used to ensure quantitative conversion of alcohol to ester. The
resulting solution went through a short silicone gel column and then the solution
was directly analyzed by GC-MS.

Coenzyme and cofactor reaction condition: A typical flavin light-driven
reaction was performed by well mixing AaeAPO (1U) with flavin (100 µM), EDTA
or oxalate (10 mM) and substrates (10 mM) in a buffered solution. The open vial
was placed in front of a lamp and illuminated for 30 min under aerobic conditions.
If a closed vial was used, its cap was connected with a balloon filling with pure
oxygen.
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Chapter 3
Hydrocarbon Hydroxylations Catalyzed
by AaeAPO: Evidence of Radical
Intermediates and Kinetic Isotope Effects

Abstract Recently, a new heme-thiolate peroxygenase enzyme from the fungus
Agrocybe aegerita, was identified and found to be capable of catalyzing hydrocar-
bon hydroxylation by using H2O2 as co-substrate with high efficiency and selec-
tivity. It not only shows potential for practical biocatalytic application but also might
provide some inspiration for designing biomimetic catalysts. In order to investigate
the reaction mechanism, several radical clocks were used in this chapter. Products
indicative of radical intermediates were all detected during the oxidation of norca-
rane, bicycle[2.1.0]pentane and 1,1,2,2-tetremethylcycloprotane with lifetimes
ranging from 3.0 to 132 ps. At the same time, a large intramolecular deuterium
isotope effect was measured with the hydroxylation of 1,1,1,2,2,3,3-d7-n-hexane and
methyl partially deuterated toluenes. Taken together, a mechanism involving
hydrogen atom abstraction and rebound is suggested. More interestingly, small
intramolecular KIEs probed by (R)-1-ethylbenzene were also observed. We thought
these suppressions were caused by steric hindrance in the active site of enzyme.
These isotope masking effects can give us some information about the dynamics of
substrates and map the active site environment of enzyme.
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3.1 Introduction

The consensus mechanism, hydrogen atom abstraction followed by a rebound
mechanism, for hydroxylation reactions catalyzed by cytochrome P450 enzymes
was first proposed in 1978 by Groves. It is based on the observation that the
cytochrome P450-catalyzed hydroxylation of 2,3,5,6-tetradeuterated norbornane
results in a partial inversion of stereochemistry at the carbon, indicating a carbon
radical in the reaction mechanism [1]. As shown in Fig. 3.1, the catalytic cycle is
initiated by substrate binding with resting enzyme and displacement of the water
molecules in the active site. It also causes the spin-state change of iron center and
conformational change of the enzyme. The ferric enzyme is reduced to its ferrous
form with electron supplies from NAD(P)H and reductases. Ferrous iron binds a
dioxygen, followed by further reduction and protonation, resulting in a FeIII-
hydroperoxo intermediate, also named compound 0. The heterolytic cleavage of the
O–O bond in compound 0 gives the active species FeIV-porphyrin radical cation
intermediate, compound I. After the step of C–H activation, compound II is formed
by a one electron reduction of the porphyrin ring. The iron-bound hydroxyl group
finally rebounds back to the substrate carbon radical to complete the catalytic cycle
and release the product.

Some indirect methods have been used to probe the presence of a carbon-radical
intermediate in the catalytic cycle and study the C–H bond cleavage step in the
context of cytochrome P450 studies. For example, by using different radical clocks,
this mechanism would render radical rearranged products [2, 3]. If the C–H bond
cleavage is the rate determining step, this hydrogen atom abstraction mechanism
would be subject to a large kinetic isotope effect [4]. Here, in this chapter, we want
to used radical clocks and KIE probes to study the mechanism of AaeAPO cata-
lyzed alkane hydroxylation reactions.

Fig. 3.1 Mechanism for the cytochrome P450 reaction cycle and peroxide shunt pathway
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3.2 Results and Discussion

3.2.1 Radical Clocks

The rebound mechanism can be studied with radical clocks [3, 5]. When a radical
clock (UH) is converted to a radical by hydrogen abstraction, it can collapse to an
unrearranged product (UOH) or can undergo a rearrangement to a different product
(ROH). From the known rearrangement rate, it is possible to estimate the radical
lifetime (τ) and rebound rate (kOH) as shown in Scheme 3.1 and calculated
according to Eq. 3.1 [2]. The first radical clock substrates used in the P450 area is
bicycle[2.1.0]pentane by Ortiz de Montellano and Stearns [6]. This study suggested
a lifetime of 70 ps for the radical. Many other radical clocks substrates with dif-
ferent rearranged rates were also used for the study of P450s mechanism later.
Some radical clocks, such as norcarane [7], can also differentiate a radical pathway
from a cation pathway.

s ¼ 1
kOH

¼ ROH
UOH � kr ð3:1Þ

We examined the behavior of several radical clocks, such as norcarane, bicycle
[2.1.0]pentane and TMCP, as diagnostic substrates with AaeAPO. We detected
rearranged alcohol products, measured radical life time, thus pointing to the
mechanism involving hydrogen abstraction and OH rebound.

3.2.1.1 Bicycloheptane

To verify whether a substrate radical is formed, we studied the oxidation of norcarane
(bicyclo[4.1.0]heptane), a radical clock substrate that has often been used to evaluate
the reaction mechanism of P450s and other alkane-oxidizing enzymes [8–10].
The GC/MS profile of the AaeAPO catalyzed hydroxylation of norcarane shows that
diverse reaction products were formed [11] (Fig. 3.3). The reactions yielded
exo-2-norcaranol as the major product, smaller amounts of endo-2-norcaranol, and
exo-norcaranol and endo-3-norcaranol; they also yielded a product expected to be

Scheme 3.1 Radical clock (Ingold’s Model)
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derived from the cationic intermediate 3-cyclohepten-1-ol, and the radical rear-
rangement product 4-(hydroxymethyl)-cyclohexane, which have all previously been
described for P450s [7].

On the basis of the ratio of the rearranged radical reaction product
cyclohex-2-enyl methanol and norcaranol, we calculated a radical lifetime of 9.4 ps
and an oxygen rebound rate of 1.06 × 1011 s−1, which is six-fold to 20-fold faster
than the values observed for functional similar P450s (0.62 * 2 × 1010 s−1) [7, 12].
Interestingly, the major product of peroxygenase catalysis was exo-2-norcaranol. Its
amount was about 25-fold higher than that of endo-2-norcaranol, which is different
from what is seen with P450s [7]. Moreover, 3-cyclohepten-1-ol is also observed
and its amount is more than that of radical rearranged product. Its formation was
attributed to a competing electron transfer oxidation of the incipient radical
(Fig. 3.2).

Fig. 3.3 GC/MS total ion
current chromatogram in the
region of the alcohols
produced from the
hydroxylation of norcarane by
AaeAPO. In addition, traces
of desaturation products and
an epoxide were detected

Fig. 3.2 Rearrangement pathways and products resulting from formation of a radical or a cation
intermediate upon oxidation of norcarane

44 3 Hydrocarbon Hydroxylations Catalyzed …



Besides H2O2, with other oxidants such as PAC, TBHP, NaClO4 and mCPBA,
the radical rearranged product was also detected and the mixture of products are the
same ratio as Fig. 3.3. This result suggests that the same reactive species (com-
pound I) was formed by different oxygen sources and the hydrogen abstractor is
compound I (Fig. 3.4).

3.2.1.2 Bicyclo[2.1.0]Pentane

Hydrogen abstraction of bicyclo[2.1.0]pentane gives a radical that could rearrange
to a monocyclic radical. The rearrangement rate is 2.1 × 109 s−1 [6]. We also made
this radical clock. (Scheme 3.2) The GC-MS of products mixture showed the major
product was the unrearranged endo-2-hydroxybicyclo[2.1.0]pentane. And a sig-
nificant amount of ring opened product 3-cyclopenten-1-ol was detected (Fig. 3.6).
From the ratio, the radical life time of 132 ps was calculated. This number is longer
than that obtained from norcarane. Possibly it is caused by the fact that bicycle
[2.1.0]pentane could not differentiate a radical intermediate from a cation inter-
mediate (Fig. 3.5). This can also be explained by the competition between cage
escape and geminate recombination. Smaller substrates are more mobile than bigger
ones in the active site of the enzymes [13].

Fig. 3.4 Compound I formation from H2O2 and NaClO4

Fig. 3.5 Rearrangement pathways and products resulting from the oxidation of bicycle[2.1.0]
pentane
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3.2.1.3 TMCP

Alkylsubstituted cyclopropane rings, such as 1,1,2,2-tetramethylcyclopropane
(TMCP), were also used in the radical clock study [12] (Fig. 3.8). The major
hydroxylation product was the unrearranged primary alcohol. Some small amounts
of rearranged tertiary alcohol were also detected. The oxygen trapped radical
intermediate, diacetone alcohol, was also observed. But its amount was much
smaller than several P450s we examined before [12]. Another interesting thing
about TMCP oxidation by AaeAPO is the desaturation products.

The desaturation products accounts for about 30 % of total turnover. This might
come from the second hydrogen abstraction on the carbon adjacent to the carbon
radical center. Or it might be caused by the electron transfer to form a cationic
carbon and followed by proton transfer (Fig. 3.7). The olefins are easily further
epoxidated. Previous TMCP results with three P450s (CYP2E1, CYP3A4 and rat
CYP2B1) show no desaturation products [12]. Maybe the relative orientation of
TMCP in the active site promotes desaturation. Or maybe the active species
compound II of AaeAPO promotes electron transfer. Recently, catalysis with mixed

Fig. 3.6 GC/MS of the
oxidation of bicycle[2.1.0]
pentane by AaeAPO

Scheme 3.2 The synthesis of bicycle[2.1.0]pentane
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hydroxylation/desaturation activity has been designed. By understanding the reason
of large amount of desaturation products formed by AaeAPO, we might be inspired
to design new catalysis.

The rearrange rate of TMCP is 2 × 109 s−1. The radical life time is 3 ps and
rebound rate is 3.3 × 1011 s−1, similar to the numbers obtained from norcarane
oxidation [11]. These values also closely match the reported value for P450 cata-
lyzed hydroxylation reactions reported by Ingold et al. [14].

3.2.2 Kinetic Isotope Effect (KIE)

kH
kD

¼ e
�DZPE

kT ¼ e
hcðmH�mDÞ

2kT ð3:2Þ

Fig. 3.7 Rearrangement pathways and products resulting from the oxidation of TMCP

Fig. 3.8 GC/MS of the
oxidation of TMCP by
AaeAPO
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Measuring kinetic isotope effects (kH/kD) is another way to unravel the C–H bond
cleavage step and to define the mechanism of alkane hydroxylation catalyzed by
enzymes [15]. Figure 3.9 is the simplest model illustrating the origin of kinetic
isotope effect. When a hydrogen atom is replaced by a deuterium atom, this heavier
atom leads to a lower vibration frequency. From quantum mechanical point of view,
it causes a lower zero point energy (ZPE). Thus, more energy has to be supplied to
break the bond. A higher activation energy is needed for bond cleavage, which in
turn lowers the measured rate. Theoretically, KIE can be calculated according to
Eq. 3.2. Its theoretical limit is 9 at 37 °C, without tunneling effects. Ideally, the
primary intrinsic isotope effect is related to the nature of the transition state
involving the bond cleavage.

However, most of the enzymatically mediated reactions have KIE(obs) different
from intrinsic KIEs. Besides the step of the catalytic reaction, there are also sub-
strates binding and products release steps (Scheme 3.3). Considering this compli-
cated situation, intramolecular KIE measurement has advantages since the active
species attacks one of the two symmetrically equivalent sites, one deuterated and
the other protonated, within the same molecule. Therefore, if the molecule reori-
entates freely in the active site of the enzyme, the intramolecular KIE(obs) should be
close to the intrinsic KIE.

In this chapter, several intramolecular isotope labeling probes are used to define
the hydrogen atom abstraction step by AaeAPO. With n-hexane-1,1,1,2,2,3,3-d7
and methyl group stepwise deuterated toluenes, large KIEs were obtained. The rate
of C–H bond interchange in methyl groups must be faster than the rate of bond
cleavage, so the KIE reflects the intrinsic KIE. Our large KIEs are consistent with
the abstraction-recombination mechanism for aliphatic hydroxylation. On the other
hand, single methyl-deuterated xylenes and chirally labeled ethylbenzenes resulted
in some masking effects. This is related to the limited dynamics of substrates in the

Fig. 3.9 The simplest model
of kinetic isotope effect

Scheme 3.3 Kinetic model of enzymatic reactions
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active site. The relative small KIE on the hydroxylation of weaker C–H bond of
ethylbenzene also suggests the transition state is earlier than those with stronger C–
H bonds.

3.2.2.1 N-Hexane-1,1,1,2,2,3,3-D7

The symmetrical n-hexane-1,1,1,2,2,3,3-d7 was used to determine whether alkane
hydroxylation by AaeAPO exhibits an intramolecular kinetic isotope effect [11].
Both sites 2 and 3 were hydroxylated catalyzed by AaeAPO upon oxidation with
H2O2. The MS of each peak showed a high percentage of 2-hexanol-d7 and
3-hexanol-d7 over 2-hexanol-d6 and 3-hexanol-d6 (Fig. 3.10). The observed intra-
molecular isotope effects, KIE(obs) were 16.0 ± 1.0 for 2-hexanol and 8.9 ± 0.9 for
3-hexanol. These large values strongly indicate a hydrogen abstraction mechanism
with the formation of a radical intermediate in the reaction cycle of AaeAPO.

3.2.2.2 Methyl Group Stepwise Deuterated Toluenes

We used methyl group stepwise deuterated toluenes as probes. Since C–H bonds of
methyl group rotate fast, the observed KIEs should be close to the intrinsic ones.
Table 3.1 shows the analyzed results from GC-MS data. First, comparison of the
alcohol/cresol ratios for PhCH3 vs PhCD3 indicated a very large net isotope effect
of 20.5 for benzylic hydroxylation. Second, the extensive deuterium retention (92.4

Fig. 3.10 Preferential hydroxylation products of 2-hexanol-d7 and 3-hexanol-d7 in
n-hexane-1,1,1,2,2,3,3-d7 by AaeAPO. Mass spectra of trimethylsilylether derivatives resulted
the KIE of the reactions (experiments were performed by Sebastian Peter and data were from Ref.
[11])
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and 80.4 %) in the benzyl alcohols from PhCH2D and PhCHD2 suggests there is a
large intrinsic isotope effect. Finally, we can also calculate primary KIEs(obs) and
secondary KIEs(obs) as shown in Table 3.2 [16]. All these values are consistent with
a hydrogen atom abstraction process.

3.2.2.3 Single Methyl Group Deuterated Xylenes

Not only can intramolecular isotope effect experiments provide mechanistic infor-
mation, they can also provide useful information about the dynamics of substrates
and the active site environment of enzymes. This takes advantage of the isotope
effect suppression, masking effect of intrinsic KIEs. If there is a full expression of the
isotope effect, it means the probe can reorient rapidly within the active site.
However, if there is some masking isotope effect, the rate of interchange between
labeled and unlabeled groups is slowed. This suggests that the repositioning of the
molecules is restricted. It may be caused by steric hindrance in the active site. In our
study, we used o-xylene-α-d3, m-xylene-α-d3 and p-xylene-α-d3. They are all
symmetrical compounds with one methyl group labeled and the other unlabeled. The

Table 3.1 Hydroxylation products of methyl stepwise deuterated toluenes

Probes Benzyl
alcohol (%)

o-cresol
(%)

p-cresol
(%)

o-cresol/p-
cresol

Cresols/benzyl
alcohol

H
abs

D
abs

Toluene 34.4 53.9 11.7 4.6 1.9

Toluene-α-d1 21.9 66.6 11.6 5.7 3.6

92.4 7.63

Toluene-α,α-d2 13.2 71.2 15.7 4.5 6.6

80.4 19.6

Toluene-α,α,α-
d3

2.5 79.7 17.9 4.5 39.0

Table 3.2 Derived isotope
effects for AaeAPO
hydroxylation of deuterated
toluenes

Primary KIEs Secondary KIEs

P1 ¼ kHHH
kHHD

8.3 S1 ¼ kHHH
kHDH

1.37

P2 ¼ kHDH
kHDD

8.5 S2 ¼ kHDH
kDDH

1.02

P3 ¼ kDDH
kDDD

14.7 S3 ¼ kHHD
kHDD

1.39

– – S4 ¼ kHDD
kDDD

1.75
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distances between two methyl groups increase from o-xylenes (2.5 Å), m-xylenes
(5.0 Å) to p-xylenes (6.6 Å) [17]. Table below shows the data and comparison of
KIEs(obs) between AaeAPO and some P450s.

As shown in Table 3.3, larger isotope effects were also observed for o-xylene. This
is the same as some P450s [18, 19]. This results can be explained by the short distance
of two methyl groups. The interchange of the two methyl groups in o-xylene is more
rapidly than that of p-xylene. Comparing and contrasting the set of KIEs generated by
using AaeAPO to the sets of data generated by P450s, we found that there are some
isotope masking effects for all probes. Overall, this set of data suggests that the active
site of AaeAPO is smaller and more constricted than some P450s.

3.2.2.4 Stereo-Deuterated Ethylbenzene

An extreme isotope masking effect was observed when using (S)- and (R)-
PhCHDCH3 (Scheme 3.4) as probe substrates. Figure 3.11 is the stereochemical
courses of phenylethane-1-d1 hydroxylation by AaeAPO. We found that AaeAPO
abstracted the pro-R hydrogen preferentially. The selectivity of AaeAPO is much
higher than some P450s with this substrate [20]. KIE(obs) for the S site was 4.2 and
for the R site it was only 1.2. Ethyl group rotation and whole molecule flip-flop are
two dynamics for ethylbenzene in the active site. We proposed that these two
dynamics are restricted possibly due to some steric hindrance or some weak
interactions between probes and protein residues (Fig. 3.12). It is known that the
active site of AaeAPO has many phenylalanine residues. They might hold aromatic
substrates tightly or in some specific orientation. So the iron-oxo of AaeAPO can
only access one side of the proton instead of the other side. Another explanation of
the small isotope effect is that the transition state of the rate determining step is
early. So the active species, the compound I intermediate, doesn’t differentiate C–H
from C–D. Its oxidant strength is high enough to activate strong C–H bonds. The

Table 3.3 Intramolecular KIE(obs) on selective deuterated substrates for AaeAPO and P450s

Probes AaeAPO CYP2B1 [18] CYP4B1 [18] CYP2E1 [19] CYP2A6 [19]

o-xylene-d3 6.8 ± 0.3 8.82 ± 0.05 9.72 ± 0.02 9.03 ± 0.42 11.5 ± 0.28

m-xylene-d3 5.7 ± 0.3 – – 6.65 ± 0.29 7.21 ± 0.43

p-xylene-d3 5.4 ± 0.7 6.96 ± 0.05 6.81 ± 0.03 6.04 ± 0.26 5.53 ± 0.19
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Pro-S KIE is 4.2 which is larger than Pro-R and smaller than normal KIEs, so the
ethylbenzene masking effects are considered to be the combination of the two
factors.

Fig. 3.12 The steric restriction in the active site of AaeAPO

Fig. 3.11 Stereochemical courses of phenylethane-1-d1 hydroxylation and the calculation of KIEs
for R and S sites separately

52 3 Hydrocarbon Hydroxylations Catalyzed …



3.3 Conclusions

Several radical clocks and isotopic labeling probes were used to investigate the
AaeAPO hydrocarbon hydroxylation reaction mechanism. The oxidation of radical
clocks involves an amount of radical rearranged alcohol products, suggesting the
hydrogen abstraction and rebound step. Different oxidants resulting in the same
oxidation products of norcarane indicate that the real hydrogen abstractor is gen-
erated from the enzyme, the compound I. With the use of site-directly isotopic
labeling substrates, large KIEs were obtained from the fast rotating methyl group of
toluenes, showing the intrinsic isotope effect. However, the oxidation of some other
probes, such as (R)-PhCHDCH3, prefers pro-R site hydroxylation. This implies that
the orientation of ethyl group in ethylbenzene is restricted in AaeAPO active site.

3.4 Experimental

Reagents: Unless otherwise mentioned, all the reagents were from Sigma-Aldrich.
All the chemicals were used without further purification. 98 atom % D α,α-d2-
benzyl bromide was purchased from CDN Isotopes and used without further
purification. 99 atom % D p-xylene-α,α,α-d3 was purchased from CDN Isotopes
and went through a short basic alumina column before use.

Scheme 3.4 The synthesis of (R)-1-phenylethane [20]
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3.4.1 Synthesis of Substrates and Authentic Samples

Toluene-α-d1: Benzyl chloride (3 g, 23.6 mmol) was added dropwise to a stirred
suspension of 98 atom % D LiAlD4 (1.3 g, 30 mmol) in 25 ml of tetralyme in a
100 ml three-necked flask at 0 °C. After reacting at 40 °C for 2 h, the product was
carefully distilled from the reaction mixture and redistilled from bulb to blub. It
went through a short basic alumina column before use. The resulting toluene-α-d1
is >99 % pure by GC-MS and 1HNMR.

Toluene-α,α-d2: Benzyl bromide-α,α-d2 (5 g, 29 mmol) was added dropwise to a
stirred suspension of LiAlH4 (1.1 g, 29 mmol) in 25 mL of tetralyme in a 100 mL
three-necked flask at 0 °C. After reacting at 40 °C for 2 h, product was carefully
distilled from the reaction mixture and redistilled from bulb to blub. It went through
a short basic alumina column before use. The resulting toluene-α,α-d2 was >99 %
pure by GC-MS and 1HNMR.

Benzyl alcohol-α-d1: Benzaldehyde (6.0 g, 56.6 mmol) was added dropwise to a
stirred suspension of 98 atom % D LiAID4 (2.4 g, 56.6 mmol) in 40 ml of anhy-
drous THF in a 100-mL three-necked flask at 0 °C. After being stirred for 2 h at
room temperature the reaction was worked up by successive addition of 1.2 ml of
H2O, 1.2 ml of 15 % NaOH, and 3.6 ml of H2O. The liquid phase was decanted
from the granular residue, the THF removed on a rotary evaporator, and the residue
chromatographed over silica gel, yielding 5.4 g of product. The resulting benzyl
alcohol-α-d1 was >99 % pure by GC-MS and 1HNMR.

o-xylene-α,α,α-d3: o-methyl-toluate (25 g, 0.15 mol) was added dropwise to a
stirred suspension of 98 atom % D LiAlD4 (5 g, 0.12 mol) in 300 ml anhydrous
diethyl ether at 0 °C. The reaction was stirred at room temperature overnight under
N2 atmosphere. After cooling, the reaction the hydrolyzed with saturated NH4Cl
solution and acidified with concentrated HCl. The mixture was further extracted
with ether. The combined organic layer was washed with saturated NaHCO3

solution and saturated NaCl solution. It was dried with anhydrous Na2SO4 and
concentrated to give 21 g of o-methylbenzyl alcohol. The resulting alcohol (7 g,
56 mmol) dissolved in ether was added to NaH (9 g of 60 % NaH in mineral oil,
225 mmol) ether suspension and refluxed overnight. It was then cooled down to
−40 °C. TsCl (10.8 g, 56 mmol) was added. The reaction was kept at −40 °C for 3 h
then 4 °C two more hours. After which, NaH was filtered. The ethereal solution was
cooled at −78 °C. At low temperature, white o-methylbenzyl tosylate was precip-
itated out. 5 g of o-methylbenzyl tosylate was added to a stirred suspension of 98
atom % D LiAID4 (0.8 g) in 20 ml of anhydrous ether at 0 °C. After stirring at room
temperature overnight, acidic workup and distillation from blub to blub gives
300 μl o-xylene-α,α,α-d3. It went through basic alumina before use. The resulting
o-xylene-α,α,α-d3 was >99 % pure by GC-MS and 1HNMR.

m-xylene-α,α,α-d3: This compound was synthesized from m-methyl-toluate
similar to the method described above. It went through basic alumina before use.
The resulting m-xylene-α,α,α-d3 was >99 % pure by GC-MS and 1HNMR.
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(R)-ethylbenzene-α-d1 and (S)-ethylbenzene-α-d1: The synthetic scheme
developed by Elsenbaumer and Mosher was followed [21], starting from chirally
pure mandelic acid. D-(-)-mandelic acid yields (S)-ethylbenzene-α-d1, while L-(+)-
mandelic acid yields (R)-ethylbenzene-α-d1. The resulting products were >99 %
pure by GC-MS and 1HNMR.

Norcarane: norcarane was prepared by using the Simmons-Smith reaction as
previously described [22]. Authentic standards of the product norcaranols [22, 23]
and the rearranged products cyclohept-3-enol [24] and cyclohex-2-enyl methanol
[25] were prepared according to published procedures.

Bicyclo[2.1.0]pentane: This compound was prepared as described in the liter-
ature [26] by condensation of cyclopentadiene with diethyl azodicarboxylate,
reduction of the resulting adduct over palladium/charcoal, hydrolytic removal of the
two carbethoxy groups, oxidation over cuprous chloride, and pyrolysis.

Preparation of the Enzymes: Wild-type peroxygenase from A. aegerita (iso-
form II, pI 5.6, 46 kDa) was produced in bioreactors with a soybean-flour sus-
pension as growth substrate, and purified as described previously [27]. The enzyme
preparation was homogeneous by SDS/PAGE, and exhibited an A418 nm/A280 nm

ratio of 1.7. The specific activity of theperoxygenase was 59 U/mg, where 1 U
represents the oxidation of 1 μmol of 3,4-dimethoxybenzyl alcohol to
3,4-dimethoxybenzaldehyde in 1 min at RT.

Reaction condition of AaeAPO catalyzed oxidation of different substrates:
2 μl of substrates and 4 μl of purified peroxygenase (440 U/ml) was added into 200
ul of potassium phosphate buffer (50 mM, pH 7.0). The reactions were started by
the addition 500 μl of 1 mM H2O2, stirred at room temperature for 5 min, and
stopped by adding 200 μl of CH2Cl2. The reaction mixtures were extracted by
vigorous shaking. CH2Cl2 layer was separated from aqueous layer by centrifuga-
tion. The bottom CH2Cl2 layer was then collected and dried over anhydrous sodium
sulfate before analyzed by GC-MS.

GC-MS Analysis: Most of the GC-MS analyses were performed on an Agilent
GC-MS (7890A) with a HP-5 ms cross-linked 5 % PH ME siloxane capillary
column (250 µm in diameter by 30 m length, 0.25 µm film thickness, Agilent
Technologies J&W, Santa Clara, California, USA) using two GC-MS thermal
gradient methods: method 1 started at 30 °C, holding for 6 min, ramping to 230 °C
at 10 °C/min and method 2 started at 50 °C, holding for 2 min, ramping to 230 °C at
10 °C/min. Retention times and mass spectra were compared to those of authentic
oxidation products. The radical lifetime and rebound rate were calculated as
described previously. In order to measure intramolecular KIEs, 200 μl product
extractions were dried over sodium sulfate 15 min and then derivatized to their
trimethylsilyl ethers by incubation with 2 μl of MSTFA 15 min at 60 oC. KIEs were
calculated by dividing the integration of the respective fragment ion of [M-15]+ for
the various deuterated states of products. Primary and Secondary KIEs were
measured based on previous method.
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Chapter 4
Detection and Kinetic Characterization
of a Highly Reactive Heme-Thiolate
Peroxygenase AaeAPO Compound I

Abstract The extracellular heme-thiolate peroxygenase from Agrocybe aegerita
(AaeAPO) has been shown to hydroxylate alkanes and numerous other substrates
using hydrogen peroxide as the terminal oxidant. In this chapter, we describe the
kinetics of formation and decomposition of AaeAPO compound I upon its reaction
with mCPBA. The UV-vis spectral features of AaeAPO-I (361, 694 nm) are similar
to those of chloroperoxidase-I and the recently-described cytochrome P450-I. The
second-order rate constant for AaeAPO-I formation was 1.0 (±0.4) × 107 M−1 s−1 at
pH 5.0, 4 °C. The relatively slow decomposition rate, 1.4 (±0.03) s−1, allowed the
measurement of its reactivity toward a panel of substrates. The observed rate
constants, k2′, spanned five orders of magnitude and correlated linearly with bond
dissociation enthalpies of strong C-H bond substrates with a log k2′ versus BDE
slope of *0.4. However, the hydroxylation rate was insensitive to C-H BDE below
90 kcal/mol, similar to the behavior of the t-butoxy radical. The shape and slope of
the Brønsted-Evans-Polanyi plot indicate a symmetrical transition state for the
stronger C-H bonds and suggest entropy control of the rate in an early transition
state for weaker C-H bonds. The AaeAPO-II FeIVO-H BDE was estimated to
be *103 kcal/mol. All results support the formation of a highly reactive AaeAPO
oxoiron (IV) porphyrin radical cation intermediate that is the active oxygen species
in these hydroxylation reactions.
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4.1 Results and Discussion

The fungal peroxygenase AaeAPO (EC 1.11.2.1) from Agrocybe aegerita is a new
and highly active heme-thiolate protein [1]. AaeAPO is a hybrid of cytochrome
P450s and chloroperoxidase because it functions as a monooxygenase, similar to
cytochrome P450s catalyzing a wide range of oxidations including alkane and
aromatic hydroxylations, alene epoxidations, halogenations and ether cleavage
reactions [2–4]. It has also been shown to produce human metabolites efficiently
from drugs [5]. However, it has no significant sequence homology to P450 s and
utilizes H2O2 as the terminal oxidant. AaeAPO shares a 30 % similarity with
chloroperoxidase (CPO) [6]. The active site of AaeAPO contains a glutamic acid
and an arginine near the distal side of the heme, rather than the highly conserved
threonine found within P450s [7]. The corresponding residues for CPO are gluta-
mate and histidine [8, 9]. Another new heme-thiolate hydroxylase, P450BSβ, lacks
the active site glutamate but apparently supplements that with a carboxylate pro-
vided by its fatty acid substrate [10, 11]. Aside from this similarity and obvious
analogs in the substrate reaction profile, little is known about the mechanism of
oxygen transfer catalyzed by AaeAPO or the nature of any reactive intermediates in
its catalytic cycle.

4.1.1 Kinetic Characterization of AaeAPO Binding
with Substrates

As we already discovered in previous chapters, AaeAPO catalyzes alkane
hydroxylation reactions with high efficiency and selectivity, giving only trace
amounts of over-oxidation products. This might be caused by the special design of
the substrate binding pocket. The crystal structure showed that stacked phenylal-
anines residues form a hydrophobic tunnel connecting the enzyme surface and the
active site (Fig. 4.1). Here, we want to characterize the substrate binding events.
The results we obtained here might provide important information for the under-
standing of overall reaction kinetics as both substrate binding and releasing are key
steps.

The spectrum of resting AaeAPO displays an intense Soret band at 417 nm and
two Q bands at 538 and 571 nm as shown as the black trace in Fig. 4.4. The
position of the Soret band indicates that resting ferric AaeAPO is low-spin. The
binding of substrate displaces the water molecule as the sixth ligand to the heme
iron and we observed obvious and diagnostic changes in the UV-vis spectrum of
ferric AaeAPO upon substrate binding as shown in Fig. 4.2. This change indicates a
low-spin to high-spin inter-conversion, typical of cytochrome P450 enzymes [12].

The UV-vis difference spectra showed two types of the heme Soret band changes
upon substrate binding. They are referred to as type I and type II shifts [12]. As
shown in Fig. 4.2, benzyl alcohol, veratryl alcohol and cyclohexylcarboxylic acid
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resulted in type I shifts. The UV-vis difference spectra showed peaks at 390 nm and
troughs at 420 nm. However, ethylbenzoic acid gave a type II shift, which is
possibly caused by directly coordination of ligand to the heme iron center. Its
UV-vis difference spectrum has characteristic shifts at 415 and 433 nm.

These diagnostic peaks are useful information for the study of substrate binding
kinetics. As shown in Fig. 4.3a, when solutions of ethylbenzoic acid at different
concentrations were mixed with resting ferric AaeAPO by using a rapid
stopped-flow mixing unit, the UV-vis spectra showed increased absorptions at
433 nm. The kinetics of the binding process was characterized by fitting the initial
velocity changes versus substrate concentration (Figure 4.3b). p-Ethylbenzoic acid

Fig. 4.1 Left top view, the crystal structure of AaeAPO showing stacked phenylalanine residues
above the heme binding pocket. Right side view, cystal structure of AaeAPO showing the substrate
entering channel which is surrounded by phenylalanine residues

Fig. 4.2 Type I and type II
changes of AaeAPO UV-vis
difference spectra upon
substrate binding
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binding with resting AaeAPO is a very fast process as the calculated second order
rate constant is 2.6 × 106 M−1 s−1. We suggest that the phenylalanine residues have
a special interaction with hydrophobic substrates and might assist the binding. As
we did not observe much over-oxidation ketone products, we think this is caused by
the hydrophobicity of the binding pocket. Alcohol products are able to be released
quickly enough without a chance of over-oxidation.

4.1.2 Detection and Generation of AaeAPO-I

We generate and characterize the spectra of AaeAPO compound I, formed by the
reaction of ferric AaeAPO with m-chloroperoxybenzoic acid (mCPBA) (k1) as
shown in Scheme 4.1 and Fig. 4.4. Reaction of the ferric enzyme with two
equivalents of mCPBA at 4 °C, using rapid-mixing, stopped-flow techniques,
generated a short-lived intermediate that displayed a new band at 361 nm and a
distinct absorbance at 694 nm. This spectral transient appeared within 30 ms of
mixing. The Soret band of the remaining ferric enzyme decreased dramatically
during this time.

Fig. 4.3 a Absorbance changes of AaeAPO at 433 nm upon binding with different concentration
of p-ethylbenzoic acid at pH 5.0. b Plot the initial velocities of ethylbenzoic acid binding with
substrate concentration gave a second order rate constant of 2.6 × 106 M−1 s−1. The final
concentration of resting AaeAPO is 2 µM. A similar rate constant was obtained by fitting with
single exponential decay and pseudo first order kinetics

Scheme 4.1 The generation of AaeAPO-I and its reaction with substrates
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The observation of a clear set of multiple isosbestic points (390, 448, 516 and
586 nm) indicated that only two major species were present during this transfor-
mation. SVD analysis is linear algebraic method to determine the number of sig-
nificant species that are involved in the reaction [13]. In Eq. 4.1, D is the
stopped-flow generated data matrix [w × t] composing w wavelengths and
t absorptions at different time points. The eigenvalues obtained from the diago-
nalization of D is the square of the singular values. The number of non-zero
singular values represents the number of species in the reaction. Matrix D can also
be written as 4.2. U is the [w × n] matrix containing n eigenvectors. It gives the
abstract spectra. S is the [n × n] matrix. V is a [n × t] matrix representing the
concentration files. Only two significant non-zero singular values were obtained
after SVD analysis. Figure 4.5 shows the abstract spectra obtained from the SVD

Fig. 4.4 UV-vis transients observed upon 1:1 mixing of 13 μM of ferric enzyme with 25 μM of
mCPBA at pH 5.0, 4 °C. Maximum yield of AaeAPO-I reached 70 % at 30 ms

Fig. 4.5 Abstract spectra of SVD analysis on the stopped-flow data sets of AaeAPO reaction with
2 eq of mCPBA and CPO reaction with 2 eq of H2O2, both at pH 5.0
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analysis on the time dependent data sets of AaeAPO reaction with 2 eq of mCPBA
and CPO reaction with 2 eq of H2O2. The difference of the black traces from
AaeAPO and CPO reactions reflects that resting enzymes have different spin states.
However, both shapes and the position of bands of red traces are similar, for the
second significant species in the reactions.

Z ¼ DTD ð4:1Þ

D ¼ USVT ð4:2Þ

By examination of the UV-vis spectrum of the new intermediate, the weak,
blue-shifted Soret band and the absorbance at 694 nm strongly suggest the presence
of a porphyrin radical cation species and the intermediate suggests the presence of
AaeAPO compound I. In Eq. 4.3, a projection operator P is created from abstract
vectors. The target testing method can be applied to determine if a target species is
involved in the reaction, Eq. 4.4 [13]. Here, X represents the CPO-I UV-vis
spectrum, as the target vector. Target testing return results Y, as shown in Fig. 4.6,
indicate that a CPO-I like intermediate is involved in the reaction between AaeAPO
with mCPBA. In other words, the newly generated intermediate during the AaeAPO
reaction with mCPBA is the AaeAPO-I intermediate and it has a similar UV-vis
spectrum to CPO-I.

P ¼ UUT ð4:3Þ

Y ¼ PX ð4:4Þ

Finally, the spectrum of AaeAPO-I, which was obtained by globally fitting the data
as shown the blue trace, recapitulates those of P450 [14–17] and CPO [18, 19].

Fig. 4.6 Target testing of
AaeAPO reaction with CPO-I
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The deconvolution indicated that AaeAPO-I had been formed in 70 % yield.
Accordingly, no spectral subtractions were necessary in these analyses.

The extent of AaeAPO-I formation and the rate of its subsequent decay were
found to be optimal at pH 5.0 (Table 4.1 and Fig. 4.7). Second-order rate constants
for the reaction of AaeAPO with mCPBA were obtained by monitoring the con-
version of ferric protein at 417 nm and plotting the single exponential decay of
ferric enzyme against a range of mCPBA concentrations (Fig. 4.8). Full diode array
spectra confirmed that the porphyrin radical cation absorbances at 361 and 694 nm
grew in and decayed with the same kinetics. The maximal rate constant observed
was 1.1 (± 0.5) × 107 M−1 s−1 at pH 6.0, which is consistent with a reaction of
AaeAPO with the protonated form of mCPBA (pKa 7.6) [16]. It is interesting that
the formation rate decreased significantly from pH 5.0 to pH 3.0. AaeAPO is known
to have an active site glutamate close to the heme center [6, 20], which could play a
role in the formation of AaeAPO-I by hydrogen peroxide, apparently its natural
co-substrate. Thus, mCPBA would initially replace a distal water ligand in resting
AaeAPO with proton transfer to the neighboring glutamate to form an unseen
peroxo-adduct, similar to peroxidase compound 0. Subsequently, O-O bond het-
erolysis and formation of AaeAPO-I would be assisted by proton transfer from the
active site glutamate to the product, mCBA, as outlined in Scheme 4.2. This role for

Table 4.1 The observed
AaeAPO compound I
formation and spontaneous
decay rate constants

pH k1 (M
−1 s−1) k0 (s

−1)

3.0 3.4 (±0.1) × 106 2.5 (±0.03)

4.0 5.3 (±0.1) × 106 3.9 (±0.04)

5.0 1.0 (±0.4) × 107 1.4 (±0.03)

6.0 1.1 (±0.5) × 107 3.1 (±0.03)

7.0 9.1 (±0.7) × 106 4.1 (±0.04)

Fig. 4.7 Absorbance traces at
417 nm upon mixing of ferric
enzyme with 2 eq of mCPBA
over a range of pHs
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the distal glutamate is similar to that proposed for the substrate carboxylate group in
fatty acid hydroxylation by cytochrome P450BSβ [10, 11] and P450SPα [21].

The rate of AaeAPO-I decay followed first-order kinetics and could be fitted
directly from the data in Fig. 4.7. This spontaneous reduction of AaeAPO-I was
slowest at pH 5.0, k1 = 1.4 (± 0.03) s−1. The decay rate is faster than that of CPO-I
(0.5 s−1 at pH 4.7, 25 °C) [22], but slower than that of CYP119-I (9 s−1, pH 7.0, 4 °C)
[14, 16]. While the mechanism of spontaneous decay of compound I is unknown,
more than 90 % ferric protein was recovered in the process.

Fig. 4.8 a The Absorbance at 417 nm upon mixing ferric AaeAPO with different concentration of
mCPBA at pH 6.0. b Single exponential decay of ferric enzyme as a function of mCPBA
concentration. The second order rate constant of AaeAPO-I formation gave similar result if one
uses initial velocity fitting

Scheme 4.2 Proposed
mechanism of AaeAPO-I
formation assisted by the
deprotonated glutamate in the
active site
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4.1.3 Kinetic Characterization of AaeAPO-I Towards
a Series of Alkanes

As we have recently reported, AaeAPO has a high selectivity for the hydroxylation
of saturated hydrocarbons [4, 23], similar to P450 enzymes but in distinct contrast
with chloroperoxidase [14, 24, 25]. The persistence of AaeAPO-I over nearly a
second at pH 5.0 allowed us to measure its reactivity toward a panel of typical
aliphatic substrates over a wide range of C-H bond BDE (83–100 kcal/mol). In each
case we determined the identity of the products and product ratios under catalytic
conditions by comparing NMR and GC-MS data with those of authentic samples.
For example, slow addition of 20 mM H2O2 or peroxyacid to a solution
containing 0.22 μM AaeAPO and 10 mM p-ethylbenzoic acid produced
(R)-4-(1-hydroxyethyl) benzoic acid in high conversion and 99 % ee (Fig. 4.9) [23].
Subsequent oxidation of the benzylic alcohol product occurred only after all of the
p-ethylbenzoic acid had been consumed. Remarkably, AaeAPO was found to
hydroxylate a methyl C-H bond in dimethyl butyric acid and even neopentane
(BDE * 100 kcal/mol) to produce the corresponding primary alcohols.

We used double mixing, stopped-flow techniques to monitor the kinetics of the
AaeAPO-I reaction with various substrates [14, 26]. Figure 4.10a shows a typical
kinetic experiment. At pH 5.0, 4 °C, the first mixing generated AaeAPO-I within an
aging time of 20 ms. Then, solutions with varying concentrations of each substrate
were mixed with AaeAPO-I in the second push. The observed decay rates (kobs)
were obtained by fitting the return of the ferric enzyme. Plots of kobs against
substrate concentration gave linear relationships as shown in Fig. 4.10a inset and
Fig. 4.10b. Lastly, apparent per-hydrogen second-order rate constants, k2′, for the
reaction of AaeAPO-I with each substrate were obtained from the observed slopes

Fig. 4.9 Water suppressed 1H NMR of the reaction mixture of oxidation of p-ethylbenzoic acid
by 0.22 μM of AaeAPO and H2O2. Labeled resonances correspond to the product (R)-4-
(1-hydroxyethyl) benzoic acid at 7.748 ppm (2H, dd), 7.330 ppm (2H, dd) and 1.368 ppm (3H, d).
The benzylic proton resonance was obscured by the suppressed water peak
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in the usual manner. As shown in Fig. 4.10b, a kinetic hydrogen isotope effect
(kH/kD = 4.3) could also be measured from the ratio of k2 obtained for THF and
THF-d8 as substrates. Table 4.2 lists the rate constants, k2, k2′, for each of the
substrates under study.

It is of interest to compare the reactivity of AaeAPO-I observed here to those of
CYP119 compound I, recently reported by Rittle and Green [14], CPO compound I
reported by Newcomb et al. [25] and the reactive model oxoiron(IV) porphyrin
radical cation species, [O = FeIV-4-TMPyP]+, we have recently described [26].
Further, it is instructive to consider these comparisons in light of insights derived
from computational approaches [27–29]. The rate constant observed for benzylic
C-H hydroxylation of ethylbenzoic acid by AaeAPO-I is 125-fold faster than that
observed for our model compound I ferryl porphyrin at 10 °C and 250 times faster
than those of CPO-I with similar substrates at 22 °C. For CYP119-I, rate constants
of 103–107 M−1 s−1 have been reported for unactivated methylene groups of fatty
acids [14]. The slower of these rates, which are for hexanoic and octanoic acid, are
similar to those observed here for AaeAPO-I, while the fastest rate constant for
CYP119-I was for lauric acid, a tight-binding substrate, and may be an irreversible
binding event.

We note that even the fastest C-H hydroxylation reactions found here for
AaeAPO-I are still more than an order of magnitude slower than the rate of oxi-
dation of the ferric protein by mCPBA. Similarly, the low-spin to high-spin tran-
sition upon substrate binding was found to be very fast (>2 × 106 M−1 s−1)
(Fig. 4.3). Thus, the rate of substrate access to the active site is significantly faster
than the rate of reaction and, accordingly, the observed rates are likely to be
measures of the intrinsic C-H reactivity toward AaeAPO-I. Consistent with this
expectation, the preliminary X-ray structure of AaeAPO shows a shallow, hydro-
phobic substrate-binding cavity flanked by several phenylalanine residues [20]

Fig. 4.10 a UV-vis spectra obtained during the reaction of 10 μM AaeAPO-I with 16 μM
p-ethylbenzoic acid at pH 5.0, 4 °C. Inset: Observed first-order decay rates versus p-ethylbenzoic
acid concentration. The apparent second-order rate constant, k2, was obtained from the slope.
b Observed first-order decay rates versus concentrations of THF or THF-d8. A KIE of 4.3 for THF
and THF-d8 was determined from the ratio of the slopes
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(Fig. 4.1). Further evidence for fast, reversible substrate binding is the observation
of the intermolecular isotope effect (kH/kD) of 4.3 for THF and THF-d8.

A plot of second-order rate constants for C-H hydroxylation by AaeAPO-I for all
substrates versus BDE of the scissile C-H bond revealed a very distinct, non-linear
correlation (Fig. 4.11). Notably, there was almost no change in k2′ for the substrates
with C-H BDE less than 90 kcal/mol. By contrast, the slope of log k2′ versus BDE
above 90 kcal/mole was *0.4. Based on the Brønsted-Evans-Polanyi
(BEP) relationship: log(kH) = αΔHo + C, where ΔHo is related to the C-H BDE
and α is a measure of transition state location. An α of 0.4 for the stronger C-H
bonds indicates that these hydrocarbon hydroxylations mediated by AaeAPO-I have
a nearly symmetrical [FeO—H—C] transition state. We recently reported a linear
BEP relationship for a model compound I with a series of C-H substrates [26]. The
observed log k versus BDE plot was rather flat (α = 0.28) in that case, intermediate
between the high and low values observed for AaeAPO-I (Fig. 4.11).

As can be seen in Fig. 4.11, the two ether substrates, THF (point 4) and dioxane
(point 8), were found to be significantly less reactive than predicted by their C-H
BDE (92 and 96 kcal/mol, respectively). We ascribe this deviation to the more
hydrophilic nature of these substrates and a polar effect [27–29] due to the

Table 4.2 Summary of all substrates, equivalent C-H bonds, BDE, k2, k2′ and logk2′

Number Substrates Equivalent
C-H
bonds*

BDE
(kcal/mol)

k2 (M
−1 s−1) k2′**

(M−1 s−1)
logk2′
(M−1 s−1)

1 p-Isopropylbenzoic
acid

1 83 2.0
(±0.09) × 105

2.0 × 105 5.3

2 p-Ethylbenzoic acid 2 85.5 3.9
(±0.2) × 105

1.9 × 105 5.3

3 p-Toluic acid 3 90 2.8
(±0.2) × 105

9.3 × 104 5.0

4 THF 4 92 1.7
(±0.05) × 104

4.3 × 103 3.6

4′ THF-d8 4 – 4.0
(±0.1) × 103

– –

5 Cycloheptane
Carboxylic acid

4 94 3.0
(±0.1) × 104

7.5 × 103 3.9

6 Cyclopentane
Carboxylic acid

8 95.6 1.0
(±0.1) × 104

1.3 × 103 3.1

7 Cyclohexane
Carboxylic acid

6 99 1.0
(±0.2) × 104

1.7 × 103 3.2

8 1,4-Dioxane 8 96 3.5
(±0.02) × 102

4.4 × 101 1.6

9 3,3-Dimethylbutyric
acid

9 100 6.0
(±0.05) × 101

6.7 0.8

*The numbers of equivalent C-H bonds were based on the numbers of sites being hydroxylated
**Second-order rate constants k2′ were adjusted based on the number of equivalent C-H bonds in the
substrates
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neighboring oxygen. Competitive KIEs were also carried out under turnover con-
ditions between dioxane and dioxane-d8, affording a KIE of 12, consistent with the
stronger C-H bond and, accordingly, a more symmetrical transition state [Fe-O—H
—C]‡. Cyclohexane carboxylic acid (point 7), by contrast, was found to be *30
fold more reactive than predicted by the trend line. This anomaly, which has also
been observed for six-membered rings with synthetic oxometalloporphyrins [30],
may be attributed to eclipsing strain relief in the chair-like transition state for
hydrogen abstraction for that substrate [31]. The competitive KIE for cyclohexane
and cyclohexane-d12 was found to be 3.

The insensitivity of the reaction rate to the strength of the C-H bond in the region
of BDE below 90 kcal/mol is worth further comment. Nearly identical behavior,
including the change of slope near 90 kcal/mol, has been reported by Tanko et al.
for hydrogen abstraction from a variety of substrates by the t-butoxy radical, which
has been suggested to be a model of P450 reactivity [32, 33]. Since the fastest rates
observed for AaeAPO-I are slower than substrate exchange at the active site and
certainly much slower than the diffusion limit, neither of these effects are likely
explanations of the insensitivity of the rate to BDE. However, as with the t-butoxy
radical, an early transition state for weaker C-H bonds and the anticipated small
activation enthalpy, suggest that the hydroxylation of these weaker C-H bonds by
AaeAPO-I may be in the regime of entropy control in which TΔS‡ > ΔH‡ [33]. In
such a case, the AaeAPO-I intermediate is so reactive that rates of hydrogen
abstraction are governed more by factors such as accessibility, orientation and
trajectory toward the highly ordered substrate-like transition state.

For the model system we estimated the intermediate compound-II FeIVO-H BDE
to be *100 kcal/mol. The reaction of AaeAPO-I with ethylbenzoic acid is much
faster than that of our model system. Mapping the results for AaeAPO-I with
ethylbenzoic acid and toluic acid onto the plot correlating log k(H) with O-H bond
strength [35], we found that the rate constants were only slightly slower than those
of t-butoxy radical (t-BuO-H BDE 105 kcal/mol [33]). Accordingly, we estimate

Fig. 4.11 Plot of log k2′
versus substrate C-H BDE
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that the FeIVO-H BDE for AaeAPO-II to be *103 kcal/mol (Fig. 4.12), larger than
the value of 98 kcal/mol that has been estimated for the FeIVO-H BDE of CPO
compound II [36].

4.2 Conclusions

In summary, our study of AaeAPO supports the formation of a highly reactive
AaeAPO oxoiron(IV) porphyrin radical cation intermediate. Reaction kinetics for
AaeAPO-I with a variety of substrates have revealed an informative correlation
between the C-H BDE and the observed bimolecular rate constants. The large
estimated FeIVO-H BDE of 103 kcal/mol for AaeAPO-II is significant with regard
to its relationship to the pKa of AaeAPO-II and the one-electron reduction potential
of AaeAPO-I.

4.3 Experimental

Materials wild-type extracellular aromatic peroxygenase of A. aegerita (isoform II,
pI 5.6, 46 kDa) was produced in stirred-tank bioreactors with a soybean-flour
suspension as growth substrate, and purified as described previously [37, 38].
The enzyme preparation was homogeneous by SDS/PAGE, and exhibited an

Fig. 4.12 Rate constants for the hydrogen abstraction by MnO4
−, ROO•, RO• and HO• versus the

strength of the O-H bonds formed for toluene (solid circles) and p-ethylbenzene (open diamonds
[34, 35]). Plotting rate constants for hydrogen abstraction by AaeAPO-I with p-toluic acid and
p-ethylbenzoic acid on the curves gives an FeIVO-H bond strength of about 103 kcal/mol
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A418 nm/A280 nm ratio of 1.7. The specific activity of the peroxygenase was 59
U/mg, where 1 U represents the oxidation of l μmol of 3,4-dimethoxybenzyl
alcohol to 3,4-dimethoxybenzaldehyde in 1 min at room temperature. mCPBA
(3-chloroperoxybenzoic acid) was obtained from Aldrich and purified by stirring in
100 mM pH 7.4 phosphate buffer for 1 h followed by filtering and washing thor-
oughly with water. p-Isopropylbenzoic acid, p-ethylbenzoic acid, p-toluic acid,
THF, THF-d8, cycloheptanecarboxylic acid, cyclopentanecarboxylic acid, cyclo-
hexanecarboxylic acid, 1,4-dioxane, 3,3-dimethylbutyric acid were obtained from
Aldrich and purified by recrystallization or distillation under vacuum. D2O was
obtained from Cambridge Isotope Laboratories, Inc. Water used in all experiments
was de-ionized (Millipore, Milli-Q). Buffer solutions were prepared by mixing
sodium citrate and citric acid in water and adjusted with NaOH. Phosphate-citrate
buffer was prepared by mixing 0.2 M dibasic potassium phosphate with 0.1 M citric
acid and the pH was adjusted with KOH.

Instrumentation UV-vis spectral measurements were made with a Hewlett
Packed 8453 diode array spectrophotometer at room temperature. Stopped-flow
experiments were performed with a Hi-Tech SF-61 DX2 double mixing instrument
with a 1 cm path length equipped with an ISOTEMP 3013 D thermostat bath. NMR
spectra were recorded on a 500 MHz Bruker Avance II spectrometer. GC-MS
analyses were run using an Agilent 7890A GC coupled to a 5975 Inert MSD with a
Rtx-5Sil MS column.

Reaction kinetics kinetic data were collected at 4 °C in 100 mM buffer, citrate
buffer for pH 5.0 and phosphate-citrate buffer for pH 3.0–7.0. Each experiment was
repeated two or three times. Concentrations presented are the final concentrations
after mixing. Kinetic data for substrate hydroxylation were obtained in
double-mixing mode using either diode array detection or single wavelength mode
at 417 nm. Values of k1 were obtained by the fitting of initial rates with a series of
mCPBA concentrations. Values of kobs were processed by fitting the kinetic profile
to a single exponential equation using Kinetic Studio from Hi-Tech. Values of k2
were obtained from the slope of a kobs versus the [substrate] plot. SVD and global
analyses were analyzed by ReactLabTM Kinetics from Jplus Consulting. Target
testing was analyzed by using Matlab.
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Chapter 5
Driving Force for Oxygen Atom Transfer
by Heme-Thiolate Enzymes

Abstract The heme-thiolate peroxygenase AaeAPO from Agrocybe aegerita is an
important biocatalyst and P450 analog. We have found that AaeAPO compound I
can be formed via oxidation of the ferric protein with HOBr and HOCl. The rate
constant for the formation of AaeAPO-I induced by HOBr at pH 5.0, 4 °C was
7.1 × 10 M−1s−1. AaeAPO-I reacts with bromide and chloride ions to regenerate the
resting ferric protein. Similar measurements were made for chloroperoxidase
(CPO). The rate constant for the reaction of AaeAPO-I with bromide ion at pH 5.0,
4 °C was 2.6 × 105 M−1s−1. By measuring the rates of the forward and reverse
reactions over a wide range of pH, Nernst plots of the driving force for oxygen atom
transfer from AaeAPO-I and CPO-I can be constructed. It is found that CPO-I and
AaeAPO-I have a two-electron redox potential similar to that of HOBr and about
200 mV less than that of HOCl. Interestingly, CPO-I and AaeAPO-I are both much
more oxidizing than HRP compound I. The results are informative with regard to
the reactivity of these proteins toward C–H bonds.
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5.1 Results and Discussion

The heme-thiolate peroxygenase from Agrocybe aegerita (AaeAPO, EC 1.11.2.1) is
a versatile biocatalyst and cytochrome P450 analog that catalyzes a variety of
oxygenation reactions with high efficiency and selectivity [1–3]. Our recent kinetic
characterization of AaeAPO-catalyzed reactions has shown that AaeAPO com-
pound I is an oxo-FeIV porphyrin radical cation [4]. The reactivity of AaeAPO-I
toward a panel of substrates showed very fast C–H hydroxylation rates, similar to
those of cytochrome P450 (CYP119-I) [5], and much faster than chloroperoxidase
compound I (CPO-I) [6]. Mechanistic probes have revealed a large hydrogen iso-
tope effect for aliphatic C–H hydroxylation and rearranged products from the
hydroxylation of norcarane [2]. There is, however, very little information available
regarding the thermodynamic properties of such highly reactive oxo-iron species for
any heme-thiolate proteins.

For hydrogen abstraction reactions, the redox potential of the oxidant is corre-
lated with the rates of C–H activation [7–17]. Yet these values are often not readily
accessible, especially for highly reactive oxidants. We have developed a method to
measure redox potentials for oxometalloporphyrin model compounds that takes
advantage of the rapid, reversible oxygen atom transfer between oxo-metal com-
plexes and halide ions [18]. By using rapid-mixing stopped-flow spectroscopy, rate
constants of both forward and reverse reactions are measured. Thus, the driving
force of the unknown oxo-transfer redox couple (Mn+2=O/Mn) is obtained from the
equilibrium constants for the reaction and the known potentials of the HOX/X−

couples. Using this method, the oxo-transfer driving force for several heme-enzyme
model complexes have been measured, such as oxo-MnVTDMImP [18–21] and
[oxo-FeIV-4-TMPyP]+ [22].

Here, we describe measurements of the driving force for oxygen atom transfer
by the heme-thiolate proteins AaeAPO and CPO. We have found that oxo-transfer
between AaeAPO-I and chloride or bromide ions is fast and reversible
(Scheme 5.1). The redox potential of the couple AaeAPO-I/ferric-AaeAPO has been
obtained over a wide pH range from the rate constants of the forward and reverse
reactions. Thus, the highly reactive AaeAPO-I can be placed on an absolute energy
scale and compared with those of CPO and HRP for the first time.

5.1.1 Kinetic Characterization of Compound I Generation
by Hypohalous Acids

AaeAPO-I was generated by the stoichiometric reaction of FeIII-AaeAPO with
HOCl or HOBr and characterized by rapid mixing, stopped-flow spectroscopy. The
UV/Vis spectral features of AaeAPO-I generated with these hypohalous acids
(Fig. 5.1) are the same as those we recently reported for peroxyacid oxidations [4].
The Soret band of the ferric enzyme at 417 nm diminished over the first 50 ms after
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mixing while new absorbances characteristic of the formation of an oxo-FeIV

porphyrin radical cation appeared at 361 and 694 nm. AaeAPO-I subsequently
decayed in a second, slower phase. SVD analysis of these transient spectra indi-
cated that only two species were present in significant amounts during this
transformation.

The AaeAPO-I formation rate was directly measured by monitoring the con-
version of the ferric enzyme to oxo-FeIV radical cation (Fig. 5.2). Binding of HOX
to the heme iron is a rapid step and heterolytic FeO-X bond cleavage is rate-limiting
[4]. Plotting the initial absorbance change at 417 nm against the HOX concentration
afforded a linear relationship with no evidence of saturation. Second-order rate
constants were obtained from the slopes (Fig. 5.3). For example, the rate constant
for the formation of AaeAPO-I induced by HOBr at pH 5.0, 4 °C was
7.1 × 105 M−1s−1.

The oxidation of AaeAPO with HOCl or HOBr was examined over a range of
pH as shown in Table 5.1. At pH 3.0, HOCl was used because HOBr is not stable at
this pH. The slightly milder oxidant, HOBr, was used to generate AaeAPO-I from

Scheme 5.1 Reversible oxygen atom transfer between ferric AaeAPO and HOBr or HOCl (kfor),
and AaeAPO-I with halide ions (krev)

Fig. 5.1 UV/vis spectra
observed upon 1:1 mixing of
5 μM AaeAPO with 15 μM
NaOBr at pH 5.0, 4 °C. Inset
Time courses of data obtained
at 417 nm (ferric AaeAPO)
and 361 nm (AaeAPO-I)
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Fig. 5.2 a UV-vis absorbance change at 417 nm upon AaeAPO mixing with different
concentration of HOBr at pH 5.0 and 4 °C, monitored by single wavelength stopped-flow
instruments. b Initial velocity fitting of the absorbance changes versus time with the use of
different concentration of HOBr

Fig. 5.3 Initial velocity of ferric AaeAPO oxidation as a function of [NaOX] for the reaction
between 2 μM AaeAPO with NaOX, pH 3–7

Table 5.1 Data for oxygen atom transfer between halide ions and AaeAPO-I at different pHs

pH kfor krev Kequi E0
ðcpd�I=ferricÞ

a (V versus NHE)

3.0 7.7 × 105 1.0 × 102 7680 1.32b

4.0 1.8 × 105 4.3 × 105 0.4 1.25

5.0 7.1 × 105 2.6 × 105 2.8 1.19

6.0 5.7 × 105 1.9 × 105 3.0 1.17

7.0 7.5 × 105 5.1 × 104 15 1.12
aBased on the HOBr/Br− couple at 4 °C except as noted [25]
bBased on the HOCl/Cl− couple at 4 °C [25]

78 5 Driving Force for Oxygen Atom Transfer by Heme-Thiolate Enzymes



pH 4.0–7.0 in good yields. We also measured the rates of CPO-I formation by the
same method (Table 5.2). At pH 5.0, 4 °C, the second-order rate constant for CPO-I
formation was 2.3 × 106 M−1s−1, which is three-fold faster than that of AaeAPO.
Although AaeAPO and CPO share *30 % sequence similarity, their active site
environments, especially the acid-base residues, differ and CPO has a less acces-
sible active site [23, 24].

5.1.2 Kinetic Characterization of Compound I Reaction
with Halide Ions

AaeAPO-I has been shown to have extraordinarily large rate constants for
hydroxylation of even very strong C–H bonds [4]. We have found that AaeAPO-I is
also highly reactive toward halide ions. The formation of HOBr for the reaction of
bromide ion with AaeAPO-I was detected conveniently with the diagnostic indi-
cator, phenol red [26, 27]. The rapid tetra-bromination of phenol red was monitored
by the characteristic red shift from 434 to 592 nm as shown in Scheme 5.2 and
Fig. 5.4. The oxygenation of bromide by CPO-I was found to be much slower than
that of AaeAPO-I at the same pH (Fig. 5.5). The reaction of chloride ion with
AaeAPO-I to afford hypochlorous acid was also found to occur with high efficiency
but only under acidic conditions.

Table 5.2 Kinetic and thermodynamic data, kfor, krev, Kequi and E′(cpd-I/ferric), for oxygen atom
transfer between halide ions and CPO-I at different pHs

pH kfor krev Kequi E0
ðcpd�I=ferricÞ

a (V versus NHE)

4.0 1.1 × 106 5.0 × 105 2.28 1.22

5.0 2.3 × 106 6.7 × 104 34.8 1.16

6.0 1.6 × 106 1.5 × 103 1067 1.10

7.0 1.6 × 106 7.4 × 102 2176 1.06

Typical errors for the rate data are *1 % or less
aBased on the HOBr/Br− couple at 4 °C except as noted [25]

Scheme 5.2 Phenol red conversion to bromophenol blue upon the addition of HOBr
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The kinetic behavior of halide ion oxygenation by AaeAPO-I was then inves-
tigated by double-mixing, stopped-flow spectroscopy. At each selected pH,
AaeAPO-I was formed in the first push by mixing ferric enzyme with 3 eq of
NaOBr or NaOCl. NaBr or NaCl solution was added in the second push after the
peak amount of compound I had been achieved (*50 ms). Time-resolved, diode
array spectra clearly showed the transformation of compound I back to the resting
ferric state. Kinetic profiles were obtained by monitoring the return of the Soret
band of ferric AaeAPO at 417 nm Fig. 5.6 or ferric CPO at 399 nm and fitted to a
single exponential equation. The observed pseudo-first order rate constants (kobs)
were found to vary linearly with [NaBr] or [NaCl] (Fig. 5.7). The apparent
second-order rate constants (krev) were calculated from the slopes and are sum-
marized in Tables 5.1 and 5.2. The pH dependence of log krev is plotted in Fig. 5.8.
A slope of −1.0 was obtained over the pH range studied for CPO, suggesting that a

Fig. 5.4 UV/Vis spectral changes observed for the bromination of phenol red ðkmax = 434 nm to
form bromophenol blue ðkmax��[ = 592 nm by 1 mM of H2O2, 10 mM NaBr and 20 nM of
AaeAPO at pH 5.0, RT

Fig. 5.5 UV/Vis spectral changes observed for the bromination of phenol red (λmax = 434 nm) to
bromophenol blue (λmax = 592 nm) by 1 mM of H2O2, 10 mM NaBr and 20 nM of CPO at pH 5.0,
RT
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single proton is involved in the reaction. However, for AaeAPO, the log krev/pH
slope is only −0.3, suggesting that a protonation may not occur in the
rate-determining step.

Fig. 5.6 The decay of AaeAPO-I monitored at 417 nm upon its reaction with different
concentration of Br− at pH 6.0

Fig. 5.7 Pseudo-first order rate constants, kobs, as a function of [NaX] for the reaction between
AaeAPO-I with halide ions at different pHs
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5.1.3 Determination the Redox Potential of Compound I
and the Nernst Plots

Taking advantage of this reversible and kinetically well-behaved oxygen
atom transfer reaction (Scheme 5.1), we determined a set of equilibrium constants,
Kequi, from the ratios of the measured forward and reverse rate constants (Eq. 5.1).
As can be seen in Table 5.1, Kequi increased at higher pH. Since the redox potentials
for the couples HOBr/Br− ð4 �C;E

�
ðHOBr=Br�Þ ¼ 1:344 V) and HOCl/Cl−

ð4 �C;E
�
ðHOCl=Cl�Þ ¼ 1:51 V) are known [28], the corresponding oxygen atom

transfer driving force for AaeAPO-I could be calculated at each pH and 4 °C as
shown in Eqs. (5.2), (5.3) and (5.4) (n = 2).

Kequi ¼ kfor
krev

ð5:1Þ

DE0 ¼ 2:303RT
nF

lgKequi ð5:2Þ

E
0
HOX=X� ¼ Eo

HOX=X� � 2:303RT
2F

pH ð5:3Þ

E
0
cpd�I=FeIII

¼ E
0
HOX=X� � 0:0275 lgKequi ð5:4Þ

The derived compound I/ferric enzyme redox potentials for AaeAPO and CPO
are summarized in Tables 5.1 and 5.2 and plotted in Fig. 5.9. Fitting those points
from pH 3.0 to 7.0 gave linear relationships with a slope of 0.048 for AaeAPO
and 0.056 for CPO, close to the theoretical value of 0.055 for the Nernst equation at

Fig. 5.8 Plots of log krev as a
function of pH for
oxo-transfer from AaeAPO-I
and CPO-I to bromide ion
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4 °C. This similarity supports a Nernst half-reaction involving two electrons and
two protons as shown in Scheme 5.3.

As can be seen in Fig. 5.9, the driving force for oxygen atom transfer for
AaeAPO-I and CPO-I are similar to that of HOBr and about 200 mV less than that
of HOCl. AaeAPO-I and CPO-I are both significantly more oxidizing than HRP-I,
while AaeAPO-I has slightly larger redox potentials than those of CPO-I over the
entire pH range. Thus, the ordering of the redox potentials parallels the reactivity of
these heme proteins: CPO-I reacts slowly with even weak C–H bonds [6, 29], while
HRP-I is barely able to oxidize C–H bonds at all. By contrast, AaeAPO-I is highly
reactive toward even very strong C–H bonds such as the methyl group of neo-
pentane with a C–H BDE of 100 kcal mol−1 [4]. Similar halide oxidation data for
cytochrome P450 is not available. However, by comparing the hydroxylation
kinetics of AaeAPO and CYP119 with similar aliphatic substrates [5, 30, 31], the
redox properties of P450-I and AaeAPO-I appear to lie on a similar scale.

What factors contribute to the significantly higher driving force for ferryl oxygen
atom transfer by AaeAPO-I and CPO-I reported here as compared to that of HRP-I?
The axial ligand for AaeAPO and CPO are both cysteine thiolate anions, while for
HRP, it is a neutral, histidine nitrogen. According to the Nernst half reaction
(Scheme 5.3), the driving force for the conversion of +•PorFeIV=O to PorFeIII via
oxygen atom transfer has two contributions—the electron affinity and the proton
affinity of the ferryl species. Although DFT calculations have indicated that the
frontier orbitals of a heme-histidine compound I are at lower energy than the

Scheme 5.3 Nernst half-reactions for HOX and +•PorFeIV=O

Fig. 5.9 Calculated redox
potentials E0

ðcpd�I=ferricÞ as a
function of pH for
AaeAPO-I/FeIII (open
squares) and CPO-I/FeIII

(closed circles) at 4 °C.
Nernst equations for
HRP-I/FeIII [32], HOBr/Br−

and HOCl/Cl− are plotted in
gray for comparison
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corresponding orbitals in heme-thiolate compound I [33, 34], the strong proton
affinity of a thiolate bound compound I may provide a large driving force resulting
in a higher net redox potentials and more reactive oxidants [17, 35–38]. The
intrinsic basicity of the ferryl oxygen in Cys–S–FeIV=O (compound II) in
heme-thiolate enzymes has been established [39]. Since Cys–S–FeIII–OH2 is the
resting state, Cys–S–FeIII–OH is also basic, thus contributing further to the
two-electron, two-proton oxo-transfer redox couples determined here.

5.1.4 Implication of Compound I Redox Properties on C–H
Activation

The one-electron redox potential of AaeAPO-I, [Eo(I)], is a particularly important
thermodynamic value because it is related to the bond strength [D(O–H)] and the
pKa, [pKa (II)] of Fe

IVO–H in AaeAPO-II (Eq. 5.5) [7, 8]. For cases in which Eo(I)
and pKa(II) cannot be measured independently, Eq. 5.6 can be derived [40]. Since
both Eo(I) and pKa(II) have not been measured independently for any
heme-enzyme, the two-electron, two-proton redox potential of AaeAPO-I measured
here may be a good first approximation of Eo(I). E0

ðHRP�I=HRP�IIÞ and E0
ðHRP�II=FerricÞ

for HRP have been measured and were found to be similar (*0.95 V at pH 6.0)
[32, 41]. However, this result might be due to the fact that HRP-II is not basic and
exists in the FeIV=O form in the functional pH range. The situation is different if we
consider that AaeAPO compound II is protonated [39].

DðO� HÞ ¼ nFEoðIÞ þ 2:3RTpKaðIIÞ þ 57� 2 ð5:5Þ

DðO� HÞ ¼ nFE
0
cpd�I=cpd�II þ 2:3RTpH þ 57� 2 ð5:6Þ

2E
0
cpd�I=FeIII

¼ E
0
cpd�I=cpd�II þ E

0
cpd�II=FeIII

ð5:7Þ

Based on our estimation that AaeAPO-II has a D(O–H) of about 100 kcal/mol [4,
42], and two electron two proton redox potentials of ferric AaeAPO/AaeAPO-I
measured at different pHs from the equilibrium reactions with halide ions, then, we
can derive redox properties of the other two important redox couples: ferric
AaeAPO/AaeAPO-II and AaeAPO-I/AaeAPO-II. Nernst plots for all these different
redox couples are shown in Fig. 5.10. For example, the one-electron redox potential
E0
ðcpd�I=cp�IIÞ, would be 1.4 V versus NHE at pH 7.0, significantly higher than the

two-electron E0
ðcpd�I=ferricÞ potential of 1.1 V. Accordingly, from Eq. 5.7 and

Scheme 5.4, the reduction potential of AaeAPO-II ðE0
ðcpd�II=ferricÞÞ can be estimated

to be *0.8 V. This unsymmetrical partitioning of the two redox steps may be an
important factor in facilitating homolytic C–H bond scission by heme-thiolate
proteins.
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We can derive Eq. (5.8) as below if we know the pKa of AaeAPO-II. E(I) is the
one electron redox potential of compound I. Ecpd-I/cpd-II is the one electron one
proton redox potential (PCET process). If compound II has a very basic pKa, the
latter term is positive. Then, the PCET process results a higher potential than the
one electron transfer potential. The relationship between compound I, compound II
and deprotonated compound II can be plotted as shown in Fig. 5.5, a stability
(Pourbaix) diagram for AaeAPO intermediates (n = 1).

Scheme 5.4 Relationship
between three different redox
couples

Fig. 5.10 Nernst plots for
three different intermediate
couples: ferric AaeAPO/
AaeAPO-I, AaeAPO-I/
AaeAPO-II and ferric
AaeAPO/AaeAPO-II. The
error bar is the ±2 from
Eq. (5.5)
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Ecpd�I=cpd�II ¼ EðIÞ þ 2:303RT
nF

ðpKa � pHÞ ð5:8Þ

5.2 Conclusions

The results show that chloride and bromide ions are readily oxidized by AaeAPO-I
to the corresponding hypohalous acid. The reversibility of this oxo-transfer reaction
provides a rare opportunity to place ferryl oxo-transfers by the highly reactive
heme-thiolate AaeAPO-I and that of CPO-I on an absolute energy scale. With an
estimated BDE for FeIVO–H in AaeAPO-II we are able to obtain redox potentials of
three redox couples interconnecting the resting ferric protein with its two oxidized
forms, +•Por–FeIV=O and FeIVO–H. In next chapter, more investigations another
important rebound intermediate, AaeAPO-II, and its pKa value will be evaluated.

5.3 Experimental

Reagents: Wild-type extracellular peroxygenase of A. aegerita (isoform II, pI 5.6,
46 kDa) was produced in bioreactors with a soybean-flour suspension as the growth
substrate and purified as described previously [43]. The enzyme preparation was
homogeneous by SDS/PAGE, and exhibited an A418nm/A280nm ratio of 1.7.
The specific activity of the peroxygenase was 59 U mg−1, where 1 U represents
the oxidation of 1 μmol of 3,4-dimethoxybenzyl alcohol to
3,4-dimethoxybenzaldehyde in 1 min at room temperature. Chloroperoxidase was
purchased from Bio-Research Products, Inc. with RZ of A400nm/A280nm > 1.3,
1.296 U mg−1, where 1 U represents the amount of CPO catalyzing the formation of
1 μmol of dichlorodimedone from monochlorodimedone in 1 min at 25 °C, pH
2.75, 0.02 M KCl, 2 mM H2O2. All chemicals were of the best available purity from

Fig. 5.11 The stability
(Pourbaix) diagram for
AaeAPO high-valent iron
intermediates
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Aldrich. Sodium hypochlorite solution was standardized spectrophoto-metrically
(ε292nm = 350 M−1cm−1). Sodium hypobromite solution was freshly prepared by
mixing sodium hypochlorite with sodium bromide under slightly basic conditions.
A 5 % excess of sodium bromide was used to ensure full conversion [19]. The final
concentration of sodium hypobromite solution was determined spectrophotomet-
rically (ε329nm = 332 M−1cm−1). Buffers were freshly prepared daily using either
citric acid/sodium citrate (pH 3–5) or KH2PO4/K2HPO4 (pH 6 and 7).

Instruments: UV/Vis spectral measurements were performed on a
Hewlett-Packard 8453 diode-array spectrophotometer at RT. Stopped-flow exper-
iments were carried out on a Hi-Tech SF-61 DX2 double-mixing instrument with a
1 cm path length equipped with an ISOTEMP 3013 D thermostat bath. Bromination
of phenol red was detected by UV/Vis spectroscopy [19].

Bromination assay: At a chosen pH, 2 μl of 10 μMAPO or CPO was added to a
reaction mixture containing 20 μM of phenol red (sodium salt), 1 mM H2O2 and
10 mM NaBr. The disappearance of phenol red was monitored at 434 nm and the
formation of phenol blue was monitored at 592 nm.

Kinetic characterization: The oxidation of ferric enzyme with NaOBr or
NaOCl was performed by stopped-flow spectroscopy with the single-mixing mode
under the diode-array or single wavelength mode. The first syringe was filled with
enzyme in a 100 mM buffer at a chosen pH. The second syringe was filled with the
oxidant in slightly basic water solution. Equal volumes of the two reactants were
mixed quickly. The halide ion oxidation reactions were performed using the
double-mixing mode. Native enzyme was mixed with an equal volume of oxidants
(NaOCl or NaOBr) in the first push. After an aging time (optimixzed for each pH),
the sodium halide solution was added in the second push. All concentrations
reported are the final concentrations. All the experiments were carried out at 4 °C.
The data were analyzed using Kinetic Studio from Hi-Tech.
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Chapter 6
Detection and Characterization
of Heme-Thiolate Compound II
from AaeAPO Peroxygenase

Abstract A kinetic and spectroscopic characterization of the unusual, high-valent
Cys–FeIV–OH intermediate (compound II) from AaeAPO, the heme-thiolate per-
oxygenase from Agrocybe aegerita, is described. AaeAPO-II was generated by the
reaction of ferric enzyme with mCPBA in the presence of nitroxides and detected
with the use of fast-mixing UV-vis stopped-flow spectroscopy. The nitroxides
served as a selective reductant of AaeAPO-I, reacting only slowly with AaeAPO-II.
AaeAPO-II displayed a characteristic split Soret UV-vis spectrum (370 and
428 nm). Rapid-mixing, pH-jump spectrophotometry revealed a basic pKa of 10 for
the FeIV–O–H of AaeAPO-II, indicating that AaeAPO-II is protonated under typical
turnover conditions. Kinetic characterization showed that AaeAPO-II is unusually
reactive toward a panel of benzylic C–H and phenolic substrates, with second-order
rate constants in the range of 10–107 M−1 s−1. Our results demonstrate the
important role of the axial cysteine ligand in increasing the proton affinity of the
Fe-oxo, AaeAPO compound I, thus providing driving force of C–H bonds
oxygenation.
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6.1 Introduction

Nature has evolved varied and remarkably efficient strategies for the selective
oxygenation of even the most unreactive C–H bonds in hydrocarbons and other
small molecules. Copper-containing methane monooxygenases (MMO), non-heme,
diiron hydroxylases such as soluble MMO, and the alkane ω-hydroxylases, AlkB,
allow microorganisms to grow on petroleum and natural gas as their sole sources of
carbon [1, 2]. The widely distributed heme-thiolate monooxygenases, cytochromes
P450 (CYP), serve similar roles in archaea and numerous bacteria, including human
pathogens such as Mycobacterium tuberculosis [3–5]. These processes are envi-
ronmentally significant, particularly after oil spills such as the Deepwater Horizon
event in 2010. P450 enzymes also comprise the primary pathways for oxidative
steroid and prostaglandin biosynthesis as well as phase I drug metabolism [6].

Cytochrome P450 has been called the Rosetta Stone of iron enzymes [5].
Decades of research have created a rich tapestry that has intertwined structural,
spectroscopic, mechanistic, computational, genetic, metabolic and chemical mod-
eling approaches toward a deep understanding of such an important oxygenation
system [7–10]. The central paradigm of P450 oxygen activation is now recognized
to involve the formation ferryl, FeIV=O, intermediates. Oxoiron(IV) porphyrin
cation radicals (compound I) [11–13] and oxoiron(IV) porphyrins (compound II)
[14] have been observed in cytochrome P450 as well as peroxidases, chloroper-
oxidase (CPO), and in a variety of model systems [15–19].

Aromatic peroxygenases (APO), sometimes referred to as unspecific peroxy-
genases (UPO) (EC 1.11.2.1), are a newly discovered and very large superfamily of
heme-thiolate proteins from fungal sources [20]. These proteins are unrelated to
cytochrome P450 according to their amino acid sequences and are only distantly
related to CPO, with about 30 % sequence similarity and a similar tertiary structure
[21, 22]. In sharp contrast to CPO, however, APO proteins have shown high
activity toward aliphatic and aromatic hydrocarbons and other organic substrates
[23, 24]. These APO proteins are highly stable, heavily glycosylated, extracellular
proteins that apparently serve to mobilize food sources for the growing organisms
through oxidative degradation. As such they are proving to be efficient biocatalysts.
Numerous drug compounds are efficiently oxidized to products that are often the
same as those from mammalian CYPs [25]. These properties have also afforded a
rare opportunity to study C–H bond hydroxylations in a heme protein that is not a
P450, but which may function in an analogous way.

We have recently shown that the APO from Agrocybe aegerita (AaeAPO) forms
an oxoiron(IV) porphyrin radical cation (AaeAPO-I) that can be detected by UV-vis
spectroscopy [26]. This intermediate was shown to be competent to hydroxylate
even strong C–H bonds at very fast rates. Further, AaeAPO-I reacts with chloride
and bromide ions rapidly and reversibly, allowing a direct determination of the
thermodynamics of oxygen transfer by AaeAPO-I (E′ = 1.1 V at pH 7) [27]. Here,
we report a novel method of generating AaeAPO-II directly from AaeAPO-I at
different pHs. By fitting the titration curve, we are able to determine the ferryl–O–H
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pKa of 10. Also, with the well distinct spectrum discovered, series of kinetic studies
were carried out towards various alkanes and phenols. This is the first time that a
highly reactive enzymatic heme-thiolate compound II has been kinetically
characterized.

6.2 Results and Discussion

6.2.1 Direct Reductive Generation of AaeAPO-II
from AaeAPO-I with Nitroxyl Radicals

AaeAPO-II is the key intermediate in the reaction pathway for C–H hydroxylation.
Since AaeAPO-I can be generated in good yield via mCPBA oxidation of the
resting ferric protein [26], we sought a method to produce AaeAPO-II via a
one-electron reduction. We considered several nitroxyl radicals as substrates to
reduce AaeAPO-I to AaeAPO-II (Scheme 6.1). The one-electron oxidation of
nitroxyl radicals is known to produce oxo-ammonium species and the one-electron
oxidation potentials of nitroxides are in the range of 0.8–1 V [28]. As shown in
Fig. 6.1, the oxidation potentials of 3-carboxy-PROXYL and 4-carboxy-TEMPO
are about 0.9 V versus NHE, which are higher than our estimate for the
AaeAPO-II/ferric AaeAPO couple, which is *0.8 V versus NHE at pH 7 [27].
Accordingly, we anticipated that these nitroxides might be able to reduce AaeAPO-I
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readily, but might be incapable of reducing AaeAPO-II efficiently, allowing it to
accumulate. Furthermore, since cyclohexane carboxylic acid was found to be an
excellent substrate for AaeAPO [26], the similar molecular templates of TEMPO
and PROXYL suggested that they would fit the relatively small active site of
AaeAPO. Lastly, in order to make the nitroxides sufficiently soluble in aqueous
solution, TEMPO and PROXYL are modified with carboxylic groups.

With the use of fast-mixing UV-vis stopped-flow spectroscopy, single mixing
and diode-array mode, reaction of ferric AaeAPO (10 µM) with mCPBA (50 µM)
and excess PROXYL (10 mM), a distinct UV-vis spectrum characteristic of a
heme-thiolate compound II was obtained as shown in Fig. 6.2. The spectrum of
AaeAPO-II has split Soret bands at 370 and 428 nm. Two Q bands centered at 535
and 567 nm and both of them slightly blue shifted from those Q-bands of ferric

Fig. 6.1 Cyclic
voltammograms of 3-carboxyl
PROXYL and 4-Carboxy
TEMPO at pH 7.0 100 mM
KP buffer at 4 °C. Eo is
593 mV for 3-carboxyl
PROXYL and 572 mV for
4-carboxy TEMPO versus
Ag/AgCl

Fig. 6.2 UV-vis transients
observed upon 1:1 mixing of
10 μM of ferric enzyme with
50 μM of mCPBA and
10 mM of 3-carboxy
PROXYL (blanked) at pH
7.0, 4 °C. The insert shows
the formation and decay
kinetics under these
conditions
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state. Under these conditions, the accumulation of AaeAPO-I was not apparent,
indicating that the reductive conversion of AaeAPO-I to AaeAPO-II is fast and
efficient. The kinetic traces showed that AaeAPO-II reached its maximal amount
after 0.2 s, persisted for about 0.5 s, and then decayed back to the ferric state. The
accumulation of AaeAPO-II was optimized at pH 7.0. Two control experiments
were done. Mixing the ferric enzyme with mCPBA without nitroxides, generated
only AaeAPO-I and mixing the resting enzyme with nitroxides without mCPBA
produced no spectral changes. These controls indicate that AaeAPO-II is generated
by directly reductive conversion from AaeAPO-I.

In order to confirm that 4-carboxy-TEMPO or 3-carboxy PROXYL directly
reduced AaeAPO-I to AaeAPO-II, we also performed the same reaction with the
well-studied enzyme CPO, and compared the intermediate generated by our new
method with those generated by other methods. When 4 µM CPO was mixed with
2 eq of mCPBA and 10 mM of 3-carboxy-PROXYL, CPO-II can be detected (371,
438, 541 and 571 nm), as shown in Fig. 6.3, and its spectrum is the same as those
generated by other methods [17].

6.2.2 Determination of the Ferryl–OH pKa in AaeAPO-II

Because AaeAPO is a highly robust, extracellular protein, its UV-vis spectra could
be obtained over a wide range of pH. Under basic conditions, when the pH was
above the pKa of Fe

IV
–OH, the proton is dissociated (Scheme 6.2), which leads to

the change of its UV-vis spectrum. The pH effect on AaeAPO-II was examined with
a pH-jump experiment using a double-mixing stopped-flow technique. AaeAPO-II
was produced in the first push with mCPBA in the presence of 3-carboxy-PROXYL
as described above using 25 mM NaP buffer at pH 7.0. After a 200 ms aging time,
AaeAPO-II was mixed 1:1 with a 200 mM buffer solution with a pH in the range of

Fig. 6.3 Left 10 µM CPO mixed with a solution containing 20 µM of mCPBA and 0.5 mM of
3-carboxy PROXYL at pH 6.0. Right 4 µM CPO mixed with a solution containing 10 µM of
mCPBA and 10 mM of 3-carboxy PROXYL at pH 6.0
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7.0–12. More basic conditions were not used for these pH-jump experiments
because ferric AaeAPO was found to be unstable above pH 12. As shown in
Fig. 6.6 right, when ferric AaeAPO was mixed with buffer at pH 13, the heme
started decomposition. There were no changes of ferric AaeAPO UV-vis spectra
when pH < 13 (Fig. 6.6 left). We also did not observe far-UV CD spectral changes
for ferric AaeAPO, as shown in Fig. 6.4 right, indicating that the secondary
structure of ferric AaeAPO has not changed appreciably. However, unlike AaeAPO,
far-UV CD spectra of CPO showed a dramatic changes when pH was raised from 7
to 11, as shown in Fig. 6.4 left, suggesting significant conformational changes
under basic conditions. This observation is consistent with the alkaline shift
observed by UV-vis stopped-flow spectroscopy when titrating ferric CPO in strong
buffered solution at pH > 8, as shown in Fig. 6.5 [29].

Fig. 6.4 Left Far-UV CD spectra of wt CPO at different pHs. Right Far-UV CD spectra of wt
AaeAPO at different pHs. CD spectra were the average of three parallel experiments and taken
with a 1 mm pathway cuvette, 3.1 µM of CPO and 2.1 µM of AaeAPO at 4 °C

Fig. 6.5 UV-vis spectral
change of 10 µM of ferric
CPO in 10 mM pH 7 buffer
upon mixing with a pH 9
200 mM strong buffered
solution by stopped-flow
single mixing experiments
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Combining and plotting all AaeAPO-II spectra obtained via pH-jump to various
pHs, we observed a spectral shift as shown in Fig. 6.7. The ratios of the split Soret
bands (428 nm/370 nm) become smaller and both of the Q bands were slightly red
shifted. More importantly, only one set of multiple isosbestic points were observed.
All AaeAPO-II spectra have split Soret bands, suggesting the cysteine is always
ligated to the heme iron. Since we have shown that AaeAPO does not appreciably
change conformation in this pH range, and showed no heme bleaching under
working conditions, we assign this spectral change to the deprotonation of Fe(IV)–
O–H of AaeAPO-II at high pHs. The FeIV bound hydroxyl group was converted to
an oxo group as shown in Scheme 6.2. Titration curves were obtained by plotting
absorbance versus pHs as shown in Fig. 6.8. pKa of 10 was determined for the
hydroxyl group in AaeAPO-II by fitting the absorbance at 455 and 569 nm versus
pHs.

The spectral kinetics of AaeAPO-II, characterized by monitoring the absorbance
changes at 441 nm, followed a single exponential decay. It is turned out that the
decay of AaeAPO-II is a pH depended process. The rates (k0) become faster under

Fig. 6.6 Left AaeAPO has no UV-vis spectral change at pH 12 after 150 s mixing. Right The
heme of ferric resting AaeAPO begins to bleach away at pH 13. The spectral changes were
obtained by mixing ferric enzyme in 10 mM NaP buffer at pH 7.0 with 200 mM strong buffered
solution at pH 13 by using UV-vis stopped-flow spectroscopy
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Scheme 6.2 The equilibrium between protonated AaeAPO-II and deprotonated AaeAPO-II
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low pH conditions. And a slope of −1 was obtained from the correlation of the log
k0 with pH as shown in Fig. 6.9, which is consistent with the fact that the con-
version from AaeAPO-II to ferric state is a proton coupled electron transfer process,

Fig. 6.7 UV-vis spectra of AaeAPO-II at different pHs were obtained by using double mixing
stopped-flow instrument. During the first mixing, AaeAPO-II was generated with its highest yield
after 50 ms age time by mixing 45 µM ferric AaeAPO in 10 mM NaP buffer at pH 7.0 with
500 µM mCPBA and 10 mM PROXYL radical in 50 mM NaP buffer at pH 7.0. The second
mixing was a pH jump experiment. AaeAPO-II spectra at various pHs were generated by mixing
the low buffered AaeAPO-II with 200 mM strong buffered solution at different pHs. At pH 7, 8 and
12 NaP buffers were used. At pH 8 and 9, Tris buffers were used. At pH 9.5, 10, 10.5 and 11,
NaHCO3/Na2CO3 buffers were used

Fig. 6.8 pH titration curves
for AaeAPO-II. pKa of 10.0
was obtained for the hydroxyl
group in AaeAPO-II by fitting
the absorbance at 455 and
569 nm versus pHs
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(Cys–Fe(IV)–OH ≥ Cys–Fe(III)–OH2), the higher concentration of proton in
solution, the faster the conversion.

The basic pKa might be caused by the electron donating property of the sulfur in
cysteine as the axial ligand. Negative charged sulfur makes compound I have more
proton affinity. So far only heme-thiolate compound II species have been discov-
ered to have basic pKa. Green and coworkers reported that chloroperoxidase
compound II is basic at physiological conditions [16, 30]. They showed, with the
use of X-ray absorption spectroscopy, that the Fe–O bond length in CPO-II is 1.82
Å, agreeing closely with the calculated value of 1.81 Å on protonated ferryl (FeIV–
OH). Another study of CPO-II, from the same group, using resonance Raman
spectroscopy, revealed a unique isotope [18] O–2H band at ѵFe–O = 565 cm−1.
CPO-II is estimated to have a pKa ≥ 8.2 based on the fact that CPO-II has the same
UV-vis spectrum from pH 3 to pH 7 [16]. HRP-II, on the other hand, has a neutral
histidine ligated to the heme. Its compound II is in the ferryl-oxo form at physio-
logical condition [16]. Resonance Raman measurements, X-ray absorption and
crystallographic results suggest its ferryl pKa ≤ 3.5 [8, 31]. Similarly, both ferryl
forms of cytochrome c peroxidase and myoglobin have pKa ≤ 4, according to a
Badger’s rule analysis of available data [31]. This pKa = 10 for AaeAPO-II is the
first measured value for heme-thiolate protein. The basic pKa suggests AaeAPO-II
is in the ferryl hydroxide form at physiological conditions. This is important
because our result proves that compound II serves as the rebound intermediate in
the C–H catalytic cycle. It is the FeIV-bound hydroxyl group that rebounds to the
carbon radical, resulting in the alcohol products.

The basic pKa of compound II, pKa(II), also has important implications in C–H
activation chemistry. It provides driving force for hydrogen atom abstraction by
compound I. As shown in Eq. 6.1, pKa(II) and the one electron redox potential of
compound I, Eo(I), are in a close relationship with the newly formed O–H bond
dissociate energy D (O–H) of compound II [32]. The strength of newly formed

Fig. 6.9 A linear correlation
between log k0 and pH was
obtained with a slope of −1.
The kinetics was obtained by
fitting the absorbance at
441 nm during the decay of
AaeAPO-II
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O–H bond is related to the strength of C–H bond broken. Both pKa(II) and Eo(I) are
important terms describing the C–H bond activation capability of the active species
in hydroxylation reaction catalyzed by heme enzymes. With the same Eo(I), a
higher ferryl pKa makes the D (O–H) stronger. So the hydrogen atom abstraction by
Fe-oxo becomes more favored (ΔG = D (C–H) – D (O–H)). Also, thinking about
these terms’ relationship in another way, with the same D (O–H), a high ferryl pKa

could lower the Eo(I). It makes C–H bond activation happen with a reasonable
redox potential, without raising the oxidative potential too high to damage the
protein. If pKa plays no role, the Eo(I) is more than 1.8 V (Fig. 6.10). Based on our
measured pKa(II) and D (O–H)* 100 kcal/mol, we are able to estimate the Eo(I) of
*1.27. Considering both of these factors, the basic pKa in heme-thiolate protein
plays a really important role in activating C–H bonds and protecting the protein
scafford.

DðO�HÞ ¼ nFEoðIÞ þ 2:3RTpKaðIIÞ þ 57� 2 ð6:1Þ

Attempts to generate P450-II have been achieved by an alternative method
which is mixing the native enzyme with excess peroxynitrite [33, 34]. Reported by
Newcomb and coworkers, P450-II prepared by this method gives an iron-oxo bond
length of 1.82 Å. But considering the fact that one of the decomposition products of
peroxynitrite at neutral pH is nitrite and the result that P450-II and FeIII–NO have
similar UV-vis spectra, P450-II generated by this way leaves open the possibility of
nitrosyl complex [35]. It is interesting that the intermediate generated by mixing
ferric AaeAPO with excess peroxynitrite in basic solution showed similar isosbestic
point at 428 nm as shown in Fig. 6.11. But Q bands of this new species do not have
blue shifts as those of AaeAPO-II. So, the new intermediate generated by the
peroxynitrite reaction is possibly not ferryl–OH or ferryl-oxo complexes, on the
other hand, it might be a nitrosyl complex which has been characterized before [35].

Fig. 6.10 The relationship of
ferryl pKa and one electron
redox potential of compound I
according to Eq. 6.1
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6.2.3 Kinetic Characterization of AaeAPO-II Towards
Alkanes and Phenols

The accumulation and slow decay of AaeAPO-II at pH 7.0 made it possible to
investigate its reactions with a panel of substrates. High reactivity was observed
both for phenols and substrates with relatively weak, benzylic C–H bonds. Data
was collected for a double-mixing, stopped-flow experiment wherein AaeAPO-II
was prepared in the first push with mCPBA/carboxyTEMPO as described above.
Various concentrations of substrate were then added in the second push. The
observed AaeAPO-II decay rates (kobs) were obtained by fitting the disappearance
AaeAPO-II at 441 nm. Plots of kobs versus substrate concentrations gave linear
relationships. And the second order rate constants were calculated from the slopes
(Scheme 6.3).

AaeAPO-II kinetics towards ascorbate which is a reducing reagent was char-
acterized. As shown in Fig. 6.12 left, the disappearing of absorbance at 441 nm is
an indication of the decay of AaeAPO-II and its kinetics followed an exponential
course. The pseudo-first-order rate constants for the reaction have a linear rela-
tionship with the concentration of ascorbate as shown in Fig. 6.12 right, which is
characteristic of a second-order reaction. k2 was determined from the slope to be
3.3 × 104 s−1 M−1 at pH 7.0. This rate was measured to be 70 s−1 M−1 for CPO-II at

Fig. 6.11 20 µM ferric
AaeAPO mixed with a basic
solution of 1 mM of
peroxynitrite at pH 5.0

AaeAPO AaeAPO-II

5 eq mCPBA
excess TEMPO

k1

k0

S P

AaeAPO

k2

Scheme 6.3 The generation of AaeAPO-II and its reaction with substrates
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pH 5.0 and about 5 s−1 M−1 at pH 7.0 according to a published value [36]. So
AaeAPO appears to be a better peroxidase than CPO.

Then, the reactivity of AaeAPO-II toward a panel of typical substrates over a
wide range of C–H bond BDE (75–90 kcal/mol) were measured. The results are
summarized in Table 6.1. Figure 6.13 showed an example, which is the kinetic
characterization of AaeAPO-II reacting with different concentrations of xanthene
solutions.

Apparent per-hydrogen second order rate constants, k2′, was corrected based on
the number of equivalent protons in the benzylic C–H substrates. First, it is
interesting to compare the reactivity of AaeAPO-II with those of AaeAPO-I mea-
sured before. As shown in Fig. 6.14, overall, the k2′ for AaeAPO-II are smaller than
those of AaeAPO-I [26]. For example, the log k2′ of AaeAPO-II is 5 and 3.5 orders
of magnitude smaller than those of AaeAPO-I with the same substrates,
4-ethylbenzoic acid and 4-isoprophylbenzoic acid respectively. The observed dif-
ferences in reactivity indicate that AaeAPO-II is a much poorer oxidant than
AaeAPO-I, consistent with our estimation on the redox potentials of these

Fig. 6.12 Left time traces of the disappearing of AaeAPO-II (2.5 µM) at 441 nm reacting with
different concentration of ascorbate solutions at pH 7.0, 4 °C. Right the plot of observed rate
constants kobs versus [ascorbate] resulted in a linear correlation and a second order rate constant
was determined from the slope

Table 6.1 Summary of alkane substrates, equivalent C–H bonds, BDE, k2, k2′ and log k2′

Substrates Equivalent
C–H bonds

BDE
(kcal/mol)

k2 (M
−1 s−1) k2′ (per H)

(M−1 s−1)
log k2′
(M−1 s−1)

Xanthene 2 75.5 54,000 27,000 4.4

Fluorene-4-carboxylic
acid

2 80 3890 1945 3.3

p-isopropylbenzoic
acid

1 83 150 150 2.2

p-ethylbenzoic acid 2 85.6 13.6 6.8 0.8
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intermediates, EcpdI/cpdII = 1.4, EcpdII/ferric = 0.8 at pH 7.0 [27]. The results also
confirm that in a heme enzyme, the key intermediate activating C–H bonds is
compound I and compound II serves as the rebound intermediate.

Compound II have been considered to be poor oxidants. The spectrum of
P450-II are still obscure, no kinetic characterization on a reactive enzymatic
heme-thiolate compound II has been reported so far towards different kinds of
substrates. Limited kinetic studies were done with HRP-II [37, 38], CPO-II [36, 39]
and metalloporphyrin complexes [19, 40–42]. HRP-II and CPO-II are known to be
not reactive towards alkanes. CPO-II has only been reported to act as an oxidant of
one-electron reducing reagents and reactive species, such as halophenols [39]. But
it is also interesting to compare the reactivity of AaeAPO-II to some FeIV-oxo
model complexes. For instance, an ironIV-oxo porphyrin complex, (TPFPP)FeIV=O,

Fig. 6.13 Left time traces of the disappearing of AaeAPO-II (2.5 µM) at 441 nm reacting with
different concentrations of xanthene at pH 7.0, 4 °C. Right correlation between observed rate
constant kobs versus [xanthene]

Fig. 6.14 Plot of log k2′
versus substrate C–H BDE for
AaeAPO-II at pH 7.0 and
AaeAPO-I at pH 5.0
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reported by Nam and coworkers, has been found to be able to catalyze alkane
hydroxylation and olefin epoxidation with modest rate constants [40]. The rate
constants for the reaction of xanthene and isopropylbenzoic acid with AaeAPO-II
are 200 and 1800 times faster than those for oxoFeIV-4-TMPyP [43]. And the
converted bimolecular rate constant for (TPFPP)FeIV=O reacting with triphenyl-
methane with a C–H BDE of 81 kcal/mol is only *0.85 M−1s−1 [40]. This rate is
about three orders of magnitude lower than that of AaeAPO-II reacting with
9H-fluorene-4-carboxylic acid which has C–H BDE of 80 kcal/mol. So our study is
the first time showing that an enzymatic compound II was generated and demon-
strated to have reactivity towards alkanes.

The correlation of log k2′ with the substrate C–H BDE showed a linear
Brønsted–Evans–Polanyi relationship with a slope of −0.35, much steeper than that
of AaeAPO-I, which is insensitive to the C–H BDE below 90 kcal/mol (Fig. 6.14).
This slope is similar as AaeAPO-I reacting with strong C–H bond substrates [26].
This suggests that AaeAPO-II also has a nearly symmetrical transition state.
Mapping the results for AaeAPO-II with p-ethylbenzoic acid onto the plot corre-
lating log k(H) with O–H bond strength, we estimate that the AaeAPO FeIII(H2O)
O–H BDE to be *92 kcal/mol (Fig. 6.15). As we have noted, AaeAPO FeIII(OH)
must also be basic since no spectral shift was observed up to pH 12 for the ferric
enzyme. Thus, the fast reaction rates, and the large FeIII(OH2) BDE recapitulate
situation for AaeAPO-II.

Our result also provides evidence for one of the desaturation mechanisms related
to the alkene formation from alkane catalyzed by heme enzymes (Scheme 6.4) [45].

Fig. 6.15 Rate constants for the hydrogen abstraction by MnO4
−, ROO•, RO• and HO• versus the

strength of the O–H bonds formed for toluene (solid circles) and p-ethylbenzene (open diamonds)
[32, 44]. Plotting rate constants for hydrogen atom abstraction by AaeAPO-I and AaeAPO-II with
p-toluic acid and p-ethylbenzoic acid on the curves gives an FeIVO–H bond strength of about
103 kcal/mol and FeIII(H2O) O–H bond strength of about 92 kcal/mol
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It turned out that the minor products of alkane hydroxylation catalyzed by AaeAPO
is desaturated alkene. For example, by using cumene as the substrate, about 15 % of
the total products are α-methylstyrene and α-methylstyrene oxide. Our kinetics
results suggest that the active AaeAPO-II has the capability to abstract hydrogen
atom of weak C–H bond adjacent to the carbon-centered radical formed from the
initial hydrogen atom abstraction by the highly reactive compound I.

Next, we expand our substrate scope to substituted phenolic compounds which
are typical substrates for peroxidases. Proved by well-known mechanisms, the
oxidation of phenols undertakes two consecutive one-electron steps [39]. Here, we
characterized the reactivity of both AaeAPO-I and AaeAPO-II towards phenols.
Data are summarized in Table 6.2. k2 for AaeAPO-I were followed by the moni-
toring the peak at 361 nm. For AaeAPO-II, the wavelength at 441 nm was moni-
tored as usual (Fig. 6.16). The kinetics were measured at pH 7.0 and all phenolic
substrates chosen have pKa above 7.0 to make sure their unbound forms are all

Scheme 6.4 Possible formation pathways for desaturation products catalyzed by AaeAPO

Table 6.2 Summary of phenol substrates, sigma values, k2 and log k2 for both AaeAPO-Iand
AaeAPO-II

Phenol
substitutes

σ+

[46]
AaeAPO-II AaeAPO-I

pH 7 pH 7

k2 (M
−1s−1) log k2 (M

−1s−1) k2 (M
−1s−1) log k2 (M

−1s−1)

4-Me −0.26 7.7 × 107 7.9 4.8 × 107 7.7

4-Cl 0.04 6.4 × 107 7.8 4.7 × 107 7.7

H 0 5.4 × 107 7.7 3.1 × 107 7.5

4-CN 0.67 3.5 × 105 5.5 1.1 × 107 7.0

3-COOMe 0.37 7.5 × 106 6.9 2.1 × 107 7.3

3-CN 0.56 5.4 × 105 5.7 1.1 × 107 7.0

3-Me −0.06 8.0 × 107 7.9 3.5 × 107 7.5

4-OCOMe 0.18 3.3 × 107 7.5 1.5 × 107 7.2

4-COOMe 0.49 4.2 × 106 6.6 2.4 × 107 7.4
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protonated. In general, the second order rate constants of AaeAPO-I are larger than
those of AaeAPO-II with the same substrate.

The observed rates of O–H bond scissions gave a good linear correlation with
the Hammett σ+ values for these substituted phenols [47]. Plots of log k2 versus σ

+

afforded ρ values of −0.67 and −3.3 for AaeAPO-I and AaeAPO-II respectively
(Fig. 6.17). This large difference of ρ values is worth further discussion because it
suggests that the degree of charge separation in transition states of the reaction is
different for AaeAPO-I and AaeAPO-II. AaeAPO-I reacted very rapidly with the
entire range of phenols with little sensitivity to either the O–H BDE or the Hammett
σ+. The relatively small negative ρ value for AaeAPO-I agrees well with the
mechanism of hydrogen atom abstraction [42, 48, 49] (Table 6.3). However, for
AaeAPO-II, the negative large ρ value implies that AaeAPO-II is sensitive to the

Fig. 6.16 Left time traces of the disappearing of AaeAPO-II (2.5 µM) at 441 nm reacting with
different concentrations of 4-CN phenol at pH 7.0, 4 °C. Right observed rate constant kobs at
441 nm versus [4-CN phenol] for its oxidation by AaeAPO-II at pH 7.0, 4 °C

Fig. 6.17 Plot of log k2
versus phenolic σ+ for both
AaeAPO-I (R2 = 0.6) and
AaeAPO-II (R2 = 0.93) at pH
7.0
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electron deficiency on the oxygen and there is a large positive charge developed on
the substrate in the transition state [50, 51]. It indicates that hydrogen abstraction by
AaeAPO-II might occur through an electrophilic mechanism (Scheme 6.5). The
affinity of the second proton is not as easy at the first one by AaeAPO-I. So the O–H
bond cleavage by AaeAPO-II possibly is initiated by transferring an electron from
substrate, followed by spontaneously losing the proton (Fig. 6.18).

Scheme 6.5 Proposed mechanism of phenolic oxidation activated by AaeAPO-II

Table 6.3 Previous data
about phenol oxidation
Hammett analysis, ρ values

Oxidants ρ value
tBuO −0.68 to −1.2

ROO −0.3 to −1.5

[OFeIV-4-TMPyP]+ −0.1

OFeIV-4-TMPyP −0.6

OFeIV-2-TMPyP −1.1

Fe(CN)6
3− −1.8

HRP-II −2.7

HRP-I Non-linear

Fig. 6.18 Redox potential
shift of phenols upon forming
hydrogen bondings with
surroundings
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Although the measured redox potentials of phenols are similar as those of
nitroxides in aqueous solution, they might be different in the protein active site
because phenols might have hydrogen binds in the protein matrix. An H-bond
acceptor can lower the potential of phenol a lot. Some literature shows a 0.8–1.5 V
difference. That might explain the higher activity of phenol oxidations by
AaeAPO-II than those of nitroxides. Another reason might be due to the difference
between PCET process and electron transfer process. For phenol oxidation, a proton
is coupled to the electron transfer, so it might become much more efficient.

6.3 Conclusions

In conclusion, AaeAPO-II was generated by using a new method from directly one
electron reduction of AaeAPO-I by nitroxides and monitored the use of fast mixing
UV-vis stopped-flow spectroscopy. AaeAPO-II spectra at basic conditions were
recorded and a pKa of 10 was able to determined from the titration curves. Kinetic
characterization of AaeAPO-II showed that it has reactivity toward C–H bond
substrates, representing the first example of the C-H activation by an enzymatic
compound II intermediate. The reactivity gap between AaeAPO-II, CPO-II and
HRP-II or some porphyrin FeIV-oxo complexes might arise from the difference of
their heme distal ligands. Furthermore, the Hammett analysis on the phenol oxi-
dation rates demonstrates that AaeAPO-II is sensitive to electron deficiency and
there might be a large positive charge development in the transition state of phenol
oxidation catalyzed by AaeAPO-II. Our intriguing results are helpful for the
understanding on the rebound mechanism by heme-thiolate enzymes. It also sets the
stage for the further investigation on this important intermediate and design new
biocatalysts.

6.4 Experimental

Reagents: wild-type peroxygenase from A. aegerita (isoform II, pI 5.6, 46 kDa)
was produced in bioreactors with a soybean-flour suspension as growth substrate,
and purified as described previously [20]. The enzyme preparation was homoge-
neous by SDS⁄PAGE, and exhibited an A418 nm/A280 nm ratio of 1.7. The specific
activity of the peroxygenase was 59 Umg−1, where 1 U represents the oxidation of
l μmol of 3,4-dimethoxybenzyl alcohol to 3,4-dimethoxybenzaldehyde in 1 min at
RT. Chloroperoxidase was purchased from Bio-Research Products, Inc. with RZ of
A400 nm/A280 nm > 1.3, 1,296 U mg−1, where 1 unit represents the amount of CPO
catalyzing the formation of 1 μmol of dichlorodimedone from monochlorodime-
done in 1 min at 25 °C, pH 2.75, 0.02 M KCl, 2 mM H2O2. All chemicals were of
the best available purity from Aldrich. For chemicals with purity lower than 99 %,
recrystalization were done with a proper solvent. 4-Acetoxyphenol was prepared by
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reacting hydroquinone (4 g, 36 mmol) in pyridine (40 ml) with acetic anhydride
(5.6 g, 55 mmol) under reflux overnight [52]. Pyridine was removed under vacuum
and then product was further purified by column (EtOAC/hexane = 9:1).
4-Acetoxyphenol was obtained after recrystalization from ether.

Instruments: UV/Vis spectral measurements were performed on a
Hewlett-Packard 8453 diode-array spectrophotometer at room temperature.
Stopped-flow experiments were carried out on a Hi-Tech SF-61 DX2
double-mixing instrument with a 1 cm path length equipped with an ISOTEMP
3013 D thermostat bath. All concentrations reported are the final concentrations. All
kinetics experiments were carried out at 4 °C. The data were analyzed using Kinetic
Studio from Hi-Tech. CV was done with KP buffer 100 mM, Pt electrode, Ag/AgCl
KCl 3 M as reference with a sweep rate of 0.1 V s−1. Eo = (Epc + Epa)/2.

1HNMR
spectra were recorded on a 500 MHz Bruker Avance II spectrometer. CD spectra
were recorded using a circular dichroism spectrometer. The molar ellipticity, [θ]
(mdeg cm2 dmol−1) is expressed. Cuvette with path length of 1 mm was used to
measure far-UV (190–250 nm) CD spectra. GC-MS analyses were run using an
Agilent 7890A GC coupled to a 5975 Inert MSD with a Rtx-5Sil MS column.
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Chapter 7
Cloning and Expression of AaeAPO
from Agrocybe aegerita to E. coli,
for Studies of Structure-Function
Relationships by Site-Specific Mutagenesis

Abstract So far, much has been learned from the functional and mechanistic
investigation on AaeAPO. However, one of the major limitations of AaeAPO
investigation comes from the slow growth of Agrocybe aegerita and the low yield
of protein production. Cloning AaeAPO from its original host to E. coli,
Saccharomyces cerevisiae or Aspergillus niger might be a way to produce the
protein in large amounts within a short time and to perform mutations. In this
chapter, we first address the successful purification of wild type AaeAPO from
Agrocybe aegerita. Next, results on the isolation of apo mRNA, RT-PCR obtaining
the apo cDNA, cloning and expression AaeAPO in E. coli will be reported.
However, the recombinant protein from E. coli forms inclusion bodies thus has no
activity. Last, several future experiments on protein reconstitution with heme and
the expression of AaeAPO in fungus strains will be discussed.
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7.1 Results and Discussions

7.1.1 Purification of Wild Type AaeAPO from Agrocybe
aegerita

The heme-thiolate enzyme AaeAPO in the wood and litter dwelling black poplar
mushroom A. aegerita was identified very recently as a special peroxyenase cata-
lyzing two electron oxidations with H2O2 as the terminal oxidant [1]. They are highly
stable and glycosylated. The typical culture of A. aegerita is in a bioreactor with
soybean meal as liquid growth medium. It can be cultured in a flask on a shaker as
well. In our lab, in a typical 1 L soybean meal and peptone liquid culture, the pro-
duction of AaeAPO starts after about 1 month growth at room temperature. The
oxidation activity of AaeAPO towards veratryl alcohol kept increasing as well as the
pH of themedium (Fig. 7.1).When the pH reached about 9.0, the activity also reached
its maximal, indicating the course of fermentation. However, the total activity is much
less than cultures in a bioreactor. When the production of AaeAPO reached its
maximal, we began to harvest the protein secreted in the cell culture medium.

The same purification procedure was followed as before [1]. After filtering the
cells, the filtrate was frozen at −20 °C. Polysaccharides were precipitated and
filtered off. Then, the filtrate was concentrated by a stirred-cell ultra-filtration
through a 10 kDa membrane and dialyzed against 10 mM NaP buffer at pH 6.6.
Three steps of chromatography were used to purify the protein. The dialyzed
medium was first subjected to a Sepharose Q FF column (20 cm length, 2 cm
diameter) with 10 mM NaP buffer at pH 6.6. Fractions with activity were all

Fig. 7.1 The production of wild type AaeAPO over time in 1 L medium in a shaker. The activity
was measured by determining the oxidation of veratryl alcohol into veratraldehyde with 1 mM of
H2O2 at pH 7.0 and calculated as unit which is the micromoles of product formed per minute or
micromoles of substrate converted per minute
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collected, combined and dialyzed against 10 mM acetate buffer at pH 4.0. The
dialyzate then ran through a Sepharose SP FF column (5 ml). Fractions with activity
were collected, combined and concentrated. The final sample was separated with a
Sephadex 75G column (20 cm length, 1 cm diameter). Fractions were analyzed by
SDS-PAGE. Figure 7.2 is the result after each step of purification. The purified
protein has a molecular weight of 46 kDa which is consistent with previous data.
The final yield of AaeAPO is about 1 mg per liter with a Rz (420/280) of 0.8, about
10 % of total activity before purification. The yield is much lower than those
cultured in a bioreactor with a moderate amount of 5–10 mg/L [2]. Figure 7.3 is an
IEF gel of purified AaeAPO with two isoelectric points at about 4.4 and 4.9. The
difference in PIs is possibly caused by different glycosylation percentages of the
same protein. Then, the protein band on the SDS-PAGE gel at 46 kDa was cut and
digested with trypsin for MS/MS analysis. The sequencing result indicates a match
with wild type AaeAPO with a coverage of 64 % as shown in Fig. 7.4. UV-vis
spectra of purified AaeAPO is shown in Fig. 7.5.

7.1.2 Construction Plasmids Containing apo Gene
for the Over-Expression of AaeAPO in E. coli

Because of the limitation of slow growth and low yield of production, we are
thinking of cloning AaeAPO in different organisms. The development of a heter-
ologous expression system for AaeAPO could also provide a chance for studies
on structure-function relationships with site-specific mutagenesis and protein
engineering. A similar strategy has been done with CPO and many cytochrome

Fig. 7.2 SDS-PAGE of
purified AaeAPO from each
step: from left to right the
lanes are the purified protein
by collaborators at Germany,
the thawed medium after
ultrafiltration, the protein
marker, the protein after the
third size exclusive column,
the protein after the second Q
Sepharose column and the
protein after the first SP
Sepharose separation
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P450 enzymes [3, 4]. Here, we first describe the construction of plasmids con-
taining apo gene. Next, we report trials of AaeAPO expression in E. coli.

The sequence of AaeAPO has been identified [5]. It shows no homology to
classic peroxidases, cytochrome P450s and only 30 % homology to CPO from
Caldariomyces fumago [5]. The cDNA sequence of apo has also been identified. So
we designed gene specific primers for apo cDNA with restriction sites at the ends
for ligation (Fig. 7.6). A. aegerita is an eukaryotic organism, its gene contains

Fig. 7.3 IEF gel of purified AaeAPO in left lane with two pI at about 4.4 and 4.9

Fig. 7.4 Mascot search result of the sequence match between purified AaeAPO and AaeAPO in
database with an accession number of B9W4V6. The signal peptide is colored in grey. The
matched peptides are shown in red (color online)
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introns. RNA splicing removes introns and joins exons. In order to obtain the apo
cDNA, a reverse transcription from apo mRNA to cDNA is a necessary step. This
is done by isolation of total mRNA, RT-PCR and amplified with specific primers.
The ligation of apo cDNA with a pUC19 vector at the sites of BamHI and EcoRI
was successful as shown in Fig. 7.7. Then, the resulting plasmid is used to construct
apo expression plasmids.

A common vector for recombinant P450 expression in E. coli is pCWori. It
contains two consecutive tac promoter cassettes upstream of a Nde I cloning site
coincident with a ATG start codon. It also contains a strong trpA transcription
terminator sequence, a phage M13 origin of DNA replication and lacIq gene
encoding the Lac repressor [4]. We designed primers with restriction enzyme sites
of Nde I and Xba I and successfully ligate apo cDNA into this pCWori vector
(Fig. 7.8). One important step that has to be done is to silence the Nde I site in the
sequence of apo cDNA by site-specific mutagenesis of pUC19_apo. After the
ligation, the Nde I site was recovered. Primers used for site-specific mutagenesis
and ligation with pCWori are summarized in Table 7.1.

DH5α is the common competent cell for pCWori vectors. Cells containing
pCWori_apo plasmid were grown in TB broth and recombinant AaeAPO expres-
sion was attempted to express with IPTG initiation and δ-ALA (δ-aminolevulinic
acid) supply. However, the cell pellets were not red, which indicated that holo-
AaeAPO was not produced.

Fig. 7.5 UV-vis spectra AaeAPO under different conditions. Black trace is ferric AaeAPO at pH
7.0. Blue trace is ferrous AaeAPO reduced by Na2S2O4 at pH 7.0. Red trace is reduced AaeAPO
bound with CO (color online)

Fig. 7.6 Primers used for RT-PCR and ligation. Purple is EcoRI. Green is BamHI. Red is that
start codon and the two blue codons are stop codons (color online)
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In order to make recombinant AaeAPO fold correctly, we thought to express the
protein in E. coli’s periplasmic space which provides a more oxidative environment
than that of the cytoplasmic space. By mimicking the fungal extra cellular envi-
ronment, this strategy might assist the disulfide bond formation, thus helping the
protein fold correctly and incorporating the heme. Signal peptides could be used to
direct the protein expressing into the desired final locations [6]. Outer membrane
protein A (OmpA) is a major outer membrane protein of E. coli [7]. Its signal peptide
has been used to direct recombinant proteins to periplasmic space before [3]. So, we
inserted the OmpA signal peptide before the AaeAPO peptide sequence in the new
construct. The apo gene was also optimized to eliminate rare codons in order to
increase the efficiency of translational performance. Finally, Xho l and Nde I
restriction sites were used to ligate the optimized OmpA_apo into a pET21b vector.

Fig. 7.7 The ligation of apo cDNA with double digested pUC19 vector. Left ligation experiment
showed lots of colonies growing when inserts are provided but no colonies growing in the
controls. Middle 2nd lane is apo cDNA, 3rd lane is empty pUC19 digested with EcoRI, 3rd lane is
pUC19_apo digested with EcoRI. Right a map showing apo gene is inserted into pUC19

Fig. 7.8 The ligation of apo cDNA with double digested pCWori vector. Left ligation experiment
showed lots of colonies growing when inserts are provided but no colonies in the controls. Middle
2nd lane is apo cDNA, 3rd lane is Nde I and Xba I double digested pCWori_CYP101, 3rd lane is
pCWori_apo digested with both Acc65 I. Right a sequence map of the expression plasmid
pCWori_apo
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The new construct is shown in Fig. 7.9 left. This plasmid was then transformed into
BL21 (DE3) competent cells. Several conditions were tried to express the proteins.
After induction with 0.5 mM of IPTG, supplied with 0.5 mM of δ-ALA and incu-
bation at 30 °C for 20 h, the cell pellets showed a light pink color. This promising
result suggests that recombinant AaeAPO might be expressed under these
conditions.

Cell lysis was then obtained by breaking the cells with SDS and sonication.
Figure 7.10 left shows a SDS-PAGE of the protein mixture directly from cell lysis.
Recombinant AaeAPO has a molecular weight *37 kDa. Bands at *37 kDa were
also shown to be positive by western blotting analysis with his-tag antibody
(Fig. 7.10 right). These bands were then cut for LC/MS/MS protein sequence.
Results showed that only IPTG induction sample contained AaeAPO, but not the
control. This result indicates that we are able to express AaeAPO in E. coli.

Fig. 7.9 Left the plasmid map of OmpA_apo_pET21b. Right BL21 (DE3) cell pellets transformed
with OmpA_apo_pET21b and incubated at optimized conditions

Fig. 7.10 Left SDS-PAGE
results of whole protein in cell
lysis. Right Western blotting
result of his-tag proteins in
cell lysis. Lane 1 is 0.5 mM
ITPG and 0.5 mM δ-ALA.
Lane 2 is 0.5 mM IPTG. Lane
3 is 0.5 δ-ALA. Lane 4 is the
control without adding any
IPTG and δ-ALA
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However, when we worked on the protein purification, we found that the recom-
binant AaeAPO was not in the soluble form. Instead, inclusion bodies formed that
had no catalytic activity.

The expression of recombinant AaeAPO in E. coli still remains difficult, possibly
because its wild type is a highly glycosylated protein (20 % of whole mass). It
might be hard for the recombinant protein to fold in the active conformation without
those post translational modifications [8]. The expression of CPO produced into the
periplasmic space in E. coli was non-glycosylated in its apo-form. A high
pressure-assisted reconstitution method was used to recover only a very limit
amount of active holoenzymes [3]. Some eukaryotic expression systems with little
glycosylation post-modifications were also tried for CPO expression but no active
enzymes were produced by this method. Another filamentous fungal expression
host, Aspergillus niger, was later used for successful expression of several fungal
metalloproteins [9, 10]. Another study done by NOVOZYMES showed successful
over-expression of recombinant APO from Coprinopsis cinerea in Aspergillus
oryzae [11]. So, it is really promising that Aspergillus niger and Aspergillus oryzae
might be useful heterologous hosts for the over-expression of AaeAPO. The
plasmid construction and expression is worth trying in the future. If that works, it
could provide a powerful biocatalyst for industrial use and the mutated recombinant
protein could be used for detailed mechanistic investigations and design better
biocatalysts.

7.1.3 Comparison of Several Fungal Heme-Thiolate
Enzymes

After the discovery of AaeAPO from Agrocybe aegerita and CraAPO from
Coprinellus radians, the third heme-thiolate peroxygenase MroAPO from
Marasmius rotula was characterized. MroAPO is also the first fungal peroxygenase
that can be produced in high yield [2]. Although cytochrome P450s, CPO, (Aae,
Cra and Mro) APOs are all heme-thiolate enzymes, their physiological functions
and reactivity differs. Cytochrome P450s use molecular oxygen as oxidants, need
NAD(P)H as co-substrate and reductase as co-enzyme. CPO and APOs are all
extracellular enzymes utilizing H2O2 as terminal oxidants. The halide oxidation and
alkane hydroxylation catalyzed by CPO and APOs also show different efficiency
and capability as the following orders [2].

Halide oxidation: CfuCPO ≫ AaeAPO ≈ CraAPO > MroAPO
Alkane Hydroxylation: AaeAPO > CraAPO ≈ MroAPO > CfuCPO

Reasons of the function differences include their sequence and structure differences.
For example, their acid-base residues in the active sites are quite different. Most of
cytochrome P450s have threonine as the conserved residue, its hydroxyl group has
been proposed to assist in the catalytic function [12]. However, CPO and APOs
possesses a polar environment distal to its heme prosthetic group and contains a
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glutamic acid residue [5, 13]. Although the acidic residues are the same for CPO
and APOs, the basic residues are different, histidine for CPO and arginine for
AaeAPO respectively. Here, we compare the resting protein EPR spectra, the alkane
hydroxylation activity and compound I stability of different fungal enzymes.

7.1.4 EPR Spectra of Resting Enzymes

AaeAPO and CPO share 30 % peptide sequence and have similar tertiary structures,
as shown in Fig. 7.11 left. AaeAPO has no peptide homology and have different
tertiary structures of P450cam, as shown in Fig. 7.11 right. Electron paramagnetic
resonance (EPR) spectroscopy [14, 15] provides information about the identity of
the paramagnetic center, the spin state, the magnitude of hyperfine interactions,
zero-field splitting and so on. EPR spectrum of ferric AaeAPO, in Fig. 7.12 middle
and right panels, showed that the iron is in the low-spin configuration, S = 1/2, with
g-values * [2.43, 2.25, 1.90]. There is almost no high spin signals observed in
resting substrate-free AaeAPO. This set of g-values is similar as P450s * [2.45,
2.26, 1.91] [16] and another new peroxygenase MroAPO [2.41, 2.25, 1.89]

Fig. 7.11 Alignments the crystal structures of CPO (green, PDB 2J5M) with AaeAPO (cyan,
unpublished data) and crystal structures of P450cam (purple 1DZ4) with AaeAPO (color online)

Fig. 7.12 X-band EPR spectra of resting CPO and AaeAPO
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(Fig. 7.13), but is different from CPO * [2.60, 2.26, 1.83] [17] (Fig. 7.1 left).
Different sets of g-values of different ferric heme-thiolate enzymes are summarized
in Table 7.2. Our result indicates that although AaeAPO and CPO share sequence
similarity, their electronic structures near the heme iron are different. Their iron
centers have different rhombicity. Instead, electronic structure of AaeAPO and
MroAPO has been evolved to be similar as those of cytochrome P450 enzymes,
possibly by subtle tuning of the H-bonds strength with cysteine sulfurs at their
proximal pockets (Table 7.2). The new heme-thiolate peroxygenase family fitting in
the gap between chloroperoxidase and monooxygenases has been studied from both
protein sequence and electronic structures points of view.

Another interesting finding is that when temperature increased from 5 to 60 K,
the buried AaeAPO LS signals decreased. This result indicates that there are dif-
ferent sets of heme iron, possibility caused by the different active site conformations
or different networks of hydrogen bonds and H2O molecule bindings at different

Fig. 7.13 X-band EPR
spectrum of resting MroAPO

Table 7.2 Comparison of the proximal H-bonds to the cysteine sulfur in different heme-thiolate
enzymes and g-values of ferric enzymes in EPR spectra

Proteins 1st residue and
distance

2nd residue and
distance

3rd residue and
distance

g value
(dominant)

CPO
(2J5M)

Proline 3.6 Å Alanine 3.4 Å Leucine 3.5 Å 2.60, 2.26,
1.83 [17]

P450spα
(3AWQ)

Proline 3.6 Å Glycine 3.1 Å Glutamic acid
4.0 Å

2.59, 2.25,
1.84 [18]

P450cam
(1DZ4)

Leucine 3.5 Å Glycine 3.3 Å Glutamine 3.3 Å 2.45, 2.26,
1.91 [16]

AaeAPOa Proline, 3.6 Å Glycine 3.3 Å Leucine 3.3 Å 2.43, 2.25,
1.90

MroAPO Unknown 2.41, 2.25,
1.89

aAaeAPO crystal structure is preliminary data from Dr. Piontek
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temperatures. AaeAPO and CPO have shown to have different reactivity. The study
of electronic properties of the heme iron by EPR at resting and active intermediate
states is highly desirable. It may provide important information about the reaction
mechanism and relationship between structure and function.

7.1.5 Alkane Hydroxylation Reactivity and Selectivity

MroAPO lacks the halogenenation activity. Its alkane hydroxylation activity is also
much less efficient than that of AaeAPO. It can only slightly react with cyclohexane
to produce cyclohexanol and cyclohexanone. It turned out that radical rearranged
product (cyclohex-2-en-1-ylmethanol) was also detected in the radical clock (nor-
carane) experiments with MroAPO as shown in Fig. 7.14. The rebound rate was
2 × 107 and the radical life time was 60 ps which is about 5 times longer than that of
AaeAPO. The interesting thing about norcarane hydroxylation experiments is,
opposite to AaeAPO, MroAPO prefers producing endo-2-norcaraol, but the ratio of
endo/exo < 11. AaeAPO prefers exo-2-norcaranol, exo/endo > 60. We also tried
different oxidants and pHs. The product distributions are the same for H2O2, PAC,
TBHP, NaIO4 and NaClO2 at pH from 5.0 to 7.0.

7.1.6 Intermediate Generation and Stability

MroAPO compound I was detected with the use of excess peracetic acid by
fast-mixing stopped-flow spectroscopy. As shown in Fig. 7.15 left, MroAPO-I is
generated and persists for a while (*18 s) then it decayed back to its ferric state.
The decay rate under optimized conditions was 0.7 s−1. The stationary state is
proposed to be the catalase-like reaction between MroAPO and PAC.

Fig. 7.14 Left GC/MS total ion trace in the region of the alcohols produced from the
hydroxylation of norcarane by MroAPO. Right mass spectrum of the radical rearranged product
cyclohex-2-en-1-ylmethanol
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dCpdI/dt = 0 = k1[APO][PAC] – k0[CpdI] − k2[CpdI][PAC]

In terms of the compound I generation, mCPBA and H2O2 (stoichiometric to excess
amounts) were worse than PAC, with much lower yields of the intermediate. As
shown in Fig. 7.15 right, with the use of mCPBA and at pH 7, the decay rate is very
fast, 12 s−1. So the accumulation of MroAPO compound I was not obvious.

7.1.7 Site-Specific Mutagenesis for the Study
of Structure-Function Relationships

Site-specific mutagenesis has proven to be a powerful tool in studying the
structure-function relationships in P450s, CPO and other peroxidases [19]. The role
of cysteine ligation to iron in P450s and CPO related to their catalytic properties has
been revealed by using site-specific mutagenesis. For example, replacing the Cys to
His in CPO resulted only 5 % of its original kcat in term of chlorination and
peroxidation. Catalase and epoxidation activities were also reduced to 30 % [13].
There are also studies showing that replacing Cys in P450cam with His resulted less
or even no camphor hydroxylation activity any more [20, 21]. On the other hand,
the activity of myoglobin increased fivefold by mutating His to Cys [22, 23]. The
conclusion is that the axial ligand, cysteine, indeed plays a very important role in
heme-thiolate enzyme catalysis. Futhermore, the function of different acid-base
residues in the active sites of heme enzymes have also been studied and compared.
For example, substitution of Glu183 in CPO with a His reduced 50 % of chlori-
nation activity [13]. And replacement of Thr 252 in P450cam to Ala or Val resulted
an uncoupling monooxygenase reaction [12]. Not only investigation from the
mechanistic views, the substrate specificity, reaction efficiency and stereochemistry
can be also improved by adjusting the residues. For instance, some P450s have been

Fig. 7.15 Left the formation of MroAPO-I was detected by the fast-mixing stopped-flow
spectroscopy at the optimized condition of 10 µM MroAPO mixing with 1 mM PAC at pH 7.0 at
4 °C. Right similar and small amounts of MroAPO-I were detected with the use of stoichiometric
amount of oxidants or using an excess amount of other oxidants including mCPBA and H2O2
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designed to activate small gasous alkanes or terminal C–H bonds [24]. HRP have
been rationally engineered to perform enantioselective sulfoxidation and epoxida-
tion reactions [25]. Since efforts have been taken to express recombinant AaeAPO
in different systems, we want to do site-specific mutagenesis on AaeAPO to study
the roles of its important residues. We also want to mutate the substrate entering and
releasing channels in order to change the substrate specificity and fine-tune the
selectivity of products formation. Rational engineering or directly engineering
strategies can be used with recombinant AaeAPO to design better biocatalysts for a
wider substrate scope and higher reaction efficiency.

7.2 Conclusions

In this chapter, we showed the production and purification of wild type AaeAPO
from A. aegerita. The strain grows slowly and we want to perform meaningful
mutation studies, so we were trying to produce recombinant AaeAPO in E. coli.
Several constructs were tried. By using the OmpA signal peptide to direct protein
expression in periplasmic space, we found that the cell pellets showed promising
pink color. This indicates a heme protein production. However, recombinant
AaeAPO formed inclusion bodies and gave no catalytic activity. This might be
caused by the lack of heavy glycosylation post translational modifications. In the
future, the expression of recombinant AaeAPO in yeast strain, Saccharomyces
cerevisiae, and fungal strains such as A. niger or Aspergillus oryzae are worth
trying. Also, with the discovery of the other fungal heme-thiolate peroxidases, for
example MroAPO, their alkane hydroxylation activities, radical clock studies and
intermediates characterization were performed and compared with CPO and
AaeAPO. These differences might are caused by the active site environments of
different proteins. If recombinant AaeAPO can be produced, we hope to use
site-specific mutagenesis to investigate structure-function relationships, study the
important roles of cysteine and several acid-base residues in the active sites. We
also hope to perform protein engineering to design better biocatalysts, for example,
to tune reaction specificities and improve the catalytic efficiency.

7.3 Experimental

Reagents: pCWori vector was kindly provided by Prof. Ortiz de Montellano.
pUC19 vector was from New England Biolabs, Inc. (NEB). All restriction enzymes,
T4 DNA ligase and alkaline phosphatase calf intestinal (CIP) were all bought from
NEB. QuikChange Lighting Site-directed mutagenesis kit from Agilent
Technologies was used. FastTrack® 2.0 kit from invitrogen was used for the iso-
lation of mRNA. SuperScript® III One-Step RT-PCT System with Platinum®

Taq DNA polymerase was used for cDNA synthesis and amplification. Platinum®

126 7 Cloning and Expression of AaeAPO from Agrocybe aegerita …



PCR superMix was used for all PCR reactions. QIAquick® Gel Extraction Kit was
used for DNA purification after PCR. QIAprep® Miniprep was used for the puri-
fication of DNA from cell cultures. In-Gel Tryptic Digestion Kit from Thermo
Scientific was used digestion for MS/MS analysis. Veratryl alcohol, 3 % H2O2 and
peracetic acid were brought from Sigma-Aldrich. BactoTM Soytone, peptone from
soybean meal, malt extract, yeast extract, LB and terrific broth modified were
brought from Fishier Scientific. OmpA_apo_pET21b construct was optimized,
synthesized and ligated by GenScript.

Instruments: UV-vis spectral measurements were made with a Hewlett Packed
8453 diode array spectrophotometer at room temperature. Stopped-flow experi-
ments were performed with a Hi-Tech SF-61 DX2 double mixing instrument with a
1 cm path length. GC-MS analyses were run using an Agilent 7890A GC coupled
to a 5975 inert MSD with a Rtx-5Sil MS column. The X-band ferric protein EPR
spectra were taken with the Bruker EMXplusTM spectrometer with a protein con-
centration of 150 μM. Whole protein MS and digested peptide MS/MS were
analysis by mass spectroscopy facility in Department of Molecular Biology at
Princeton, DNA sequence identification were done by GENEWIZ and aligned with
Seqman of Lasergene software package. Ultrafiltration is done with a stirred cell
model 8400 from Millipore.

Organisms: A. aegerita TM A1 was from German collection of microorganisms
and cell cultures-DSMZ, collection number DSM 22459. DH5α competent cells
were from NEB. 10XL Gold ultracompetent cells were from Agilent Technologies.

Cell cultures: A. aegerita TM A1 was maintained on malt extract agar slants
and stored at 4 °C in the dark. One contents of the agar slant was homogenized by
0.5 ml of growth medium and the mycelia suspension was incoluated in 1 L liquid
culture. The 1 L growth medium contains 30 g of soybean meal and 10 g of
peptone. The flask was agitated in 4 L flask on a rotary shake 200 rpm at room
temperature about 25 °C. One colony of E. coli containing pCWori_apo for
reconstitute AaeAPO was first incoluated in 5 ml LB medium containing ampicillin
(100 mg/L) and cultured overnight at 37 °C. 5 ml of the LB culture then was
transferred to 1 L TB medium with ampicillin (100 mg/L) and allowed to growth at
37 °C until OD600 reaching 0.3–0.5. At this point, IPTG (0.5 mM) and δ-ALA
(0.5 mM) were added to the medium and agitate at 30 °C for 24 h.

Protein purification: wild type AaeAPO was purified according to published
procedure with minor modification [1]. Wild type MroAPO was provided by our
collaborators in Germany [2]. Recombinant AaeAPO from E. coli was produced by
culturing competent cells with desired plasmids in LB broth or TB broth at opti-
mized conditions. Generally, when the OD600 of cell medium reaches 0.6, the
protein production was induced by adding IPTG and δ-ALA. The concentrations of
IPTG, δ-ALA, temperature and duration were various in order to optimize the
condition. Cells were treated with detergent SDS. The whole lysis were then under
sonication or heating to form a whole protein mixture. Then, protein contents were
analyzed by SDS-PAGE and western blotting.

Enzyme activity assay and kinetic characterization: AaeAPO activity was
measured at 310 nm by monitoring the oxidation of veratryl alcohol into
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veratraldehyde (ε310 = 9.3 mM−1 cm−1) or the benzyl alcohol into benzaldehyde
(ε280 = 1.4 mM−1 cm−1). Haloperoxidase activity was measured by monitoring the
chlorination of MCD (ε290 = 20.1 mM−1 cm−1). Units definition is the micromoles
of product formed per minute or micromoles of substrate converted per minute.
Stopped-flow spectroscopy kinetic data were collected at 4 °C in 100 mM buffer,
citrate buffer for pH 3.0–5.0 and phosphate for pH 6.0–8.0. Each experiment was
repeated three times. Concentrations presented are the final concentrations after
mixing.

Total mRNA isolation, apo cDNA synthesis: for mRNA isolation, protocol of
FastTrack® 2.0 kit was followed. Because fungi have thick cell walls, for the total
cell lysis collection, about 1 g of cells were harvested and ground with a mortar and
pestle in liquid nitrogen. When the power was obtained, transfer the power in liquid
nitrogen to a sterile 50 ml centrifuge tube. As soon as the liquid nitrogen evapo-
rated, add 15 ml FastTrack® 2.0 Lysis Buffer with Proteinae K. Homogenization the
power was done by using a Dounce homogenizer until no visible particle was
obtained. The final concentration of total mRNA was measured by nanodrop at
260 nm. For apo cDNA synthesis, we followed the protocol of SuperScript® III one
step RT-PCR system with Platinum® Taq DNA polymerase. Primers as shown in
Fig. 7.3 were used for reverse transcription and amplification. The band on DNA
gel at round 1200 bp was cut and sent for sequence.

pUC19_apo expression plasmid construction: both the resulting RT-PCR
product and the empty pUC19 vectors were EcoRI/BamHI digested and purified by
either filtering through a column or gel purification. T4 DNA polymerase was used
and the ligation was performed at 16 °C overnight with insert: vector molar ratio of
3:1 and 5:1. No insert religation was used as control. The resulting ligated samples
were directed used for heat shock transformation.

pCWori_apo expression plasmid construction: site-specific mutagenesis
protocol was followed to perform Nde I silence in pUC19_apo and recovery to
pCWori_apo. Primers with Nde I and Xba I sites at the ends were used for PCR
amplification. Both the PCR product and the empty pCWori vectors were Nde I/Xba
I double digested and purified by either filtering through a column or gel purifi-
cation. T4 DNA polymerase was used and the ligation was performed at 16 °C for
3 h with insert: vector molar ratio of 10:1. No insert religation was used as control.
The resulting ligated samples were directed used for heat shock transformation.
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