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ABSTRACT

Methane is an ideal alternative to petroleum refining as a chemical feedstock source since
it is highly abundant an inexpensive. However, the lack of selective methane oxidation catalysts
has limited such utilization. Starting from cytochrome P450 CYP102A1 (BM3) from Bacillus
megaterium, which prefers C1,-Cyo fatty acids as its substrates, | investigated several protein
engineering approaches to shift the enzyme’s substrate specificity toward small gaseous alkanes,
with the ultimate goal of methane. By continuing previous directed evolution efforts in our
group, a variant with wild-type-like affinity and catalytic efficiency for propane, P450pnmo0, Was
isolated. To alleviate the loss of protein thermostability (~ 10 °C) as a result of this approach,
mutations were targeted to the BM3 active site with site saturation mutagenesis, targeted
mutagenesis with a reduced set of amino acids, and computationally guided library designs.
From these enzyme libraries, variants were identified that replicated much of the P450pmo

activities with a minimal number of mutations while maintaining wild-type thermostability.

Continuing the protein engineering with a high throughput ethane hydroxylation screen,
variants with improved in vitro ethane hydroxylation activity were obtained. However, in whole-
cell ethane bioconversions, BM3-derived variants could not match the activity of a natural P450
alkane hydroxylase, CYP153A6. To investigate the oxidation capability of the P450 oxo-ferryl
porphyrin radical intermediate directly, | employed a variety of terminal oxidants to support
P450 alkane hydroxylation reactions abridging the P450 catalytic cycle. In this study, the
CYP153A6 oxo-ferryl intermediate was able to oxidize methane in reactions using
iodosylbenzene, which demonstrated that direct methane-to-methanol conversion by a P450
heme porphyrin catalyst at ambient conditions is possible and does not necessarily require the

use of additional effectors to alter the active site geometry.



THESIS SUMMARY

Selective hydroxylation of small alkanes is a long-standing problem for which few
practical catalysts are available. The lack of catalysts that can efficiently convert gaseous alkanes
into transportable liquid commodities has been a barrier to broader utilization of these resources.
In particular, methane, the principal component of natural gas, is an ideal alternative to
petroleum as a chemical feedstock source since it is highly abundant and inexpensive. Currently,
methane is converted to methanol via an energy intensive, endothermic, and costly process that
first converts methane into synthesis gas, followed by methanol synthesis from this intermediate.
This process is economically feasible only on a large scale, which in combination with general

transportation limitations of a gas commodity prevent methane recovery from many sources.

The selective oxidation of small alkanes is difficult because of the inertness of the alkane
C-H bond, which requires highly reactive radical or ionic species to cleave. However, as the
desired partial oxidation products, alcohol and aldehyde, have weaker C-H bonds compared to
the alkane, they are susceptible to further oxidation to CO,. While this transformation has been
achieved only by a limited set of transition-metal-based catalyst systems, a variety of alkane
hydroxylases found in alkanotrophic microorganisms support selective alkane oxidation at
ambient conditions using oxygen as the oxidant. Chapter 1 of this thesis provides an introduction
to enzymatic alkane oxidation by monooxygenases, highlighting the structure and mechanisms of
three major enzyme classes, methane monooxygenases (MMOSs), non-heme (di-iron)

monooxygenases, and cytochrome P450s (P450s).

MMOs enable methanotrophic bacteria to use methane as their sole carbon source, while
non-heme (di-iron) monooxygenases and P450s enable microorganisms to grow on medium- and

long-chain alkanes. These monooxygenases selectively oxidize alkanes into alcohols as the first
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step in hydrocarbon metabolism. Unfortunately, since the majority of these hydroxylases
function as a part of a larger enzyme complex and are membrane associated, their potential for
industrial applications is limited. For these reasons, we have been engineering well-expressed,
soluble, bacterial P450s, in particular CYP102A1 (BM 3) isolated from Bacillus megaterium, for

small alkane hydroxylation.

In addition to being well-expressed and soluble, BM 3 was chosen as the starting point
for this protein engineering effort because it is a rare self-sufficient P450 with its heme
(hydroxylase) and reductase domains fused on a single polypeptide. This unique domain
architecture has been credited for BM3’s high catalytic rate acting on its preferred Ci, to Cy
fatty acids substrates. Previous work in our laboratory (by Ulrich Schwaneberg, Edgardo T.
Farinas, Anton Glieder, Matthew Peters, and Peter Meinhold) aimed at converting BM3 into a
methane monooxygenase applied directed evolution —iterations of mutagenesis, recombination,
and screening, to generate BM3 variants with improved alkane hydroxylation activity. Their
overall strategy for shifting BM3’s substrate specificity was to enhance the promiscuous alkane
hydroxylation activity of BM3 and subsequent variants starting with octane as the target
substrate. Using a colorimetric screen with p-nitrophenoxy octane as a surrogate substrate in
combination with monitoring cofactor consumption in the presence of octane, variants with
improved activity for octane hydroxylation were identified. Limited activity toward propane, a
substrate not hydroxylated by wild-type BM3 was also observed in later generation variants. At
this point, selection pressure was shifted toward propane hydroxylation by screening for
dimethyl ether demethylation in high-throughput as the surrogate activity. Using this screen and
a combination of mutagenesis techniques, ethane hydroxylation activity was obtained with

variant 35E11. At this point, | took over the P450 alkane hydroxylase project.
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Chapter 2 describes the continuation of laboratory evolution efforts aimed at converting
BM3 into a small alkane hydroxylase, starting from variant 35E11. As a result of the previous
ten rounds of mutagenesis and screening, variant 35E11 displayed a significantly lower
thermostability (ATso = — 11.6 °C) compared to the wild-type enzyme. To reverse this loss in
thermostability, which is known to reduce the ability of a protein to acquire beneficial mutations
that are destabilizing, known stabilizing mutations from a P450 peroxygenase were grafted onto
variant 35E11 singly and in combination. The resulting thermostablized variant was subjected to
a domain-based protein-engineering strategy (developed by Rudi Fasan), in which the three
domains of BM3 were mutated individually using both random and site-saturation mutagenesis.
Beneficial mutations identified through high-throughput screening for dimethyl ether
demethylation were verified to improve propane and ethane hydroxylation in the context of the
holoenzymes. Using this strategy, re-specialization of BM3 for propane hydroxylation was
achieved with variant P450p\0, @ proficient P450 propane monooxygenase. This variant displays
substrate affinity and coupling of cofactor consumption rivaling those of the natural P450s with
their preferred substrates. In addition, we were able to demonstrate in vivo propane
hydroxylation using these BM3 variants in resting E. coli cells reaching activities surpassing

those reported for natural alkane hydroxylases acting on their preferred substrates.

In Chapter 3, we explored alternative mutagenesis approaches to engineer BM3 for small
alkane hydroxylation. Instead of gradually shifting the BM3’s substrate specificity by enhancing
its promiscuous alkane hydroxylation activity as done previously, we applied several semi-
rational library design approaches to mutate the BM3 active site in an attempt to acquire activity
for small alkane hydroxylation directly from the wild-type enzyme. From screening of

mutagenesis libraries created by combinatorial active site saturation with a reduced set of amino
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acids and two structure-based computational library design approaches, we identified variants
supporting both propane and ethane hydroxylation. Although, none of the obtained variants
reached the level of specialization that was previously obtained with P450p\0, the range of
obtained propane TON and coupling of cofactor consumption corresponds to those values of
generalist intermediates of P450p\0 lineage obtained after 10 — 12 rounds of mutagenesis and
screening. These results suggest semi-rational library design can be an effective strategy to move
away from a specialist enzyme toward generalist enzymes, but functional specialization still

requires optimization through several rounds of random mutagenesis and screening.

The BM3 variants we obtained with high activity on small alkanes hydroxylate propane
and longer chain alkanes predominantly at the more energetically favorable subterminal position.
In contrast, SMMO and other alkane hydroxylases utilized by microorganisms for alkane
metabolism selectively oxidize at the terminal carbon to produce 1-alcohols. Since selective
terminal hydroxylation has been difficult to achieve by engineering BM3, a sub-terminal
hydroxylase, we investigated in Chapter 4 whether a small-alkane terminal hydroxylase could be
obtained by directed evolution of a longer-chain alkane hydroxylase that exhibits this desirable
regioselectivity. For this study, we engineered two alkane hydroxylases that prefer medium-
chain-length alkanes (C¢ — Ci), AIKB from P. putida GPol and CYP153A6 from
Mycobacterium sp. HXN-1500, for enhanced butane hydroxylation activity using an in vivo
growth-based selection system (developed by Daniel Koch). This system enabled selection for
terminal alkane hydroxylase activity based on enhanced growth complementation of an adapted
strain of P. putida. The resulting enzymes, AIkB-BMO1, -BMO2, and CYP153A6-BMO1
conferred improved growth on butane as the sole carbon source and exhibited higher rates of 1-

butanol production in whole-cell butane bioconversions while maintaining their preference for



terminal hydroxylation. These results demonstrated the usefulness of this in vivo selection
system, which could be generally applied to directed evolution of enzymes for small alkane

hydroxylation.

To apply selection pressure for the main goal of this research, selective hydroxylation of
ethane and methane, we developed a high-throughput screen to directly assay for P450 alkane
hydroxylation, described in Chapter 5. With the use of a pressurizable 96-well reactor, the P450
alkane hydroxylation reaction was conducted in high throughput and the alcohol product was
quantified spectroscopically by a coupled enzyme assay. Applying this screen to BM3 variants
generated in our laboratory, we identified variant E31 as the best candidate for further
engineering, since it displayed both the highest activity in the screen and wild-type-like
thermostability. Subsequent rounds of site-saturation and random mutagenesis resulted in
improved variants demonstrating the efficacy of the screen. However, none of the identified
BM3 variants were able to produce ethanol or methanol in whole-cell alkane bioconversions
using growth-arrested E. coli cells. In contrast, CYP153A6, a natural terminal alkane
hydroxylase, was able to produce ethanol in whole-cell alkane bioconversions. The inability of
BM3 variants to produce ethanol in vivo reflects their poor affinity for ethane and indicates they

still lag behind a natural P450 alkane hydroxylase in terminal hydroxylation of small alkanes.

The complete absence of methane oxidation activity in numerous BM3 variants evolved
for propane and ethane hydroxylation activity led us to question if the P450 oxo-ferryl porphyrin
radical intermediate, compound I, can oxidize the 105 kcal/mol methane C-H bond. In Chapter 6,
we separated the substrate binding problem presented by the small size of methane from the
challenge of the higher activation barrier of the reaction presented by the methane C-H bond by

assaying the reactivity of compound | directly through terminal oxidant-supported P450



reactions. Using iodosylbenzene, 3-chloroperoxybenzoic acid, and hydrogen peroxide as
oxidants, we investigated the ability of the compound I of five P450s (BM3, P450pmo, P450cam,
CYP153A6, and CYP153A6-BMO1) to hydroxylate alkanes ranging from methane to octane.
From these terminal oxidant-supported P450 reactions, we found the compound | of CYP153A6,
and CYP153A6 BMO-1 to be able to break the methane C-H bond using PhlO as the oxidant.
This demonstrates both the feasibility of P450 methane oxidation and the use of terminal
oxidant-supported P450 reactions as an assay to investigate the compatibility of P450 active sites
for small alkane oxidation. By chemically generating the active radical, we eliminated the
requirement for substrate binding to initiate P450 catalysis, which enabled us to determine the

innate substrate range of each P450 active site.

Although the BM3 variants we generated could not hydroxylate methane, we have found
other applications for which they excel, such as regioselective hydroxylation of non-activated
carbon centers. The involvement of human P450s in the degradation of most drug compounds
made us wonder if BM3 variants can be used to replicate or predict the metabolism patterns of
human P450s and produce these metabolites on a preparative scale. In Chapter 7, we
demonstrated that a small panel of BM3 variants covers the breadth of reactivity of human P450s
by producing 12 of 13 mammalian metabolites for two marketed drugs, verapamil and
astemizole, and one research compound. The most active enzymes could support preparation of
individual metabolites for preclinical bioactivity and toxicology evaluations. Underscoring their
potential utility in drug lead diversification, engineered BM3 variants also produce novel
metabolites by catalyzing reactions at carbon centers beyond those targeted by animal and
human P450s. Finally, we enhanced the production of a specific metabolite by directed evolution

of the enzyme catalyst.
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Chapter 8 details experimental procedures and materials used throughout the studies

described in this thesis.
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Chapter 1

Introduction: Enzymatic Alkane Oxidation by Monooxygenases



A. Introduction

Petroleum and natural gas are the primary energy resources currently utilized to meet the
world’s energy needs (1). In addition to its use as a fuel source, the conversion of crude oil to
olefins and aromatics through refining has also allowed petroleum to act as a major feedstock for
the chemical industry. This ability to generate chemical precursors—through processes such as
cracking, dehydrogenation, and reforming—differentiates petroleum from natural gas, which has
been limited to usage as a fuel. However, as the world’s known reserves of crude oil are
shrinking (2), the need to find alternative sources for chemical feedstocks, such as natural gas, is
becoming more pressing. This search for alternative feedstocks is also motivated by the
environmental impact of petroleum refining. As the reactions to produce olefins and aromatics
from petroleum are endothermic, CO; is released during both the generation of these chemical
precursors and in the subsequent partial oxidation steps to produce the desired oxygenated

compounds (e.g., aldehydes, alcohols, carboxylic acids).

Methane, the principal component of natural gas, is an ideal alternative to petroleum
refining, since it fulfills all the requirements for a chemical feedstock, including high abundance,
low cost, and lower carbon footprint (CO, emission) compared to petroleum refining. In addition
to the methane available in known natural gas and coal sources, it can also be produced via
biogas (3), by fermentation of organic matter (3), and vast quantities are stored as methane
hydrates at the ocean floor (4). There are also economic incentives to convert methane into
oxygenated products, as it is less expensive than petroleum-generated olefins and aromatics.
Finally, the methane oxidation reaction is exothermic. Therefore replacing the highly
endothermic petroleum refining processes with methane oxidation would also result in

concurrent energy production with the chemical products instead of energy consumption. Despite



all these favorable factors, methane is still underutilized as a feedstock owing to a lack of

economical and sustainable strategies for its selective oxidation (5).

The selective oxidation of methane to oxygenated products represents a significant
challenge, as the methane C-H bond is extremely inert (105 kcal/mol) (6). Therefore, highly
reactive radical or ionic species are required to cleave the methane C-H bond. However, as the
desired partial oxidation products, methanol and formaldehyde, have weaker C-H bonds
compared to methane, they are susceptible to further oxidation to CO,. To overcome these
challenges, research toward partial methane oxidation and improved methane utilization has
taken several different approaches: (1) the one-step oxidation of methane to methanol or
formaldehyde, (2) oxidative and non-oxidative coupling of methane, (3) Fischer-Tropsch
synthesis of hydrocarbons from synthesis gas (syngas), generated from steam reformation of
methane. Currently, industrial conversion of methane to methanol falls into the latter category,
utilizing an energy intensive, endothermic, and costly process to first convert methane into
syngas, followed by methanol synthesis from this intermediate (1, 7). While there is a variety of
mixed metal-oxide heterogeneous catalysts capable of the desired methane partial oxidation (8)
and coupling reactions (9 — 10), these catalysts currently lack the reactivity and selectively

necessary for commercialization (5).

The most hopeful strategy for selective methane oxidation is through electrophilic
activation by late transition metal ions, such as Pt(Il) (11), Pd (1I) (12), Rh (13), and Hg(ll) (14).
These systems are derived from the landmark study by Shilov demonstrating the production of
alcohol and alkyl-chloride using Pt(ll) salts in aqueous solution (11) (see equation (1)). These
systems have been shown to be capable of both stoichiometric and catalytic oxidation of

methane. Their most attractive feature is a high selectivity for the partially oxidized product: i.e.,



the reactivity for the methane C-H bond is substantially greater than that of a product C-H bond,
such as H-CH,OH or H-CH,SO4H (15). The mechanism of the Shilov systems occurs in three
steps: (1) electrophilic activation of the R-H bond by Pt(Il) to form a Pt(I1)-alkyl intermediate,
(2) oxidation of the Pt(l1)-alkyl complex by [PtCI6]* to give a Pt(IV)-alkyl species, (3)
nucleophilic Sy2 attack of water at Pt-C bond results in the formation of the alcohol product and

regenerates the Pt(11) catalyst.

tCly%

R-H + PtClg* R-OH + R-Cl + PtCl,% + 2HCI (1)

Advancement of the original system has been made by Periana et al., which has replaced
the oxidant [PtCls]* with sulfuric acid (15). Using an Hg®*complex in sulfuric acid, a one-pass
yield of 40% conversion of methane to methyl hydrogensulfate was obtained at > 90% selectivity
(14). An improved system utilizing Pt(ll) chelated by 2,2’-bipyrimidine, which is more
thermodynamically robust, resulted in a one-pass yield of greater than 73% (15). While these
yields are the highest reported for direct partial oxidation of methane, several key disadvantages
have prevented commercialization: low turnover frequency (16), costly methanol recovery from

concentrated sulfuric acid, and catalyst poisoning by water and oxidation products (5).

In contrast to the difficulties for transition metal catalysts to selectively oxidize methane,
metalloenzymes, specifically methane monooxygenases (MMOs) with metal centers composed
of abundantly available metals (iron and copper) are able to convert methane to methanol at
room temperature, atmospheric pressure, in water, and using O as the oxidant (17). Alkane
hydroxylases, including MMOs, are discussed in detail in the next section. As the structures of
these metalloenzymes have become available, they have inspired chemists to make “biomimetic”

catalysts (18) in attempts to capture the metal-centers in a functional form using a variety of



scaffolds. The synthesis and characterization of multiple di-iron Fe'V=O complexes modeled
after the Q intermediate of MMOs have been reported (19 — 22). To date, these complexes have
been shown to activate C-H bonds as strong as 100 kcal/mol, however, the obtained reaction

rates were much lower than those observed with metalloenzymes (20, 22).
B. Alkane Oxidizing Enzymes
B.1. Methane monooxygenases (MMOQOSs)

While a catalyst that supports efficient conversion of methane to methanol has so far
eluded transition metal chemistry, Nature found a solution to utilize methane as an energy source
long ago. Methanotrophic bacteria found in a variety of environments including methane vents in
the deep sea, gastrointestinal tracts of cows, and landfills are unique in their ability to utilize
methane as their sole carbon and energy source (23). Methanotrophs, comprising 13 different
genera within the o and y protobacteria (24), are defined by their expression of a methane
monooxygenase (MMO) that directly converts methane to methanol. The methanol product is
further oxidized to formaldehyde by a methanol dehydrogenase and is used both for biomass

synthesis (23) and as a source of ATP through further oxidation reactions (23).

Most studies of MMOs have been focused on enzymes from Methyloccus capsulatus
Bath (M. c. Bath) and Methylosinus trichorium OB3b (M. t. OB3b) (25). There are two types of
MMOs employed by methanotrophs, soluble MMO (sSMMO) (17) and membrane-bound or
particulate MMO (pMMO) (26). All but one genus of methanotrophic bacteria express pMMO,
and a small subset produces both MMOs (24). In methanotrophs expressing both MMO forms,

SMMO is expressed when less than 0.8 uM copper is present in the growth medium, whereas



with ~ 4 uM copper present, pMMO is expressed along with the developments of extensive,

intracytoplasmic membranes (27 — 28).
B.2. pMMO

Particulate MMOs are integral membrane metalloenzymes produced in nearly all
methanotrophs and are composed of the three subunits pmoA, pmoB, and pmoC (26). The three
protomers are arranged in an a33y3 trimeric complex, Figure 1.1 (25). The soluble region of
the enzyme complex extends ~ 45 A from the membrane and is composed of six p-barrels. A
significant opening spans the length of the pMMO trimer at its center; this pore is ~ 11 A wide in
the soluble portion and expands to ~ 22 A within the membrane. Despite decades of research and
the availability of two crystal structures (29), only recently has the location of the copper active
site been identified (30). Balasubramanian et al. demonstrated that expression of only the soluble
domain of pMMO, pmoB, from M.t.OB3b (31) was sufficient for methane oxidation (30). This
study conclusively identified the active site to be a dicopper center with a Cu-Cu distance of 2.5
— 2.7 A coordinated by three highly conserved His residues (32). In light of this discovery, it is
puzzling why Nature chose such a large enzyme complex for this reaction, when a soluble sub-
domain of pMMO is fully capable of the transformation. One theory forwarded by the authors
suggests that the membrane portions may play an important role in increasing the local methane
concentration as methane preferentially partitions between the aqueous solution and the

membrane (30).
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Figure 1.1: The pMMO (M. c. Bath) structure (pdb: 1YEW); (a) the full structure with one protomer
highlighted, reproduced from ref 29; (b) the soluble domain pmoB; (c) the first coordination sphere of the
dicopper metal center

Although pMMO is much more prevalent than SMMO in methanotrophs, difficulties in
its characterization due to the fact that it is an integral membrane enzyme have resulted in far
less understanding of its biochemistry as compared to SMMO. In fact, the conditions for isolating
catalytically active pMMO have been the subject of extensive research, and the optimal
conditions still remain unclear. Copper concentration in the growth medium, anaerobicity of the
growth condition, and the detergent-protein ratio are among the many conditions that have been
shown to affect the measured enzyme activity (33 — 34). The in vitro characterization of pMMO
is further complicated by the absence of a known physiological reductant. Typically, purified
pPMMO is assayed for propylene oxidation activity using either NADH or duroquinol as the
reductant (35). Activities ranging from 0.002 to 0.126 U/mg (1 U = 1 pmol propylene oxidized

per min) have been reported from various preparations (32 — 33, 36 — 37).



pMMO has been shown to oxidize only alkanes and alkenes up to five carbons in length
(38 — 39). Interestingly, for these multi-carbon substrates, sub-terminal oxidation at the C-2
position is preferred (40). Studies using chiral alkanes have given evidence to suggest the
pPMMO mechanism for oxygen insertion occurs in a concerted fashion rather than involving
radical or cationic intermediates, as with SMMO or cytochrome P450s (41 — 42). In addition, an
absence of a carbon kinetic isotope effect in the oxidation of propane also suggests little or no
structural rearrangement occurs at the carbon center during the rate-limiting step (43).
Unfortunately, attempts to determine the pMMO mechanism have been sparser compared to

similar efforts with SMMO, and much of the mechanism is still not well understood.
B.3. sMMO

Due to both its unique ability to oxidize methane as well as its high substrate promiscuity,
i.e., the ability to hydroxylate more than 50 different compounds including aromatics (17, 35),
SMMO has been a favored target for research (39). SMMO has been purified from M. t. OB3b
(44), M. c. Bath (45), and several other strains of methanotrophs (46). It belongs to the family of
bacterial multi-component monooxygenases (BMMs) (EC.1.14.13.25), which includes toluene
monooxygenase, phenol hydroxylase, and alkene monooxygenase (47), that enable their hosts to
utilize a variety of hydrocarbons as their sole carbon and energy source (47 — 48). Using a
common carboxylate-bridged di-iron center in their hydroxylase, BMMs are able to activate
oxygen for formal insertion into the substrate C-H bond, which initiates the metabolism of these

hydrocarbons.

Typical of BMM family members, SMMO is comprised of three components; a
hydroxylase (MMOH), which houses the di-iron active site, a reductase (MMOR), which

contains a flavin adenine dinucleotide (FAD), and a [2Fe-2S]-ferredoxin (Fd) cofactor that



shuttles electrons from the NADH cofactor to the MMOH active site, and a regulatory protein
(MMOB), which is required for methane oxidation (17). The MMOH subunit consist of three
polypeptides arranged as an a232y2 dimer, Figure 1.2 (a). The di-iron active site is embedded in
a four-helix bundle and coordinated by four carboxylates and two imidazoles from two

E(D/H)XXH binding motifs.

The resting state of the hydroxylase (Hox) active site is a di(u-hydroxo)-(u-
carboxylato)diiron (111) species. The catalytic cycle (Figure 1.2 (b)) is initiated by a two-electron
reduction to the di-iron (I1) form (Hrq). The reduction occurs simultaneously with a carboxylate
shift of the terminally coordinated glutamate (E243), which results in protonation and
displacement of both bridging hydroxyl ligands. Rapid reaction of Hyq with O, in the presence of
MMOB results in a peroxodiiron (I11) intermediate (Hperoxo). In the absence of electron-rich
substrates, Hyeroxo rapidly decays into the intermediate Q, a diiron(IV) oxo intermediate with a
short Fe-Fe distance of 2.5 A (49). The Q intermediate has been shown to be responsible for the
oxidation of a variety of substrates (50 — 54) including methane. In the absence of substrate, Q
decays slowly to Hox by acquiring two electrons and two protons through a still unknown
process. Both Hperoxo and Q intermediates have well-defined Mossbauer and optical spectroscopic
properties (53, 55). The conversion of Hperoxo t0 Q has been shown to be both pH-dependent and
exhibiting a solvent kinetic isotope effect (KIE), which indicates that the O-O bond cleavage

occurs heterolytically via a proton-promoted mechanism (56 — 57).
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Based on density functional theory (DFT) calculation with ~ 100 atoms (58 — 60),
methane initially approaches the Q intermediate in the ~ 185 A® hydrophobic binding site distal
to the histidine ligands. The bridging oxygen atom abstracts a hydrogen atom from methane in an
outer-sphere, proton-coupled electron transfer reaction, during which one of the iron atoms is
reduced to Fe (I1). The electron is taken from a C-H o-orbital, leaving behind a bound methyl
radical. The C-O bond formation along with a second electron transfer to the other iron center
from the methyl radical occurs either through a rebound mechanism with very short distances
(H-O---C of 1.97 A) or a concerted mechanism with the methyl fragment tightly bound to the
hydroxyl group (61). These two proposed pathways have comparable activation barriers from
DFT calculations, therefore the reaction most likely has a mixed character. The catalytic cycle is
then completed with the release of the methanol product, returning the enzyme to its di-iron (I11)

resting state.
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MMOH is only active in the presence of a protein cofactor, MMOB, which when
complexed with MMOH changes its structure and reactivity. For example, MMOH from M. t.
OB3b oxidizes alkanes and nitrobenzene to form secondary alcohols and m-nitrophenol products
in the absence of MMOB (62). Upon MMOB addition, the product ratios shift such that mostly
primary alcohols and p-nitrophenol are formed. In addition, MMOB must be present for efficient
generation of MMOH intermediates in the reaction cycle, which suggests that binding of MMOB
initiates the electron transfer (ET) and O, binding steps (63 — 64). The presence of MMOB has
been generally reported to enhance ET between MMOH and MMOR (63), but when chemically
reduced MMOR was added to premixed solutions of MMOH and MMOB the same ET between
MMOH and MMOR was inhibited (65). These apparently conflicting results have led
investigators to suggest that slow structural changes associated with MMOB and MMOR binding
to MMOH may result in hysteresis in MMOH activity (62). A current hypothesis is that the
interaction of one hydroxylase component of MMOH with MMOR or MMOB could be
dependent on the presence of MMOR or MMOB bound to the other component of MMOH (66).
As a consequence of this dependence, the oxidative phase of the catalytic cycle may only occur
at one of the two active sites at a time. This hypothesis has been experimentally verified by
observing a ~ 50% maximal conversion of the initial di-iron (I1) protein during reactions of

MMOH with oxygen (53).

The complexity of the interactions between these three enzyme components could be
necessary to facilitate and coordinate the transport of the four substrates, hydrocarbon, oxygen,
electrons, and protons of the SMMO reaction. The selective trafficking of these substrates to the
diiron active site of the hydroxylase is also aided by the presence of biologically well-engineered

substrate tunnels and pockets (67). Co-crystallization of MMOH with halogenated alkanes, Xe
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(68), and m-halogenated primary alcohols (69) has revealed the presence of multiple
hydrophobic substrate binding pockets that trace a contiguous pathway from the protein surface
to the di-iron center. The entry of the substrate appears to pass through several such cavities in its
path from aqueous solution to the enzyme’s active site (69). Finally, as many as eleven binding
sites have been identified with Xe, which has similar polarity, water solubility, and van der
Waals radius as methane. The binding of these surrogate substrates of methane did not induce
significant side-chain displacement in the enzyme; therefore it appears that methane and other

SMMO substrates are bound in pre-formed hydrophobic pockets.

Kinetic studies of the oxidation of hydrocarbon substrates by intermediate Q monitored
through stopped-flow spectroscopy have shown three distinct substrate classes. The first class of
substrates, including ethane, methanol, ethanol, and some ethers, displays a linear dependence of
reaction rate on substrate concentration. In addition, a kinetic isotope effect (KIE) of near unity
was observed, which suggests that the breaking of the substrate C-H bond is not the rate-
determining step. The second class of substrates, including methane and diethyl ether, also
displays a linear dependence of reaction rate with substrate concentration but display a KIE > 1,
suggesting that C-H bond activation reaction is rate-determining. Finally, the last class of
substrates includes nitromethane, acetonitrile, and acetaldehyde, and displays normal Michaelis-
Menten kinetics with hyperbolic dependence of reaction rate with substrate concentration and a
KIE > 1. For many of the hydrocarbon substrates discussed above, with the exception of
methane, the Hyeroxo intermediate is also a viable oxidant. However, when the Hyeroxo intermediate
is used as the oxidant rather than Q, only class Il and 111 kinetic behavior is observed. This has

led some investigators to conclude that reactions with Hpeoxo proceed through a classical
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hydrogen atom transfer mechanism, whereas those of Q are extensively non-classical and

involve hydrogen atom tunneling.

This difference could be particularly important for methane oxidation, as methane is
kinetically stable with a large barrier height for its oxidation. For the reaction with the Q
intermediate, tunneling across this barrier could lead to progression along the reaction
coordinate, whereas the reaction with the Hperoxo intermediate may not proceed due to absence of
tunneling. While this explanation could resolve why sSMMO homologs cannot activate methane
while possessing nearly the same di-iron active site, unfortunately, KIE studies for the SMMO
methane reaction which would determine if tunnel effects were present have yielded varied
results. Under single-turnover conditions, KIE values of 23 to 50 have been reported (50, 70),
which indicates proton tunneling in the transition state. However, under steady-state conditions,
a KIE of only 1.7 was observed, when comparing Vmax (0r Keat) values (70 — 71), which suggests

an absence of tunneling.

Further complicating the SMMO reaction mechanism is the fact that, while the rate-
determining step is thought to be the hydrogen atom transfer, multiple studies have revealed that
there is no correlation between the reaction rate of a given substrate with the Q intermediate and
its homolytic bond dissociation energy (BDE). For example, the oxidation rates of SMMO for
methane and ethane are nearly identical despite a BDE difference of ~ 4 kcal/mol. Another
example would be a comparison between acetonitrile and nitromethane, which have similar
homolytic and heterolytic BDEs, but display a 62-fold difference in reaction rates at 4 °C (72).
Reconciliation of the KIE results that indicate the hydrogen abstraction to be rate limiting and

the lack of correlation between substrate BDE and oxidation rate remain a challenge.
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B.4.  Using methanotrophs/MMOs for methanol synthesis

While methanotrophs and MMOs have been focus of extensive research over the past
decades, successful attempts to use either the organisms or enzymes for methanol synthesis have
been sparse. The inability to express either pMMO or sMMO in a heterologous host severely
limits their utilization in industrially relevant organisms as well as the ability to use standard
molecular biology methods to engineer desired protein properties. In addition, the multi-
component nature of MMOs is also a hindrance to evolving more active or more stable variants.
One successful strategy for methanol biosynthesis using methanotrophs is to inhibit the
downstream enzyme in methanol metabolism, methanol dehydrogenase (MDH). Using NaCl as a
MDH inhibitor, 7.7 mM of methanol were accumulated in M. t. OB3b cultures after 20 hours
(73). Optimization of the growth conditions as well as the addition of ethylene diamine tetra-
acetic acid to further inhibit MDH resulted in 13.2 mM methanol accumulation after 12 h batch
fermentations with an overall activity of 0.036 U/mg cell mass (1 U = 1 umol methanol/min).
While this strategy is successful in producing methanol, significant yield improvements and
reduction of the product loss to the natural methanol metabolism of the methanotroph host are

hard to envision.

Studies of the SMMO mechanism as well as its crystal structure have also inspired
researchers to make biomimetic catalysts replicating the same carboxylate bridged di-iron core as
SMMO stabilized with a variety of ligands (19, 74). While advances in ligand design have led to
catalysts which can reach the equivalent Hyeroxo and Q intermediate states in the SMMO catalytic
cycle, the obtained reactivity with alkane substrates has been modest, with no reported methane
activity (19, 74). A key obstacle in reaching methane oxidation activity for these biomimetics

could be an intrinsic inaccuracy in the structural model they are attempting to emulate. As all
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available crystal structures of MMOH have been solved in the absence of MMOB, which
modulates the MMOH tertiary structure directly affecting both substrate access and the first
coordination sphere of the diiron center. It is therefore questionable if the observed active site

configurations reflect that of the active configuration during methane oxidation.
B.5.  AIkB and non-heme di-iron alkane monooxygenases

Expanding the search for potential methane biocatalysts beyond MMOs, two other class
of enzymes, non-heme di-iron alkane monooxygenases and cytochrome P450s, are also able to
activate oxygen and perform O-atom insertion into inert alkane C-H bonds. The family of non-
heme di-iron alkane hydroxylases has been identified in bacteria and fungi utilizing Cs — C46 n-
alkanes as their sole carbon source (75). Exemplified by the most studied alkane hydroxylase
isolated from Pseudomonas putida GPol, the non-heme di-iron alkane hydroxylase is a three-
component system consisting of (1) a soluble NADH-rubredoxin reductase (AIKT) (76), (2) a
soluble rubredoxin (AIkG) (77), and (3) the integral membrane oxygenase (AlkB) (78 — 79).
Although AIkB can be functionally expressed in Escherichia coli as lipoprotein vesicles,
purification and maintenance of activity in the purified state is difficult, which has limited its

mechanistic and structural analysis (80).

Through alanine scanning mutagenesis, an eight-histidine motif has been shown to be
necessary for AIkB function and presumably is responsible for coordination the di-iron core (81).
This motif represents a class of di-iron centers that is shared with desaturases, epoxidases,
decarbonylases, and methyl oxidases, and differs from the carboxylate bridged di-iron center of
SMMO (81). However, Mossbauer studies of the AIKB metal center revealed similar features as
sSMMO, with characteristics of an antiferromagnetically coupled pair of Fe (I11) ions in its resting

state (82). The di-iron cluster also becomes high-spin diferrous following reduction and can be
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quantitatively oxidized back to its resting state by enzymatic turnover in the presence of substrate
and oxygen (82). Further evidence for the similarities between the AlkB and SMMO mechanisms
has been provided through studies with the use of norcarane as a chemical probe (83). From
these studies, the AIkB reaction has been shown to be consistent with an oxygen-rebound
mechanism via a substrate-centered radical, analogous to the proposed P450 and sMMO

mechanisms, exhibiting limited rearranged products (83).

The ability to functionally express AIkB heterologously in E. coli certainly makes it a
potentially better industrial biocatalyst compared to MMOs and also more amenable to enzyme
engineering. However, the integral membrane nature of AIKB limits the enzyme’s expression to
the available membrane surface area. In addition, the lack of a crystal structure and knowledge of
both the second coordination sphere of the diiron center and the component interactions are
significant hindrances to directed evolution efforts to shift the AlkB substrate range from Cs-Cig

alkanes to methane.
B.6.  Cytochome P450s

Cytochrome P450s, which utilize a thiolate-ligated heme (iron protoporphyrin 1X)
prosthetic group in their active sites (84), represent an entirely different solution to diiron centers
for catalytic oxygen insertion into C-H bonds. Unlike MMOs and non-heme diiron alkane
hydroxylases, which are only found in methanotrophs and alkanotrophs, the superfamily of
cytochrome P450s is one of the most prevalent enzyme families found across all three domains
of life. To date, over 10,000 P450 enzymes have been identified (data source:

http://drnelson.utmem.edu/CytochromeP450.html). P450s are involved in the metabolism of

xenobiotics and the biosynthesis of signaling molecules. In the first role, P450s serve as a

protective mechanism for the degradation of exogenous compounds by introducing polar
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functional groups to facilitate further metabolism or excretion. This defense mechanism is
particularly prominent in plants, which require P450s to break down herbicides due to their
immobile nature (85 — 86). This is exemplified by the presence of over 400 P450 genes in rice
(87). In their other role, P450s are responsible for synthesis of a variety of steroid hormones and
the conversion of polyunsaturated fatty acids to biologically active molecules implicated in
development and homeostasis.

The defining reaction P450s is the reductive activation of molecular oxygen as it is one of

Rall

the few oxygenases possessing the requisite “Fe'V=0"" state for alkane C-H bond activation. In
this reaction, one oxygen atom is inserted into the substrate while the other is reduced to water.
The overall equation for the reaction is RH + NAD(P)H + O, + H" = ROH + NAD(P)* + H.0,
where RH is the substrate. In addition to this canonical reactivity, due to the existence of
multiple oxidants in the P450 catalytic cycle, P450s can also catalyze epoxidation, dealkylation,

sulfoxidations, desaturation, carbon-carbon bond scission, and carbon-carbon bond formation

among other known reactivities (88 — 89).

Most P450s are membrane bound just as MMOs and alkane hydroxylases and thus are
relatively difficult to manipulate. Fortunately, many bacterial P450s are soluble, monomeric
proteins, and as a result, they have been the focus of early research. In particular, the prototypical
enzymes CYP101 (P450m) from Pseudomonas putida (90 — 91) and CYP102A1 (BM3), a
natural fusion enzyme from Bacillus megaterium in which the flavoproteins required for electron
transfer and the hemeprotein are on a single polypeptide chain (92), provided much of the
structural and mechanistic information of P450s. Recent interest in developing industrially useful

P450 catalysts has also focused on enzymes from thermophilic organisms, including CYP119
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(93), CYP174A1 (94), and CYP231A2 (95) as well as BM3 for its unique self-sufficiency and

high catalytic rates (96 — 100).
B.7.  P450 structure

The overall P450 fold (Figure 1.3 (a)) is retained across the enzyme superfamily even
though members can share less than 20% sequence identity (101). The core four-helix bundle
composed of three parallel helices (D, L, and I) and the antiparallel E helix are conserved in all
P450s (102). The prosthetic heme group is ligated to the absolutely conserved cysteine located
on a loop containing a highly conserved FxxFx(H/R)xCxG binding motif. This thiolate ligation
gives rise to the 450 nm Soret absorbance maximum for the ferrous-CO complex for which
P450s were named (103). The other common feature among P450s is a kink at the center of the |
helix, which contains the amino acid sequence (A/G)GXx(E/D)T that has been implicated in

oxygen binding and protonation (104 — 105).

Although the P450 fold is highly conserved, there is sufficient structural diversity to
accommodate the binding of significantly different substrates ranging from ethanol in CYP2E1
(106) to large peptide antibiotics in CYP165C1 (107). In addition, since as few as one mutation
can alter enzyme reactivity and selectivity, P450 family members (sharing at least 60% sequence
identity) can have very different reactivities (108). P450 substrate binding occurs in an induced-
fit mechanism accompanied with large (~ 10 A) shifts in the flexible protein regions (109). As
the substrate is embedded in the protein core, it interacts with various protein regions, which
results in a large set of substrate recognition sites (SRS). Six SRSs have been found to be
common to P450s (110): the B’ helix region (SRS1), parts of the F and G helices (SRS2 and
SRS3), a part of the | helix (SRS4), the K helix 2 connecting region (SRS6), and the 4 hairpin

(SRSS).
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B.8.  P450 catalytic mechanism

The P450 hydroxylation mechanism is well understood and can be described as depicted
in Figure 1.3 (b). The P450 catalytic cycle is initiated by substrate binding, which displaces the
distal water ligand of the resting low-spin (LS) state of the Fe (l111) heme (1) resulting in a high-
spin (HS) substrate bound complex (2). The HS Fe (111) has a more positive reduction potential,
which triggers electron transfer from the P450 reductase producing a ferrous intermediate (3)
(111). Oxygen readily binds to the ferrous iron center leading to the formation of an oxy-P450
complex (4), which is the last stable intermediate in this cycle. A second electron transfer,
usually the rate-limiting step of the catalytic cycle, results in a ferric hydroperoxo anion (5),
which after protonation yields a ferric hydroperoxo complex (6). A second protonation at the
distal oxygen followed by heterolytic cleavage of the O-O bond leads to the release of water and
the formation of the oxo-ferryl porphyrin radical intermediate referred to as “Compound 1”
(CMP 1) (7). CMP 1 then transfers an oxygen atom to the substrate, following a hydrogen
abstraction-radical rebound mechanism (112) generating the alcohol product and returning to the
Fe (II1) resting state. The intermediates of this catalytic cycle have common features with

peroxidases, cytochrome oxidases, and non-heme di-iron oxidases.
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Figure 1.3: Cytochrome P450 structure and catalytic cycle; (a) the structure of the hydroxylase domain of
CYP102A1 (BM3) with the heme shown in red and the substrate N-palmitoyl glycine substrate shown in
green (pdb: 1JPZ); (b) the P450 catalytic cycle (see text for details)

In addition to having multiple distinct intermediates, many of which are also viable
electrophilic and nucleophilic oxidants (113), the P450 catalytic cycle contains three branch
points (114). These three abortive reactions are (i) autooxidation of the oxy-ferrous intermediate
(4) with the release of a superoxide anion and returning the enzyme to its resting state (2), (ii) a
peroxide shunt, where the coordinated hydroperoxide anion (6) dissociates, completing an
unproductive two-electron reduction of oxygen, and (iii) oxidase uncoupling, where the CMP |
(7) is oxidized to water instead of product formation, which results in a four-electron reduction
of oxygen with the formation of two water molecules. These processes are generally referred to
as uncoupling, which often occurs in reaction with non-natural substrates that are bound
insufficienly to properly regulate solvent/proton access to the active site (89 — 90). These
pathways are also prominent in eukaryotic P450s involved in host defense responses to

xenobiotics through reactive oxygen species generation.
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The electrons for the reduction step of the P450 catalytic cycle are provided by either (a)
cytochrome P450 reductase (CPR), a soluble flavoprotein with FAD and FMN prosthetic groups,
or (b) an iron-sulfur protein that shuttles electrons from a flavoprotein with a single FMN
prosthetic group, or (c) a P450 reductase-like domain fused to the P450 heme domain. In each
case, the electron donor uncouples the two electrons provided by NAD(P)H and transfers them
singly to the P450 enzyme. Since the final reducing agent for the catalytic cycle is NAD(P)H,
which has a midpoint potential of -320 mV (115), the resting state of the heme iron with a
midpoint potential of ca. -300 mV (116 — 117) is reduced slowly in the absence of substrate. The
substrate binding event triggers a change in the spin state of the heme iron from LS to HS, which
induces a positive shift of 100 to 300 mV in the heme reduction potential allowing for rapid
electron transfer (118). This mechanism clearly acts as a safeguard against the unproductive
consumption of NAD(P)H and the formation of superoxide and peroxides. This substrate-
induced initiation of electron transfer represents a specific P450 regulatory mechanism and is a

clear departure from the initiation of the MMO catalytic cycle through binding of MMOB.

The P450 proton relay mechanism composed of several water molecules stabilized in the
P450 active site as well as an acid-alcohol pair of amino acids (CYP101:Thr252, Glu366
CYP102: T268, Glu409) is equally important to P450 catalysis. This relay along with the
electron transfer mechanism regulates the production of reactive intermediates and controls the
flux of species into the branching points between productive and nonproductive pathways (119).
For example, mutation of the conserved threonine in P450.,, to a hydrophobic residue resulted
in near normal rates of cofactor oxidation, but was accompanied only by the release of hydrogen
peroxide as the mutant could not effectively cleave the O-O bond without proper protonation

(120). Coupling of product formation with cofactor consumption was restored by mutating this
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position to amino acids capable of hydrogen-bonding interactions. The function of this proton
delivery network is also dependent on substrate binding. For non-natural, poorly fitting
substrates, their binding is insufficient to expel excess water from the active site, and protonation
of the hydroperoxide anion (6) can occur at the proximal position, resulting in peroxide release.
In fact, the uncoupling of proton and electron transfer does not even require a poorly fitting
substrate; simply blocking the site of hydroxylation with fluoro-groups is sufficient to result in

normal cofactor consumption with only water or peroxide production (121).
B.9.  P450 substrate binding and substrate specificity

As mentioned previously, P450 substrate binding occurs by an “induced fit” model as
proposed by Koshland (122) in which the enzyme accommodates different substrates in its active
site by virtue of having a high level of flexibility to undergo appropriate conformational changes.
Comparison of the X-ray structures of cytochrome P450s crystallized in substrate-free and
substrate-bound forms (109) shows large structural rearrangements induced by substrate binding,
which suggests that the SRSs are quite flexible and can provide a variety of substrates access to
the heme. The absence of charged and hydrogen-bonding groups in the typical P450 substrate, as
well as in the active sites of most P450 enzymes, requires such binding mechanisms as an
alternative means to stabilize the substrate-enzyme complex. In many cases, different substrate
analogues bind tightly to P450 enzymes simply due to their poor solubility in water rather than

the presence of specific interactions with active site residues (123).

Given this general mode of substrate binding, it is unsurprising to find that the P450
specificity for substrate hydroxylation can be readily determined by three factors: (a) the affinity
of the substrate for the P450 active site, which is largely determined by the substrate

lipophilicity, (b) the intrinsic reactivity of the individual C-H bond in the substrate as determined
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by the C-H bond strength, and (c) steric constraints imposed by the active site geometry. While
the compatibility of a substrate within a P450 active site and steric constraints of binding modes
are case specific, lipophilicity has been shown to be directly correlating to Ky or Ky for sets of
similarity structured compounds (124 — 125). The general preference of P450 oxidation occurs
with the following order of C-H bonds: tertiary>secondary>primary, which was determined
using several small molecular probes that minimized the effect of the P450 active site structure
in controlling the site of oxidation (126). This preference is reinforced by DFT calculations for
the activation barriers for hydrogen abstraction, which predict a similar reactivity preference:

benzylic or allylic>tertiary >secondary>primary (127 — 128).
B.10. P450 reactions using terminal oxidants

In addition to the normal P450 “turnover” conditions utilizing oxygen and NAD(P)H, the
P450 catalytic cycle can also be accessed through the branching/shunt pathways using a variety
of terminal oxidants including hydrogen peroxide, alkyl peroxides, acyl peroxides, and
iodosobenzene. Early studies with alkylperoxides provided evidence for the formation of a ferric
alkylperoxo complex (Fe''-OOR) (129) as well as a compound I1-like ferryl (Fe'V=0) species,
which is one oxidation equivalent higher than the resting ferric state (130 — 131) but little
evidence for the formation of a CMP I-like ferryl porphyrin radical. However, recent works have
confirmed the formation of both a compound-1l — like and a compound-lI — like species as

transient intermediates (132 — 133).

The obvious advantage between reactions utilizing O,/NAD(P)H vs. peroxide is oxygen
binding to a Fe** heme center vs. peroxide binding to Fe** heme center. The difference in the
redox state between oxygen and peroxide eliminates the need for two reduction steps in the

peroxide-driven pathway. However, the efficiency of this mode of reaction is generally poor due
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to the intrinsically destructive nature of peroxides as well as the lack of acid-base catalytic
residues in the P450 structure, with the exception of P450s which naturally utilize peroxides as
their oxidant (134). In natural peroxidases, such as chloroperoxidase, the formation of the ferryl-
oxo intermediate involves proton transfer from the proximal to the distal oxygen atom of the
bound hydrogen peroxide, which is aided by a conserved His-Arg or His-Asp amino acid pair
(135). P450s have highly hydrophobic active sites that lack these acid-base catalytic residues in

close proximity to the oxygen binding pockets.

The peroxide-driven P450 reactions proceed through the formation of CMP 0, which
after protonation and heterolytic O-O cleavage generates CMP I. In contrast, P450 reactions
driven with iodosobenzene (PhlO) produce only CMP | as an oxidant without any potential
involvement of peroxo-iron species, since PhlO is a single oxygen donor (136). The initial
finding of solvent oxygen incorporation through experiments with *0-labeled water in reactions
supported by PhIO led researchers to question if the oxidation proceeded via a ferryl
intermediate (137 — 138). However, subsequent work has shown that the oxygen of PhIO readily
exchanges with the medium through a porphyrin-oxidant complex, [(Porp)Fe"-OIPh]* (139).
Nevertheless, whether PhlO-meditated reaction is a faithful mimic of the P450 reaction remains
contentious due to differences observed in regio- and chemoselectivities (136) and Kinetic

isotope effects (140) between reactions supported by PhlO and NAD(P)H/O, (141).
B.11. H-abstraction and mechanistic comparisons with MMOs

Similarities between the mechanisms of P450s, di-iron non-heme alkane hydroxylases,
and sMMO have long been recognized (142 — 144), as the active oxidants of these enzymes, a p-
oxo-diiron (1V) intermediate called compound Q for SMMO and an oxo-iron (IV) porphyrin -

cation-radical called CMP | for P450s, share the same net oxidation state. This is unsurprising
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considering the energy requirements for breaking the inert alkane C-H bonds. In the consensus
radical rebound mechanism for the O-atom insertion step, the ferryl oxygen initially abstracts a
hydrogen from the substrate, leaving a carbon radical, which in turn recombines with the oxo
radical coordinated to the iron atom (145). This mechanism is supported by observed large
intramolecular isotope effects as well as the partial loss of stereo-chemistry at the carbon center

for reactions with chemical probes (146 — 148).

Complexities in the radical rebound mechanisms arising from the mixed-spin nature of
the transition state during the H-atom abstraction by the ferryl-oxo intermediate have been
explained by DFT calculations (149). For the P450 mechanism, the reaction can proceed through
a the low (doublet)-spin state, where the unpaired electron residing on the substrate after H-atom
abstraction has an opposite spin to the electron in the iron-hydroxyl orbital. In contrast, the
oxidant can also be in a high (quartet)-spin state, such that the substrate-based radical has the
same spin as the P450 iron-hydroxyl species. As the collapse of the low-spin pathway lacks the
spin-inversion barrier of the high-spin state, it proceeds without a barrier, and H-atom abstraction
and the radical rebound can be considered to proceed in a concerted fashion. This mixed-spin
transition state model with two distinct pathways for the H-atom abstraction-rebound mechanism
has been able to reconcile seemingly contradictory radical lifetime experiments as well as
differences in reaction KIEs (149). In addition to having a LS triplet state and a HS quintet state,
the reaction with diiron metal centers (i.e., SMMO, AlkB) is further complicated by two possible
angles of approach of the substrate C-H bond. In contrast to P450s, where the presence of the
porphyrin prevents side-on or equatorial approaches, both end-on and side-on approaches are
possible with di-iron ferryl-oxo species. As a consequence, both linear and bent Fe-O-H

geometries are possible for the transition state (so that electrons can be transferred to both ¢ and
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n orbitals), which results in four distinct reaction pathways with intermediates: *TS;, *TS,, °TS;.

and °TS,.

Regardless of the spin-state of the reaction pathway, the transition state for the H-
abstraction step presents the largest barrier in the reactions involving CMP I, or Q (58, 127). For
methane, this barrier height is 26.7 kcal/mol for P450 CMP I, which is significantly higher than
the ca.19 kcal/mol barrier for known P450 substrate camphor. The barrier heights for other small
gaseous alkanes, ethane (21.6 — 21.8 kcal/mol) and propane (terminal: 21.6 kcal/mol,
subterminal: 19 kcal/mol) are also much lower than methane (127, 149 — 151). As a comparison,
this transition state barrier for H-abstraction from a methane C-H bond has been calculated to be
as low as 13.8 kcal/mol (60) and as high as 23.2 kcal/mol (152) for SMMO. While these
calculations show the barrier heights for P450 hydroxylation of known substrates and SMMO
hydroxylation of methane are comparable, it is difficult to draw meaningful conclusions for the

potential of P450s to oxidize methane.
C. Cytochrome P450 Enzyme Engineering

Due to their involvement in drug metabolism and their ability for regio- and
stereoselective hydroxylation on a variety of substrates, numerous potential applications have
been suggested for P450s (153 — 155). While, undoubtedly many industrial whole-organism
biosyntheses involve P450s in their pathway (156), direct/explicit use of P450s for
biotechnology applications has been scarce. The most publicized example of incorporation of
P450s into practical products is the generation of transgenic “blue” carnations from petunias
(157) and for enhanced production of “blue” roses (158). Examples for the use of P450s in the
synthesis of high value pharmatheutical therapeutics include the production of hydrocortisone

(159), cortisone (160), Pravastatin (161), and Artemisinin (162).
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The limiting factors toward broader utilization of wild-type P450s as biocatalysts include
poor expression, being membrane-bound, and lacking known redox partner proteins. For these
reasons, protein engineering efforts have been focused on expanding the substrate range of well-
expressed bacterial P450s with known redox partners to accept desired target compounds. Much
of this work has been focused on P450.,m and BM3 (163). P450..m is a type | P450 requiring a
putidaredoxin containing a [2Fe-2S] cluster and an FAD-containing putidaredoxin reductase for
the highly stereoselective hydroxylation of its physiological substrate (1R)-camphor to (1R)-5-
exo-hydroxycamphor. BM3, as mentioned previously, is a type Il P450 with its FAD and FMN
containing reductase fused to its heme domain as a single polypeptide chain (92). BM3’s native
function is believed to be the detoxification of polyunsaturated fatty acids (164 — 165). Its unique
domain architecture has been credited for its high hydroxylation and epoxidation rates (~ 17,000
min™ (166)) on long-chain fatty acid substrates (92, 166). In addition, these two proteins were
also the first P450s of which crystal structures in the presence (167 — 168) and absence of

substrates (169 — 173) were solved, which has also aided protein engineering efforts.
C.1. P450¢am

Protein engineering of P450.,n has been successful in switching its substrate specificity
(174 - 179) through the introduction of point mutations to the active site. This strategy has been
particularly successful because the enzyme backbone remains relatively fixed during catalysis
(119). With just one to three active site mutations, P450.,, variants have been generated to
hydroxylate (+)-R-pinene, a structural relative to (+)-camphor (174), aromatic compounds such
as ethylbenzene (179), diphenylmethane, phenylcyclohexane, naphthalene, pyrenes (175, 178,
180 — 182), phenanthrene, fluoranthene, (183), polychlorinated benzenes (184), and indole to

form indigo (185). Although improving the promiscuous activity of P450., for non-natural
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substrates has proved to be relatively easy, i.e., requiring just a few mutations, the resulting
variants generally exhibited poor coupling between cofactor consumption and product formation,

typically ranging from 5% to 32%.

Far fewer examples exist for P450.,m variants with nearly wild-type coupling efficiency
for non-native substrates, as these variants require multiple rounds of mutagenesis. For example,
simply introducing a Y96F mutation will increase P450.,y’s ability to epoxidize styrene 25-fold,
with 32% coupling compared to only 7% coupling for the wild-type (186). Placing an additional
V247L mutation in the active site increases the coupling efficiency to 60% (175). The best
example for the ability of P450.,m to be engineered to accept new substrates with high coupling
efficiency was provided by Xu et al. (187) with the engineering of P450..y, to hydroxylate short-
chain alkanes. Over the course of multiple studies (176, 187 — 188), the authors gradually
decreased the active site volume by incrementally introducing bulky, hydrophobic residues. A
P450..m quadruple mutant, F87W/Y96F/T101L/V247L, was able to oxidize butane at 750 min™
with 95% coupling compared to 4% for wild type (176). To achieve 85% coupling of product
formation with  NADH consumption for propane oxidation, five additional mutations,
L244M/L294M/T185M/L1358P/G248A, were required (187). This variant with nine active site

mutations was also able to oxidize ethane at 78.2 min™ with 10.5 % coupling (187).

Finally, multiple attempts have been made to fuse the electron transfer components of
P450.am to its hydroxylase domain to increase enzyme activity (189 — 190). In addition, fusion of
the P450.,m hydroxylase domain with reductases from naturally occurring self-sufficient P450s
such as P450RhF isolated from Rhodococcus sp. NCIMPB 9784 (190) has also resulted in self-
sufficient enzymes. However, while these constructs are often superior to free enzymes ata 1:1:1

ratio (hydroxylase: putidaredoxin reductase: putidaredoxin) in rates of electron transfer and
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product formation, they fall short of the optimal free enzyme activity obtained at higher ratios of

electron transfer components, i.e., 1: >4 : > 12 (121).
C.2. CYP102A1 (P450BM3)

BM3 is one of the most studied and frequently engineered P450s, as it has the fastest
known catalytic rate for a P450 and is a natural fusion protein with a type Il reductase and its
hydroxylase found on a single polypeptide (134). Its high rate of catalysis has been shown to be
the result of BM3 domain architecture: when the heme and reductase domains are expressed
independently and mixed together, the resulting activity is severely diminished (191). In addition
to the self-sufficiency, BM3 can also be easily manipulated genetically and expressed at levels
up to 1 g/L in laboratory strains of Escherichia coli (192). In contrast to P450¢y,, the BM3
protein backbone undergoes large structural changes (> 10 A) during catalysis as revealed by
differences between the substrate-free crystal structure (168) and structures of BM3 complexed
with known substrates (168 — 169). The large active site volume reflects the poor regioselectivity
with which BM3 hydroxylates its preferred C1,-Cyo fatty acids substrates (193). All these factors

make BM3 well suited for directed evolution experiments and potential use as a biocatalyst.

Much like P450.,m, BM3 has been engineered to accept a variety of substrates. Most
rational engineering efforts of BM3 targeted hydrophobic residues lining the substrate-binding
channel as well as active site residues immediate to the heme center. By mutating the two
residues (R47, Y51) located at the opening of the substrate pocket that stabilizes the carboxylic
acid moiety of the preferred fatty acid substrate, BM3 variants were isolated with increased
activity for oxidation of alkyltrimethyl ammonium compounds (194), hydroxylation of shorter
chain fatty acids (195), and epoxidation of the anti-malarial drug-precursor amorphadiene (196).

Introducing additional active site mutations to these variants yielded a variant (R47L/Y51F
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/A264G) with activity toward fluoranthrene (177) and alkoxyresorufins (197) and a variant
(R47L/Y51F/F87AIA264G) with activity toward pyrene (177). Screening with a simple NADPH
consumption assay to monitor cofactor consumption in the presence of a substrate, directed
evolution of BM3 yielded a highly promiscuous variant F87V/L188Q/A74G with enhanced
activity for a variety of substrates such as indole, alkanes, arene, and polycyclic, aromatic
hydrocarbons (198 — 200). Similar engineering efforts generated variants with activity for p-

ionone, a carotenoid intermediate (201), and valencene for (+)-nootkatone production (202).

From these rational engineering efforts, general structural function relationships have
emerged, which have aided further engineering efforts. For example, active site residue F87,
which is positioned directly between the bound substrate and the heme center, has been shown to
affect both the substrate specificity and regioselectivity of fatty acid hydroxylation (203).
Introduction of the F87V mutation converted BM3 into a regio- and stereoselective arachidonic
acid epoxygenase (203). This mutation along with F87A also increases the oxidation activity for
a variety of aromatic compounds (204). This improved affinity for aromatic compounds is
consistent with the removal of the F87 phenyl side chain directly adjacent to the heme center.
Building on these studies, Pleiss and coworkers constructed a focused library targeting residues
F87 and A328, allowing for a restricted set of non-polar amino acids (A,V, F, L, I). From this
library, variants with activity for the oxidation of linear terpenes, cyclic monoterpenes, cyclic

sesquiterpenes (99), cyclo-octane, cyclodecane, and cyclododecane (205) were found.

Work in our group has been focused on evolving BM3 to accept small alkanes as
substrates with the ultimate target of methane hydroxylation. Starting from wild-type BM3, we
enhanced its promiscuous activity for octane hydroxylation by applying a colorimetric screen for

the hydroxylation of p-nitrophenoxy octane to evaluate enzyme libraries generated by random
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mutagenesis (206). After multiple rounds of random mutagenesis, variant 139-3 was obtained,
supporting 1,000 turnover number (TON) on octane, a 6.7-fold increase compared to wild type
and measurable activity for propane oxidation (500 TON) (207). Selection pressure was then
shifted toward propane hydroxylation through the use of a colorimetric screen based on dimethyl
ether demethylation (DME) (208). Subsequent rounds of mutagenesis yielded variant 35E11,
with 17 total amino acid mutations, supporting 6,000 propane TON and 250 ethane TON (209).
In addition to small alkane hydroxylation activity, other BM3 variants generated in the 35E11
lineage were found with (1) regioselectivity for terminal hydroxylation of octane (210), (2)
stereoselective secondary hydroxylation of linear alkanes (208), and (3) stereoselective

epoxidation of alkenes (211 — 212).
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