ABSTRACT

DAS, SUMAN. The Role of Structural Elements in Substrate Selectivity and Mechanistic
Variations in Cytochrome P450 (Under the direction of Thomas M. Makris).

Cytochrome P450 (CYP or P450) enzymes are essential for the survival and growth of
almost all terrestrial organisms. These thiolate-ligated ferric heme enzymes generally activate
molecular dioxygen with the aid of electrons from their physiological redox partner(s) and form
highly reactive intermediates. CYP monooxygenases catalyze numerous reactions, and the most
common is C-H bond hydroxylation. Usually, the oxidizing CYP ferryl-oxo intermediate activates
inert C-H bonds from organic molecules by a hydrogen atom transfer (HAT) reaction forming a
substrate radical and an electrophilic ferryl-hydroxo intermediate. Thereafter, the CYP ferryl-
hydroxo intermediate performs a AOH rebound to t
formation of a hydroxylated product. However, in the early 2000s, a separate class of bacterial
P450s was reported, which evolved to utilize hydrogen peroxide instead of molecular oxygen to
hydroxylate fatty acids. Most P450 peroxygenases (CYP152) are fatty acid hydroxylases.
However, a group of CYP152s, popularly known as OleT, decarboxylates fatty acids by frustrating
the oxygen rebound. Inthe stepfo | | o w i-HAE by the @leT compound I, the highly electrophilic
compound Il is thought to abstract a single electron from the Cy or the -COO" of the fatty acid
radical. As a result, the overoxidized fatty acid molecule breaks down into a molecule of terminal
alkene and CO.. OleT demonstrates excellent chemo- and regioselectivity with long-chain fatty
acids (C1s-C»2). However, the chemoselectivity of the enzyme gets compromised in reaction with
medium-to-short chain fatty acids, though it remains largely regioselective. Recent findings on
OleT and CYP152 hydroxylases have proposed a sophisticated interplay of multiple factors such
as fatty acid-binding modes, length of the fatty acid tail, and substrate mobility that determines
the fate of the oxygen rebound from the OleT ferryl-hydroxo species. To better understand the
role of active-site and the distal pocket factors on OleT chemo- and regioselectivity, we
investigated the importance of the secondary and primary structural elements in the substrate-
binding pocket on OleT turnover reactions. The first chapter illustrates the general cytochrome
P450 monooxygenase and peroxygenase chemistry and the role of various structural elements
on P450 catalysis. The second chapter is dedicated to discovering the mechanism of
overoxidation of an OleT turnover product, 2-hydroxyhexadecanoic acid. The third chapter
introduces a new dimeric OleT from Rothia nasimurium and our understanding of the structure-
function relation of the enzyme. The characterization of a novel cytochrome P450, CYP392A13v2,

and its substrate-binding properties is described in the fourth chapter. Finally, the nature and



impact of 2-methyl long-chain fatty acid-binding interaction in the OleT active-site and the role of

such fatty acids on OleT chemo- and regioselectivity are discussed in chapter five.
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CHAPTER 1
Cytochrome P450 Monooxygenase and Peroxygenase Enzymes
1.1 Cytochrome P450 enzymes

The term 'cytochrome P450' was first used in 1962 by Omura, T. et al. to describe a
microsomal membrane-bound protein with unknown physiological function.! This unique
terminology originated from the 450 nm absorption peak of its carbon monoxide complex reported
as the optical spectrum of a novel 'microsomal carbon monoxide-binding pigment' in 1958 by
Martin Klingenberg.? The discovery of its function as an oxygenase in 1963 was the watershed
moment in cytochrome P450 research® and soon garnered immense interest among chemists,
biochemists, and pharmaceutical scientists. The role of CYPs in steroid biosynthesis and drug
metabolism made it one of the most extensively studied proteins.*’ Since then, over 21,000
cytochrome P450s (CYPs) have been reported spanning all forms of living organisms.®° CYPs
participate in the biosynthesis of hormones, metabolism of xenobiotics, and polyunsaturated fatty
acid conversions.” They also play a significant role in hormone syntheses in plants and insects.*
711 Several P450 families are responsible for synthesizing secondary plant metabolites?*® that
provide the defense required against pests. On the other hand, animal pests use CYPs to detoxify

herbicides and plant metabolites.1518

CYPs are heme b-containing iron (Ill) enzymes that usually catalyze the oxidation of highly
inactivated C-H bonds in organic molecules facilitating thousands of different reactions.” 1925 In
the resting state, the central Fe (lll) of a P450 unit is hexacoordinated with four pyrrole nitrogens
of the heme b ligand occupying the four equatorial positions, a cysteine residue, and a water
molecule, taking up the proximal and distal axial ligand sites, respectively.* " 2! The reduced form
of the protein has a high affinity for CO, and the UV-Vis spectrum of the complex generally has a
significant absorbance band at ~450 nm, which is often referred to as the Soret band.? 262" The
majority of CYPs are monooxygenases, meaning they can activate dioxygen molecules with the
help of their biological redox partners and incorporate one oxygen atom into the organic
substrate.?®3! However, a class of CYPs has evolved to use hydrogen peroxide instead of
dioxygen as the co-substrate, and they are classified as peroxygenasel® 25 3240 CYp
monooxygenase and peroxygenase enzymes give different reaction products based on the nature
of the organic molecule they react with. Some of the common CYP reactions include hydrocarbon
hydroxylation, alkene epoxidation, alkyne oxygenation, N- and S- oxidation; N-, S- and O-

dealkylation; oxidative deamination and dehalogenation, oxidation of alcohols and aldehydes,



dehydration, dehydrogenation, reductive dehalogenation, N-oxide reduction, epoxide reduction,
isomerization, nitric oxide reduction, and oxidative C-C bond cleavage.!® 2% 4! In addition, many
CYPs are known for catalyzing numerous unusual, and sometimes abiotic reactions such as

nitration, cyclopropanation, and non-redox reactions.*! 42
1.1.1 Therole of biological redox partners in dioxygen (Oy) activation by cytochrome P450s

O-O bond cleavage reaction is exothermic and hence thermodynamically favored.? Yet
organic molecules rarely react with dioxygen at ambient temperature due to the high activation
energy barrier, which is a blessing in disguise; otherwise, that process would be detrimental to all
living beings. Dioxygen has a triplet ground state (i.e., the highest energy molecular orbitals
(HOMO) have unpaired electrons).?! In contrast, most organic bonds have a singlet ground state
(HOMO has paired electrons), and the reaction between triplet and singlet states is spin-
forbidden. Triplet dioxygen activation in biological reactions is mainly carried out by
metalloenzymes that contain transition metals like iron (Fe) or copper (Cu) as co-factors.43-46
Transition metals in the appropriate oxidation state can react with triplet oxygen and form an

adduct that can participate in oxygen insertion or oxidation reactions with organic molecules.

Cytochrome P450s as purified or in the resting state are in Fe (lll) low spin (LS) state (Fe®*
LS electronic configuration: [Ar]3d°® and t»4°e4°) and cannot form an Oz-adduct because Fe(lll) LS
is in a doublet state while O is a singlet. However, the Fe (II) high spin (HS) state forms an
excellent Oz-adduct. Therefore, CYPs require an electron from a biological source to reduce form
Fe (1) and then complex with dioxygen. Most CYPs acquire these electrons from in vivo NAD(P)H-
based redox partners.*” To complete the P450 catalytic cycle, CYPs require two electrons from
their corresponding redox partners, and NAD(P)H usually provides both. P450 redox partner
systems are broadly classified into two classes. CYPs found in prokaryotes such as bacteria and
archaea and mitochondria in most organisms utilize a FAD-binding ferredoxin reductase and an
iron-sulfur cluster binding protein, ferredoxin, to obtain two electrons from NAD(P)H.2% 48
Mitochondrial P450s use adrenodoxin reductase as the FAD-binding reductase enzyme and a
2Fe-2S cluster-containing adrenodoxin as the ferredoxin, which accepts electrons from the
reductase.?® 4° Some bacterial ferredoxin systems have also been reported to bind to 3Fe-4S or
4Fe-4S clusters.*” “8 This class of P450 redox systems is known as class I. In eukaryotes, these
two protein redox systems are replaced by one single oxidoreductase protein known as
cytochrome P450 reductase (CPR) or P450 oxidoreductase (POR).%° CPRs, often called class Il
P450 redox systems, are microsomal redox proteins bound to the membrane with an N-terminal

trans helical hydrophobic segment and contain two major flavin-binding domains.*® One of the
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two flavin-binding domains in CPRs binds to a FAD moiety and NAD(P)H. NAD(P)H reduces FAD
to the hydroquinone state via a hydride ion transfer (H = H* + 2e°), and FAD transfers these two
electrons to the FMN moiety in two steps.?® 305051 EMN delivers these electrons ultimately to
P450 heme moiety during the activation of dioxygen. CYPs cannot accept the first electron from
FMN in the LS Fe (Ill) state because of the highly negative redox potential of ~-300 mV.52 %2 Upon
substrate binding Fe (lll) goes to the HS state, increasing the redox potential by more than 100
mV, and can subsequently accept an electron from a redox partner.>5° O, is a strong ligand for
reduced HS Fe (1) and binds with Fe (Il) to form Fe?*-0O0 (ferrous dioxygen) or Fe**-0O0" (ferric
superoxide) complex.®® 5 The second electron is then delivered to the heme and is utilized to
form a Fe**-00?% (ferric-peroxo) complex.58%2 For these electron transfer processes to happen,
the P450 enzyme and redox partners need to undergo structural changes.®® ¢ 54 |t has been
shown that the redox proteins, putidaredoxin/putidaredoxin reductase® and cytochrome P450
reductase®® ¢, bind at the heme-binding proximal loop region of cytochrome P450 enzymes. The
binding interactions between redox proteins and P450s are mediated by electrostatic interactions
formed between the acidic and basic residues located on their respective surfaces.®>¢ However,
recent studies by Poulos, T. L., and co-workers on the P450cau-putidaredoxin interaction® and
Hollenberg, P. F. and co-workers on the CYP2B4-CPR interaction’® have suggested that the
protein-protein interactions might not be exclusively hydrophilic, as earlier thought. Multiple
hydrophobic residues from the proximal heme pocket might be involved in CPR recognition.”
Redox proteins have been found to cause conformational changes to CYPs in addition to just
delivering electrons to heme iron (l11).”*"® Putidaredoxin causes specific conformational changes
to heme, the thiolate ligand, and important distal pocket residues when it interacts with ferric
CYP101. Adrenodoxin binding to CYP11A1 promotes HS transition from LS ferric form.”

Cytochrome P450 BM3 from the soil bacterium Bacillus megaterium has a fused P450-
CPR system.”> ¢ Cytochrome P450 BM3 (CYP102A1l1) is a soluble 119 kDa bacterial
flavocytochrome that is N-terminally fused to CPR and functions as a fatty acid hydroxylase
P450.7": "8 Unlike all other bacterial P450s which interact with cytosolic redox partners, ferredoxin
and ferredoxin reductase, P450 BM3 utilizes a FAD- and FMN-based redox system similar to
eucaryotic microsomal cytochrome P450s. The fusion of redox systems and the P450 enzyme in
a single polypeptide is possibly driven by higher catalytic efficiency and advantages at the
transcriptional and translational level of a combined P450-redox system over two or three
separate systems in the production of the protein.””: ’® Although the biological systems may differ
from one CYP to another, the sequence of reaction steps and the mechanism of dioxygen remains

canonical in all CYP monooxygenases.?



1.1.2 Catalytic cycle of oxygen insertion reaction in cytochrome P450s

The heme in CYPs as purified or resting has the Fe®*" in a hexa-coordinated low spin (LS)
state’ (1 in figure 1.1), and a water molecule occupies the sixth ligand position®. The Fe** moves
to a penta-coordinated high spin (HS) state (2 in Figure 1.1) on substrate binding®. In some
cytochrome P450 enzymes, this LS to HS transition due to substrate binding can be detected
optically as a blue shift in the heme Soret peak. This kind of substrate binding is referred to as
type 1.82 The stronger the ability of the substrate molecule to displace the water molecule from the
active site, the more pronounced the optical shift of the Soret maximum?®. Nonetheless, not all
CYP/substrate pairs exhibit this LS to HS transition.8 The HS ferric heme can accept electrons
from its redox partner, either a ferredoxin or a CPR, and get reduced to ferrous form (3). The
ferrous heme enzyme forms Fe?*-OO adduct (ferrous dioxygen) or Fe3*-O0" (4, ferric-superoxo)

complex on binding with O,.%¢

Figure 1.1: The reaction mechanism of dioxygen activation and hydrocarbon oxidation catalysis

by cytochrome P450 monooxygenases.

EPR studies on oxy-CYP101 showed that this complex is diamagnetic and EPR silent-
more like a Fe**-O0 complex®’. However, the quadr upl e splitting

spectroscopy and lower stretching frequency (1140 cm 1) of O-O bond in the resonance Raman
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spectra® 8¢ indicated that the oxy-CYP101 complex had more resemblance to a Fe**-OO
electronic structure. CYP ferric-superoxide complexes are very labile and can autooxidize to iron
(111)>°- 8 quickly in the presence of substrate, and often this process occurs faster in the absence
of substrates. In a productive reaction, the ferric-superoxo complex accepts a second electron
from its redox partner. The result is the formation of a very short-lived Fe**-O0? (ferric-peroxo)
complex, where the peroxo ligand is coordinated to ferric heme in an 'end-on' fashion?2. In the
following steps, the ferric-peroxo complex gets protonated on the distal oxygen atom?® 8, The
proton delivery network is supported by an active-site 'acid-alcohol' residue couple, aspartic acid-
threonine from the I-helix forming a Fe**-O-OH (5; ferric-hydroperoxo) complex?? 9092,
Furthermore, this ferric-hydroperoxo complex accepts one more proton to form another highly
short-lived intermediate, Fe*-O-OH, (ferric-peroxo-water) complex, which undergoes a
dehydration reaction via heterolytic O-O cleavage’ ?> 2% to produce a high valent Fe**= O " tiorc a
radical (6; commonly known as compound [)?4 25 33.62.93.94 The delivery of the second proton to
the distal oxygen of the ferric-hydroperoxo intermediate (5) is imperative for compound | formation
and efficient substrate oxidation. Often the second proton is delivered to the proximal oxygen of
5, which manifests in a Fe3*-OH*-OH (ferric-peroxide) complex formation and ultimately
autoxidizing itself to the HS ferric form (2), losing H.O; to the distal pocket®® 92 %, Researchers
had failed to trap the ferryl-oxo complex or compound | (6) for a long time and not in an O-driven
reaction. The proton-coupled second electron transfer (PCET)% % to CYP monooxygenases
(precisely to the ferric-superoxo complex, 4) is the rate-limiting step in CYP catalysis® % and,
therefore, direct characterization of the following steps, which includes the formation of extremely
reactive ferryl-oxo intermediates have mainly remained unsuccessful for a long time. Recently,
Rittle, J. et al. have successfully isolated compound | with approximately 75% yield by reacting
substrate-free CYP119 (thermophilic P450 from Sulfolobus acidocaldarius) with meta-
chloroperoxybenzoic acid (mCPBA) and characterized compound | by optical and magnetic
spectroscopic techniques®*. M~ ssbauer specsadfeeza-qudnchechQYRITRIE e
(CYP119 compound I) were found to be very similar to that of chloroperoxidase (CPO) compound
198 9 which indicated that CYP119-1 should be described as an S= 1 iron (IV)-oxo complex
exchange antiferromagnetically coupled with an S= % porphyrin-based radical. These magnetic
spectroscopic data collectively suggested that the P450 compound | is best described as iron
(IV)-oxo porphyrin ~ -cation radical. Moreover, it was also shown that CYP119-1 is the intermediate
that oxidizes fatty acids via hydrogen atom transfer (HAT) by kinetic isotope effect (KIE)

experiments?, The UV-Vis spectra of P450 compound | and other thiolate-ligated heme proteins



(CPO-I and APO-I'%) have a typical single-peak Soret band around 370 nm and a low extinction
coefficient band around 690 -cationradical®$6?®3G°f rom t he po

The abstraction of a hydrogen atom from organic substrates by compound | leads to a
second P450 ferryl intermediate known as compound 112433102 5"k e M s sbauer spectr 0s
compound Il (CYP158) confirmed it as an iron (IV)-hydroxo porphyrin intermediate!® 1 and
electronically similar to CPO-I12%*, Compound Il (CPO-Il and APO-I12% as well) has a split-Soret
consisting of a higher energy band (blue band) around 373 nm and a lower energy band (red
band) at 426 nm in addition to the Q-bands around 535 and 565 nm?33: 102, 105,

In oxygen insertion reactions, compound Il liberates the -OH group to the substrate radical,
giving the oxygenated product(s)3* 93 102. 105,106 \yhijle itself entering a product-bound Fe** (ferric
heme) state (8)” 2%. The radical recombination step has been termed 'oxygen rebound following
the seminal work by Groves®. H,O is a much stronger ligand than the hydroxylated organic
molecule when the iron is in a +3 oxidation state and replaces the product from the heme active,

returning to the LS hexa-coordinated Fe** resting state (1) of the enzyme?,

Many cytochrome P450 monooxygenases (archaeal, bacterial, and mammalian) can
perform in vitro substrate catalysis in the presence of an exogenous oxidant!®” such as peroxides
(‘Bu-OOH%, mCPBAX®, cumene hydroperoxide!'®, and hydrogen peroxide'*'), sodium
periodate’?, sodium chlorite!'®, iodosobenzene!4, and N-oxides!'®. It is widely believed that
peroxides initiate the CYP catalytic cycle from the Fe3-OOH (ferric hydroperoxide) intermediate
while single oxygen donating oxidants such as iodosylbenzene or pyridine N-oxide make
compound | by transferring an oxide ion (O%; O + 2e°) to ferric heme?!?’. These types of 'short-cut'
mechanisms take place without redox partners as the exogenous oxidants also supply electrons.
However, a class of bacterial cytochrome P450 has evolved to utilize hydrogen peroxide in vivo
instead of molecular oxygen, and they are referred to as cytochrome P450 peroxygenases
(CYP152 family)® 140, Cytochrome P450 SPy (CYP152B1), a fatty acid hydroxylase, was the first
member® of this P450 family, and several others have been reported in recent years36: 39 40. 116-

118 The structure and function of CYP152s have been discussed later in this chapter.
1.1.3 Unusual cytochrome P450 reactions

The most common reaction catalyzed by CYPs is the C-hydroxylation of organic
compounds (e.g., steroids, alkanes, etc.) via the classic hydrogen atom abstraction/oxygen
rebound mechanism?: 21234142 shown in figure 1.1. Many CYP reactions mentioned in section 1.1

do not follow the classical reaction mechanism*" 42, The list of unnatural reactions catalyzed by

6



CYPs is long, and Guengerich has authored several comprehensive articles on this topic* %2, In

this section, a few P450-catalyzed unusual reactions like heteroatom oxygenation in heterocyclic,

aromatic, and acyclic compounds, N-dealkylation, epoxidation, deformylation, and desaturation

will be highlighted.

Heteroatom oxygenation

Many P450s have been shown to oxygenate N, S, P, and | atoms of cyclic (Figure 1.2)

and acyclic (Figure 1.3) organic molecules.'***?2 Usually, the N- and S-oxides are less toxic

compared to their parent molecules, and therefore, these reactions are important for xenobiotic

metabolism.

A —

|
HO OH HO
_
CF,

CF,

OH

—|—0

CF,

Figure 1.2: Proposed oxygenation of I, S, and N-atoms of cyclic molecules. The inserted oxygen

molecule is orange.

The proposed mechanism (Figure 1.3) for acyclic amine oxidation by cytochrome P450s

involves two single electron transfer reactions followed by an oxygen rebound.1? 124



R O
|

FeO” +RN— —> Fe=0" + RN— —> FeO' —N— —> Fe”’+ RN—

Figure 1.3: The proposed oxygenation mechanism of N-atoms of acyclic tertiary amine

molecules. The inserted oxygen molecule is orange.

Due to the highly electrophilic nature of P450 FeO?", it is likely to abstract a single electron
from the lone pair of electrons on the tertiary amine (Figure 1.3). Subsequently, a FeO?"
intermediate has been proposed to abstract another single electron from the substrate
carbocation radical, producing an electrophilic amine group. The electron-deficient N-atom of the
substrate possibly combines with O from FeO® and produces the oxygenated amine

compounds.t 123
N-dealkylation reaction

Generally, the hydroxylation of a tertiary amine on the C-atom adjacent to an amine group
leads to an unstable compound, which eventually loses an aldehyde molecule and forms a
secondary amine.
OH
. o . st s . Ny
FeO3*+RITI—CH2R1 —> Fe=0""+ RII\J—CHZR1 —> FeOH™ + RT—CHR1—> Fe™ + RITI—CHR1

R2 R2 Rz R2

Fe” + RNH + O=CH-R,

R,

Figure 1.4: The proposed mechanism of N-dealkylation of acyclic tertiary amine molecules. The

inserted oxygen molecule is orange.

The N-dealkylation (Figure 1.4) reaction is believed to be initiated by a single electron
transfer from the tertiary amine to FeO3*, which reduces the latter into FeO?*. Subsequently,
FeO?" is thought to facilitate a proton transfer reaction!?® from the aminium radical. FeOH?®"* is
predicted t o carry out an oxygen r ebounaen@redradicah
producing a carbinolamine.'?: 126 Dye to the unstable nature of carbinolamine forms an aldehyde

and a secondary amine as products.
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Desaturation reaction

Rettie and co-workers had reported P450-catalyzed desaturation of the anti-epileptic drug
valproic acid (Figure 1.5).22” Using selectively deuterated valproic acid, they had shown that two
subsequent hydrogen atom abstractions by P450 ferryl-oxo and ferryl-hydroxo complexes led to

the formation of 4-ene valproic acid product.'? 129

H

O O O, _OH O, _OH Oy _OH
o0 Por- +/\I/\—> Fe O Por /\I/\ e +/\If\ /\j:/\
- =

Figure 1.5: The proposed mechanism of valproic acid desaturation reaction. The alkene bond is

sky-blue.
Deformylation reaction

Coon and co-workers investigated the deformylation mechanism with cyclohexane
carboxaldehyde (Figure 1.6).1%* 131 They proposed Fe®**-OO(H) species as the oxidizing P450
intermediate. Their proposed mechanism of deformylation reaction by cytochrome P450 is
provided in figure 1.6.

OH

H 0] /8
Fe OJ (C H C
e SRl
Fe=0O0(H) + +Fe10H

—HCOH Fe™+ OH

Figure 1.6: The proposed mechanism of deformylation reaction. The alkene bond is sky-blue.

The deformylation of carboxaldehyde into cyclohexene was observed in rabbit cytochrome
P450 2B4 in the presence of O,, P450 reductase, and NAD(P)H.**! The deformylation reaction
was also detected when H,O, was used as the oxidant instead of O,. Therefore, it was proposed
that a peroxyhemiacetal-like adduct generated from the aldehyde and O»-derived peroxide formed
a transient enzyme-bound intermediate!! (Figure 1.6). Possibly a rearrangement of that
i nt er me di-scisson mechanisen yiélded one equivalent of formic acid and cyclohexene!s!
each. Cyclohexene was not detected when the reaction was carried out in the presence of
iodosobenzene or cumyl hydroperoxide, or mCPBA. Since these organic oxidants activate P450
in a different mechanism than O, or H,O-derived mechanisms, Vaz and co-workers reported that
the deformylation of carboxaldehyde was initiated by a nucleophilic attack by heme iron bound

peroxide to the electrophilic aldehyde group®3*.



1.1.4 Role of secondary structural elements in cytochrome P450 chemistry

Cytochrome P450 enzymes catalyze many critical chemical reactions, and many of those
reactions lead to very different products. Some cytochrome P450 enzymes have minimal
sequence similarity, often less than 20%.%? Yet, all of them share conserved secondary structural
elements (SSEs) consisting of U-helices (A-L  h e | i ¢ eshepts (4-b sheefs).’*3135 The loop
regions connect the secondary structures and are highly variable in CYPs.13¢ 137 The loop regions

are believed to support individual biochemical properties in these enzymes.*®’

In contrast, the conserved modules are responsible for maintaining the structure and
function of the enzymes. There are only three amino acids conserved among all the reported CYP
sequences. These are the glutamic acid and the arginine of ExxR-motif responsible for heme-
binding and stabilizing the core'®” and the heme-ligating cysteine. The importance of some
secondary structures and loop regions in the function and structure of cytochrome P450 enzymes

are discussed here.
1.1.4.1 The I-helix and the 'acid-alcohol' pair

The I-helix forms one of the six substrate recognition sites (SRSs) of P450 enzymes.*%

SRS-4 (I-helix) is also part of the four-h el i x bundl e that i ndomaintf’e s

Theoretical studies have indicated that the SRS-4 (I-helix) is less flexible'® than other SRSs,

probably because of its involvement in substrate catalysis.

Figure 1.7: A, The I-helix of cytochrome P450cau. The orange arrows indicate the I-helix, which
runs across active-site ferric heme. B, The active-site heme (crimson), camphor (crimson), D251,
and T252 (brown) H-bonded with an active-site water molecule (red). The PDB code of the
camphor-bound P450cam structure is 2cpp.pdb and was solved by Poulos, T. L., and co-

workers!s9,
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An active-site threonine (T252 in P450cawv) is preceded by an acidic residue, either a
glutamic acid (E) or aspartic acid (D) in the I-helix.**® T and D/E form the 'acid-alcohol' pair in
P450 monooxygenases, which is believed to shuttle protons from the solvent to the ferric-peroxo
complex during catalytic turnovers4 41, In P450 BM3, fatty acid-binding makes a conformational
change at the I-helix, which causes the movement of an active-site water molecule, making way

for oxygen binding#2.
1.1.4.2 The substrate recognition sites (SRSs) in cytochrome P450s

There are six proposed substrate-recognition sites (SRSs) in cytochrome P450
enzymes®™, The si x SRSs ahekx (SR8-h),the sacbdxy-terminaBend of the F-
helix (SRS-2), the amino-terminal end of the G-helix (SRS-3), I-helix (SRS-4 ) , -1 b 8 ISRS-
5) , a-mailpin {SRS-6)136 137,

There is hypervariability in the first three SRSs in sequence and spatial arrangement®’,
SRS-1 is one of the most structurally flexible regions among CYP SRSs'¥’. T hleelix BSRS-1)
experiences many insertions, and therefore in certain CYPs, the highest number of substrate-
contact residues ar e f oubnsHeetitorB'-htehlei xr,eCgaimndtn'“ e t we e n
However, the other three SRSs show only limited flexibility. SRS-2 and SRS-3 have a high degree
of spatial variability among CYPs mainly because of the different lengths of the F-G loop.
Increased mobility in the F-G loop region probably allows it to act as a flexible lid on the substrate-
binding pocket®’. Some residues of the F-helix have been identified as substrate-contact
residues!4” 148, The limited structural variability in SRS-4, 5, and 6 is probably due to their location
close to the core of the P450 fold and the necessity for maintaining the P450 structure. The I-helix
(SRS-4) is the most conserved secondary structure in P450s, presumably because of its critical
role in the structure and function of CYPs. The conserved ‘acid-alcohol' pair'#® 1*°, and other
residues®®153 on the I-helix play a pivotal role in proton-delivery to the heme-oxygen complex and
substrate-s pe ci f i c i1t/ yBl ISRSHberegiomns are also located in the core of the enzyme
and have been proposed to exert influence on substrate binding!4*14¢. SRS-6 generally includes
resi dues-1f r2b,, abn®andbshows modest variation in length and composition®®’.
Substrate-contact regions are the most variable regions in CYP structures, and they are
concentr at ehdlix and F-G loap re@idns. The F-G loop acts as a substrate-access

channel.
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1.1.4.3 The role of the proximal pocket

The proximal pocket houses the heme-binding region. The 5™ ligand coordinated to ferric
heme is a cysteine thiolate®® 154, This cysteine residue is part of a proximal loop region, also
k nown a sbulge lnegion,bwhich creates a hydrophobic environment around the cysteine
residue. It has been proposed that the hydrophobic envelope could be necessary for establishing
the redox potential of ferric heme®®” 155, A few conserved NH-S H-bonds formed between the
thiolate ligand and the protons from the neighboring polypeptide amides have been assumed to
regulate the functions of the heme-thiolate enzymes by neutralizing the negative charge on the
thiolate.'®51%8 The proximal pocket contains a conserved three amino acid sequence, E-R-R,
implicated in heme-binding and stabilization %°1%2, This ERR triad is often referred to as the

meander sequence.

Multiple amino acid residues in the proximal face of P450 enzymes have been shown to
interact with the redox partners. Complementary charge interactions between the proximal side
residues of P450 and its biological redox partner help stabilize the binding and the electron
transfer process®-%8, Recent studies also indicated the importance of hydrophobic residues in the

proximal face for redox protein recognition®® 7°,
1.2.1 Cytochrome P450 peroxygenases

Researchers believe cytochrome P450 and a redox partner iron-sulfur protein
(ferredoxin'®®) may have originated from an anaerobic prokaryote nearly 3 billion years ago®*. At
that time, the earth's atmosphere had very little to no dioxygen®4, and due to the low iron redox
potential'®*, ancient prokaryotic P450 might have carried out anaerobic reductive reactions,
Based on these assumptions, it is hypothesized that monooxygenase evolved from the anaerobic
P450107, 113_

Cytochrome P450 peroxygenases (CYP152) utilize H,O; as the source of O-atom during
in vivo fatty acid oxidation®: 36 38-40. 116, 118, 166 gnd gre primarily unable to activate dioxygen 7.
Several research groups had purported that CYP152s could activate O, in the presence of
surrogate redox partners like Pdr-Pdx, Fdr-Fdx, etc., and drive OleT catalysis in a manner similar
to O.-activating CYPs 18173 |n a recent publication, Wise et al. have shown that OleT could not
form a ferric-hydroperoxo intermediate via the O.-derived pathway (supported by surrogate redox
proteins)'®’, which was the precursor to compound |. However, they found that O, bound readily

to reduced OleT, but subsequent autooxidation of the enzyme led to the formation of H>O», which
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was responsible for the majority of the turnovers.'®” This work substantiated that CYP152s are

probably not competent for dioxygen activation.

The early discovered CYP152s such as P450 SPU (Sphingomonus paucimobilis)*, BSh
(Bacillus subtilis)®®, and P450c.a (Clostridium acetobutylicum)!*wer e reported to func
or / an €H bdnds ©f fatty acids via the classic oxygen rebound mechanism'’4. Subsequent
structural and biochemical analyses of these orthologs revealed the role of a conserved active
site arginine in fatty acid-binding and substrate-assisted H.O activation®® 174 17> and the omission
of conserved distal pocket aspartic acid (or glutamic acid)-threonine residues necessary for proton
delivery to the ferric-peroxo complex®t 92 140. 141 - A decade later, Rude et al. reported a P450
peroxygenase termed OleT, isolated from Jeotgalicoccus sp. ATCC 8456 converted long-chain
fatty acids (e.g., eicosanoic acid) to one carbon shorter terminal alkenes or olefins*® (hence the
name 'OleT'). Biofuel researchers took a tremendous interest in leveraging this alkene-producing
ability as a potential enzymatic source of 'drop-in' bio-fuel generation. More OleTs (CYP152
decarboxylases) have been more recently isolated from Corynebacterium efficiens'®, Kocuria
rhizophilal®,  Mycobacterium  populit’®,  Jeotgalicoccus  halophilus®,  Salinicoccus
gingdaonensis!?®, Staphylococcus aureus!!®, Rothia nassimurium (chapter 2), and
Nosocomiicoccus sp. (Unpublished work by Markis, T.M. and Zanphorlin-Murakami, L. et al.) in
subsequent years. They have been identified to decarboxylate long-to-medium chain length fatty
acids (Cn; n=10-20) to terminal alkenes (Cn.1; n=10-20) and CO: in vitro and require H,O, as the

co-substratel® 35 36, 116, 118

OleT has high structural similarity with its orthologs (P450 SPUand BSb), especially in the
active site3> 3% 3% 176 vet, it has seemingly evolved to decarboxylate fatty acids instead of
hydroxylating them. This led researchers to study the structural and electronic factors involved in

this significant deviation in product outcomes within CYP152 enzymes32 35 177,

Nonetheless, OleTsareknown t o produce one or mul tjegg) e fatt
as the minor product(s) alongside terminal alkenes3? 3% 93.106.178 ‘However, the reported alkene to
hydroxy fatty acid product ratio can vary from one enzyme to another and likely originates from
many factors. However, it is clear that the nature of the substrate (e.g., fatty acid chain length) is
one of the most important factors. In addition,ov er o xi di zed pr-ketbfattytadds'®uch as
179 and one carbon shorter fatty acids!'’ have also been reported in CYP152 turnovers. The ability
of OleTs to hydroxylate fatty acids hinted toward a significant branch point within the P450

peroxygenase family.
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1.2.2 Cytochrome P450 peroxygenase catalysis and mechanism

CYP152s are usually hexa-coordinated like monooxygenases in the substrate-free state®>
39,176 QleTs tend to transition into the high spin (HS) state upon substrate binding3® 39 93106, 176
and display a very high binding affinity for Ci,-Cyo fatty acids® 9 106. 180 At the same time,
hydroxylases like BS, and SPy show very little to no optical change in fatty acid binding® 4°.
However, the % HS content in OleTs has been observed to decrease with shorter fatty acids such
as Cs, Cs, and C10.1% These short fatty acids are probably unable to destabilize the H,O molecule
(the 6™ and distal ligand to the low spin Fe3* atom) from the active site to switch to the penta-
coordinated form. An active site arginine residue (e.g., R245 in OleT;z and R242 in BSb) is highly
conserved among all P450 peroxygenases reported so far regardless of hydroxylase or
decarboxylase function®®. The fatty acid substrates have been to form salt bridges using their -
COO (carboxyl group) with the guanidinium side chain of arginine. Shoji et al. were able to utilize
BSb distal pocket to oxidize small non-fatty acid substrate molecules (e.g., styrene, thioanisole)
by tricking the enzyme with a 'decoy' fatty acid to activate H,0,%® %6 75 The unspecific
peroxygenase (UPO), an H»O,-dependent heme-thiolate ligated fungal enzyme, can activate
hydrogen peroxide without needing the substrate carboxyl group®® 105 18L 182  Active-site
glutamate (E196 in Aae-UPO) makes a salt bridge with an R189, which is involved in peroxide
activation. Hsieh, C.H. et al. mutated active-site P246D (next to R245) in OleT 8. The OleTse
P246D variant did not turnover fatty acids but could oxidize small molecules like styrene, nonane,
and cyclohexane!’®. This work indicates the indispensable nature of a carboxylic functional group

(as provided by the substrate or protein) for H.O, activation in heme peroxygenases.

Steady-state kinetic studies of deuterated myristic acid (C14H) turnover by SPU showed
a primary kinetic isotope effect (KIE>4)'"4, which hinted at the involvement of a high-valent
compound | species in hydrogen atom abstraction (HAT). Subsequently, oxygen rebound to the
substrate radical is assumed to be accomplished by compound II. The actual mechanism of
compound | formation from H»O.-bound OleT remains unknown to date. However, the
accumulation of the OleT high-valent ferryl intermediates, compound | and Il, has been detected
by rapid mixing stopped-flow optical absorption studies? *. In order to determine the mechanism
of C-C bond scission in OleT, Grant, J. L. et al. had reacted deuterated eicosanoic acid (dse-
eicosanoic acid)-bound ferric enzyme with excess H.O- (in pseudo-first-order reaction) at 4°C on
a stopped-flow spectrophotometer. The accumulation of compound | was negligible in the single
turnover reaction of fully protiated eicosanoic acid® . However, the same intermediate

accumulated in large amounts due to the increased activation barrier of the C-D bonds in
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deuterated fatty acid® 33, The accumulation of compound | was confirmed by a Soret band at 370
nm and a smaller band at 690 nmi a quintessential porphyrin cation radical feature* 5219, A high
KI'E (08. 1) ednia the ratd of @ampound | decay®> 3, which confirmed that OleT

compound | was the species that carried out the HAT beyond any doubt.

Another intermediate emerged from the disappearance of OleT compound I, which had a
split Soret'? 105 with two absorption bands at 367 nm and 426 nm. The rate of compound I
formation was identical to the compound | decay rate with a significant isotopic sensitivity toward
the C-D bond (K | BBQ)*. A Soret peak started forming at 417 nmi typical of LS hexa-coordinated
ferric form of OleT*? approximately after 500 ms in the turnover of dse-eicosanoic acid marked the
completion of OleT catalysis!? 33 9319 Using the singular value decomposition (SVD) methods,
Grant, J.L. et al. isolated the pure optical spectra of OleT compound | and compound 11,*® which
were in good agreement with the previously reported optical spectra of CYP119-1? 52, and
CYP158-11102,

However, the OleT ferryl-oxo and ferryl-hydroxo intermediates are yet to be characterized
by magnetic (EPR and M ssbauer ) an dosoopieb leavihgi o n al
scope for further exploration. Furthermore, it is still unknown whether the single electron transfer
(SET) from the substrate radical to OleT-Il originates from the carboxyl group or the Cs. The
unprecedented stability of OleT-Il (rate of decay = ~10 s1)3 19 makes it different from P450s in
general. Though less oxidizing than compound |, compound Il is very electrophilic (E°&0.99 V at
pH 7.0 and vs. NHE)!®, and thus is sufficiently oxidizing to abstract an electron. In a follow-up
study from the Makris laboratory, Hsieh, C.H. et al. proposed that due to strong hydrophobic
interaction between the fatty acid and the distal binding pocket, the substrate radical (generated
by OleT-I) cannot move closer to the active site for oxygen rebound.'%® They proposed that the
OleT distal pocket orients the fatty acid Cp to frustrate the oxygen rebound, allowing further
oxidation of the substrate radical.’®® OleT-1l6 s e | e ¢ t r ohashbeen shown byacarnyimgeut
phenol oxidation via single electron transfer (SET)*. Therefore, it might be able to abstract a
single electron from the Cp, generating a carbocation that could lose a CO; through an internal
reorganization of C-C bonds and favoring the formation of a terminal alkene® 33 1% |n an
alternative hypothesis, a SET could take place from the carboxyl group instead of the Cp, and the
substrate bi-radical might undergo an internal rearrangement of bonds leading to the formation of

an alkene and a molecule of CO,%% 35,
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1.2.3 The regulatory factors of decarboxylation and hydroxylation in P450 peroxygenases

SPUand B S fhave an overall 37% and 41% sequence similarity with OleT 110 184187 The
active-site motifs among these enzymes are even more relatable, especially the active sites of
BSb and Ol eT, v differentbetof major pooduatsle? 353 40.93.106 However, OleT
produces almost >99 % terminal alkenes in reaction with C1g-Cpo!® 32 35 36.39.40.93 byt generates
significant amounts of eOsfattyatidst >Pd%, mantaiaihgolefines |
as the primary product. S P @most exclusively hydroxylates at Cy of myristic acid*® while BSs
hydroxylates the same substrate at Cy and Cp, 43 and 57%, respectively®. Rude et al. recorded
15% 1-pent adecene al o@Hpsodudte frotd palmitic acid turnover by B S ' 188,

making the distinction between decarboxylase and hydroxylase vague.

Structural comparison between the active site of OleT and B S bevealed that H85 residue
in OleT is replaced with glutamine (Q85) in B S bThis led Belcher, J. et al. to postulate that the
H85 imidazole might be involved in supplying a proton®® to OleT-Il while the transient intermediate

abstracts an electron from the fatty acid carboxyl oxygen atom.

In a subsequent study, they reported that the olefin to fatty alcohol ratio increased only
marginally in palmitic acid turnover i n t he B S b*|Q@rmbpdrisonuQle® WT produces
three times more olefin than alcohol products. These results implied that H85 (OleT) played a
more subtle role in fatty acid decarboxylation than earlier thought and is not the only factor

controlling the product partitioning in P450 peroxygenases.

The active-site Leu79 in S P Us replaced with phenylalanine in OleT (Phe79) and B S b
(Phe79). The product profiles of OleT F79A observed in Cio-Cyo fatty acid turnovers did not differ
significantly from OleT WT, although less enzymatic activity was recorded in the mutant. The
profiles of OleT H85Q and F79A suggested that the minor changes in the product profiles were
due to the small substrate mobility caused by the mutants®? in the active site. Therefore, multiple
factors work in tandem to orchestrate the product partitioning in the CYP152 family, besides the

active site factors.

Experimental®® 1% and theoretical'’” 188-1°1 research works have proposed the substrate-
binding dynamics, the distal pocket, and the active-site H-bonding network can potentially
influence the regioselectivity in CYP152 enzymes. These factors have been elaborated further in

the following section.
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Figure 1.8: Substrate-bound WT OleT;e ( br own) , SPU (green), and BSE
structures are overlayed in this figure. Notations: FA= Fatty acid; F79= Phe79 in OleT overlapping

with Phe79 from BSh and Leu78 from SPU: R245= Arg
and Arg243835=B%bH)s;85Hi n Ol eT overlapping on GIn85 (

1.2.4 The role of secondary structural elements (SSEs) in P450 peroxygenases

CYP152s have the same overall fold as other CYPs. The secondary structures of these
enzymes are composed of the same n u mb e +helicesf (A-LU) a relgeetshb(1-6) and
interconnected with flexible loop regions.3? 3% 39176 |n this section, the role of these secondary
structural elements on P450 peroxygenase chemistry will be discussed, emphasizing the distal

pocket and F-G region.
1.2.4.1 The conserved active-site arginine residue

CYP peroxygenases utilize hydrogen peroxide as the co-substrate instead of molecular
oxygen. The I-helix of CYP152s does not have the 'acid-alcohol' pair required for effective
dioxygen activation. The fatty acid carboxyl group, which forms a salt bridge via electrostatic
interaction with the high conserved active-site arginine (OleT R245; Figure 1.8), is believed to
activate H,O, in CYP peroxygenases®® 174 175 178  The mechanism proposed for hydrogen
peroxide activation in OleT is similar to that observed in unspecified peroxygenases (UPO), which
utilizes an active-site glutamate carboxyl group to activate the hydrogen peroxide molecule®?,
Research carried out in our laboratory has indicated that the OleT P246D mutant can replace the
need for the fatty acid carboxyl group to activate H.O, and catalyze the oxidation of many non-
carboxylic acid substrates'’®. Munro and co-workers mutated OleT R245L, which nearly abolished

OleT activity*>. Along with I-h el i x arginine, a proline (OleT P24c¢
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adjacent to it is also highly conserved in P450 peroxygenase!® 32178 The active-site Arg/Pro pair
in CYP152 active-site replaces the I-helix Asp(Glu)/Thr pair critical for oxygen activation in CYP

monooxygenases.

Recently-publ i shed theoretical research on Ol eT an:
R245 residue, along with H85 and other active-site polar functional groups, helps stabilize a water
molecule in the active site during substrate turnover in the intermediate states'®. Therefore, the
role of arginine in OleT might not be just limited to restricting substrate mobility, but it could also

be necessary for increased decarboxylation of fatty acids!®.
1.2.4.2 The substrate-binding pocket (distal pocket)

The fatty acid-binding pockets of CYP152 enzymes are structurally similar® 32, and
hydrophobic, probably so to stabilize the long fatty acid tails via hydrophobic interactions. Though
an effective substrate carboxyl group-arginine salt bridge interaction is essential for fatty acid
binding, the hydrophobic interactions with bulky phenylalanine, leucine, and isoleucine are
important for restricting fatty acid mobility. Increased fatty acid mobility has been associated with

weaker salt bridge interactions!®, which could lead to less effective hydrogen peroxide activation.

Figure 1.9: A, Few key amino acid residues which comprise the OleT e substrate-binding pocket.
Arachidonic acid is present with sticks-balls and marine blue, whereas all the phenylalanines and
prolines are brown but presented with sticks-balls as well. The leucines, isoleucines, arginine,
and heme are represented with sticks and are brown. B, The substrate-bi ndi ng pocket of

Palmitic acid is purple, and everything else is crimson.

Several research articles have proposed that shorter fatty acids experience more flexibility
in the distal pocket than longer ones across the CYP152 family®® 191, Though there are structural

similarities in the substrate-binding pockets of CYP152s, the active-site H-bonding network and
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the substrate-distal pocket interactions may differ between decarboxylase (OleT) and a

hydroxyl ase (BSb), as pr opos &d? iOneoofithe keg diferences mp ut at i

is the total number of water molecules present at the active site in the OleT transition state. For
example, OleT active-site has been found to bring in two® or three'’” waters in the transition
state compared to occasional occupancy of j ust o' ¢lighernwat® 8dzupancy in the
OleT intermediate state and their proximity to the OleT compound Il have been suggested to
obstruct oxygen rebound to the substrate radical’”1°°, Due to its highly electrophilic nature©? 183,
P450 compound Il further oxidizes the substrate radical via a proton-coupled electron transfer
(PCET) reaction®® % 106 and generates a substrate bi-radical®> %° or a carbocation?: 33 93. 106,
Ultimately, an internal rearrangement of C-C bonds gives rise to one molecule of terminal alkene
and CO, each? (Figure 1.10).
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Figure 1.10: The proposed reaction mechanism of fatty acid decarboxylation and hydroxylation
in OleT.
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1.2.4.3 The F-G loop region and its influence on the regioselectivity CYP152 enzymes

The F-G loop region is a major player in substrate recognition and specificity3’- 193 194 jn
cytochrome P450 enzymes. OleTF79Ae x hi bi t ed a mi n i-regodelectivityf’eTot on t
mimic the length of a shorter F-G loop region, Makris and co-workers deleted three amino acid
residues fromthe OleTF-G | oop region in BSbH, and the product
fatty acid turnovers emerged to be remarkably different from OleT WT®. In fact, a single mutation
on the OleT F-G loop, L176G, led to strikingly different product profiles in every fatty acid turnover
from C12 to C20% (n=even numbers). They reported the F-G loop might influence substrate-
binding modes and substrate mobility in the distal pocket, which ultimately resulted in the
alteration of chemo- and regioselectivity of OleT. They also indicated that the F-G loop might also

be involved in product release in the enzyme.

Crowley and co-workers also validated some of these results computationally when they
observed that substrate flexibility was decreased in Ol
symmetrical binding pocket of the former*®®. The F-G loop and other residues in the OleT binding
pocket provide strong hydrophobic support from both sides of the fatty acid substrates (Figures
1.9A and 1.11A), whereas the same cannot be obser
|l eads to more substrate mobility in t¥eAltBeSh di st a
factors were attributed to the hydroxylase nature of SPU and BSbH.

Figure 1.11: A, The OleT F-G loop region (Amnio acid sequence: 1> FRALGGAF'®°) is presented
in sticks-balls, and the residues are connected with a ribbon. The orange arrow indicates the
position of the L176 residue. OleT F46 resides on the other side of the arachidonic acid. B, The
B S b -GRoop (*°*FGAVGP'’®) region is presented the same way as the OleT F-Gloop (A) . BShb

L42 is on the other side of the palmitic acid.
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CHAPTER 2
Substrate-Assisted Desaturation of Hydroxy-Fatty Acids by the P450 Decarboxylase OleT

Abstract

The cytochrome P450 (CYP), known as OleT, typically catalyzes the H,O.-dependent
decarboxylation of long-chain fatty acid substrates with minor hydroxylated side-products
resulting from the metabolism of non-native chain length substrates. The former reaction is a
significant deviation from the monooxygenation chemistry that typifies most CYPs. Previous work
on OleT orthologs and mutagenesis data has alluded to the importance of substrate orientation,
as stabilized by proximal and distal active-site interactions, in guiding reaction partitioning. Here,
we have used 2-hydroxyhexadecanoic acid (2-HHDA) as a more subtle mechanistic probe to
further refine the influence of fatty acid structure on reaction outcome. 2-HHDA binds to OleT and
is efficiently metabolized to form a 2-keto product. Transient kinetics studies show that the
alteration of fatty acid structure has drastic changes on the activation of H2O,, which can be
rationalized by alterations of the 2-HHDA binding mode and revealed by x-ray crystallography.
An examination of the kinetic isotope effects from the single turnover reaction and 20, tracking
studies suggests that the mechanism most likely proceeds by a mechanism that involves

sequential hydrogen atom transfer.
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2.1 Introduction

Cytochrome P450s (or CYPs) are a superfamily of heme-thiolate enzymes that are
ubiquitously distributed in nature.> 2 CYPs catalyze the breakdown of xenobiotics and orchestrate
the biosynthesis of critical signhaling molecules necessary for development, signaling, and
homeostasis.®> Most CYPs activate atmospheric oxygen through the sequential delivery of
reducing equivalents that are ultimately derived from pyridine nucleotide (NAD(P)H) and
transferred by an associated redox chain that can vary in composition.? “° Following second
electron transfer to the bound dioxygen complex (or oxyferrous intermediate),'® a transient
ferric-peroxoanion species is formed'®*8 that is heterolytically cleaved in a proton-dependent
process to form the high-valent intermediate known as Compound 122, Following substrate C-H
abstraction by this potent oxidizing species, the reaction is most typically finalized in a
recombination process from the incipient substrate radical to the iron(IV)-OH species (Compound

I1) known as oxygen rebound.!® 2427

In addition to the much more common O2-dependent enzymes, a class of H.O,-dependent
fatty acid metabolizing CYPs (and belonging to the CYP152 family) was originally reported by
Matsunaga and colleagues.?’*° The cytochrome P450 SPU and t he CYP152s that
characterized since this initial discovery,?® 3137 are proposed to utilize a substrate-assisted
mechanism where the fatty acid carboxylate facilitates proton rearrangement of the H.O,
cosubstrate in a manner that is reminiscent of the Poulos-Kraut mechanism proposed for
peroxidases? %83 The CYP152s structurally characterized thus far33 353740 |ack the distal pocket
acid-alcohol pair that is critical for concerted proton delivery for O-activation. Instead, an active-
site arginine forms an electrostatic interaction with the fatty acid (FA) carboxylate, poising the
substrate for C-H abstraction, typically at the C2i C4 positions depending on the enzyme. A similar
arrangement is seen in the unspecific peroxygenases (UPOs), where a distal pocket acid
supplants the role of the substrate carboxylate.**** On the basis of a large substrate ?H KIE
observed for steady-state reactions of CYP1521% 4546 it is thought that the reaction of fatty acid
hydroxylases likely follows a similar HAT/rebound trajectory as O-activating CYPs once the CYP-

| oxidant is formed.

OleT (CYP152L1), originally isolated by Rude et al. from Jeotgalicoccus sp. ATCC 8456
was the first H,O.-dependent CYP reported to decarboxylate fatty acids.®* Rather than
hydroxylating FA substrates, OleT; was shown to predominantly decarboxylate long chain length
(CL) FAs to form a one-carbon shorter 1-alkene®* ** 47 and a carbon dioxide co-product.*® This

process has garnered interest as a potential means to convert bioavailable feedstocks into
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fungible biofuels and has recently been leveraged for the in vitro and in vivo synthesis of alkenes
and commodity chemicals. OleT e and related enzymes display varying levels of chemoselectivity
that can significantly differ depending on the nature of the ortholog and fatty acid chain length
substrate used.®> 4% For example, OleT;e exhibits bimodal chemoselectivity with saturated fatty
acids (FAs), where long- (C,>16) and shorter (C,<12) FAs largely undergo decarboxylation.33 4"
48 On the other hand, the metabolism of mid-chain (C12-C16 FAs) the 1-olefin product is often
accompanied by a significant amount of hydroxylated products that results from oxygen insertion
that is largely regiospecific and localized to the C3 position.3* 4° Stopped flow studies from our
laboratory have shown that decarboxylation proceeds by Compound | catalyzed hydrogen atom
transfer (HAT), unifying the initial steps of oxygen atom transfer (OAT) and C-C cleavage.® #°
The ensuing stages of the reaction are less clearly defined but are hypothesized to occur through
further oxidation of the substrate to produce either a substrate carbocation or biradical species

that undergoes further rearrangement to furnish the alkene.9 33 40.45.49

Given the similarity of the initial stages of these two divergent reaction outcomes, a key
goal has been to identify the molecular determinants that predispose OleT towards C-C cleavage
and thwart the oxygen-rebound process. The comparative analysis of the metabolic profiles of
OleT orthologs suggests that active-site composition is clearly an important factor.*® Likewise,
numerous mutagenesis studies of residues along the FA-binding channel of CYP152s have
alluded to the importance of fatty acid-binding mode as a key checkpoint that influences the
decarboxylation/hydroxylation ratio and has similarly been alluded to in various computational

studies.32 5051

Dennig et al. were the first to report traces o f -ketd fatty acids from palmitic (C16H) and
stearic acid (C18H) with OleT alongwitht hei r cor r e s p on d i-hydroxyfattk azid
products.”” P450 BSb recently diacovered CY P 1 5 zhydrdkylase, isolated from
Exiguobacterium sp. AT1b (CYP152N1) also produced tridecanoic acid (one carbon shorter fatty

acid) as a product along with hydroxy-myristic acids in the turnover of myristic acid with excess

hydrogen peroxide.®? Usually, U-hydroxy myristic acid in CYP152N1leadst o t he f of mat i on

keto myristic acid, which in the presence of excess H,O. generated tridecanoic acid via a non-
enzymatic decarboxylation reaction.>? But the study of the mechanism for over-o x i d at i-

hydroxy myristic acid was primarily based on molecular dynamics (MD) simulations.>?

In this work, we investigated the overoxidation mechanism of an U-hydroxy fatty acid with
structural, isotope-labeling, steady-, and transient-state kinetic experiments. Due to the limited

stability of OleT;e at high concentrations (>100 uM), we preferred to work with a recently
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discovered OleT?! isolated from Staphylococcus aureus. OleTsa readily crystallizes with native>?
and non-native substrates (this work). We reporta2.4A2-hydr oxyhexade dymxyi ¢ aci c
palmitic acid)-bound OleT crystal structure and demonstrated that unconventional binding of 2-
HHDA in the OleT active-site causes several key structural and electronic changes. Together
these changes reveal a new reaction afforded to OleT 19 40 45.48.50.51,54.55 '\yhere conversion of U-
hydroxy palmitic i n t -keto Palmitic acid occurs via two sequential hydrogen atom transfers
(HATSs) in an oxidase-like mechanism. These structural and functional changes reveal that OleT
can diverge from its natural decarboxylase/hydroxylase activity and function like a heme-based

oxidase.
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2.2 Materials
2.2.1 Reagents

2-hydroxy hexadecanoic acid (2-HHDA) was purchased from Combi-Blocks. Protiated
myristic acid, palmitic acid, stearic acid (C18H), and eicosanoic acid (C20H) were bought from
Supelco. Deuterium oxide (D20), hydrogen peroxide (H»O;), and sodium molybdate dihydrate
were obtained from Sigma-Aldrich. 1-hexadecene and N, O-Bis(trimethylsily)trifluoroacetamide
(BSTFA)-trimethylsilyl chloride (TMSC) (99:1) were bought from TCI America. Snakeskin Dialysis
tubing 3.5K MWCO (35 mm dry) was purchased from Thermo scientific. Bio beads SM-2 resin
and Amicon ultra-15 30K filters (Concentrator) were obtained from Bio-Rad and Millipore-Sigma,
respectively. 22mm Square siliconized cover slides, VDX Plate without sealant, Polyethylene
glycol (PEG) 8000 were all bought from Hampton research. HEPES (free acid) was obtained from
Millipore-sigma. Isotopically labeled hydrogen peroxide (90% *20) was obtained from LGC
genomics LLC. All the antibiotics were purchased from BioBasic Inc. Tryptone, peptone, yeast
extract, and ammonium sulfate were acquired from Research Products International. K;HPQsa,
KCI, and NaCl were bought from BDH Chemicals. The OleTsa gene was synthesized by Bio Basic

Inc.
2.3 Methods
2.3.1 Heterologous expression and purification of OleTsa

The gene encoding OleT protein from Staphylococcus aureus (GenBank accession
number: WP_049319149)3! was synthesized by DNA2.0 and cloned into a T5 expression vector
(KanR) as described previously with 6x His-tags at the C-terminus preceded by a TEV cleavage
site. The plasmid was co-transformed into Escherichia coli BL21(DE3)-blue competent cells with
the pG-TF2 plasmid (Takara bio), which encodes for GroES, GroEL, and Tig Chaperones. One
colony from the transformation plate was grown in modified terrific broth (TB) media containing
12 g yeast extract, 6 g tryptone, and 1 g peptone in 500 mL distilled water and supplemented with
50 pg/mL kanamycin, 30 ug/mL chloramphenicol, 125 mg/L thiamine and trace metal solution for
15-18 hours in a shaker-incubator at 37°C and 200 rpm. For large scale expression of the
enzymes, 450 mL of cultures of TB media with 50 mL 1 M K;HPO, buffer (pH 7.5), 4 mL 50 %
glycerol, 50 pg/mL kanamycin, 30 pg/mL chloramphenicol, 125 mg/L thiamine, trace metal
solution and 10 mL of starter culture and were grown at 37°C and 200 rpm in a large shaker-
incubator until the optical density (OD) at 600 nm reached ~0.6. Subsequently, the temperature
of the shaker was lamwodevubni actdwashdkidd ®, eaclaqultlire o a final
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concentration of 60 M. The cultures were induced with 10 pg/L and 50 pM (final concentrations)
of tetracycl i n-®-1-thiogdlactopyranpside @PTEG), réspectively, when the OD

reached ~1.0 and was grown for an additional 24 hours at 18°C.

Cell cultures were harvested at 7,000g for 10 minutes, and cell pellets were resuspended
in lysis buffer (50 mM Kz:HPO,, 300 mM NaCl, and 10 mM imidazole; pH 8.0). The resuspended
cell solution was sonicated by a Branson sonifier (at 75 % duty cycle and 70 % output) while
keeping the cell solution at 4°C. The lysed cell solution was centrifuged at 27,0009 for 35 minutes.
The supernatant was loaded on a Ni-nitriloacetic acid (Ni-NTA) column pre-equilibrated with 10
column volumes of lysis buffer. The Ni-NTA column loaded with OleTsa protein was washed with
10 column volumes of the same lysis buffer. The protein was eluted off the column with 3 column
volumes of elution buffer (lysis buffer supplemented with 250 mM imidazole, pH 8.0). Next, the
eluted protein was diluted with an equal volume of binding buffer (50 mM K>HPO4, 300 mM NaCl
and 30% (NH4):SO4; pH 8.0) added in small aliquots of 15-20 mL. This protein solution was
centrifuged at 27,0009 for 15 minutes to eliminate all the crushed-out protein. The supernatant
protein solution was loaded onto a butyl-sepharose column pre-equilibrated with 3 column-
volumes equilibration buffer (50 mM KzHPO., 300 mM NaCl, 30% (NH.).SO4; pH 8.0). The butyl-
sepharose column loaded with the protein was washed with 7 column volumes of the same
equilibration buffer. Then the protein-loaded butyl-sepharose column was attached to a fraction
collector pump, and a gradient of elution buffer was created by a combination of 250 mL buffer A
(equilibration buffer) and 250 mL buffer B (50 mM K;HPO.; pH 8.0) on a setting of 0 % B to 100
% B on the pump. The fractions that had an R; ratio (AbSa1s nm/AbS280 nm) above 0.8 were pooled,
concentrated, and flash-frozen in liquid nitrogen before being stored at -80°C. The protein at this

stage was used for the spectroscopic and turnover experiments that are described below.

The protein used for structural studies was further purified by cleavage of the hexahistidine
tag by dialysis of the protein in the presence of the tobacco etch virus (TEV) protease (1 mg TEV
per 20 mg of protein)®. The protein-TEV protease mixture was dialyzed in 100 mM K.PO, and
100 mM NaCl buffer (pH 8), using a 3.5K MWCO dialysis membrane at 4°C overnight. The
dialyzed protein was passed through a Ni-NTA column equilibrated with the dialysis buffer
supplemented with 10 mM imidazole to purify the cleaved protein. The Ni-NTA column was
attached to a Q-sepharose column pre-equilibrated with dialysis buffer. Once the protein was
bound to the Q-sepharose column, the column was washed with 10 column volumes of freshly

prepared dialysis buffer. The protein was eluted from the Q-sepharose column with a gradient of
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NacCl (100 to 750 mM) over 5 column volumes. Only those protein fractions with Rz values higher

than 1.1 were deemed suitable for crystallography.
2.3.2 Ultraviolet-Visible (UV-Vis) spectrophotometry

UV-Visible spectra were collected in Cary 60 UV-Vis spectrophotometer with a 1 cm
pathlength quartz cuvette. The protein stocks were diluted in 200 mM K;HPO4, and 100 mM KCI
(pH 7.5) (referred to hereafter as KP; buffer) during all the binding titration assays. The final protein
concentration in all the binding titration assays was 5 pM, and small aliquots of the fatty acid
substrate (palmitic acid or 2-hydroxy hexadecanoic acid) were added to the protein solution from
their corresponding stocks of 50 mM prepared in 70% ethanol:30% Triton-x100 (v:v). Absorption
spectra were collected after each addition
395 nm and 418 nm were added, and the sum was plotted against the concentration of the
substrates (C16H or 2-HHDA) to determine dissociation constants (Kp) using the Morrison

quadratic expression®’.

YIAOYS Gi 0 Y O Z O Y O ZY O IO (Equation 2.1)
2.3.3 Stopped-flow (SF) absorption spectroscopy

Rapid kinetics experiments (H.O-KP; and D.O- KP;) were carried out using an Applied
Photophysics Ltd. SX20 stopped-flow spectrophotometer using methods we described

previously®: 55,

For experiments in D;0, the 2-HHDA-ES complex was first incubated in deuterated KP;
buffer pH 7.5 to exchange the -OH group of 2-HHDA with -OD. Buffers containing 200 mM KP;
pH 7.5, 100 mM KCI were dried to completion in a Labconco refrigerated CentriVap concentrator
under vacuum and then resuspended to the original volume with D,O. E-S complexes in D,O
were incubated overnight to ensure complete isotopic exchange, and the H>O, was similarly

prepared in deuterated KP; buffer.
2.3.4 Kinetic data collection and analysis

The spectral data of single turnover reactions were collected using either a photodiode
array (PDA) for complete spectral data or a photomultiplier tube (PMT) for single wavelength
timecourses. The reciprocal relaxation time (RRT) constants of the decay of the high-spin (HS)
OleT and the formation of the low-spin (LS) OleT state were monitored by fitting single wavelength

timecourses at 395 nm and 418 nm, respectively. In addition, 440 nm PMT traces were used to
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determine the rates of compound Il formation and decay in the case of palmitic acid (C16H). The
kinetic data were analyzed using ProData software from Applied photophysics Ltd. using the
following summed exponential expression where A: s IS the observed absorbance, Ap is the final
absorbance, t is the time (in seconds), k is the rate of decay or formation of a species (in s*), and

a is the spectral amplitude of a particular phase.
O 6 oo’ onQ”7 (Equation 2.2)

In the case of HHDA single turnovers, the following reaction model (equation 3) was used
where Fe*" (HS) and Fe®** (LS) represent substrate-bound and substrate-free forms of OleT,
respectively. Fe3* (HS)-H.O,, P, and Fe*" (LS)-P denote peroxide bound HS OleT complex,
product (2-keto palmitic acid), and product bound LS OleT complex in that order.

~ ~ ~

0 0 o)
&A (3 (/1 2z &A (38 /1 2z &A , 3z &A , 3 0 (Equation2.3)
’?’Q “-“Q “-“Q

Where ki and k., are the rate constants of the peroxide activation step and the reverse
reaction. k, and k.; are Fe®" (HS)-H202 complex decay rate constants and the reverse reaction.
ks and k. represent Fe* (LS)-P complex decay and the reverse reaction rate constants. The

apparent dissociation constant of H-O- is given by the following equation 2.4.

P+ — 0 (Equation 2.4)

+s Ep E (Equation 2.5)
o)

&A (3 (/1 z ATI PIT)YOTAI I DI)YOY &A |, 3 (Equation 2.6)
Q

The above reaction model (Equation 2.6), used for palmitic acid (C16H) single turnovers,
has been described previously®®. The apparent Kp for H.O- in palmitic acid (C16H) single turnover

was determined the same way described elsewhere!® ®°,
2.3.5 Global Analysis and Singular Value Decomposition

Speciation plots and component spectra of OleT intermediates from 2-HHDA and C16H
single turnovers were generated on Pro-K IV global analysis software (APP). The following kinetic
models were used, where ki represents a pseudo-first-order rate constant where H,O;

concentrations were in large excess relative to the enzyme concentration. The kinetic models
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presented in equations 2.7 and 2.8 were used exclusively for 2-HHDA and C16H single turnover

reactions.
Ko

&A (3 (1 &A (38 / z &A , 30 &A 3 0 (Equation 2.7)
0

&A (3 (1 AT T PTYOTAT T PT)YOY &A |, 3 (Equation 2.8)

20 uM 2-HHDA bound OleT was reacted against KP; buffer (pH 7.5) and 20 mM H,0,
separately at 4°C, and the PDA timecourses (1 s) of the corresponding reactions were collected.
The 1 ms spectra from the reaction with KP; buffer and the 1 s spectra from the H2O; reaction
were saved as a single spectrum (.spc) file to serve as the pure HS and LS OleT species. Later,
the PDA spectra of 20 uM 2-HHDA bound OleT single turnover reaction (with 20 mM H»0,) were
uploaded, and the above kinetic model (equation 2.7) was created on the software. Rate
constants obtained from the single turnover reaction of 2-HHDA were provided to the model. The
concentration of Fe®** (HS) used for this simulation was 1.0. Additionally, the single spectrum files
saved earlier were uploaded as the reference spectrum of the OleT HS and LS species. After
that, a simulation was carried out to isolate the optical spectra of other OleT species formed during
the 2-HHDA single turnover reaction and the speciation plot of fractional concentrations of all

OleT species over 1 s reaction time.
2.3.6 Multiple turnover experiments and product(s) characterization

Enzyme-substrate complexes for the multiple turnover reactions were prepared by adding
500 uM 2-HHDA or palmitic acid to 5 uM OleT (2 mL total volume) and left to incubate at 4°C for
30-60 minutes before the start of the reaction. H2O2 (2 mL, 5 mM H2O: in KP; buffer) was slowly
added to the E-S complex over 2 hours to minimize enzyme inactivation®®-%°. Turnover reactions
were quenched with 12 N HCI and shaken well to ensure the complete ending of the reaction.
The internal standards 1-hexadecene, myristic acid, or stearic acid (500 nmol) were added to the
reaction mixtures to enable gquantitation. In the isotope-labeled hydrogen peroxide reactions, 2
mL H,*®0, in KP; was prepared by diluting a from a stock of 90% labeled H*¥0,. All multiple

turnovers were derivatized in the same way following a previous method®.

Control Reaction condition: 5 uM FeCls+500 puM 2-HHDA or C16H mixture was reacted against

5 mM H»0,. These two control turnover reactions were performed at 25°C for 2 hours in KP;buffer.
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2.3.7 80 exchange studies

2-HHDA multiple turnover reaction was carried out with H»®*O, and subsequently
derivatized with BSTFA-TMSC following the procedures described above and elsewhere* 5,
Then 50 pL of Hx*®O and H,®O were added separately to two vials containing 200 pL of the
derivatized reaction products from the same 2-HHDA turnover. After adding H.'8O and H,%0O, the
reaction mixtures were shaken for 1.5 hours to facilitate the maximum exchange of %0 and 80

from exogenously added H;®0O/H,%0 to the reaction product(s).

The derivatized samples were analyzed on an Agilent 7820A gas chromatograph
configured with an HP-5 5% Diphenyl/95% dimethylpolysiloxane column. The following oven
conditions were used to run samples: 70°C for 3 minutes, a 25°C/min linear gradient to 250°C, a

second linear gradient of 5°C/min to 285°C, and 285°C for 2 minutes.

Reaction products were analyzed at the METRIC facility (North Carolina State University)
using an Agilent 5975B inert XL EI/CI MSD mass spectrometer. GC-MS was performed by
Danielle Lehman at NCSU.

2.3.8 Determination of 80 exchange rate

The relative exchange rate of 80 (with 1°0) was determined based on the intensity of a
particular peak (m/z=283; CisH2703Si) of the trimethylsilyl 2-keto palmitic acid (Ci9H3s03Si)
product.

Ci1sH2703Si fragment (from the product mixture was in equilibrium with H>'®O; Figure 2.9C)
m/z=283.3 peak intensity=6566

m/z=284.3 peak intensity=1507

m/z=285.3 peak intensity=358

C1sH2703Si fragment (from the product mixture was in equilibrium with H,'®O; Figure 2.9D)
m/z=283.3 peak intensity=4118

m/z=284.3 peak intensity=1258

m/z=285.3 peak intensity=3189

All the O atoms in m/z=283.3 (of C15H2;03Si) should have only *0O atoms (C1sH27*°03Si),
and m/z=285.3 should have only one 0 atom (C1sH27'°0,'%0Si). Since both H>%0O and H,¥0O
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equilibria were carried out with the product(s) from the same original 2-HHDA multiple turnover
reaction, the rate of °0O exchange from 2-keto palmitic acid can be determined from the decrease
in the intensity of m/z=283.3 (C1sH27*%03Si) in H2*®0 equilibrium in comparison to the intensity of

the same peak in H,0 equilibrium.

(6566-4118)/6566*100%=37.3% O was lost from the product in 90 minutes at an

exchange rate of ~0.42% *O/minute.
2.3.9 Crystallization of 2-hydroxy hexadecanoic acid bound OleT

The OleT stock for crystallography was treated with H.O, and subsequently passed
through a desalting column to remove adventitiously bound fatty acids. Five equivalents of 2-
hydroxy hexadecanoic acid (2-HHDA) were added to the clean OleT WT stock and incubated for
1 hour to ensure complete fatty acid binding. Furthermore, the enzyme-substrate (ES) complex
(2-HHDA-ES) was run through another desalting column and treated with bio beads SM-2 resin
for 2 hours to remove excess 2-HHDA. This stock was then concentrated to 15 mg/mL in KP; (pH
7.5) buffer. 2-HHDA-ES was crystallized in the hanging drop method while the mother liquor
solution was prepared with 0.1 M HEPES buffer (pH 7.5), 0.1 M sodium molybdate dihydrate,
20% polyethylene glycol (PEG)-8000 (w/v), and double-distilled water. 60 pL of Al's oil was added
on top of the mother liquor solution to each well of the crystal trays to slow down the evaporation
process. This tray was left at 4°C, and the crystals usually started appearing after 6-7 days. The
crystals were cryo-protected with 20% glycerol. Data collection was done via the Southeast
Regional Collaborative Access Team (SER-CAT) at Advanced Photon Source (APS), Argonne
National Laboratory (Lemont, I, USA). X-ray diffraction datasets were collected at a 22-ID

beamline using an Eiger-16 detector.
2.3.10 Structural refinement of 2-hydroxy hexadecanoic acid bound OleT

The XRD dataset was indexed, integrated, and scaled using the HKL 2000 software suit®:.
The structure phasing was carried out based on previously solved eicosanoic acid (C20H)-bound
OleTsa structure®® using the Phaser-MR program in PHENIX software package®?. Ligand CIF files
for heme b and 2-HHDA were generated using the eLBOW program in PHENIX®2, Multiple cycles
of refinement® were performed in PHENIX before adjusting the structure into the electron density
map using WinCOOT®* % manually. Validation of the models was done on MOLPROBITY?®® after
each refinement. Visualization and analysis of the finished structure were done in WinCOOT and
Pymol (The PyMOL Molecular Graphics System, Version 2.3.3, Schrddinger, LLC). Diffraction
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and refinement statistics are listed in Table 2.5. Crystallographic data processing and analysis

were carried out by Dr. Paul D. Swartz at North Carolina State University.

2.4 Results

2.4.1 2-hydroxy hexadecanoic acid (2-HHDA) binds to OleT as efficiently as native fatty

acids

2-hydroxy hexadecanoic acid (2-HHDA) has an -OH group at the Cy position (Figure 2.1B
top), which makes it different from native fatty acids like eicosanoic acid (C20H), palmitic acid
(C16H), and myristic acid (C14H), etc. The binding titration plot of 2-HHDA (with OleT) (Figure
2.1B) demonstrates that this derivative fatty acid is capable of inducing a typical spectroscopic
shift of OleT Soret maxima from 418 nm (low-spin ferric) to 395 nm (high-spin ferric) by replacing
the axial water molecule ligand from the hexacoordinated Fe®* like in many CYPs®-70 including
OleT 3 49 5. 71 The dissociation constant (Kp) of 2-HHDA was determined to be 1.0+0.1 pM
which is similar to native fatty acids like palmitic acid (C16H), which has a Kp of 0.5£0.1 uM (Table
2.1). Therefore, 2-HHDA has a similar affinity toward OleT as native fatty acids and induces a

similar shift to the high-spin (HS) state.

OH
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Figure 2.1. A. Chemical structure of palmitic acid (C16H) (top left). Absorbance changes were
monitored in UV-Vis spectrophotometer after adding 2-HHDA in small aliquots. Inset, the

difference in the absorbances ( @Abs) at 395 nm @k bindidg&8or 22AHHDA) u e

were added, plotted against 2-HHDA concentration, and fitted with Morrison quadratic equation.
B. Chemical structure of 2-hydroxy hexadecanoic acid (2-HHDA) (top right), binding titration of 2-
HHDA with OleT and inset, A b s. 2-4#HIdDA concentration plot. The binding titrations were done

in the same way.
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Though there was no difference in the optical features between 2-HHDA-OleT (HS) and
C16H-OleT (HS) complexes, the binding of C16H implicated in higher % HS content than 2-HHDA
based on its ability to replace the water ligand from LS OleT (Figure 2.1 and Table 2.1). 2-HHDA
was able to convert the LS OleT to 61+2% HS, ~15% lower than C16H. Table 2.1 summarizes
the Kp of these two fatty acids and the % HS-LS content of the enzyme in a fully substrate-

saturated state.

Table 2.1. When fully saturated with those two substrates, Kp of 2-HHDA and C16H, % HS, and
% LS content of OleT.

Dissociation . ) .
Substrate _ % Low spin % High spin
constant (Kp in pM)

2-HHDA 1.0£0.1 39+2 61+2

Palmitic acid 0.5+0.1 24+1 76%1

2.4.2 OleT oxidizes 2-HHDA to 2-keto palmitic acid (primary) and 2-hydroxyhexadec-2-
enoic acid (minor) in the presence of excess H>O;

OleT predominantly decarboxylates long-chain fatty acids (C,; n=16-20) to olefins (Cn.1)
and co-produces minora mo u nt s ydf o & y-hydraxydfattyacids.33 34 40 45 47-49, 55 C16H
multiple turnover produced 89+3% 1-pentadecene and 11+3% 3-hydroxy palmitic acid (Table 2.2;
Figure 2.2A and Figure 2.3A). Ho we v e r-,a nm é -bydroxy fatty acids were detected here,
as reported in OleT,e catalyzed C16H turnovers. We could not find any 2-keto palmitic acids in
C16H multiple turnovers as researchers have reported finding minor amounts of 2-keto fatty acids
in OleT product mixtures, possibly arising from overoxidation of hydroxy fatty acid products.®?°%
2 Though H,O; can often be detrimental to heme enzymes like CYPs’®"5, OleT's ability to
maintain its natural reactivity in the presence of excess H.O, (>5 mM) has been reported by

others®,

The GC-MS analysis of derivatized 2-HHDA and C16H multiple turnover reactions was
utilized to detect and quantify possible products. The representative chromatograms of TMSC-
derivatized products can be found in figures 2.2 and 2.3. The products identified from 2-HHDA
turnover were not typical of any decarboxylated or hydroxylated form of the substrate; instead, a

mixture of 72+1% 2-k et 0 p a | miketdo malmitccacid) and 28+1% 2-hydroxyhexadec-2-
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enoic acid (Table 2.2) was obtained as the major and minor products, respectively (Figure 2.2B,
2.3C, and 2.3D). Since OleT decarboxylates fatty acids (C.) to produce one-carbon shorter
terminal alkenes (Cy.1), the products formed in 2-HHDA turnover could never be produced based
on the known OleT decarboxylation mechanism as the total no. of carbon atoms in the substrate
(C16), and products (Ci6) remained the same. Thus, hydroxylation by OleT could be a possible

alternative way for the formation of those unique products. Previous work from our group has

demonstrated that a single-p o i nt mutation (L176G) or triple

OleT,e F-G loop could significantly alter the native fatty acid product profilesi transforming OleT
solely into a hydroxylase.>® The overall conversion of 2-HHDA and C16H with 5 mM H,O, was
48+6%, and 46+5%, respectively (Table 2.2), which is on the lower side of OleT conversion rates
reported previously3¢-38:5051.60  nossibly due to the inactivation of the enzyme caused by excess
H202.73’74

Table 2.2: 2-HHDA and C16H multiple turnover product profiles (in the presence of 5 mM H205)

and total percentage conversion.

Total
FA _ Keto (%) Enol (%) | Alkene (%) | b-hydroxy FA (%)
conversion (%)
2-HHDA 48+6 72+1 28+1 NA NA
C16H 4615 NA NA 89+3 1143

Presumably, 2-hydroxyhexadec-2-enoic acid, the minor product of 2-HHDA turnover, is
the tautomeric form of 2-keto palmitic acid. These multiple turnover reactions were quenched with
12 N HCI. Under such a high acidic condition, a certain percentage of 2-keto palmitic acid would

tautomerize into its less stable enolic form.

Reports suggest that Fe** alone can catalyze 'Fenton-l i 'k @ réactions with fatty acids in
the presence of H,O,. Control reactions were carried out with 500 pM C16H or 2-HHDA
complexed with 5 pM FeCls (in KP; buffer; pH 7.5) and 5 mM H»O; to rule out the possibility of
such a non-enzymatic reaction. No 2-keto palmitic acid (nor its enolic form) was detected by gas
chromatography (Figure 2.2C and D). This control reaction indicates that 2-keto palmitic acid or

2-hydroxyhexadec-2-enoic acid in 2-HHDA turnovers are only formed via an enzymatic reaction.
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Figure 2.2: A. The GC spectra of C16H multiple turnover reaction (derivatized); The control
reaction GC spectrum is in wine-red, and the turnover reaction is in navy-blue; * marked peak
represents myristic acid (C14H), the internal standard in that reaction. B. The GC spectra of 2-
HHDA multiple turnover reaction (derivatized); The control reaction GC spectrum is in wine-red,
and the turnover reaction is in navy-blue; inset zoomed peak of 2-hydroxy hexadec-2-enoic acid
product. The * marked peak in the main GC spectra represents the internal standard which was
myristic acid (C14H) in this case. C. GC spectra of derivatized control reaction of FeCl; and C16H
with H2O2. No product was detected in C16H control turnover either. D. The Gas chromatography
(GC) spectra of the derivatized (with BSTFA: TMSC) control reaction of FeCls and 2-HHDA with
H.0.. No 2-keto palmitic acid or 2-hydroxyhexadec-2-enoic acid was detected in 2-HHDA control
turnover. These control reactions proved that 2-keto palmitic acid or 2-hydroxyhexadec-2-enoic
aciddi d not form mer el vyl ibkeeed ursea mtf i taoarbokjlitretidsms e e n wi
the presence of catalytic amounts of Fe*" and H,O.. 2-keto palmitic acid and 2-hydroxyhexadec-

2-enoic acid were obtained by genuine OleTsa catalysis.
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Figure 2.3: A. The mass spectra (MS) (at the bottom) of derivatized 3-hydroxy-2-methyl palmitic
acid (trimethyl silylated) and the mass fragmentation pattern (at the top) of derivatized 3-hydroxy-
2-methyl palmitic acid based on the MS. B. The mass spectra (MS) (at the bottom) of derivatized
2-hydroxy hexadec-2-enoic acid (trimethyl silylated) and the mass fragmentation pattern (at the
top) of derivatized 2-hydroxy hexadec-2-enoic acid based on the MS. C. The mass spectra (MS)
(at the bottom) of derivatized 2-keto palmitic acid (trimethyl silylated) and the mass fragmentation

pattern (at the top) of derivatized 2-keto palmitic acid based on the MS.
2.4.3 2-HHDA-ES crystal structure reveals an atypical binding of 2-HHDA to OleT active site

The 2-hydroxy hexadecanoic acid (2-HHDA) bound OleTsa WT crystal structure (Figure
2.4A) presented here is the first structure of a CYP152 complexed to a n -hydiroxy fatty acid, a
product for many CYP152 peroxygenases. A crystal structure of a CYP152 enzyme complexed

2-HHDA, which is a minor product of C16H turnover reactions catalyzed by OleT,e>®*and ®Sb
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49 could share new information about the nature of enzyme-product interaction in the distal
pocket. The 2-HHDA bound OleT crystal structure unveiled two different binding modes of 2-
HHDA (Figure 2.5A and B) to the enzyme compared to a single binding mode* of native fatty
acids (Figure 2.6A). CYP152s have a conserved arginine residue in the distal pocket (Arg242 in
P450 SPU®, Arg241 in P450 BSH3, Arg245 in OleTe®, and Arg247 in OleTsa%") which typically
forms a salt-bridge with fatty acid substrates via electrostatic interaction33 35 3749,

Two substrate molecules could be fitted
in OleTsa WT substrate-binding pocket (Figure 2.5C). The -OH is within the distance of direct
interaction with both conformations of 2-HHDA. Therefore, a substrate -OH group in the OleT
active site could potentially form multiple new H-bonding interactions and direct ligation with the
ferric heme moiety. The occupancy of 2-HHDA in conformation A (Figure 2.5A) is almost 63%.
The carboxyl group of 2-HHDA is pointed toward the heme plane, which is unprecedented in
OleT-fatty acid complexes and other fatty acid bound CYP152 crystal structures®® 3 37, The
closest carboxyl O atom of 2-HHDA is only 2.6 A away from the Fe®* atom (Figure 2.5A). The salt
bridge formation is unlikely Arg247 and 2-HHDA in conformation A. The basic carboxyl O atom (-
COO) is well within the distance of a direct ligation to iron (lll), which is impossible in the
eicosanoic acid-bound OleT ES complex. In contrast, the closest carboxyl O atom of eicosanoic
acid (C20H) is 5.3 A away from the ferric atom (Figure 2.6A). The other carboxyl oxygen atom of
2-HHDA is aimed at the active site His87 and lies within an H-bonding interaction (only 3.3 A

away) which is not possible in native fatty acid-binding being 5 A away from His87 (Figure 2.6A).

Several key differences exist between the eicosanoic acid-bound OleTsa ES complex
structure and 2-HHDA-ES conformation B (Figure 2.5B). Nonetheless, in terms of its ability to
develop electrostatic interactions with Arg247, conformation B resembles the conventional
binding of native fatty acid in OleT in the distal pocket33* 4% 53 (Figure 2.5B). The -COO" is directed
toward active-site Arg247 for salt-bridge formation, critical for anchoring the fatty acid in the distal
pocket®* 4953 and probably for the successful activation of hydrogen peroxide*® 't 7881 The -OH
group of 2-HHDA is only 3.0 A away from active site iron (lll) and 3.6 A away from His87.
Conformation B of 2-HHDA has an occupancy of 25% at 77K.
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Figure 2.4: A. The overall structure of the 2-HHDA bound OleTsa WT enzyme-substrate complex
(2.44 A). The heme b moiety and 2-HHDA (two conformations) are colored in gray and teal,
respectively. The orange sphere at the center of the heme b ligand represents the active site Fe®*.
Dark orange, light violet, and dark yellow spheres represent oxygen (from H.O molecules),
molybdenum (Mo®") ion, and sulfur (from SO.?*), respectively. Two overlapping 2-HHDA
molecules are presented in deep teal. B. The active-site structure of the 2-HHDA bound OleTsa
WT structure. Two orientations of 2-HHDA are shown together but differently color-coded. C. the
electron density map (forest-green) around 2-HHDA and Arg247 in the 2-HHDA-bound OleTsa
WT structure (yellow). The electron density maps for arginine and 2-HHDA are shown as a mesh

contouredat0 . 5 U
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Figure 2.5: A. Conformation A: In this binding mode, the -COOH group of 2-HHDA faces the
active site heme plane, and the guanidine group of Arg247 is also oriented toward the heme
plane. B. Conformation B: In this binding state, the carboxyl group of 2-HHDA and the guanidine
group of Arg247 are pointed away from the &
HHDA is bending down toward the heme plane.

Although it is hard to say which one of these two conformations of 2-HHDA is more likely
to prevail in the solution phase at room temperature, it can be assumed that the His87, Arg247,
and iron (lll) can potentially interact with the substrate carboxyl and hydroxyl groups in multiple
ways in the solution phase as well. An inefficient salt bridge can affect peroxide activation®, which
could probably affect the extent of water ligand replacement®® from the LS Fe®* state. This might
contribute to the slightly diminished low-spin to high-spin transition in the 2-HHDA-ES complex.
An active site water molecule in the C20H-OleT structure (Figure 2.6A) is 3.3 A away from His87
and 3.6 A from an O atom of COO". However, the binding of 2-HHDA to OleT brings the fatty acid
closer to His87, effectively at 3.6 and 3.3 A in conformation A and B, respectively (Figure 2.5A
and B).

Arg247 can be seen in two different conformations as well (Figure 2.5A and B). In
conformation A, the guanidium group of Arg247 pointed down toward the heme plane (Figure
2.5A), whereas in conformation B, the same group is almost parallel to the heme plane (Figure

2.5B). One obvious question that might arise is can 2-HHDA in conformation A interact with the

eme

pl

orientation of Arg247 in conformation B (Figure 2.5B). The answerist hat it 6s wunl i kely

that combination of 2-HHDA and Arg247 orientations, one O atom of -COOH group of 2-HHDA
would be 1.3 A away from an N atom of the guanidine group of Arg247, which is shorter than a

C=C bond. Also, some sort of planarity between an Arginine residue and a -COOH group is
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required for a salt-bridge formation. In this combination of Arg247 and 2-HHDA, that planarity

would be missing as they would be directed at different angles to each other.

Figure 2.6: A. Active site crystal structure of eicosanoic acid (C20H) bound OleTsa WT®2,
Numbers represent the bond distances (in A) between the C20H carboxyl group and Arg247 and
His87 residues and the iron (1) in the active site. B. The distances of the Cy and Cp carbon atom
of C20H from the ferric atom are 5.0 A and 4.8 A, respectively. The following table includes the
information about the data collection and refinement of the 2-HHDA bound OleTsa WT crystal

structure.
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Table 2.3. X-ray crystallographic data collection and refinement statistics related to 2-HHDA
bound OleTsa WT structure. #Values in the parenthesis represent the data from the highest
resolution shell. "Ruon= ZR@ &0 GEOwhere F, and F. are respectively the observed and
calculated structure factors of the crystal. Rmege= E-O'1 | Quhegel | is the observed intensity and

<I> is the averaged intensity.
2-hydroxyhexadecanoic acid (2-HHDA) bound OleTsa WT
Data collection
PDB Code
Space group C222,

Cell dimensions

a, b, c(h) 66.779, 94.595, 185.405
U, b, o9 (Degrec 90, 90, 90
Resolution (A)2 2.44 A
Reflections 20,317
Redundancy? 5.1(3.1)
Rwork” 0.2102
Riree® 0.2704
Wilson B-factor (A?) 45.03
<l /20> 16.2 (1.55)
Completeness 90.83
CCuyz, highest resolution shell 0.783
Refinement
Bond 0.008
Angle 0.982
No. of Water 57
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2.4.4 Possible mechanism of OleT catalyzed 2-keto palmitic formation from 2-HHDA

OleT produces terminal alkenes almost exclusively while reacting with long-chain native
fatty acids (Cis-Cap).1 33 34 45,49, 85, 71 \Wijth C,,-Cy6 fatty acids, OleT produces terminal alkenes
along with variable amounts @ Fyadnrdo xmga ifnattatiyn sa cti h
regioselectivity. It is evident from the 2-HHDA-ES (Figure 2.7A and B) structure that the Cp-H of
2-HHDA is oriented further away from the active site. Instead, the O-atom (-OH group) of 2-HHDA
is the closest to the ferric atom (3.0 A), followed by the Cy of 2-HHDA (3.5 A), whereas the Cy is
4.3 A away (Figure 2.7B). If in OleT intermediate state, 2-HHDA assumes a conformation similar
to A (Figure 2.5B and 2.7B), the oxidation of -OH bond or Ci-H could become predominant over

the Cp-H bond clearly due to the proximity to Fe**=0 bond of compound I.

B

Figure 2.7: Close views of the 2-HHDA-ES complex active site in conformation A and B. A. The
distances of the Cy and Cp of 2-HHDA from iron (lll) are 4.9 A and 5.2 A, respectively, in
conformation B. (Note: The yellow dotted line representing the distance between Cyand iron(lll)
in figure 2.7B goes through one O atom of -COO" of 2-HHDA.). B. In conformation A, the distances
of the CU at o-@H) afRtHHDA framtirongill) ére 3.5 A and 3.0 A, respectively.

The following two reaction mechanisms could be involved in the overoxidation of 2-HHDA by
OleT.
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a. Cy-H bond abstraction by compound | followed by oxygen rebound from compound Il to

t h ecalbon

Rebound-based Desaturation

OH o OH 0 OH e
’M\(&% /01\%6{4\([)% W‘) M\lﬁo

HO
16(18) 16(18 0
H 160 (")7 ' (OH H 0
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+.—PAT 5
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HS ferric compound | compound Il LS ferrlc H®®0 OH LS ferric
(90% "0) (90% "0) (90% "°0) "")4@0
12 S
(0]
(90% “0)
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H®0 OH o 16(18) () 1618y
—_ —- -~ .o
Meo 'ﬁ\)kl’o 12 ©
HZO O
(90% ") 2-keto palmmc 2-hydroxyhexadec-2-enoic
° acid acid
(45% "0)
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Figure 2.8: Scheme a, The Possible mechanism of OleT catalyzed rebound-based desaturation
of 2-HHDA (above the dotted line) and the subsequent spontaneous non-enzymatic reaction
(below the dotted line). The % of 80 isotope distribution is provided in the parentheses for each

step throughout the mechanism when the turnover is triggered with H;*¥0,.

In this reaction pathway, OleT compound | would initiate the substrate oxidation by
abstracting the Cg-H through a hydrogen atom transfer (HAT). This Ci-H bond is slightly activated

due to the electron-withdrawing -OH group on the same carbon compared to the unyielding Ce-

H. Compound Il has to liberate the hydroxo group ( 6 OH) t o | e dxygenhebourd as si ¢

happen in the following step.*® That step would lead to the formation of 2,2-
dihydroxyhexadecanoic acid, a gem-diol. Gem-diols are known to be unstable at ambient
temperatures.® 8 A dehydration step is likely to follow after the formation of 2,2-
dihydroxyhexadecanoic acid, eventually forming 2-keto palmitic acid (non-enzymatic reaction;

scheme a). Even though the former is thermodynamically more stable at room temperature, a
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certain percentage of 2-keto palmitic acid would tautomerize to 2-hydroxyhexadec-2-enoic acid.
The two products of 2-HHDA turnover can be considered as tautomeric isomers of each other

rather than structural isomers.

Overoxidation of alcohols into ketones has been observed in many CYPs®: & and
unspecific peroxygenases (UPOs)®. The proposed mechanisms of those reactions by heme-
thiolate enzymes include a hydrogen atom abstraction followed by an oxygen rebound to the

same carbon leading to geminal diol products.
2.4.5 2-HHDA and C16H multiple turnovers with H,'80,

To probe the above mechanistic possibilities, 2-HHDA multiple turnover reactions were
carried out with 90% 80 labeled H.O.. Supposing that the hydroxylation at Cy occurs via oxygen
rebound, as shown in the scheme a, the turnover products should contain ~45% of 80 originating
from the labeled hydrogen peroxide. This scenario can be readily traced by looking at the isotopic
abundance in the mass spectra of the reaction products. When the mass spectra of 2-keto palmitic
acid from labeled and non-labeled H;O- reactions were compared, no difference in the isotopic
abundance was observed (Figure 2.9A and B), which hinted toward the incorporation of no 20 in
the product. The same fragment (m/z=283) of derivatized 2-keto palmitic acid (which has all the
O atoms of the product) from two different reactions (H>'2O, and H,*0,) is compared in figures
29A and B. The isotopic abundances were identical, which indicated the following two

possibilities.

First, 80 inclusion in 2-keto palmitic acid might have taken place. Due to the equilibrium
between unstable 2,2-dihydroxyhexadecanoic acid and non-labeled water (H2'%O) present in the
reaction medium (KP; buffer), 2-keto palmitic acid could, in principle, lose all 80 in the exchange
with H2®O. Isotope exchange between metalloenzyme reaction intermediates and enzymatic
reaction product(s) with non-labeled water is known® % yet complete loss of 8O from 2-keto
palmitic acid seemed unlikely. A second possibility is that overoxidation of 2-HHDA did not occur
via oxygen rebound, as shown in the scheme a. Instead, it might have happened following a
mechanism shown in figure 2.10 (scheme b), which justifies the absolute no retention of 80 in 2-

keto palmitic acid.
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Figure 2.9: A. The isotopic abundance of a fragment (m/z=283) of 2-keto palmitic acid product
from 2-HHDA multiple turnover reactions using H»*O. (wine-red). B. The isotopic abundance of
the same fragment (m/z=283) from H>®0, turnover (navy-blue). C. The isotopic abundance of the
same fragment (m/z=283) where the turnover products (and reactants) were equilibrated with
H,*0 wine-red) and H,'0 (navy blue; D) to determine the extent of *0/*®0 isotopic exchange.
E. The isotopic abundance of a fragment (m/z=399) of the mass spectrum of the derivatized 3-
hydroxy-2-methyl palmitic acid product (Figure 2.3A) from 2-methyl palmitic acid multiple turnover
reaction carried out with H,'%0,. F. The same fragment from the reaction carried out with H,'20,
had an m/z=401. This confirmed the successful incorporation of 20 into the product and, at the
same time, showed that the labeled product retained almost the entire amount of the 80 from
labeled peroxide (90% in H,20,).
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In order to determine the exchange rate of O isotopes between turnover products and the
solvent, a 2-HHDA turnover reaction in the presence of H,®O, was carried out. The reaction
mixture was subsequently derivatized, and one-half of that mixture was equilibrated with 2O-
labeled water (H2*20) and the other half with non-labeled water (H2!%O) for 1.5 hours. After the
equilibration step, the reaction mixtures were analyzed on MS. 2-keto palmitic acid on
equilibration with H2*®0, gained almost ~37% 80 (Figure 2.9D) from the labeled solvent (H2¥0)
while retaining over ~63% of 1°O. The exchange rate of %0 with 80 from the solvent is ~0.42%
180/minute (see materials and methods section for the calculation). Assuming the same exchange
rate, from 90% 80 in 2,2-dihydroxyhexadecanoic acid, ~75% 0O could be lost in 3 hours (2
hours-long reactions plus 1-hour derivatization) (Figure 2.8). 2-keto palmitic acid should still retain
close to ~15% 0. However, no traces of 80 in the product was detected (Figure 2.9B). This
result shows that isotope exchange is possible and substantiates that a complete loss of an O-
isotope from the product in 3 hours is impractical. These results confirm that the first possibility
(stated in the above paragraph) is unlikely.

To investigate the second possibility, multiple turnover reactions between 2-methyl
palmitic acid bound OleT (chapter 5) with labeled and non-labeled hydrogen peroxide were
carried out under the same reaction conditions. The hydroxylated product of 2-methyl palmitic
acid, 3-hydroxy-2-methyl hexadecanoic acid, was found to retain almost the entirety (~90%) of
180 from H,'80, via hydroxylation over the same amount of time (3.5 hours) (Figure 2.9F). If
hydroxylation had taken place during 2-HHDA turnover via oxygen rebound, 2-keto palmitic acid
would be expected to contain at least minor traces of 20, if not all, even after the exchange of
the labeled isotope with H,°O. These results again discredit the likelihood of the Second

possibility and the mechanism shown in the scheme a.
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b. HAT fromO-H bond Ol eT

to compound Il

by compound |

f ol I owoartbonb y

CYP152N1, a fatty acid hydroxylase, could over-oxidize its primary product, 2-hydroxy

myristic acid into 2-keto myristic acid in myristic acid turnover with excess H20,.52 Onoda and co-

workers found out that Cy of (S)-U-hydroxy myristic acid was poised very close to the heme iron

during a 100 ns molecular dynamics simulation between CYP152N1 and (S)-U-hydroxy myristic

acid.>? Based on that, they had proposed that the oxidation -OH of the substrate would require

two successive hydrogen atom transfers (HAT) from (S)-U-hydroxy myristic acid to the ferryl

intermediates. Although we do not know the orientations of -COO" and -OH groups of 2-HHDA

during the OleT intermediate state, conformation A (Figure 2.4C) reflects
mode which is very similar to what Onoda et al. had reported. The second

of 2-HHDA overoxidation follows.

a fatty acid-binding
possible mechanism

Successive HAT-based Desaturation

H
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Figure 2.10: Scheme b. An alternative mechanism of OleT catalyzed overoxidation of the 2-

HHDA reaction (above the dotted line) and the subsequent non-enzymatic reaction (below the

dotted line). The D in the parenthesis (light-magenta) represents deuterium.
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This mechanistic cycle is likely to be initiated by a hydrogen atom transfer (HAT) from the
-OH group of 2-HHDA. This HAT is more plausible to happen in the first place, probably because
of its better accessibility from compound I. The second HAT from the substrate should place from
the Cy-H bond. After the second HAT, there should be two uncoupled electrons on two adjacent
atoms, Cyand O (-OH), of 2-HHDA. These unpaired single electrons are highly reactive and would
quickly couple to form a C-O bond (Figure 2.10; scheme b). Once the 2-keto palmitic acid has
been formed, it can partially tautomerize to 2-hydroxyhexadec-2-enoic acid.

One limiting factor in this mechanism is that compound Il has to oxidize a C-H bond, which
is much stronger than an O-H bond. Compound Il (E°6=0.99 V vs. NHE at pH 7.0) is believed to
be less oxidizing than the preceding ferryl intermediate compound | (E°6=1.22 V vs. NHE at pH
7.0).°* However, the Co-H bond of 2-HHDA is relatively activated due to its proximity from a highly
electronegative O atom (-OH group) on the same carbon. This could decrease the activation
energy barrier for the second HAT in the intermediate state. OleT compound Il has been shown
to activate the phenolic O-H bond.*® Compound Il-assisted C-H bond activation in iron-heme
peroxygenase enzymes has been observed in Agrocybe aegerita aromatic peroxygenase

(AaeAPO).*1 4 AaeAPO is known to oxidize activated benzylic C-H bonds.*! 43
2.4.6 2-HHDA-ES complex decay is prolonged compared to C16H-ES complex

The feasibility of this alternate mechanism of 2-HHDA overoxidation (scheme b) was
explored via a series of transient kinetics experiments. The single turnover reaction of 10 uM
C16H-OleT ES complex with 5 mM hydrogen peroxide (pseudo-first order reaction) on the
stopped-flow spectrophotometer yielded only a negligible amount of compound I, which was
confirmed by a Soret absorption maximum at 370 nm?® 20.22.43.45.55 (Figyre 2.11A). The difference
spectrum of the same reaction over (Figure 2.11A inset) revealed a decent accumulation of
compound Il (a split Soret absorption maxima at 367 nm and 426 nm reported in P450s and other
heme-thiolated compound 116 )3*26 43.45.55.92.93 The emergence of compound Il was marked by
an increasing absorbance at 440 nm and a crossover point (isosbestic point) in the optical spectra
of two different light-absorbing species at ~405 nm (Figure 2.11A inset). Due to the low C-H bond
activation barrier (in C16H), compound | decay was almost complete before the stopped-flow
instrument's deadtime (10 s). Compound Il accumulation peaked at 8 ms (pAbs at )440 nm
before gradually returning to LS Fe®" resting state (qpA b at 417 nm?® 33 48 55) marking the

completion of the OleT catalytic cycle.'®
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Figure 2.11: A. 10 uM C16H-ES and 5 mM H»0O; single turnover reaction PDA trace (2 ms spectra
in olive, 8 ms dark orange, 112 ms in navy blue). Inset- difference spectra of the same reaction;
1 ms spectrum was subtracted from all other spectra (2 ms to 1 s) and plotted against wavelength.
This plot brought out two significant absorbance differences at 440 nm and 417 nm, which showed
the formation of compound Il and a low spin ferric state. The arrow in both figures indicates the
direction of changes in absorbances. B. A 440 nm PMT trace was collected from C16H single
turnover and fitted with a two-exponential rate equation. The actual data, the two-exponential fit,
and the residual are in dark grey, red, and navy blue. k; is the RRT constant of the compound Il
formation phase, and k is the RRT constant of the compound Il decay phase. a; and a;represent
the amplitudes of those two phases. C. Solid navy-blue circles represent the reciprocal relaxation
ti me (RRT) cipaf scom@oumnd B forindtién monitored at 440 nm from C16H-ES (in
H.O-KP;) single turnovers within 0.016-0.5 mM H2O: (in H.O-KP;) concentration range and the
linear fit is grey. D. Solid wine-red squares representthe RRT ¢ o n s t @ af tompognd /
formation monitored at 440 nm from C16H-ES (in D,O-KP;) single turnovers within 0.063-0.5 mM

H>0: (in D2O-KP;) concentration range and their linear fit is grey.

Only two major absorbing species were detected when the 10 pM 2-HHDA-OleT ES
complex was reacted against 5.0 mM hydrogen peroxide on the stopped-flow spectrophotometer

under the same reaction condition. The high-spin (HS) 2-HHDA bound OleT, which has a Soret
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maximum at 395 nm?® 33 48.49.55 gnd the low-spin (LS) ferric form of the enzyme with Soret
maxima at 418 nm (Figure 2.12A). No OleT ferryl-oxo intermediates were detected during 2-

HHDA single turnover (Figure 2.12A inset).

The reciprocal relaxation time (RRT) constants of compound Il formation and decay were
obtained by fitting 440 nm PMT traces from C16H single turnovers, which were 3188 s and

4618 s, respectively (Figure 2.11B).

The difference spectrum (Figure 2.12A inset) of 2-HHDA single turnover exhibited
significant differences from native fatty acids like C16H (Figure 2.11A inset) as no OleT ferryl
intermediates had accumulated during the former reaction. Decreasing (oA b s ~380tnm hinted
toward a disappearing HS OleT species, whereasi ncr e a s i n~gl8qum demonstrated an
emer ging LS OI aeldetectddat 4R rims unlike C16H, ruling out the possibility of
any compound Il build-up in the 2-HHDA single turnover reaction. 395 and 418 nm single
wavelength (PMT) time courses were fitted with a two-summed exponential equation (equation
2.2; Figure 2.12C, D, E, and F) to determine the RRT constants of HS OleT decay and LS OleT

formation.

At 395 nm and 418 nm, the fast RRT constants were dependent on peroxide concentration
(Figure 2.15A and B). However, the slow RRT constant at 395 nm remained unchanged (Figure
2.15C) with H,O; concentration, while the slow RRT constant at 418 nm depended on H,0O;
concentrations (Figure 2.15D). The RRT constant and the amplitude of the fast phase of LS OleT
formation were very similar to that of the fast HS OleT decay phase (Figure 2.12C and D;
Amplituteds are provided in parenthesis). The RRT constant (395 and 418 nm) are linearly
dependent on H2O> concentrations (Figure 2.12B).
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Figure 2.12: A. 10 pM 2-HHDA-ES and 5 mM H;0; single turnover reaction PDA trace (1 ms
spectra in wine red and 1s in navy blue). Inset- difference spectra of the same reaction; 1 ms
spectrum was subtracted from all other spectra (2 ms to 1 s) and plotted against wavelength. This
plot demonstrated two major absorbance differences at 390 nm and 418 nm, which showed the
disappearance of a high spin 2-HHDA-ES complex and a low spin ferric state formation. The
arrow in both figures indicates the direction of changes in absorbances. B. The fast reciprocal
relaxation time (RRT) constants ( 1 4) at 395 and 418 nm were plotted against H.O, concentration
(0.016-2.0 mM) and fit with a linear equation. The 395 nm (C) and 418 nm (D) PMT traces of the
same reaction were fit with a two-summed exponential equation (up to 1 s). The two-exponential
fit of 395 nm (E) and 418 nm (F) PMT traces (up to 1 s) from 10 uM 2-HHDA-ES (in D.O-KP;) and
5 mM H20; (in D.O-KP) single turnover reaction. The PMT trace, the fit, and the residue are in

grey, wine-red, and navy-blue color, respectively in C, D, E, and F.
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2.4.7 Higher apparent dissociation constant (Kp) of H202 in 2-HHDA compared to C16H

single turnovers

The forward rate of hydrogen peroxide activation in 2-HHDA-ES single turnover was ~19
times slower compared to C16H-ES (in H,O-KP;; Table 2.4), and the apparent dissociation
constants (Kp) of hydrogen peroxide in 2-HHDA single turnover was ~7.2 higher than C16H
single turnovers (Table 2.4). In the case of C16H single turnovers, the RRT constants of OleT
compound Il formation phase were plotted against H,O, concentration (Figure 2.11C and D) to
determine the forward rate constant of peroxide activation step (ki), the reverse rate constant (k-
1), and apparent Kp of H202. A non-zero y-intercept was obtained, which could be interpreted as
H.O; activation being a partially irreversible step.® 55 8 949 The slope and the intercept of the
linear plot (Figure 2.11C and D) were considered as the on-rate constant (ki) and the off-rate
constant (k1) of the H>O, activation step, respectively. The Apparent Kp of peroxide was derived

from the intercept (k.1) and slope (ki) using equation 2.5.

Table 2.4: The rates of hydrogen peroxide activation steps (ki), their reverse reactions (k.1), and
apparent dissociation constants of hydrogen peroxide for the two substrates (in H.O-KP; and D,O-
KP; buffers) are presented in the above table. However, the apparent Kp of H,O; in 2-HHDA was
determined differently due to the difference in transient kinetic steps and has been explained later

in section 2.3.9. Intercept= k. (s?), slope= ki (mM?s?) and apparent Kp (H202) =k.1i/ki (MmM).

FA Solvent ki (mM-1s1) kz (s?) Kb (k-a/k1) (mM)
C16H H.O 458+48 2516 0.06
D.O 505+45 4517 0.09
2-HHDA H.O 24+1 0 3.9
D,O 13+0.3 1.2+0.2 2.2
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2.4.8 Deviant spectroscopic profile of 2-HHDA single turnover reaction could arise from an

altered HAT reaction

Using rates and RRT constants from Tables 2.4 and 2.5 and the kinetic model described
in equation 2.7, a catalytic OleT species speciation plot was generated in Pro-K IV software
(Figure 2.13A, 2.13C, and 2.14). That speciation plot predicted compound Il accumulation to
maximize at 8 ms (Figure 2.13A and inset). Compound Il accumulation maximized around the
same time as pointed out in the difference spectra of C16H turnover (2.10A). On the speciation
plot (Figure 2.13A) at 8 ms, compound Il accumulation was almost 75%, with only 10% compound
I and 15% ferric LS. Unfortunately, the ferric HS state decayed completely before the dead time
of the stopped-flow spectrophotometer, so the rate of H.O> activation could not be directly derived
using the RRT constant of the OleT HS decay phase.

Following the kinetic model provided in figure 2.13A, the spectra of putative OleT
intermediates were derived. The speciation plot of OleT species from 2-HHDA turnover reaction
assuming that Cy-H is the origin of the first HAT from the substrate (Figure 2.13A). The decay rate
of compound | was obtained from C16H single turnover, and so was the compound Il formation
rate. ldeally, the optical spectra in wine-red should have features like compound | with a Soret
band at 370 nm and a small bump at 690 nm,*° %5 observed in native fatty acid single turnovers.
The OleT (LS)-Product complex was obtained using global fitting analysis of PDA data (Figure
2.13B). The optical spectra in navy-blue should have a split Soret with a minor and a major
absorbance at 367 and 426 nm, respectively, resembling an OleT compound Il species?®. Instead,
the optical spectra in wine-red look more like high-spin OleT species with a very small absorbance

at 395 nm, and the navy-blue spectrum is very similar to the low-spin OleT state (Figure 2.13B).

Another alternative kinetic model provided in figure 2.13C, was used to isolate pure
spectra of putative OleT intermediates. The speciation plot of OleT species from 2-HHDA single
turnover reaction using the original rates obtained from 2-HHDA single turnover reaction under

pseudo-first order reaction condition.
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Figure 2.13: A. The speciation plot of OleT species from 2-HHDA turnover reaction assuming Cp-

H is the source of first HAT. Inset, the same speciation plot up to 100 ms of the reaction. B. The

optical spectra of each putative OleT species from the 2-HHDA single turnover reaction. The 2-

HHDA-OIleT (HS) complex spectrum is dark grey, and the substrate-free OleT (LS) spectrum is

green. C. The kinetic model used in Pro-K IV to isolate pure spectra of putative OleT intermediates

is at the top. The speciation plot of OleT species from 2-HHDA single turnover reaction using the

rates obtained from 2-HHDA single turnover. Inset, the same speciation plot up to 100 ms of the

reaction. D. The pure optical spectra of each OleT species from the 2-HHDA single turnover

reaction. The pure spectra of OleT (HS)-H.O. complex (in wine-red) and OleT (LS)-Product

complex were obtained using global fitting analysis of PDA data. The 2-HHDA-OleT (HS) complex

spectrum is dark grey, and the substrate-free OleT (LS) spectrum is dark green.
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Figure 2.14: Speciation plot of OleT species from C16H single turnover (in H.O-KPi buffer) using
compound Il formation and decay RRTs from C16H single turnovers and a kinetic model based

on equation 5.5. Inset- same speciation plot cropped up to 10 ms.

Table 2.5: Rates of hydrogen peroxide activation ( k, BRTs of compound Il formation, and decay
from C16H single turnovers in H,O-KP; and D,O-KP; buffer. Reaction condition: 10 uM C16H-
ES (in H2O-KP; or D,O-KPj) complex were reacted against 5 mM H;O; in the stopped-flow

spectrophotometer.
FA Solvent k' (s?) Cpd Il formation (s™) Cpd Il decay (s™?)
C16H H.O 2290 31627 38+6

D710) 2525 359+27 25%3

The deviations in rate constants in the above paragraph indicate that an alternative OleT
reaction pathway might be involved in 2-HHDA catalysis. The 2-HHDA bound OleT crystal
structure shows that the O-H bond can move closer to the active site than a Cy-H bond. Onoda
and co-workers have shown that during a 100 ns molecular dynamics simulation of (S)-U-hydroxy
myristic acid and CYP152N1 crystal structure, the -OH bond of the substrate was the closest
(among all other oxidizable bonds) to compound I during the entire span of the simulation.®? This
gives a solid theoretical foundation in favor of our proposition that O-H is the place of the first HAT
in 2-HHDA.
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2.4.9 Kinetic isotope effect observed in 2-HHDA due to the change of solvent

Furthermore, to test the validity of the second hypothetical mechanism, kinetic isotope
labeling experiments were carried out. 2-HHDA-ES complex was incubated overnight in
deuterated KP; buffer (D.O-KP; buffer; pH 7.5) to get the H-atom of -OH group (of 2-HHDA)
replaced with D-atom from D,O. 10 uM of that 2-HHDA-ES complex (in D,O-KP;) was reacted
against 5 mM H;0O- (also incubated in D,O-KP; overnight) and monitored in the stopped-flow

spectrophotometer.

ki from equation 3 (kinetic model for 2-HHDA single turnovers) represents the forward rate
constant of the peroxide activation [Fe3**(HS).H.O. complex formation] step. The fast RRT
constants (1 /1) obtained by fitting the biphasic 395 nm PMT traces from H-2-HHDA single
turnover reactions (H.O-KP;) showed a linear dependence on H;O, (H.O-KP;) concentration with
a y=0-intercept. That means the forward reaction of H,O. activation in H-2-HHDA single turnover
is essentially irreversible, and the reverse rate constant (k1) =0 s* for the same step (Figure
2.15A). Due to that, the slow RRT constants (1 /, at 395 nm) becomes uncoupled from H;O;
dependence (Figure 2.15C). The fast RRT constants (1 /1) at 418 nm has a linear dependence
on peroxide concentration with a non-zero intercept (Figure 2.15B). The intercept of the same plot
would provide for k,, the rate constant of Fe3*(HS)-H.O, complex decay was obtained, and the
intercept of the plot gives the rate constant of the reverse reaction (k). The slow RRT constant
(1 /.at 418 nm) is best fitted with a hyperbolic equation (equation 5.6) with y=0-intercept, meaning
the reverse rate constant, k.3 =0, and the asymptote of the same plot represents the sum of (ks+k-
3) (Figure 2.15D). ks gives the forward rate constant of the irreversible step of putative Fe3*(LS)-
P complex formation. ks and k.3 were 27 s* and 0 s, respectively. The apparent dissociation
constant for H.O: (Kp) was 3.9 mM, alternatively obtained from the same hyperbolic fit (equation
5.6) (Figure 2.15D), which was ~71 times higher than the apparent Kp for C16H.
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Figure2.15:A.The f ast RRT irobtairedbs fittihgsthe pighasic 395 nm PMT traces
of 2-HHDA single turnover (in H.O-KP;) were plotted against H,O; concentrations (0.125-2.0 mM).
C.The sl ow RRT ¢)avars foumd tb be inddpéndent of peroxide concentrations
(0.125-2.0mM).B.The f ast RRT iabtairset layritting the biphasic 418 nm PMT
traces of 2-HHDA single turnover (in H>O-KPj) with a two-summed exponential equation (equation
2) were plotted against H.O concentrations (0.5-5.0mM).D.The sl ow RRT gllawest ant s

a hyperbolic relationship with peroxide concentrations (0.5-5.0 mM).

D-2-HHDA single turnovers by OleT (D.O-KP;) follow the same kinetic model presented in
equation 3, and the representation of the rate constants (ki, k.1, etc.) remains the same here as
well. The peroxide binding step in D-2-HHDA single turnover is reversible because the fast RRT
c o nst amnat395nin)is linearly dependent on H,O concentration (D,O-KP;) with a non-zero
intercept (Figure 2.16A). The intercept of the same plot represents k.1, the reverse rate constant.
Due to the replacement of the H atom from -OH of 2-HHDA by the D atom, the activation barrier
of the oxidation reaction was higher, which slowed down the rate of peroxide activation and hence
k: and made the reaction reversible. The fast RRT (1 /1 at 418 nm) has a hyperbolic dependence
on peroxide concentration with a non-zero intercept (Figure 2.16B) which gives k», the rate
constant of Fe®**(HS)-H.O, complex decay. The intercept of the plot (Figure 2.16B) provides the
rate constant of the reverse reaction (k.2). Apparent Kp (H202) was found to be 2.2 mM, also given
by the same hyperbolic fit. The 418 nm traces are monophasic for the 0.5-5.0 mM H,0,

concentration range. However, another phase appears at 418 nm in the very low concentration
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range of peroxide (0.06-0.25 mM) (Figure 2.16D). This implies that in D,O-KP;, Fe**(LS) formation

is irreversible, but this step becomes partially reversible at very low H,O, concentrations.
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Figure2.16:A.The f ast RRT irobtairedbs fittihngsthe pighasic 395 nm PMT traces
of 2-HHDA single turnover (in D.O-KP;) were plotted against H.O, concentrations (0.06-2.0 mM).
C.The sl ow RRT 4 weredoundtobeindgpdndent of peroxide concentrations (0.06-
20mM).B. The f ast RRT irobtaired by fittingthe(biphasic 418 nm PMT traces of
2-HHDA single turnover (in D.O-KP;) were plotted against H.O, concentrations (0.06-2.0 mM). D.
The slow RRT cons t a n t ;3 haye & hyperbolic relationship with peroxide concentrations (0.06-
0.25 mM).

Table 2.6: The fast RRT constants of 2-HHDA-ES decay (at 395 nm) and LS OleT (418 nm)
formation phase measured in H>.O-KP; and D,O-KP; buffer. ku/kp is the ratio of RRT constants

derived from H-2-HHDA and D-2-HHDA single turnovers.

RRT constant
H.O-KP; | D,O-KP; KIE (Ki/Kp)
(14
395 nm 50+2 26:0 2.0£0.1
418 nm 53+2 23+1 2.2+0.1
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The fast RRT constants at 395 and 418 nm show an isotopic sensitivity. For example, the
kn/ko = 1 4 (H20-KPy)) / 1 1D>0-KP;) =2.2+0.1 (Table 2.6) at 418 nm can be regarded as a
primary kinetic isotope effect (KIE). The O-H(D) is activated in nature, and on top of that -OH(D)
would possibly form an H-bond with His87 (Figure 2.17), which could make the hydrogen-
abstraction step in the transition state more ionic in nature.®” ®® Therefore, hydrogen tunneling

would not be as effective as observed in C-H oxidation, leading to a less drastic KIE as observed

=
o

here.®®

Figure 2.17: The distances between -OH of 2-HHDA, Fe®", and His87.

The other possibility behind a low KIE could be masking the O-H bond oxidation RRT
constant by sluggish H»O, activation. For example, the forward rate of hydrogen peroxide
activation step in 2-HHDA turnovers was ~19 slower than C16H (Table 2.4). This slow activation
of peroxide could mask the fast RRT constants of other intermediates in the OleT reaction and
limit our ability to derive the actual RRT constants. Therefore, the observed RRT constants of

those fast steps may appear to be slower than they are and affect the overall KIE.
2.5 Discussion

The rate constant of hydrogen peroxide activation in 2-HHDA-ES single turnover was ~19
times slower compared to C16H-ES (in H,O-KP;; Table 2.4), and this could be an implication of
the unusual binding of 2-HHDA in the OleT active site where the necessary electrostatic
interaction between the Arg247, the substrate and the active-site water molecules seemed to be
compromised. Theoretical research has shown the importance of that salt bridge interaction in
stabilizing the active-site proton network in the OleT transition state.®® An effective salt bridge
interaction has been deemed necessary to restrict the rotational movements of fatty acid in the
transition state for regio->% °, and enantioselectivity®® of OleT catalysis. The presence of the -OH

group in the substrate makes it more likely to form additional non-covalent bonding interactions
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with the distal pocket, which probably brings Cy closer to compound | compared to Cp.
Additionally, the bond dissociation energy (BDE) of both Cy-H and O-H bonds is much lower than
Ce-H. Hence, in 2-HHDA turnovers, Cp-H atom transfer is probably way less favorable than a Cy-
H or O-H atom transfer. Guided by these factors probably, the reaction channels, which originate
from Cp-H atom abstraction, decarboxylation, a n d -hyéroxylation, become energetically
inaccessi bl e for Ol eT compound | . Th e-dieyfraxypalmitcn o dec a

acid, were obtained from the 2-HHDA turnovers.

Suppose OleT were to abstract Cp-H from 2-HHDA via a HAT, the same way as C16H. In
that case, it can be assumed that the RRT constants of compound Il formation and decay will be
in the same ballpark as the pKa of Cs-H (2-HHDA) is ~52.6, almost the same as C16H Cp-H, which
is ~54.0 (pKsds were determined using MarvinSketch 21. 1¢
model developed for C16H (described in equation 5.7), the RRT constants of compound Il
formation and decay obtained from C16H single turnover and the actual rate of H,O; activation
from 2-HHDA turnover (Table 2.4), a speciation plot was prepared (Figure 2.12A). Compound I
accumulation should peak at 13 ms, as shown in the speciation plot (Figure 2.12A inset) with
~65% compound Il, 20% ferric LS, 10% compound I, and 5 % ferric HS. But in reality, no ferryl-
oxo intermediates were detected during 2-HHDA single turnovers (Figure 2.12B)e x c e pt an 06 Ol e
HS-l i ked speci es -lainkde 6a ns pbeCxl ieeTy fitgpBotisesFe3t{LUSyP camplexs i n
besides OleT (HS) and OleT (LS) (Figure 2.12B). Although the relatively sluggish rate of HS OleT
decay (k16 = 2% dduldspotentially mask compound Il formation, it can not conceal compound
Il decay which occurs at a rate constant of X- 40 s in the OleT enzymes characterized kinetically

to date.

According to scheme b, if the H atom of the -OH group of the substrate is replaced by the
D atom (shown in parenthesis in scheme b) and the -OD bond gets oxidized by OleT compound
I, the decay RRT constant is supposed to be different in D-2-HHDA and H-2-HHDA due to the
increased activation energy barrier for O-D bond over O-H. A consistent kinetic isotope effect
(KIE) of ~2.2+0.1 was observed due to the isotopic change in the hydroxyl group of 2-HHDA. The
KIE here was low compared to what was observed in OleT*® and some other cytochrome P450

monooxygenases*® 100,

The KIE observed due to the isotopic change in 2-HHDA indicates that OleT likely
abstracts the hydrogen atom from the -OH group and not from Cgy-H or Cy-H as none of these

later bonds are isotopically exchangeable. So, the decrease in fast RRT constant due to isotopic
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change is most likely attributable to oxidation of the 2-HHDA hydroxyl group. Based on this kinetic
evidence presented here, it is reasonable to say that the formation of 2-keto palmitic acid (and its
tautomeric isomer 2-hydroxyhexadec-2-enoic acid) is most likely to occur via the second OleT

catalytic mechanism (scheme b) proposed earlier.

Overoxidation of alcohols into ketones/aldehydes has been observed in many cytochrome
P450s86 87 101, 102 and unspecific peroxygenases (UPOs)®. The UPOs from the mushrooms
Marasmius rotula, and Marasmius wettsteinii have been implicated in the side chain oxidation of
cortisone via a proposed hydroxylation. The hydroxylation is believed to occur at C21, which bears
hydroxyl group in the precursor, cortisone, and the C21 gem-diol intermediate forms an aldehyde
by dehydration.®® However, this mechanism has not been verified experimentally. Human
cytochrome P450 aromatase (CYP19) hydroxylates the C19-methyl group of androstenedione
twice to yield C19-gem-diol*®*1% which may dehydrate to form C19-aldehyde®® 1°7 before the
aromatization of the steroid A-ring via decarbonylation of C19-aldehyde group®. However, the
proposed mechanism for ethanol oxidation by CYP2EL1 hinted at two subsequent HAT originating
from the O-H and C-H bonds, respectively'®. Quantum mechanics/molecular mechanics
(QM/MM) calculations by Shaik and co-workers have alluded to the possibility of ethanol O-H

oxidation via HAT0% 110 g5 well.

The mechanism suggesting the involvement of two success i ve HATOHf aom U
CH bonds, respectively, is based on a crystal structure that shows the- OH group's orientation
precariously close to the active site. Furthermore, along with the 8O-labeling experiments that
discredit the alternative mechanism of alcohol oxidation via oxygen rebound-based, the KIE

observed here indicates the possibility of successive HATSs for the oxidation of 2-HHDA.
2.6 Conclusion

The fatty acid carboxyl group is involved in salt bridge formation with the guanidine group
of Arg247. It helps the fatty acids harbored in the OleT active site during the enzymatic oxidation.
The pKa of -COOH group of native fatty acids is ~4.75, whereas the pKa of -COOH in 2-HHDA is
close to ~3.82. This change in -COOH pKa can directly affect the hydrogen peroxide activation in
2-HHDA-ES turnovers.

Both 2-HHDA-ES conformations have O-atoms (either from -COOH or -OH) directed
closer to His87 (Figure 2.8A and B). The distance between the O-atom of -COOH group of native
fatty acids and the His87 N(2 is generally ~5 A, whereas the O-atom from -COOH in conformation

B of 2-HHDA-ES is only ~3.3 A away and the O-atom from -OH in conformation A is ~3.7 A away.
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In both these conformations, 2-HHDA may interact with that His87-bound water molecule during
the reaction, reorganizing the H-bonds network. Regardless of the mechanism, 2-HHDA can
potentially affect the critical proton delivery network essential for non-branched fatty acid oxidation

in OleT®0 51,

Nevertheless, we propose that overoxidation of 2-hydroxy fatty acids in OleTs materializes
via two successive HATs leading to an unusual oxidase activity. Based on the structural data
reported in this work and previous theoretical work®? 102.109-111 '\ye pelieve that the first HAT occurs
from the U-OH bond primarily due to its proximity to the active site, and OleT compound |l oxidizes

the substrate radical further via another HAT.

Lu, Q. et al. have suggested that ethanol oxidation via O-H abstraction is unlikely as the
oxygen rebound mechanism is barrierless and exothermic.'° The oxidation of ethanol leads to
acetaldehyde, and aldehydes are more likely to be in the hydrated form (gem-diol) than ketones.
Thus, the water-mediated proton shutting possibly promotes dehydration in gem-diols'®? when
the final product is an aldehyde. However, ketones usually remain in a less hydrated form, and
therefore, the reaction pathway to gem-diol formation in 2-HHDA could be thermodynamically less
favorable. Our result shows almost no incorporation of 20-isotope from H'80,, which signals that
probably oxygen rebound is not the favorable pathway of 2-hydroxyhexadecanoic oxidation into

2-keto palmitic acid.
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CHAPTER 3
Effects of Dimerization on OleT Catalysis?
Abstract

OleT is a fatty acid decarboxylase cytochrome P450 (CYP) enzyme. Unlike CYP
monooxygenases, OleT utilizes H»O; to form the reactive ferry-oxo intermediate (compound 1)
and carry out substrate catalysis. Due to its ability to generate terminal alkenes from fatty acids,
which can be obtained from cheap natural sources, OleT has immense potential for exploration
for renewable energy production. However, the OleTs discovered so far produce hydroxylated
fatty acid byproducts from fatty acids with medium chain-length (C8-C12), which has limited our
ability to harness the potential of this enzyme for large-scale drop-in biofuel production. Herein,
we report a new OleT, isolated from Rothia nasimurium, which shows high stability and excellent
substrate promiscuity in its ability to decarboxylate fatty acids. The peroxygenase is a dimer in its
wild-type form, making it the first naturally occurring dimeric OleT and the first in the CYP152
family. With the help of a 2.4 A palmitic acid-bound OleT-RN crystal structure and site-directed
mutagenesis study, we have shown that a single amino acid mutation (S26F or E405F) on the
protein surface was enough to break the dimer, unlike other dimeric cytochrome P450s where
multiple amino acids are involved in the dimer formation. Furthermore, the enzymatic assays of
saturated (C10-C20) & unsaturated(C18:1) fatty acids demonstrate an incredible decarboxylase
activity with more than 50% olefin production across substrates. However, the enzymatic activity
dropped by 50% in the monomeric mutants, confirming that the oligomeric state is imperative for

the maximum activity of the enzyme.

2Reproduced with permission from Thomas M. Makris, and Leticia M. Zanphorlin. Dimer-assisted
mechanism of (un)saturated fatty acid decarboxylation for alkene production.
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3.1 Introduction

Bio-based production of hydrocarbons provides an attractive opportunity for the
sustainable production of liquid biofuels.’® The biofuel sector is currently dominated by ethanol
and biodiesel, alternatives that cannot be applied within the aviation and long-haul transportation
sectors. In particular, high-density fuels and low oxygen content in those sectors.* ® Aviation fuels
are an essential target of biofuels research due to their high growth projections.*® Additionally,

the aviation sector likely will not be replaced by electrical resources.*

Drop-in biofuels are considered advanced renewable hydrocarbons with the potential to
directly replace fossil fuels due to their chemical and physical properties and their full compatibility
with the existing petroleum processing, distributing, and components infrastructure.” The
applications of drop-in biofuels depend on their carbon chain length, among other parameters.
Medium-chain hydrocarbons (C7i C16) are attractive substitutions for gasoline and jet fuels, while

long chains (C16-C22) can replace fossil diesel.®

Saturated hydrocarbons such as alkanes found in nature are produced from fatty acid
metabolites, e.g., in plants for cuticular waxes, insects for pheromones, and several other
organisms??. Alkanes and alkenes can be obtained from numerous biosynthetic pathways**. Most
of those pathways utilize iron-containing enzymes to catalyze the conversion of fatty acids or
aldehydes (chain length Cn; n=even numbers) into alkanes or alkenes (Cn.1)'2. For example,
Cyanobacterial aldehyde-deformylating oxygenases (cCADO)*2 use an O-activating diiron enzyme
to convert C, aldehydes into C,.1 alkanes. In insects, Musca domestica employs a cytochrome
P450 enzyme to synthesize alkene-based pheromone from fatty acid; Drosophila melanogaster
utilizes CYP4G1 to catalyze C,.. alkanes from C, aldehydes in order to meet its cuticular
hydrocarbon demand.!* Pseudomonas aeruginosa uses an O-activating nonheme diiron
enzyme, UndA, for the decarboxylation of fatty acids into terminal alkenes.® Recently, a bacterial
cytochrome P450 isolated from Jeotgalicoccus sp. ATCC 8456 and commonly known as OleT,

decarboxylates fatty acids into terminal alkenes using hydrogen peroxide as co-substrate.®

OleT belongs to the CYP152 family of cytochrome P450 enzymes, often referred to as
cytochrome P450 peroxygenases due to their ability to activate hydrogen peroxide.!®8 Like all
other cytochrome P450 enzymes, OleT contains a thiolate-ligated ferric-heme b moiety in the
active site.’%?! A significant structural difference between a CYP monooxygenase and a
peroxygenase is that the latter is missing the 'acid-alcohol' pair (D251-T252 in CYP101)*° critical

for dioxygen activation and instead has an arginine residue (R245 in OleT.e)® 2 for substrate
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binding?® 2224, The first member of the CYP152 family to be discovered was cytochrome P450
SPU i s ol Sphiagbmdnus pancimobilis®® and reported to carry out fatty acid hydroxylation,
predominantly at the Cy of the fatty acid. More CYP152 fatty acid hydroxylases have been
characterized in the foll owing vye ar Bacillussahtilis)&
hydroxylate fatty acids primarily at the Cp but can also activate Cy. Cytochrome P450 CLA (from
Clostridium acetobutylicum)?’ hydroxylate Cy almost exclusively. Rude et al. were the first to
report OleT?®, a new P450 peroxygenase that has evolved to decarboxylate long-chain fatty acids
into one-carbon shorter terminal alkenes and carbon dioxide?® deviating from fatty acid
hydroxylation like most of the CYP152 family members!’ 2°. A few more OleTs have been
discovered and functionally characterized after that*°. However, OleT e remains the most studied
OleT enzyme to date. All CYP152s, including OleTs, have a high conserved active-site Arginine
residue critical to substrate binding via salt-bridge formation with fatty acid -COO" group and
substrate-assisted H,O, activation?® 22 23 26,313 Cyp]52s bypass the typical P450 mechanism
of Oz activation, which needs assistance from redox protein(s) [e.g., cytochrome P450 reductases
(CPRs)*® in microsomal P450 systems and a combination of ferredoxins (2Fe-25%¢, 3Fe-4S*, and
4Fe-4S%) and ferredoxin reductases in mitochondrial P450 systems] and reducing equivalents
like NAD(P)H to form transient ferric-superoxo®*-4! and ferric-hydroperoxo*?#4 species. The ferric-
hydroperoxo species is cleaved in a proton-dependent process*> 4> 45 and forms the highly

reactive intermediate, Fe(IV)=0 porphyrin cation radical, popularly known as compound 128 46-4°,

It has been hypothesized that the fatty acid carboxyl group initiates H.O activation in
CYP152s by rearranging the peroxide protons, similar to the Poulos-Kraut mechanism proposed
for peroxides®. The activation of H,O, in CYP152s leads to compound 128 3% 46.51 "which initiates
the fatty acid oxidation by abstracting a hydrogen atom from the Cyor Cp position of the substrate.
Compound I, a Fe(IV)-OH porphyrin intermediate ensues after the hydrogen atom abstraction
(HAT)? 31 46,51 The CYP152 reaction pathway gets bifurcated at this junction and eventually

culminates in forming two different reaction productsi hydroxy fatty acids and terminal alkenes.

xampl e,

Compound Il in CYP152 hydroxyla s es ( P450 SPU, BSb, CLA, MP, et c.

P450 monooxygenasesi they hydroxylate fatty acid substrates via a classic 'oxygen rebound'
step3!: 465152 However, OleT deviates from this mechanism and compound Il overoxidizes the
fatty acid substrate radical proposedly by a proton-coupled electron transfer (PCET) step?® 3% 4.
51,53 In the following steps, the substrate biradical®® or cation®* possibly undergoes an internal
rearrangement of the C-C bond, ultimately forming one molecule of terminal alkene!® and carbon

dioxide?® each.
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Several research groups have investigated the regulatory factors involved in partitioning
CYP152 reaction pathways between hydroxylation and decarboxylation. Crystallographic

analysis revealed that OleT has highactive-si t e structural similarity wit

an active-site Histidine (H85in OleT;e)) whi ch i s replaced by glutamine

scientists to believe that H85 played a critical role in influencing the oxygen rebound in OleT?® 22
and ultimately altering the outcome of the reaction. However, Munro and colleagues mutated
H85Q in OleT, and they r e phydroxyefalty atid praducts®. Atahe

same time, the total amount of terminal alkenes remained unchanged.

Further more, t he c¢ har achydraxylageafromn blethylabdcteriam
populi ATCC BAA 705 has methionine (M96 in P450 MP) in the place of histidine or glutamine®>®
in the active site. This indicated that the active-site glutamine alone probably could not control the
fate of oxygen rebound from compound Il. Instead, a far more complicated interplay of several
factors such as substrate binding modes, mobility, hydrophobic interactions in the distal pocket,
and other OleT structural factor(s) control the oxygen rebound in OleT. Recent experimental®!
and theoretical®® works have hinted that a distal loop region (F-G loop) might influence the mobility
of fatty acids in the OleT substrate-binding pocket. Due to shorter F-G loops in hydroxylases®?,
fatty acids experience increased mobility, leading to increased mobility during the reaction and
thus weaker electrostatic interactions between the fatty acid carboxyl group and the active-site
R2422%51 On the contrary, a strong salt bridge interaction in OleT may aid in sustaining the active-
site water moleculesi those water molecules would be likely to inhibit compound Il oxygen

rebound by shielding the substrate from the -OH of compound Il in the intermediate state®.

Decarboxylation is a critical reaction for establishing biological routes aiming for the alkene
biosynthesis. In emerging biotechnology applications, understanding the P450 mechanisms that
favor decarboxylation over fatty acid hydroxylation is extremely necessary to advance in this field.
In addition, the importance of fatty acid decarboxylation has motivated substantial efforts toward
the discovery and characterization of novel biocatalysts. However, the knowledge in this field is
significantly limited, mainly due to the lack of structural data. In this context, the present work
proposes a comprehensive structural, biochemical, and computational description of a new
cytochrome P450-based mechanism from Rothia nasimurium for fatty acid decarboxylation.
Unlike OleT;e, the P450-peroxygenase here characterized (OleTrn) decarboxylates diverse
saturated and, surprisingly, unsaturated substrates, potentially providing an essential advantage
in both natural and biotechnological contexts. Furthermore, this decarboxylase showed a broad-

spectrum activity, suitable for saturated substrates from C10:0 to C20:0 and oleic acid (C18:1).
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Structure-guided protein engineering was also employed with detailed biochemical assays and
molecular dynamics (MD) simulations to identify and characterize the appropriate OleTrn
mutations in the binding pocket and dimerization structure. To our surprise, only single point
mutations could convert OleTrn into a hydroxylase, modifying its chemoselectivity as well as
stereoselectivity. In addition, OleTRN is possibly one of the rarest dimeric enzymes reported in
the CYP152 family®®, and the integrity of its dimeric structure was found to be crucial for efficient
catalytic activity. However, the monomeric form of OleTgrn retained the affinity of fatty acid
substrates and could convert fatty acids into products, albeit with reduced efficiency. The results
suggest a remarkably flexible substrate specificity that may promote tailored substrate usage.
Therefore, this work also expands the known substrate specificity of P450s
peroxygenase/decarboxylase from the family and demonstrates the potential applicability of this

versatile decarboxylation system for biological routes to the biosynthesis of alkenes.
3.2 Materials and methods
3.2.1 Reagents

The gene sequence encoding the ORF of Cytochrome P450 from Rothia nasimurium
(GenBank accession number: WP_083091567) was cloned into the pET28a(+) vector with a
6xhistidine-tag at the N-terminus and was purchased from Genscript (Piscataway, NJ, United
States). Fatty acids (C10, C12, C14, C16, C17, C18, C20, and C18:1), alkenes (1-nonene, 1-
undecene, 1-tridecene, l-pentadecene, 1-hexadecene), and methyl pentadecanoate were
purchased from Si ghydroxyaciasframeCi2, C14, Cenal7, 618, and C20,
were purchased from Larodan AB (Solna, Sweden). Hydrogen peroxide was obtained from Sigma
Aldrich. Ni-NTA and Q-Sepharose resins were obtained from GE Healthcare. Perdeuterated fatty

acids were purchased from CDN isotopes.
3.2.2 Heterologous expression and purification of OleTry and mutants

The expression and purification were performed as described by Amaya, J.A. et al.>! with

appropriate adaptations.
3.2.3 Site-directed mutagenesis

OleTrn mutants were generated by inverse PCR, i.e., primers were designed in reverse
directions to conventional PCR. Primer pairs were constructed to hold a complementary sequence
longer than 15 nt and/or 50°C T°m, in which the codon changes were introduced. PCR amplicons

were circularized by Gibson assembly®’. Site-directed mutagenesis was carried out by Wesley C.
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Genoroso at the Brazilian Biorenewables National Laboratory (LNBR), Brazilian Center for

Research in Energy and Materials, Campinas, Sao Paulo, Brazil.

3.2.4 UVi visible spectroscopic characterization
UV-visible spectroscopy was performed as described in chapter 2.

3.2.5 Substrate binding titrations and determination of dissociation constants
The methods of this section have been described in chapter 2.

3.2.6 Temperature dependence assay of OleT spin equilibrium

OleTrn WT, S26F, and E405F (5 uM) were complexed with 150 uM myristic acid (C14H)
separately at room temperature (25°C), and each of the enzyme-substrate (ES) complexes were
left to incubate on ice for at least 30 minutes before the spectroscopic data collection. The % of
LS-HS content of C14H-saturated OleT WT (dimer) and monomeric mutants, S26F, and E405F,
were determined from the absorbances at 422 nm (LS) and 399 nm (HS) at a particular
temperature. The first spectrum of each assay was collected at 4°C, and more spectra were
collected at 4° intervals up to 37°C. These experiments were carried out on an Agilent Cary 60
UV-Vis spectrophotometer coupled with a Cary Single Cell Peltier Accessory and a Brinkmann
mgw LAUDA RM6 water bath to regulate the temperature of the UV cell.

The logarithmic ratios of % HS and % LS at each temperature of the assays were plotted

against reciprocal temperature (in Kelvin scale) and subsequently fitted with a linear equation

(y=b*x+c).
o)
0 ¢ D VB EYOUD /| R QY Equation 3.1
Q
. p .
V] — Equation 3.2
[ T':— A Equation 3.3
110 >J 2 Equation 3.4
ya Ya ¥y Equation 3.5

The above equations were used to determine the thermodynamic parameters of spin

equilibrium in OleTgn.
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The intercept (C) of this Iinear plot represen
associated with OleT spin equilibrium; R is the universal gas constant), and the slope (b)
represents-pHA/ R ( @HA is the enthal py change).

3.2.7 Transient kinetics measurements

OleTrny WT and mutants (S26F and E405F) were treated with 10 molar equivalents of
hydrogen peroxide to turn over all the adventitiously bound fatty acids and passed through a PD-
10 desalting column (GE Healthcare) to get rid of the unwanted small molecules. All the enzyme-
fatty acid (ES) complexes prepared for single turnover reactions had 20 uM OleT complexed with
100 pM (5x) fatty acid (final concentrations in the solution). The ES complexes were incubated

on ice before the start of the experiments.
3.2.8 Kinetic data collection and analysis

The methods of kinetic experiments and data analysis have been described elsewhere?

46

3.2.9 Steady-state Turnover- Fatty acid substrate conversion

Activity assays were carried out with different fatty acid substrates (C10-C20 and C18:1).
1.25 mL of the complex enzyme-s ubstr at e was prepared by mixing 5«
of the fatty acid substrate awM/matants Mutédfinistorage conc e
buffer and followed by 1-hour incubation at 4°C. The complex was divided into two aliquots of 500
OL for the positive and negati ve c oenytl®miduteson Then,
positive control for 1 hour. For the negative controls, the addition of buffer was performed instead
of the H»0O,. Reactions were carried out at 25 °C with no shaking and 35 °C at 300 rpm for the
activity evaluation of OleTrn and mutations. The reaction was immediately stopped after one hour
with 4 L of 6 Nratleg.IThe( ist¢rmalcstandards sucheas 1-tetradecene and
heptadecanoic acid (final concentration of 0.98 mg/mL) were added to the reaction mixtures.
Steady-state turnover reactions were carried out by Dr. Leticia Rade and Mayara Chagas de Aliva

at LNBR Campinas, Sao Paulo, Brazil.
3.2.10 Fatty acid competition assay

A fatty acid competition assay was carried out to determine the substrate of choice of
OleTrn. A mixture of five fatty acids (100 uM each of C12H, C14H, C16H, C18H, and C20H; total

500 pM final concentration) was complexed with 5 pM enzyme (final concentration), and this
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enzyme-substrates complex was reacted with 500 uM H2O. (stock concentration) in small

amounts over 2 hours at 25°C. The derivatization steps were the same as the above.
3.2.11 Analytical analyses for fatty acid and products quantification

The reaction products were determined by gas chromatography analysis (7890A, Agilent
Technologies). The following conditions were used: RTx5 MS (30 m x 0, 25
detector temperature of 290 °C, injector temperature of 230 °C, split ratio 1:10, and oven
temperature: 30 °C for 2 min, increase to 220 °C at a rate of 10 °C/min, increase to 240 °C at a
rate of 2 °C/min and increase to 350 °C at 50 °C/min. Quantification of the compounds was carried
out using 1-tetradecene and heptadecanoic acid as internal standards. Turnover product
quantifications were carried out by Dr. Leticia Rade and Mayara Chagas de Aliva at LNBR

Campinas, Sao Paulo, Brazil.
3.2.12 SEC-MALS and Analytical SEC

Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
characterizations were performed using a triple-angle static light scattering detector miniDAWN™
TREOS and Optilab® T-rEX refractive index monitor (Wyatt Technology) attached to an AKTA fast
protein liquid chromatography (FPLC) system (GE Healthcare) with a Superdex 200 HR 10/300
GL analytical size-exclusion column (GE Healthcare) (at 25 °C). 250 L from purified OleTay WT
at 50 e M was injected into the column and eluted in buffer GF (150 mM NacCl, 100 mM potassium
phosphate, 5% wi/v glycerol, pH 7.5). Once determined the oligomerization of OleTgn, the
remaining mutants were evaluated through Analytical SEC using the same configuration without
MALS, using WT- OleTrn as control. SEC-MALS and analytical SEC work was performed by by
Dr. Plinio S. Vieira at LNBR, Campinas, Séao Paulo, Brazil.

3.2.13 Protein crystallization, XZay data collection, and structure determination

OleTrn samples were concentrated at 60 mg mL™ and crystallized in sitting drops using
the vapor diffusion method. Single crystals were obtained from a solution containing 25 % (w/v)
PEG3500, 15% (w/v) 2-Methil-2,4-pentanediol, 0.1 M Imidazole (pH 6.5), 0.2 M lithium sulfate.
Diffraction data were collected at the MX2 beamline in the Brazilian Synchrotron Light Laboratory
(LNLS, Campinas, Brazil) with a PILATUS 2M detector (Dectris, Badendaettwil, Switzerland).
Data were processed using XDS®8, and the structure was solved by the molecular replacement
method on MOLREP. A fatty acid with 16 carbons was detected in the asymmetric unit, and the

model was refined against electron density using COOT®® and against X-ray data using PHENIX
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refinement®® and REFMAC®. The final model was verified with MolProbity®? and PDBRedo
server®, Crystallographic work was done by Dr. Plinio S. Vieira at the Brazilian Biorenewables
National Laboratory, Brazilian Center for Research in Energy and Materials, Campinas, S&o

Paulo, Brazil.
3.2.14 Molecular dynamics (MD) studies

The system setup and other simulation-related methods have been described
elsewhere.®*"* MD studies were performed by Dr. Rodrigo L. Silveira at the Chemistry Institute,

Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.
3.3 Results

3.3.1 discovery of a new CYP152 peroxygenase that efficiently decarboxylates medium-to-

long chain fatty acids to Olefins

Phylogenetic analyses were performed, including only protein sequences in which
essential amino acids for the fatty acid decarboxylation activity are conserved, i.e., Phe79 and
Arg245 (OleTs;e numbering)'® to explore new decarboxylase representatives within CYP152
members. Among the predicted decarboxylases, an uncharacterized gene from Rothia
nasimurium stood out, regarding its low identity to the already characterized OleTs, which could
reveal distinctive peroxygenase features. Moreover, Rothia species have already been
associated with C27, C28, and C29 terminal alkene production’®, reinforcing this gene's likelihood
as a P450 decarboxylase. Therefore, to thoroughly characterize the new decarboxylase target
from Rothia nasimurium (OleTry), its codon-optimized gene was recombinantly expressed in E.
coli. The recombinant protein did not present a propensity to aggregate at any ionic strength and

yielded more than 15 mg/liter from E. coli cell culture in TB medium after the purification steps.

The UV-visible spectrum of the purified OleTrn exhibits a sharp heme Soret peak at 424
nm ana n dbabds (Q-bands) at 543 and 573 nm in the low spin (LS) ferric resting state. In
OleT.e, those peaks are located at 518, 535, and 566 nm, respectively.?? The anaerobic addition
of carbon monoxide (CO) to reduce OleTrn produced a typical P450 heme spectrum, showing a
red-shift of the Soret band to 448 nm (Figure 3.1) from the Fe*2-CO complex formation, indicating
the presence of a catalytically active thiolate-ligated heme-iron cluster. The binding of substrates
is often associated with the alteration of the spin state of the ferric heme from a low-spin (LS)
state, with Soret peak at ~424 nm?* 2 (Figure 3.1), toward a high spin state (HS), due to the

displacement of a water molecule, the sixth ligand to ferric heme by the substrate, with a blue
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shift of Soret band to ~399 nm?> 23, The OleTrn has the highest binding affinity for myristic acid,
with Kqof 0.6 uM (Table 3.1).
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Figure 3.1: The UV-Vis spectrum of oxidized OleTrny WT (Blue spectrum). The numbers denote
wavelengths <corr esponhandsgTha absorftiornr spectrum fmagerda) of
dithionite-reduced (anaerobically) ferrous-CO complex. The large absorbance band at 448 nm in

the ferrous-CO complex spectra confirmed the active thiolate-ligated cytochrome P450 enzyme.

Fatty acid turnover reactions were carried out with saturated fatty acids with different
carbon chain lengths (C10-C20 and C18:1) to evaluate OleTrn Substrate specificity and
chemoselectivity on fatty acid conversion. According to turnover data (Figure 3.2), the overall
activity increases from long-chain to medium-chain fatty acids (FAs). Myristic acid (C14)
conversion was the highest at 25°C and 35°C. Myrictic acid is probably the preferential saturated
substrate for OleTrny WT, with 98.5+0.1% conversion. The lowest conversion was observed in
arachidic acid (11.8 £ 0.7%). However, despite the lower conversions in long-chain fatty acids,
the ratios of decarboxylation/hydroxylation products were higher for those substrates, with 9.42,
7.49, and 5.65 for palmitic (C16), stearic (C18), and arachidic (C20) acids, respectively.
Therefore, OleTrn might have higher chemoselectivity for decarboxylation with long-chain fatty

acids.
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Table 3.1: Kp of C10H-C20H and C18:1H fatty acids with OleTrny WT and various mutants. % HS,
and % LS content of OleT. NP- Not performed. 2Loop- refers to the OleTgrn variant with
#RALGGAF6 ami no aci d FrClsop regioa.Fhisivariant wae crekted to study the

implications of a shorter F-G loop region found in OleTrn WT.

RN Variant C10 C12 Cl4 C16 C18 C20 ci8:1
WT 32.2+2 7.1+0.1 | 0.6+0.2 | 1.8+0.5 | 3.1+0.3 | 8.6+0.1 1.8+0.1
4Loop 20.2+4.7 | 1.3+£0.02 | 0.9+0.3 | 0.7+0.2 | 0.5+0.1 | 0.4+0.1 NP
S26F NP NP 0.9+0.5 NP NP NP NP
E405F NP NP 2.1+0.3 NP NP NP NP
A
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Fatty acids Fatty acids
Figure 3.2: The green, olive, and orange bars represent total amounts of 1-a | k e n-bBydroxy b
fatty acihamxy fatyradds (h percentages), respectively, produced by OleTry WT
enzyme during their corresponding multiple turnover reactions under the same conditions and
reaction time at 25°C (A) and 35°C (B).

To improve the fatty acid (FA) conversions and alkene production, the reactions were also
performed at the previously identified optimum temperature (35 °C, Figure 3.2B). Interestingly,
the higher temperature increased the medium to long fatty acid conversions such as palmitic acid
(C16) with an increase of 1.5-fold; stearic acid (C18) by 2.3-fold; and arachidic acid (C20) by 6.7-
fold. Total alkene production was 64.3%, 58.7%, 57.5%, and 51.6% for saturated C10, C16, C18,
and C20, respectively, at 35°C compared to 60.4%, 54.2%, 32.3% and 10.0% (in the same order)
at 25 °C. In general, the temperature increase promoted the enzymatic promiscuity in all
substrates tested but did not alter the activity preferences of OleTrn. The major reaction products

were terminal alkenes for all substrates at all temperatures tested with OleTgn.

102



Regarding hydroxylation reaction, the b-hydroxy fatty acid products were more prevalent
t h a-hydroxy fatty acids (Figure 3.2A and B). Compared to other characterized decarboxylases,
these results are impressive since promiscuity, high conversions, and high alkene production

have never been collectively reported?®: 22 23 31,51, 76
3.3.2 Myristic acid is the preferred substrate of OleTrn

CYP 152 peroxygenases show variable promiscuity when it comes to the substrate.® 2>
23,25,26,31,51, 76,77 OleT e is known to efficiently metabolize fatty acids Cg-C2,'® 22 23:3L.5L.76.77 though
the enzyme has significantly low binding affinities for Cgs-Cy, fatty acids®* 3. The percentage
conversion of Cio-Cyo fatty acids by OleTrny WT in vitro catalysis was highest for C14, followed by
C12H at 25°C and 35°C. However, C16H conversion was 35% lower than C14 and C12. We
realized that the percentage conversion of each fatty acid was not truly reflective of the enzyme's
natural choice of substrate. So, an in vitro OleTgny cOMpetition assay was carried out where a
mixture of five fatty acids (C12H-C20H; 100 uM of each in the reaction) was added to the reaction
instead of 500 uM of one specific fatty acid.
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C12H C14H C16H C18H C20H C10H C12H C14H C16H C18H C20H

Fatty acids Fatty acids

Figure 3.3: A, OleTsn WT competition assay; The % of each fatty acid depleted due to in vitro
OleTrn WT reaction; The reaction contained a 500 pM mixture of five fatty acids (100 uM each of
C12H, C14H, C16H, C18H, and C20H) and 5 pM enzyme and 500 uM H»0; was added to the
mixture in small aliquots over 2 hours at 25°C. B, The total amounts of 1-a | k e n-leydroxy féatty
aci ds, -hydroxyl fatty acids (in percentages), respectively, produced by the OleTrn loop
variant during the multiple turnover reactions (C10H-C20H) under the same conditions at 25°C.

The same color-coding was used as in figures 3.2A and B.
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Almost 80% of C14 was converted to 1-tridecene and 3-hydroxy Myristic acid (C14)
(Figure 3.3). Close to 70% of C12 was also metabolized from the substrate mixture. However, the
enzyme metabolized only <5% of C16H when added with other fatty acids, while ~60% of the
same fatty acid was converted into products when used as the lone substrate. These results
established that OleTrn prefers C14 and smaller chain length fatty acids (C12) over longer ones
such as C16, C18, and C20H (Figure 3.3). Most probably, C14 is the preferred substrate of choice
for OleTry WT in vitro reactions. This assay demonstrates the substrate preference of OleTgny WT
at room temperature (25°C) and may change at a different reaction temperature as the
percentage conversion of fatty acids across chain lengths (Cio-C2) increases during individual

fatty acids turnovers at higher temperature (35°C).

A variant of OleTrn Was constructed by inserting a 'FRALGGAFK6amino acid sequence
into the OleTen -G | oop r egi on ( dogesemble tthe Ianger FAA.loop regon of t
OleTse (Figure 3.6B), replacing its inherently short loop. The results revealed no meaningful effect
on the total conversion for medium-long FAs (C14, C16, C18, and C20). However, the total fatty
acid conversion decreased in shorter fatty acid (C10 and C12) turnovers. The decrease was
particularly pronounced in C10, dropping by 45% and a 3-fold less alkene production than WT
(Figure 3.3B). Moreover, the profile of the chemoselectivity changed for all the substrates,
showing, in general, around 50% of decarboxylation activity and 50% of hydroxylation activity
(Figure 3.2). Thus, these data suggest that a longer F-G loop in OleTrn decreased the
chemoselectivity and reduced the enzymatic activity against shorter chains of FAs. Probably, the
elongation of the F-G loop in OleTrn promoted a substrate fixation problem in the distal pocket.
The F-G loop replacement exhibited a better affinity for long-chain FFA substrates (C18 and
C20H), with a surprising decrease of ~21-fold in the Kp values for C20 compared to OleTry WT
(Table 3.1). This data indicates that the longer F-G loop probably opened the access for the long
substrate, which facilitated its active-site entry®®. However, it was not well stabilized since low
conversions were observed in the turnover experiments. To some extent, these results are in
agreement with the literature that identifies the larger F-G loop of OleT,e as responsible for giving
OleT,e an activity against longer substrates and as an essential region that promotes an efficient
substrate anchorage, allowing higher decarboxylation activity for OleTe. It is, therefore,

considered one of the key determinants for decarboxylation activity?®,
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3.3.3 High-resolution structure of palmitic acid bound OleTgy WT

The X-ray crystal structure of the adventitiously bound palmitic acid (C16:0)-OleTry WT
complex was determined at a resolution of 2.75 A (Figure 3.4). The OleTrn Structure reveals a
typical P450 single-domain architecture with a central heme in a deeply-buried active site, similar
tothatof P45 0 B S bcode-RA2®B) and OleT;e (PDB code-4L40). The palmitic acid-bound
OleTrn possesses a broad hydrophobic binding pocket with the carboxylate group interacting with
the guanidinium group of conserved Arg246 residue (Arg245 in OleTe?2, Ar g2 42 i n?®P450 BS
A series of hydrophobic amino acids are responsible for positioning the C16:0, such as Phel?,
Met75, lle79, Phe84, Phel78, Phe302, Val303, Pro304, Met305, and Phe308. Also, Phe302
seems t o fcarborcodpalmiticeacidclose to the active site. The OleTgn Structure revealed
a narrow hydrophobic tunnel, open to the solvent, with a short F-G loop. The short length of the
OleTgrn F-G loop resembles more like the onein P 4 5 0 d&h&Ibss like OleTse*t. The OleTe F-
G loop consists of eight amino acid residues (FRALGGAF), in which Leul76 closes the narrow
access channel to the solvent®!, providing a suitable space to accommodate fatty acids with chain
lengths up to C20.

Figure 3.4: The structure of palmitic acid-bound OleTgn WT (dimer) enzyme-substrate (ES)
complex (2.75 A). Two subunits are colored magenta (heme and palmitic acid are olive-green)

and deep-teal (heme and palmitic acid are olive-green).
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Table 3.2: X-ray crystallographic data collection and refinement statistics related to 2-HHDA
bound OleTsa WT structure. #Values in the parenthesis represent the data from the highest
resolution shell. "Ruon= ZR@ &0 GEOwhere F, and F. are respectively the observed and
calculated structure factors of the crystal. Rmege= E-O'1 | Quhegel | is the observed intensity and

<I> is the averaged intensity.
Palmitic acid bound OleTrny WT
Data collection
PDB Code
Space group F222

Cell dimensions

a, b, c(h) 57.545 203.380 316.351
U, b, o9 (Degrec 90 90 90
Resolution (A)2 2.75
Reflections 23,277
Redundancy? 6.1
Rwork” 0.24097
Riree® 0.28739
Wilson B-factor (A?) 67.5
<l /24> 13.2
Completeness 99.84
CCuyz, highest resolution shell 0.987
Refinement
Bond 0.002
Angle 1.22
No. of Water 33
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OleTrn Phel? is located in the same region as OleT;e Leul76, which helps position
palmitic acid in the OleTrn distal pocket in a particular conformation. A dwydrophobic caged
consisting of Phel7, Phe328, and Phe24 forms the end of the substrate binding pocket and is

likely to stabilize the fatty acid termini via hydrophobic interactions.

OleTrn has the three active site residues His90, Phe84, and Arg246, also presentin OleT e
active site (His85, Phen79, and Arg245)?2. His90 seems to be linked to the bounded substrate via
Phe84, while Asn243 ensures the appropriate spacing between Arg246 and His90. Since the
discovery of the OleT,g, the presence of the histidine (His85 in OleT,e; Q8 5 iwas tHB®)lfit )
to be the most crucial determinant for the decarboxylation activity??, introducing an acid-base
catalyst within the active site and being a possible proton donor to the reactive P450 compound |
(ferryl-oxo heme radical cation) intermediate. However, it was later found out that H85 did not

play any significant role in OleT chemoselectivity?® 2% 51,

Figure 3.5: A, Electrostatic interactions at the OleTrny WT dimer interface (facing the reader).
Electrostatic interactions between a group of amino acid residues (S26, R30, D37, and R55;
colored in wheat) at the N-terminus of one subunit and another group of residues (E405 and E407,
colored in slate) at the C-terminus of the other subunit help stabilize the dimer. B, Amino acid
residues of A, A’ helices, and A-A' loop region of OleTrn WT (only the ones in wheat color). OleTgrn

F17 residue (pointed with an orange arrow) is close to the palmitic acid hydrophobic tail.
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Figure 3.6: The F-G loop regions of OleT,;e WT (magenta) and OleTrn WT (gray) are
overlayed.

3.3.4 Effective decarboxylation activity requires a dimeric conformation

Although the organization of P450 proteins is diverse (Mallinson et al., 2018), the
architecture of CYP152s has been described as a single monomer so far? 2326.32_ QleTgy crystal
structure resembles a dimeric assembly energetically favorable with a distinct interaction surface.
To confirm whether this dimer oligomerization is the biologically correct conformation,
hydrodynamic studies were performed using SEC (Figure 3.7) and SAXS (Figure 3.8). The
obtained data also indicated a dimeric arrangement in the solution. Hydrogen bonds essentially
link the dimeric interface (Ser26-Glu407 and Asp37-GIn404) and electrostatic interactions
(Lys299-Glu264; Arg55-Glu405 and Arg30-Glu407), connecting both protomers (Figure 3.5A).
That way, an investigation of whether this conformation is essential to enzyme functionality or not,
especially for decarboxylation reaction, was performed. Mutants S26F and E405F were
constructed, aiming to convert OleTgry into @ monomeric enzyme. The strategy was to perform
site-directed mutagenesis on the dimer interface by replacing natural amino acids with opposite
electronegativity, which would make the electrostatic interaction of the dimeric interface unstable
(Figure 3.5A).
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Figure 3.7: The size exclusion column (SEC) chromatography of OleTrny WT (wine-red), S26F
(sky-blue), and E405F (green). The protein with higher molecular weight (OleTry WT M,=~98 kDa)
came off the SEC column earlier than monomeric OleTrn S26F (M=~50 kDa) and E405F (M=~50
kDa). The protein profile was measured at 280 nm.

The results confirmed the difference in the sizes of OleTrn variants (Figures 3.7 and 3.8)
S26F and E405F mutants were eluted primarily as a monomer. The fractions corresponding to

the monomers were collected further to evaluate their enzymatic and spectroscopic properties.
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Figure 3.8: A, SAXS data of the OleTgrn. Experimental SAXS curve (red) and theoretical
scattering profile (black line) computed from the p(r) function, obtained with GNOM program. B,

The crystal structure of the OleTDry fitted into the molecular envelope calculated from SAXS data.

According to functional analysis (Figure 3.9A), both mutants are drastically less active

than the wild-type enzyme, reducing the conversion by more than 50% for both mutants (Figure
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3.9A). Although the fatty acid conversion was significantly decreased in monomeric forms (Figure
3.9A), the mutants could still recognize myristic acid, displaying higher HS percentages than the
dimeric WT (HS of 98% and 95%, respectively, for S26F and E405F, compared to 75% for OleTrn
WT). Regarding the affinity, the S26F and E405F mutants have similar dissociation constants (Kp)
of 0.91 and 2.07 uM, respectively, for myristic acid compared to 0.59 pM of OleTrny WT (Table
3.1).
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Figure 3.9: A, The comparison of product profiles of C14 turnover by OleTgny WT, S26F, and

E405F. All C14H turnover reactions were carried out at 35°C and under the same reaction

conditions. The green, olive, and orange bars represent total amounts of 1-t r i d e chgdoay, b
myri st i c -kmydroxgmyristicradd (ikpercentages), respectively. B, The green, olive, and

orange bars represent total amounts of 1-t r i d e cleynder, o Xoy my r i s t-Hydroxyaci d s,
myristic acids (in percentages), respectively, produced by OleTry WT and the loop mutant during

their corresponding multiple turnover reactions of C14 under the same conditions and duration

(35°C).

3.3.5 Transient kinetics of fatty acids turnover by OleTrn

Decarboxylation of fatty acids in OleTs has been proposed to start with a hydrogen atom
(HAT) transfer at t he®*%5%%%3 G, Loef al. tepoeed hegligibley aci d
amounts of OleT compound | accumulation from protiated eicosanoic acid (C20H) single
turnovers due to the lower bond dissociation energy (BDE) of the C-H bond?® 4. However,
perdeuterated eicosanoic acid (C20D) single turnover resulted in almost 70% compound |
accumulation.?® 46 Single turnover experiments were carried out with OleTrn WT and the
monomeric mutants for a panel of protiated (C10H-C20H) and perdeuterated fatty acids (C10D-
C20D). The compound | decay was mostly over before the dead time (102 s) of the stopped-flow
instrument in OleTgrn Single turnovers with protiated fatty acids. Therefore no observable build-up

of the ferryl-oxo intermediate was detected (Figure 3.10A). Nonetheless, both ferryl intermediates
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accumulated significantly during the transient kinetic analyses of perdeuterated fatty acid
turnovers (Figures 3.10B and 3.12D). The reciprocal relaxation time (RRT) constants of
compound | and Il formation and decay were found to be similar in all deuterated fatty acid
reactions. The accumulation of the intermediates was maximum in the C14D single turnover

reaction.
3.3.6 Detection and characterization of OleTrny cOmpound |

The single turnover reaction between 10 pM C14H (or C14D) bound OleTgrn and 10 mM
H>0: (pseudo first-order condition) was monitored on a stopped-flow spectrophotometer over 1 s
of reaction time (3.10A and B). Due to the low activation barrier of C-H bond cleavage, the majority
of compound | species had decomposed before the dead time (1 ms) of the instrument, and only
a small amount of it was detected on the PDA (Figure 3.10A). But compound Il was observed
because of its prolonged decay rate constant, 12+0.5 s (Table 3.3). Difference spectra (Figure
3.12D), generated by subtracting 1 s spectrum from the rest of the timecourse of C14D single
turnover, exhibit compound | and Il formed during C14D single turnover. OleTgy compound I, with
a slightly red-shifted Soret maximum at 373 nm and Fe**-oxo porphyrin cation radical absorbance
at 694 nm, resembled previously described P450 compund | and synthetic heme-thiolated
compounds?351%4 Al OleTrn compound | in C14D single turnover had decayed before 9 ms.
Consistent with red shifts observed in the absorbance spectra of all other OleTry photon
absorbing species, compound Il split Soret maxima were observed at 370 nm and 445 nm (Figure
3.12D), similar to others?%557, Compound Il accumulation reached its maxima at 30 ms during
C14D turnover. With the help of a PMT attachment, single wavelength traces at 370 nm, 440 nm,
and 690 nm from all reactions were collected. A two-summed exponential equation was required
to fit 370 nm trace from C14H (Figure 3.11A) and C14D (Figure 3.12A) single turnovers.
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Figure 3.10: A, Photodiode array (PDA) spectra of the single turnover reaction between 10 uM
C14H bound OleTry WT and 10 mM H>O- monitored for 1 s at 4°C. B, PDA spectra of the single
turnover reaction between 10 uM C14D and 10 mM H»O; under the same conditions. Arrows

indicate the direction of decreasing and increasing absorbances during the reactions.
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Figure 3.11: Two exponential fits of 370 nm (A) and 440 nm (B) PMT traces, collected during the
single turnover reaction of 10 uM C14H bound OleTry WT with 10 mM hydrogen peroxide. Actual
PMT data is dark grey, two exponential fittings are in wine-red, and the residuals are colored
navy-blue. The numbers in the figures represent the reciprocal relaxation time (RRT) constants
associated with compound | decay (a) and compound Il formation and decay (b). 370 nm PMT

trace was fitted up to 1 s (A), and 440 nm PMT trace was fitted up to only 300 ms (B).

The 370 nm PMT traces from the C14H single turnovers were fitted with a two-exponential
equation. The f ast er RRT=9480123Fst @in=t0,05), Is/likely to be associated with
the decay of compound I, which seemed to be faster than the PMT can detect and may not be a
true reflection of the actual compound | decay. OleTrn compound Il Soret maxima are at 370 nm,
and thusthe second RRT ,=8#018 st @2+0.05), should ideally represent the
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compound Il decay RRT constant. However, the compound Il decay RRT constant obtained by
fitting 440 nm PMT trace w@&7 nnv,evhich mdantfthtehe slowt f r om
decay phase might be related to the decay of an unknown OleT species, which absorbs in the

same region. The alternative way to determine the RRT constant of compound | decay is by fitting

a 690 nm PMT trace where no other OleT species absorbs.?® Compound Il appearance and decay

RRT constants were determined by fitting the 440 nm PMT trace. The RRT constant of the

compound Il formation phase, 1, Was 389+66s! (a;=-0.09),and t he decay RRT cons
was 12+0.5 s (a,=0.09) (Table 3.3). Therefore, the compound Il decay RRT constant observed

here are same as what has been reported for eicosanoic acid single turnover by OleT .

The transient kinetics of C14D single turnover was studied on the stopped-flow
spectrophotometer (Figures 3.10B and 3.12). The faster RRT constants derived by fitting the 370
nm (Figure 3.12A) and 440 nm (Figure 3.12B) PMT traces were similar. Besides, compound |
decay and compound Il formation phases showed isotopic sensitivity toward the C-D bond.
Therefore, these results confirmed that the decay of compound | directly led to the formation of
compound Ili same as what has been reported in OleT,e.3! 46 51 The fast RRT constant of
compound Il formation (after Cs-D bond abstraction) was 99+4 s?, 4-fold slower than the fast RRT
constant of the same intermediate in C-H activation (Table 3.3). Basically, the kinetic isotope
effect (KIE) for the formation of compound Il can be determined by taking a ratio of fast RRTs
from C-H and C-D bond activations at 440 nm=1 /1(C-H)/ 1 /1(C-D)= ~4. The KIE observed here
is about half of the KIE reported in the decarboxylation of eicosanoic acid by OleT,e%.
Experimental and computational studies suggest that a decently large KIE (~4) can arise from the
hydrogen tunneling effect and a non-ionic nature of hydrogen abstraction*” 7889 in the transition
states of P450 catalysis. OleT;z compound | decay in eicosanoic acid (C20) was reported to be
~670 sV but we observed a rate of ~389 s (~1.7x slower). The chain length of myristic acid (C14)
is 6-carbons shorter than eicosanoic acid (C20). The shorter chain length of myristic could be
relatively less efficient for H,O- activation and might lead to a slower rate of peroxide activation.
The slow hydrogen peroxide activation could potentially mask the fast rate of C-H bond oxidation
and compound | decay at least partially. Thus, the low KIE observed here in the myristic acid

turnover by OleTrn could arise from slow H.O, activation.

The compound | decay could be alternatively monitored at 690 nm for C14D turnovers,
and the corresponding PMT trace required only a one-exponential fit (Figure 3.12C). The decay
RRT ¢ on st aastdeterminéd to be 11245 s?, very close to the faster RRT constant
obtained at 370 nm (in C14D), which was 119+4 s (Figure 3.12A and Table 3.3). The slow RRT
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constants (1 /2) at 370 nm from the C-H and C-D single turnovers are identical and showed no
isotopic sensitivity (Figures 3.12A and B). Therefore, they are of no significant importance. The
compound Il decay RRT constant was 17+1 s, slightly faster than the one from C-H activation.
The faster decay of compound Il was also reported in OleT;*® and probably due to a faster

electron transfer facilitated by Fe**-OD porphyrin (compound II) than its protiated counterpart.

Table 3.3: Rate constants associated with the OleTry WT, S26F, and E405F compound | decay,
compound Il formation, and decay. In parenthesis is the amplitude of each phase. #Very fast rate
constant; PRate constant was determined by fitting a 690 nm PMT trace; ‘compund | decay rate
constants could not be deduced directly by fitting 370 or 690 nm traces; “Rate constants were

determined using 370 nm PMT traces.

OleTrn | FA Cpd-I decay, s Cpd-Il formation, s Cpd-Il decay, s
C14H 948+123 (0.05)° 389166 (-0.09) 12+0.5 (0.09)
WT
C14D 119+4° (0.1) 994 (-0.3) 17+1 (0.2)
C14H NAC 1631+335 (-0.02) 32.30.8 (0.04)
S26F
C14D 151+29 (0.2) 15346 (-0.3) 17+3 (0.1)
C14H NAC 2097+532 (-0.07) 3115 (0.05)
E405F
C14D 137+49 (0.14) 150+4 (-0.2) 17+1 (0.08)

114



0.48 05
A 0.45 1 B
0.44
£ . 04
8 . 2 0351
-qc? 0.4 1/7,=119+4 ¢ u;: : 1/1,=99+4 5"
1 _ : 9 03
< 0.36 1/1,=4+0 s < 1/1,=17£1 s
0.25 1
—
0.006 0.02 4
-0.006]. . : : . -0.01 . :
0 02 04 06 08 1 0 01 02 03 04
Time (s) Time(s)
0.07 c
0.061
£0.0571
2 ] 1/1=112+5 5"
2 0.04
0.031
0.021 -
0.%___ gt
0 001 002 003 004 005 300 400 500 600 700

Time(s) Wavelength(nm)

Figure 3.12: Two exponential fits of 370 nm (A) and 440 nm (B) PMT traces collected during the
single turnover reaction of C14D bound OleTgrn with hydrogen peroxide. Actual PMT data is in
dark grey, two exponential fittings (A and B) are in wine red, and the residuals are colored in navy
blue. The numbers in the figures represent the RRT constants associated with compound | decay
(A) and compound Il formation and decay (B). Both 370 nm and 440 nm PMT trace were fitted
up to 1 s. One exponential fit of 690 nm PMT trace (C) and the same color code was maintained
for this plot also. (D) Difference spectra were generated by subtracting 1 s PDA trace from all
other PDA traces collected during C14D single turnover. Blue spectrum (1 ms) was obtained by
subtracting 1 s PDA trace and clearly shows the features of OleTry compound I, which has a
major absorbance at 373 nm and a minor absorbance at 694 nm. Wine red spectrum (30 ms)
represents the split Soret absorbance at 370 and 445 nm with no absorbance at 694 and 543 and
573 nm (Q-bands).
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3.3.7 Effects of mutations (S26F and E405F) on the mechanism of C-H activation

OleTry monomeric mutants, S26F and E405F, have shown an overall 50% decrease in
reactivity in their respective C14H multiple turnovers. Therefore, thorough transient kinetic studies
on C14H and C14D turnover reactions by OleTry S26F and E405F were carried out to examine
any potential change in the proposed OleT catalytic mechanism.
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Figure 3.13: A, Photodiode array (PDA) spectra of the single turnover reaction between 10 uM
C14H bound OleTgrn S26F and 10 mM H»O, monitored for 1 s at 4°C. B, PDA spectra of the single
turnover reaction between 10 uM C14D- OleTgy S26F and 10 mM H2O, under the same
conditions as in A. Arrows indicate the direction of decreasing and increasing absorbances during
the reactions. C, Two-exponential fit (up to 200 ms) of 440 nm PMT trace collected during the

single turnover reaction of C14H single turnover by the same mutant. The same color code was

maintained as in figures 3.11 and 3.12.

The vast majority of the compound | decomposed before the dead time of the instrument
in C14H turnover by S26F, like OleTry WT. PMT traces collected at 370 nm, and 690 nm from
the same reaction were hard to fit, and hence compound | decay RRT constant could be obtained
directly for C-H bond activation from C14H by S26F mutant. Though the 440 nm trace was easier

to deal with, the fast RRT constant for the compound Il formation phase was faster than the

116



instrument could reliably detect (Table 3.3 and Figure 3.12C). The slower RRT constant, 32+1 s

1, was close to three times faster than the WT enzyme in the C-H activation reaction.
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Figure 3.14: Two exponential fits of 370 nm (A) (fitted up to 1 s) and 440 nm (B) (fitted up to 500
ms) PMT traces collected during the single turnover reaction of C14D bound OleTrn S26F mutant

with hydrogen peroxide. The same color code was maintained in figures 3.11 and 3.12.

However, the 370 nm and 440 nm PMT traces from C14D single turnover by S26F could
be fitted with the usual two-exponential equations. The RRT constants from the faster phases at
370 and 440 nm were in agreement with each other (Table 3.3 and Figure 3.13). Due to the
observed isotopic sensitivity in both, it could be confirmed that compound | was the intermediate
to abstract an H(D) from the Cp-H(D) and subsequently formed compound Il before returning to
the LS state (Figure 3.12A and B). The slower reaction of C-D bond activation helped us to
determine RRT constants at 370 and 440 nm relatively easily, yet we were unable to fit the 690
nm trace, and hence the RRT constant of compound | decay could not be alternatively studied for
comparison. The compound Il decay RRT constants in S26F is 17+3 s, precisely the same as
the WT enzyme in C14D single turnovers (Table 3.3), which hints toward an identical compound
Il stability and decay mechanism. Though the faster RRT constants (at 370 and 440 nm) of C-D
activation here look slightly faster than those from WT single turnovers (Table 3.3), they can be
practically considered the same. These results indicate that S26F mutation most likely does not
alter the fundamental OleT catalytic mechanism of fatty acid decarboxylation, though the overall

fatty acid conversion in S26F was reduced to half.

The same single turnover reactions were carried out with the other monomeric mutant,

OleTrn E405F, and the results are included in Table 3.3. The RRT constants for compound |

117



decay, compound Il formation, and decay were identical to S26F and WT, which again reaffirmed

the unaltered state of the established OleT catalytic cycle?® 29 31 46,51, 53,81, 82
3.3.8 Effects of S26F and E405F mutations on OleTrn spin equilibrium

Transient kinetic studies of C14H and C14D single turnover reaction by OleTrn WT, S26F,
and E405F have revealed that the single point mutations (S26F or E405F) had no major role to
play in the mechanism of fatty acid catalysis, which was not helpful explaining the overall reduction
in product conversion by ~50% in the monomeric mutants. Amaya, J.A. et al. showed that the F-
G loop region in OleT helps anchor the fatty acids in the distal pocket and plays an essential
regulatory role in the chemo- and regioselectivity of the enzyme.®® We did not notice any
significant influence of the OleTrn F-G loop on fatty acid conversion (Figure 3.8B). However, the
substrate-bound OleTrny WT crystal structure shows that the fatty acid tail is close to the dimer
interface (Figures 3.5 and 3.6B). This motivated us to investigate any possible long-range effect
of S26F and E405F mutation in their respective active sites, affecting the catalytic efficiency. The
thermodynamic parameters of the ferric spin-state transition in cytochrome P450s can provide
valuable information about the discrete protein-conformational changes.?3% We performed a
comparative analysis of the thermodynamic parameters associated with the substrate-derived
ferric spin-state transition in OleTgy WT, S26F, and E405F to understand the structural

implications of dimerization.

The dissociation constants (Kp) of C14H for S26F and E405F are 0.9+0.5 and 2.1+0.3 pM,
respectively, which are practically not very different from dimeric OleTrny WT enzyme (Table 3.1).
At 4°C, the WT-C14H complex exhibited ~65% HS content, while the S26F-C14H and E405F-
C14H were 49 and 45% HS, respectively. The same trend of lower LS-to-HS conversion was
observed in the monomeric mutants throughout the measured temperature range (4°-37°C). C14
FA could not perturb the spin equilibrium in the mutants as readily as WT, leading to a modestly

lower percentage of the high-spin hexa-coordinated ferric enzyme.

TheopH of spin equilibrium o b(Figuiehld)dvasi32.9 8.0t h e

and 32.6 kJ/mol for WT-C14H, S26F-C14H, and E405F-C14H (Table 3.4), respectively, indicating
that the process is endothermic in all of them. Usually, the LS active site in P450s is more ordered
as the active site water molecule is involved in H-bonding.®” However, upon substrate binding,
iron (Ill) reorganizes its 3d-orbital electrons and assumes a spin pair-free statei also known as
the high-spin (HS) state and disrupts (at least partially) the active-site H-bonding network®® 78, As

seen in many cytochrome P450s, the spin equilibrium can depend on the nature of the substrate

118

Van



binding in the distal pocket.®” The spin equilibrium in OleTrni s endot her nedftom S obt
WT-C14H Van't Hoff plot (Figure 3.15A and C; Table 3.4) helped us to determine the entropic
contribution (T S) and @GA for the spin equili b(rp@m. The
the equilibrium from all three enzymes indicated that the LS-to-HS transition was mildly favorable.

The spin transition is most facile in WT, followed by S26F. The entropic contribution in WT is the

highest, which explains well why WT-C14H has the highest percentage of HS. A higher entropic

contribution leads to more randomness in the active site, ultimately driving the spin equilibrium

more toward the HS state.

Table 3.4: All thermodynamic parameters of LS-HS equilibrium, %HS content at various

temperatures, and dissociation constant of myristic acid (Kp) from three OleTgrn are presented.

% HS )
%HS | %HS ) | -TpS| @GA
C14H | (No Ko PHA | S A
RN (C14H) | (C14H) (kJ) | (kd/mol)
(MM) | FA) (LM) (kJ/mol) | (K™
(4°C) | (25°C) (25°C) | (25°C)
(25°C)
WT | 150 | 30 65 82 |0.12+0.05| 32.9 |123.1| -36.7 | -3.8
S26F | 150 | 25 49 70 2103 | 31.0 |1112| -33.2 | -2.2
E405F | 150 | 14 45 67 0.9+t05 | 326 |1153| -342 | -1.8

The reported @HA of t kagis23a kitnoltatpld §(85imMisadiom i n P45
phosphate buffer with 100 mM KCI; 1.5 mM camphor)®, and hence the spin transition is
spontaneous in the enzyme upon camphor binding. In addition, it is known that the increase in
local hydrophobicity can alter the oxidation-reduction equilibria for heme compounds®. Therefore,
the camphor binding in P450cam has also been proposed to play a similar role by changing the

redox potential of the ferric form®°,

The doGshin transition is also negative in S26F and E405F-C14H, which means that
the transitions are feasible in these mutants, and the water displacement mechanism probably
remains the same. However, the favorable entropy contribution lowers (Table 3.4). For example,
at 25°C, the E405F-C14H complex goes to ~67% HS than ~70 % in S26F-C14H, although -T S
is more negative in the former. However, that may seem contradictory on paper but can be
explained based on enthalpy changes. As the spin transition in E405F requires higher energy
( pH=3 2. 671akndré sigaificant portion of the energy released by breaking the H-bonding

network (in the active site) is lost in other interactions (e.g., P Eectrostatic,  @hlaar waals, €1C.) apart
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from the spin conversion of iron (l1l). The comparatively lower ferric HS state in S26F and E405F
hints at more water molecules in the active site of these two mutants compared to WT. Probably,
the mutations increase the chances of water access to the active site. Therefore, OleTrn S26F
and E405F may have a relatively higher number of water molecules even in the substrate-

saturated form than OleTrny WT.
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Figure 3.15: The temperature dependence of spin transition of OleTrn WT-C14H complex (a) and

S26F-C14H complex (b). T h e pnWEHCHAH (c)Haadf SR6FC14H8l {(d) spiro r

transitions. The Van't Hoff plots were obtained by plotting the logarithmic ratios of %HS and LS

at different temperatures (4-36°C) and the reciprocal of each temperature on the Kelvin scale.

3.4 Discussion

Despite the promising activity of OleTs, the understanding of their structure-function
relationship is still somewhat limited. In recent years, relevant research groups have investigated
and reported the discovery, mechanistic and structural studies, and application of these enzymes
in the decarboxylation of fatty acids.® 2224 28-31, 46, 51, 53, 76, 77, 82, 90. 1. Qne of the major questions

that need to be elucidated is the primary molecular components responsible for favoring

decarboxylation at the detriment of the hydroxylation.
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3.4.1 The long-range effects of S26F and E405F mutation

Bharadwaj, V.S. et al. have hypothesized that increased flexibility near the end of the
substrate binding pocket could make the fatty acid-binding less favorable.?® In the dimeric form
(OleTrny WT), E405 (K-helix) of one subunit forms two electrostatic interactions with S26 and R30
( Ah@lix) of the adjacent subunit. A, A" helices, and A-A' loop (Figure 3.5A) collectively make the
end of the OleTgrn substrate-binding pocket (Figure 3.5B) and, therefore, are more likely to interact
with the medium-to-long chain fatty acid (C12-C20) tails when bound to the enzyme. Either of the
two mutations (E405F or S26F) alone can break the dimeric form and reorganize the H-bonding
network in that crucial region (Figure 3.5A). The omission of two H-bonds (E405 with S26F and
R30) could make the region more flexible, ultimately making fatty acids more mobile (fewer
hydrophobic interactions) in the binding pocket. No significant spin conversion on C20H binding
toOleT:eL 176 G and ogPdathenstrangthens she notion that the flexibility in the A-A'
helices can affect the spin equilibrium in OleTry monomeric mutants. Also, OleT,e L 1 7 6 G/ 3 a a
(F-G loop) is believed to interact with the fatty acid substrates directly, making the mutation's

effect more pronounced.

In contrast, OleTrn S26F/E405F is farther away from the substrate-binding pocket and
interacts with the substrates indirectly. Molecular dynamics simulations reported here and
elsewhere?® & indicated a possible connection between substrate mobility and the Arg247-fatty
acid electrostatic interaction. Weaker electrostatic interaction between active site arginine and
fatty acid COO" could make H,O activation less effective, ultimately leading to less catalytic

activity.

The differences in the thermodynamic parameters (Table 3.4) observed due to the
breaking of the di mehelix)cand E05H(K-hglix) mutatod ghdy ndt #ide
purely from the structural changes expected to take place near the end of the distal pocket. E264
and N265 of the H-I loop of one sub-unit could be involved in electrostatic interactions with E346
of the adjacent subunit in the dimeric WT form. These interactions would not occur in the
monomers and could bring structural changes to the I-helix, which has the Arg246 residue. Across
the P450 superfamily, I-helix plays several crucial roles in the proton-delivery network for P450
catalysis!® 449293 regioselectivity, and substrate-specificity®*°6. The role of Arginine in OleTs and
CYP152s, in general, has been featured in several recent articles® 24 2% 51, Mutation of the same
residue has resulted in catastrophic effects on overall OleT product outcome?. Therefore, any
structural change on Arg246 can be potentially detrimental to the OleTrn catalysis. As the location

of E264 and N265 are 25 A away from Arg246, the effects of this structural change are possibly
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minor. Thus, the monomeric mutants still convert ~35% of myristic acid in the turnover reaction.
However, due to the possibility of a more direct impact on one of the essential factors in OleT
catalysis, this change could be partially responsible for a ~60% decrease in C14 conversion

OleTgrny monomeric mutants.
3.4.2 The possible effects of S26F and E405F mutations on the distal pocket

We sought the help of molecular dynamics simulations to identify the immediate effects of
dimerization of OleTrn in comparison with monomers. One of the observed effects of dimerization
was increased flexibility of the F and G helices compared with the monomer. For OleTrn bound
to C14, a slight but detectable increase in mobility of F and G helices in the dimer relative to the
monomer was observed, as shown by the RMSD (root mean squared deviation) distribution of
F/G relative to the crystal structure (Figure 3.16). A more pronounced dimerization effect was
observed for ligand-free OleTgrn (ap0), as shown in figure 3.16. The F and G-helix mobility in the
absence of substrate is substantially higher than in the presence of C14, an expected effect due
to stabilizing interactions involving t h ehelides and the substrate. The RMSD distribution of apo
OleTrn shows a first peak slightly above 1 A (Figure 3.16A), corresponding to local fluctuations
around the crystal structure. A second peak is observed around 3 A, corresponding to the F/G
helices displaced in a way to expose the substrate entry channel. The dimeric state exhibits this
second peak broader than the monomeric state, reflecting the higher flexibility of the former. A
third peak around 4.5 A was observed only for the dimeric state (Figure 3.16A), corresponding to
the tip F/G helices and F/G loop folded over the substrate-binding pocket. F-G loop movements
are necessary for substrate entry and product dissociation in OleT®!. Long-range concerted
motions involving the protomers in the dimer might induce higher flexibility on F/G. As shown in
figure 3.18A, no detectable difference in mobility was observed for C14 when bound to the
monomer or the dimer, suggesting that, once the Michaelis complex is formed, the chemical steps

are probably not significantly different in each case.

Therefore, based on our findings from the MD simulations, we propose that flexible F and
G helices aid the binding of substrates and the release of the turnover products in the dimeric
state efficient, consistent with higher activities observed in our enzymatic assays for OleTrny WT
(Figure 3.8A). However, we are sure why that is happening, as the dimerization interface is rigid

and does not directly contact the F/G helices.
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Long-range concerted motions originating in the protomers might induce higher flexibility
on F/G helices of the dimer. However, no detectable difference in mobility was observed for C14
when bound to the monomer or the dimer (Figure 3.18A), suggesting that, once the enzyme-

substrate complex is formed, the catalytic steps are not significantly different in each case.
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Figure 3.17: A, RMSD distribution of F-G helices relative to the crystal structure, showing higher
flexibility in the presence of alkenes compared to b-OH C14 fatty acid. B, MM/PBSA binding free
energies of products, indicating that the decarboxylation of fatty acids leads to a drastic loss its

affinity to OleTgn, but hydroxylation of fatty acids results in a similar affinity.
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3.5 Conclusion

Many enzyme engineering efforts have been made to improve decarboxylation activity,
which is extremely interesting from a biotechnological viewpoint, as those mutations could
diversify the applicability of OleT’": %1979 For the application in the biofuel sector, the enzymes
with higher specificity for smaller substrates are promising for gasoline and biokerosene
production, while enzymes with higher specificity in longer substrates are promising for green

diesel production.

We have reported a new CYP152 decarboxylase from Rothia nassimurium (OleTry) that
exhibits promising features never observed before for peroxygenases. In addition, OleTgrn has
demonstrated high stability and high efficiency in terminal alkene production from short-chain
(C10) and long-chain (C20) fatty acids here, although it has a higher decarboxylase activity short-
to-medium fatty acids at room temperature. The decarboxylation activity against the unsaturated
oleic acid is unique for an OleT. Oleic acid is one of the most abundant fatty acids available in

nature, and drop-in biofuels can also be produced using vegetable oils as renewable feedstocks.

Moreover, the dimeric arrangement that has never been identified before in
peroxygenases CYP152 is interesting, considering the related evolutionary aspects of this

feature. The results obtained here strongly indicate that the quaternary conformation is crucial for
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the proper functionality of the enzyme, primarily for alkene production since the dimeric assembly

stabilizes the native conformation and guarantees the enzyme's activity.

Site-directed mutagenesis and QM/MM studies presented here that a set of determinants
is involved in the subtle decarboxylation mechanism, such as the precise positioning of the
substrate on the active site, the mobility and binding mode of the substrate, rates of products
release and the active-site itself. That way, amino acids from the binding pocket, active-site, and

F-G loop are likely involved in those essential features.
3.6 Acknowledgement

The site-directed mutageneses were carried out by Wesley C. Genoroso at the Brazilian
Biorenewables National Laboratory (LNBR), Brazilian Center for Research in Energy and

Materials, Campinas, S&o Paulo, Brazil.

The steady-state turnover reactions and product quantifications were carried out by Dr.

Leticia Rade and Mayara Chagas de Aliva at LNBR Campinas, S&do Paulo, Brazil.

SEC-MALS and analytical SEC work was performed by Dr. Plinio S. Vieira at LNBR,
Campinas, Sao Paulo, Brazil.

The crystallographic work was done by Dr. Plinio S. Vieira at the Brazilian Biorenewables
National Laboratory (LNBR), Brazilian Center for Research in Energy and Materials, Campinas,

Sao Paulo, Brazil.

The MD studies were performed by Dr. Rodrigo L. Silveira at the Chemistry Institute,

Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.

125



3.7 References

1. Peralta-Yahya, P. P.; Zhang, F.; del Cardayre, S. B.; Keasling, J. D., Microbial
engineering for the production of advanced biofuels. Nature 2012, 488 (7411), 320-328.
2. Zhang, F.; Rodriguez, S.; Keasling, J. D., Metabolic engineering of microbial pathways

for advanced biofuels production. Current opinion in biotechnology 2011, 22 (6), 775-783.

3. Steen, E. J.; Kang, Y.; Bokinsky, G.; Hu, Z.; Schirmer, A.; McClure, A.; del Cardayre,
S. B.; Keasling, J. D., Microbial production of fatty-acid-derived fuels and chemicals from
plant biomass. Nature 2010, 463 (7280), 559-562.

4. Zhou, Y. J.; Kerkhoven, E. J.; Nielsen, J., Barriers and opportunities in bio-based
production of hydrocarbons. Nature Energy 2018, 3 (11), 925-935.

5. Zargar, A.; Bailey, C. B.; Haushalter, R. W.; Eiben, C. B.; Katz, L.; Keasling, J. D.,
Leveraging microbial biosynthet-icdphiCormeraglssf or
opinion in biotechnology; Energy bi 20l7%e45hnol ogy
156-163.

6. Jiménez-Diaz, L.; Caballero, A.; Pérez-Hernandez, N.; Segura, A., Microbial alkane
production for jet fuel industry: motivation, state of the art and perspectives. Microbial
biotechnology 2017, 10 (1), 103-124.

7. Karatzos, S.; van Dyk, J. S.; McMillan, J. D.; Saddler, J., Drop-in biofuel production via
conventional (lipid/fatty acid) and advanced (biomass) routes. Part |. Biofuels, Bioproducts
and Biorefining 2017, 11 (2), 344-362.

8. Karatzos, S.; McMillan, J. D.; Saddler, J. N. The Potential and Challenges of Drop-in
Biofuels; IEA Bioenergy: 2014.
9. Rye, L.; Blakey, S.; Wilson, C. W., Sustainability of supply or the planet: a review of

potential drop-in alternative aviation fuels. Energy & Environmental Science 2010, 3 (1),
17-27.

10. Qiu, Y.; Tittiger, C.; Wicker-Thomas, C.; Le Goff, G.; Young, S.; Wajnberg, E.; Fricaux,
T.; Taquet, N.; Blomquist Gary, J.; Feyereisen, R., An insect-specific P450 oxidative
decarbonylase for cuticular hydrocarbon biosynthesis. Proceedings of the National
Academy of Sciences 2012, 109 (37), 14858-14863.

11. Rabinovitch-Deere, C. A.; Oliver, J. W.; Rodriguez, G. M.; Atsumi, S., Synthetic biology
and metabolic engineering approaches to produce biofuels. Chem Rev 2013, 113 (7),
4611-32.

126



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wise, C. E.; Grant, J. L.; Amaya, J. A.; Ratigan, S. C.; Hsieh, C. H.; Manley, O. M.;
Makris, T. M., Divergent mechanisms of iron-containing enzymes for hydrocarbon
biosynthesis. JBIC Journal of Biological Inorganic Chemistry 2017, 22 (2), 221-235.
Schirmer, A.; Rude, M. A.; Li, X.; Popova, E.; del Cardayre, S. B., Microbial biosynthesis
of alkanes. Science (New York, N.Y.) 2010, 329 (5991), 559-562.

Reed, J. R.; Vanderwel, D.; Choi, S.; Pomonis, J. G.; Reitz, R. C.; Blomquist, G. J.,
Unusual mechanism of hydrocarbon formation in the housefly: cytochrome P450 converts
aldehyde to the sex pheromone component (Z)-9-tricosene and CO2. Proceedings of the
National Academy of Sciences 1994, 91 (21), 10000-10004.

Rui, Z.; Li, X.; Zhu, X.; Liu, J.; Domigan, B.; Barr, I.; Cate, J. H. D.; Zhang, W., Microbial
biosynthesis of medium-chain 1-alkenes by a nonheme iron oxidase. Proceedings of the
National Academy of Sciences 2014, 111 (51), 18237-18242.

Rude, M. A.; Baron, T. S.; Brubaker, S.; Alibhai, M.; Del Cardayre, S. B.; Schirmer, A.,
Terminal Olefin (1-Alkene) Biosynthesis by a Novel P450 Fatty Acid Decarboxylase from
Jeotgalicoccus Species. Applied and Environmental Microbiology 2011, 77 (5), 1718.
Nelson, D. R., Cytochrome P450 diversity in the tree of life. Biochimica et biophysica
acta.Proteins and proteomics 2018, 1866 (1), 141-154.

Munro, A. W.; McLean, K. J.; Grant, J. L.; Makris, T. M., Structure and function of the
cytochrome P450 peroxygenase enzymes. Biochemical Society transactions 2018, 46 (1),
183-196.

Poulos, T. L.; Finzel, B. C.; Howard, A. J., High-resolution crystal structure of cytochrome
P450cam. J Mol Biol 1987, 195 (3), 687-700.

Poulos, T. L.; Finzel, B. C.; Gunsalus, I. C.; Wagner, G. C.; Kraut, J., The 2.6-A crystal
structure of Pseudomonas putida cytochrome P-450. J Biol Chem 1985, 260 (30), 16122-
30.

Dawson, J. H.; Andersson, L. A.; Sono, M., Spectroscopic investigations of ferric
cytochrome P-450-CAM ligand complexes. Identification of the ligand trans to cysteinate
in the native enzyme. Journal of Biological Chemistry 1982, 257 (7), 3606-3617.

Belcher, J.; McLean, K. J.; Matthews, S.; Woodward, L. S.; Fisher, K.; Righy, S. E. J,;
Nelson, D. R.; Potts, D.; Baynham, M. T.; Parker, D. A.; Leys, D.; Munro, A. W., Structure
and Biochemical Properties of the Alkene Producing Cytochrome P450 OleTJE
(CYP152L1) from the Jeotgalicoccus sp. 8456 Bacterium *. Journal of Biological
Chemistry 2014, 289 (10), 6535-6550.

127



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Matthews, S.; Belcher, J. D.; Tee, K. L.; Girvan, H. M.; McLean, K. J.; Righy, S. E. J,;
Levy, C. W.; Leys, D.; Parker, D. A.; Blankley, R. T.; Munro, A. W., Catalytic
Determinants of Alkene Production by the Cytochrome P450 Peroxygenase OleTJE*.
Journal of Biological Chemistry 2017, 292 (12), 5128-5143.

Hsieh, C. H.; Makris, T. M., Expanding the substrate scope and reactivity of cytochrome
P450 OleT. Biochemical and biophysical research communications 2016, 476 (4), 462-
466.

Matsunaga, |.; Sumimoto, T.; Ueda, A.; Kusunose, E.; Ichihara, K., Fatty acid-specific,
regiospecific, and stereospecific hydroxylation by cytochrome P450 (CYP152B1) from
Sphingomonas pauci mobil i s: S u fhditoxylatibne Lipilg
2000, 35 (4), 365-371.

Lee, D.-S.; Yamada, A.; Sugimoto, H.; Matsunaga, |.; Ogura, H.; Ichihara, K.; Adachi,
S.-i.; Park, S.-Y.; Shiro, Y., Substrate Recognition and Molecular Mechanism of Fatty Acid
Hydroxylation by Cytochrome P450 from Bacillus subtilis: CRYSTALLOGRAPHIC,
SPECTROSCOPIC, AND MUTATIONAL STUDIES *. Journal of Biological Chemistry
2003, 278 (11), 9761-9767.

Girhard, M.; Schuster, S.; Dietrich, M.; Durre, P.; Urlacher, V. B., Cytochrome P450
monooxygenase from Clostridium ac et obut y | i ¢ ufatty acil hydrexylasel
Biochemical and biophysical research communications 2007, 362 (1), 114-119.

Grant, J. L.; Hsieh, C. H.; Makris, T. M., Decarboxylation of Fatty Acids to Terminal
Alkenes by Cytochrome P450 Compound I. Journal of the American Chemical Society
2015, 137 (15), 4940-4943.

Bharadwaj, V. S.; Kim, S.; Guarnieri, M. T.; Crowley, M. F., Different Behaviors of a
Substrate in P450 Decarboxylase and Hydroxylase Reveal Reactivity-Enabling Actors.
Scientific Reports 2018, 8 (1), 12826.

Jiang, Y.; Li, Z.; Wang, C.; Zhou, Y. J.; Xu, H.; Li, S., Biochemical characterization of
t hr e e -ateénwrodicing P450 fatty acid decarboxylases with a halophilic property.
Biotechnology for Biofuels 2019, 12 (1), 79.

Hsieh, C. H.; Huang, X.; Amaya, J. A.; Rutland, C. D.; Keys, C. L.; Groves, J. T.; Austin,
R. N.; Makris, T. M., The Enigmatic P450 Decarboxylase OleT Is Capable of, but Evolved
To Frustrate, Oxygen Rebound Chemistry. Biochemistry 2017, 56 (26), 3347-3357.
Fujishiro, T.; Shoji, O.; Nagano, S.; Sugimoto, H.; Shiro, Y.; Watanabe, Y., Crystal
Structure of H202-d e pendent Cytochrome P450SPU wit

128

ructur

h Its



33.

34.

35.

36.

37.

38.

39.

40.

41.

INSIGHT INTO THE REGIOSELECTIVE HYDROXYLATION OF FATTY ACIDS AT THE
UPOSITION *. Journal of Biological Chemistry 2011, 286 (34), 29941-29950.

Shoji, O.; Fujishiro, T.; Nagano, S.; Tanaka, S.; Hirose, T.; Shiro, Y.; Watanabe, Y.,
Understanding substrate misrecognition of hydrogen peroxide dependent cytochrome
P450 from Bacillus subtilis. JBIC Journal of Biological Inorganic Chemistry 2010, 15 (8),
1331-1339.

Shoji, O.; Fuijishiro, T.; Nakajima, H.; Kim, M.; Nagano, S.; Shiro, Y.; Watanabe, Y.,
Hydrogen Peroxide Dependent Monooxygenations by Tricking the Substrate Recognition
of Cyt oc hr omageRahdicOCCBemEe International Edition 2007, 46 (20), 3656-
3659.

Wang, M.; Roberts, D. L.; Paschke, R.; Shea, T. M.; Masters, B. S. S.; Kim, J.-J. P,
Three-dimensional structure of NADPH1 cytochrome P450 reductase: Prototype for FMN-
and FAD-c ont ai ni n ¢ProeNatt Acadessi USA 1997, 94 (16), 8411.

Ziegler, G. A.; Vonrhein, C.; Hanukoglu, I.; Schulz, G. E., The Structure of Adrenodoxin
Reductase of Mitochondrial P 450 Systems: Electron Transfer for Steroid Biosynthesis.
Journal of Molecular Biology 1999, 289 (4), 981-990.

Green, A. J.; Munro, A. W.; Cheesman, M. R.; Reid, G. A.; von Wachenfeldt, C.;
Chapman, S. K., Expression, purification and characterisation of a Bacillus subtilis
ferredoxin: a potential electron transfer donor to cytochrome P450 Biol. Journal of
inorganic biochemistry; A Special Issue in Honor of William H.Orme-Johnson 2003, 93
(1), 92-99.

McLean, K. J.; Warman, A. J.; Seward, H. E.; Marshall, K. R.; Girvan, H. M.; Cheesman,
M. R.; Waterman, M. R.; Munro, A. W., Biophysical characterization of the sterol
demethylase P450 from Mycobacterium tuberculosis, its cognate ferredoxin, and their
interactions. Biochemistry 2006, 45 (27), 8427-43.

Denisov, |. G.; Makris, T. M.; Sligar, S. G., Cryotrapped Reaction Intermediates of
Cytochrome P450 Studied by Radiolytic Reduction with Phosphorus-32 *. Journal of
Biological Chemistry 2001, 276 (15), 11648-11652.

Denisov, I. G.; Hung, S.-C.; Weiss, K. E.; McLean, M. A.; Shiro, Y.; Park, S.-Y;
Champion, P. M.; Sligar, S. G., Characterization of the oxygenated intermediate of the
thermophilic cytochrome P450 CYP119. Journal of Inorganic Biochemistry 2001, 87 (4),
215-226.

Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G.; Hoffman, B. M.,

Hydroxylation of Camphor by Reduced Oxy-Cyt oc hr o me P450cam:

129



42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Implications of EPR and ENDOR Studies of Catalytic Intermediates in Native and Mutant
Enzymes. Journal of the American Chemical Society 2001, 123 (7), 1403-1415.
Schlichting, I.; Berendzen, J.; Chu, K.; Stock Ann, M.; Maves Shelley, A.; Benson
David, E.; Sweet Robert, M.; Ringe, D.; Petsko Gregory, A.; Sligar Stephen, G., The
Catalytic Pathway of Cytochrome P450cam at Atomic Resolution. Science 2000, 287
(5458), 1615-1622.

Vidakovic, M.; Sligar, S. G.; Li, H.; Poulos, T. L., Understanding the Role of the Essential
Asp251 in Cytochrome P450cam Using Site-Directed Mutagenesis, Crystallography, and
Kinetic Solvent Isotope Effect. Biochemistry 1998, 37 (26), 9211-92109.

Kimata, Y.; Shimada, H.; Hirose, T.; Ishimura, Y., Role of THR-252 in Cytochrome
P450CAM: A Study with Unnatural Amino Acid Mutagenesis. Biochemical and Biophysical
Research Communications 1995, 208 (1), 96-102.

Benson, D. E.; Suslick, K. S.; Sligar, S. G., Reduced Oxy Intermediate Observed in
D251N Cytochrome P450cam. Biochemistry 1997, 36 (17), 5104-5107.

Grant, J. L.; Mitchell, M. E.; Makris, T. M., Catalyt i ¢ strategy for
scission by the cytochrome P450 OleT. Proc Natl Acad Sci USA 2016, 113 (36), 10049.
Wang, X.; Peter, S.; Kinne, M.; Hofrichter, M.; Groves, J. T., Detection and Kinetic
Characterization of a Highly Reactive Hemei Thiolate Peroxygenase Compound I. Journal
of the American Chemical Society 2012, 134 (31), 12897-12900.

Rittle, J.; Green, M. T., Cytochrome P450 Compound I: Capture, Characterization, and C-
H Bond Activation Kinetics. Science 2010, 330 (6006), 933.

Kellner, D. G.; Hung, S.-C.; Weiss, K. E.; Sligar, S. G., Kinetic Characterization of
Compound | Formation in the Thermostable Cytochrome P450 CYP119 *. Journal of
Biological Chemistry 2002, 277 (12), 9641-9644.

Poulos, T. L.; Kraut, J., A hypothetical model of the cytochrome c peroxidase . cytochrome
c electron transfer complex. Journal of Biological Chemistry 1980, 255 (21), 10322-10330.
Amaya, J. A.; Rutland, C. D.; Leschinsky, N.; Makris, T. M., A Distal Loop Controls
Product Release and Chemo- and Regioselectivity in Cytochrome P450 Decarboxylases.
Biochemistry 2018, 57 (3), 344-353.

Groves, J. T.; McClusky, G. A., Aliphatic hydroxylation via oxygen rebound. Oxygen
transfer catalyzed by iron. Journal of the American Chemical Society 1976, 98 (3), 859-
861.

Faponle, A. S.; Quesne, M. G.; de Visser, S. P., Origin of the Regioselective Fatty-Acid

Hydroxylation versus Decarboxylation by a Cytochrome P450 Peroxygenase: What Drives

130

carbo



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

the Reaction to Biofuel Production? Chemistry (Weinheim an der Bergstrasse, Germany)
2016, 22 (16), 5478-5483.

Manley, O. M.; Makris, T. M., 8.12 - Cytochrome P450 Enzyme Mechanisms. In
Comprehensive Coordination Chemistry Ill, Constable, E. C.; Parkin, G.; Que Jr, L., Eds.
Elsevier: Oxford, 2021; pp 254-268.

Amaya, J. A.; Rutland, C. D.; Makris, T. M., Mixed regiospecificity compromises alkene
synthesis by a cytochrome P450 peroxygenase from Methylobacterium populi. Journal of
Inorganic Biochemistry 2016, 158, 11-16.

Andrews, A. C. Biochemical characterisation of peroxygenase enzymes for use in the fuel
industry. University of Manchester, 2021.

Gibson, D. G., Enzymatic assembly of overlapping DNA fragments. Methods in
enzymology 2011, 498, 349-361.

Kabsch, W., XDS. Acta crystallographica.Section D, Biological crystallography 2010, 66,
125-132.

Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K., Features and development of Coot.
Acta crystallographica.Section D, Biological crystallography 2010, 66 (Pt 4), 486-501.
Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J. J.; Moriarty, N. W.;
Mustyakimov, M.; Terwilliger, T. C.; Urzhumtsev, A.; Zwart, P. H.; Adams, P. D., Towards
automated  crystallographic  structure refinement with  phenix.refine.  Acta
crystallographica.Section D, Biological crystallography 2012, 68 (Pt 4), 352-367.
Murshudov, G. N.; Skubak, P.; Lebedev, A. A.; Pannu, N. S.; Steiner, R. A.; Nicholls,
R. A.; Winn, M. D.; Long, F.; Vagin, A. A.,, REFMAC5 for the refinement of
macromolecular crystal structures. Acta crystallographica.Section D, Biological
crystallography 2011, 67 (Pt 4), 355-367.

Chen, V. B.; Arendall, W. B., 3rd; Headd, J. J.; Keedy, D. A.; Immormino, R. M.; Kapral,
G. J.; Murray, L. W.; Richardson, J. S.; Richardson, D. C., MolProbity: all-atom structure
validation for macromolecular crystallography. Acta crystallographica.Section D,
Biological crystallography 2010, 66 (Pt 1), 12-21.

Joosten, R. P.; Long, F.; Murshudov, G. N.; Perrakis, A., The PDB_REDO server for
macromolecular structure model optimization. I[UCrJ 2014, 1 (Pt 4), 213-220.

Myers, J.; Grothaus, G.; Narayanan, S.; Onufriev, A., A simple clustering algorithm can
be accurate enough for use in calculations of pKs in macromolecules. Proteins: Structure,
Function, and Bioinformatics 2006, 63 (4), 928-938.

131



65.

66.

67.

68.

69.

70.

71.

72.

Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A., Development and
testing of a general amber force field. Journal of Computational Chemistry 2004, 25 (9),
1157-1174.

Wang, J.; Wang, W.; Kollman, P. A,; Case, D. A., Automatic atom type and bond type
perception in molecular mechanical calculations. Journal of Molecular Graphics and
Modelling 2006, 25 (2), 247-260.

Bayly, C. I.; Cieplak, P.; Cornell, W.; Kollman, P. A., A well-behaved electrostatic potential
based method using charge restraints for deriving atomic charges: the RESP model. The
Journal of Physical Chemistry 1993, 97 (40), 10269-10280.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuiji, H.; Li, X.; Caricato, M.;
Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H.
P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini, F.;
Eqidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski,
V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, Ki;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Throssell, K.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark,
M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; lyengar,
S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski,
J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16
Rev. C.01, Wallingford, CT, 2016.

Shahrokh, K.; Orendt, A.; Yost, G. S.; Cheatham lii, T. E., Quantum mechanically derived
AMBER-compatible heme parameters for various states of the cytochrome P450 catalytic
cycle. Journal of Computational Chemistry 2012, 33 (2), 119-133.

Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K. E.; Simmerling,
C., ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from
ff99SB. Journal of Chemical Theory and Computation 2015, 11 (8), 3696-3713.
Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.,
Comparison of simple potential functions for simulating liquid water. The Journal of
Chemical Physics 1983, 79 (2), 926-935.

Kastner, J., Umbrella sampling. WIREs Computational Molecular Science 2011, 1 (6),
932-942.

132



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Roe, D. R.; Cheatham, T. E., PTRAJ and CPPTRAJ: Software for Processing and Analysis
of Molecular Dynamics Trajectory Data. Journal of Chemical Theory and Computation
2013, 9 (7), 3084-3095.

Miller, B. R.; McGee, T. D.; Swalils, J. M.; Homeyer, N.; Gohlke, H.; Roitberg, A. E.,
MMPBSA.py: An Efficient Program for End-State Free Energy Calculations. Journal of
Chemical Theory and Computation 2012, 8 (9), 3314-3321.

Surger, M.; Angelov, A.; Liebl, W., Distribution and diversity of olefins and olefin-
biosynthesis genes in Gram-positive bacteria. Biotechnology for Biofuels 2020, 13 (1), 70.
Dennig, A.; Kuhn, M.; Tassoti, S.; Thiessenhusen, A.; Gilch, S.; Bdlter, T.; Haas, T.;
Hall, M.; Faber, K., Oxidative Decarboxylation of Short-Chain Fatty Acids to 1-Alkenes.
Angewandte Chemie International Edition 2015, 54 (30), 8819-8822.

Dennig, A.; Kurakin, S.; Kuhn, M.; Dordic, A.; Hall, M.; Faber, K., Enzymatic Oxidative
Tandem Decarboxylation of Dioic Acids to Terminal Dienes. European Journal of Organic
Chemistry 2016, 2016 (21), 3473-3477.

de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik, S., What Factors Affect the
Regioselectivity of Oxidation by Cytochrome P450? A DFT Study of Allylic Hydroxylation
and Double Bond Epoxidation in a Model Reaction. Journal of the American Chemical
Society 2002, 124 (39), 11809-11826.

Woggon, W.-D.; Wagenknecht, H.-A.; Claude, C., Synthetic active site analogues of
hemei thiolate proteins: Characterization and identification of intermediates of the catalytic
cycles of cytochrome P450cam and chloroperoxidase. Journal of inorganic biochemistry;
Molecular Biometallics in Japan - Bioinorganic Aspects of Cytochrome P450 2001, 83 (4),
289-300.

Woggon, W.-D., Cytochrome P450: Significance, reaction mechanisms and active site
analogues. In Bioorganic Chemistry: Models and Applications, Schmidtchen, F. P., Ed.

Springer Berlin Heidelberg: Berlin, Heidelberg, 1997; pp 39-96.

Reinhard, F. G. C. ; Lin, Y. T. St a@c z ak,

Cytochrome P450 OleT(JE): How Does Substrate Positioning Affect the Product
Distributions? Molecules 2020, 25 (11).

Pickl, M.; Kurakin, S.; Cantu Reinhard, F. G.; Schmid, P.; Pdcheim, A.; Winkler, C. K.;
Kroutil, W.; de Visser, S. P.; Faber, K., Mechanistic Studies of Fatty Acid Activation by
CYP152 Peroxygenases Reveal Unexpected Desaturase Activity. ACS Catalysis 2019, 9
(1), 565-577.

133



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Lange, R.; Bonfils, C.; Debey, P., The Low-Spin z High-Spin Transition of Camphor-
Bound Cytochrome P-450. European Journal of Biochemistry 1977, 79 (2), 623-628.
Lange, R.; Hui Bon Hoa, G.; Debey, P.; Gunsalus, I. C., Spin Transition of CamphorZ
Bound Cytochrome PZ50: 2. Kinetics following Rapid Changes of the Local paH at SubZ
zero Temperatures. European Journal of Biochemistry 1979, 94 (2), 491-496.

Lange, R.; Pierre, J.; Debey, P., Visible and Ultraviolet Spectral Transitions of Camphor-
Bound Cytochrome P-450. European Journal of Biochemistry 1980, 107 (2), 441-445.
Lange, R.; Larrogue, C.; Anzenbacher, P., The cholesterol-side-chain-cleaving
cytochrome P450 spin-state equilibrium. European Journal of Biochemistry 1992, 207 (1),
69-73.

Du, J.; Liu, L.; Guo, L. Z.; Yao, X. J.; Yang, J. M., Molecular basis of P450 OleT(JE): an
investigation of substrate binding mechanism and major pathways. Journal of computer-
aided molecular design 2017, 31 (5), 483-495.

Kassner, R. J., Theoretical model for the effects of local nonpolar heme environments on
the redox potentials in cytochromes. Journal of the American Chemical Society 1973, 95
(8), 2674-2677.

Sligar, S. G., Coupling of spin, substrate, and redox equilibriums in cytochrome P450.
Biochemistry 1976, 15 (24), 5399-5406.

Lin, Y.-T.; de Visser, S. P., Product Distributions of Cytochrome P450 OleTJE with Phenyl-
Substituted Fatty Acids: A Computational Study. International Journal of Molecular
Sciences 2021, 22 (13).

Gandomkar, S.; Dennig, A.; Dordic, A.; Hammerer, L.; Pickl, M.; Haas, T.; Hall, M.;
Faber, K., Biocatalytic Oxidative Cascade for the Conversion of Fatty Acids i nt -0
Ketoacids via Internal H202 Recycling. Angewandte Chemie International Edition 2018,
57 (2), 427-430.

Haines, D. C.; Tomchick, D. R.; Machius, M.; Peterson, J. A., Pivotal role of water in the
mechanism of P450BM-3. Biochemistry 2001, 40 (45), 13456-65.

Martinis, S. A.; Atkins, W. M.; Stayton, P. S.; Sligar, S. G., A conserved residue of
cytochrome P-450 is involved in heme-oxygen stability and activation. Journal of the
American Chemical Society 1989, 111 (26), 9252-9253.

Zhou, D. J.; Korzekwa, K. R.; Poulos, T.; Chen, S. A., A site-directed mutagenesis study
of human placental aromatase. Journal of Biological Chemistry 1992, 267 (2), 762-768.
Hanioka, N.; Gonzalez, F. J.; Lindberg, N. A.; Liu, G.; Gelboin, H. V.; Korzekwa, K. R.,
Site-directed mutagenesis of cytochrome P450s CYP2A1 and CYP2A2: influence of the

134

U



96.

97.

98.

99.

distal helix on the kinetics of testosterone hydroxylation. Biochemistry 1992, 31 (13), 3364-
3370.

Graham-Lorence, S.; Khalil, M. W.; Lorence, M. C.; Mendelson, C. R.; Simpson, E. R.,
Structure-function relationships of human aromatase cytochrome P-450 using molecular
modeling and site-directed mutagenesis. J Biol Chem 1991, 266 (18), 11939-46.

Ma, D.; Zhang, L.; Yin, Y.; Gao, Y.; Wang, Q., Spectroscopic studies of the interaction
between phosphorus heterocycles and cytochrome P450. Journal of pharmaceutical
analysis 2020.

Markel, U.; Lanvers, P.; Sauer, D. F.; Wittwer, M.; Dhoke, G. V.; Davari, M. D.; Schiffels,
J.; Schwaneberg, U., A Photoclick-Based High-Throughput Screening for the Directed
Evolution of Decarboxylase OleT. Chemistry i A European Journal 2021, 27 (3), 954-958.
Bauer, D.; Zachos, |.; Sieber, V., Production of Propene from n-Butanol: A Three-Step
Cascade Utilizing the Cytochrome P450 Fatty Acid Decarboxylase OleT(JE).
Chembiochem 2020, 21 (22), 3273-3281.

135



CHAPTER 4

Biochemical Characterization of a Novel Cytochrome P450, CYP392A13v2, Involved in
the Detoxification of Secondary Plant Metabolites in Two-Spotted Spider Mite

Abstract

Tetranychus urticae, commonly known as two-spotted spider mite (TSSM), are among the
most polyphagous herbivorous pests, feeding on >1000 plant species over 100 families. Such a
wide range of host species demonstrates the tremendous ability of TSSM to neutralize a highly
diverse set of plant defense systems. TSSM is also known to have a high resistance to pesticides.
Genomic analyses of this arthropod herbivore indicated the presence of common detoxifying
enzymes such as cytochrome P450 (CYP) carboxyl/cholinesterases, glutathione S-transferases,
glycosyltransferases, intradiol ring-cleavage dioxygenases (ID-RCDs), salivary proteases, as well
as ABC transporters and lipocalins. These enzyme families are responsible for orchestrating a
remarkable ability to break down the toxic plant metabolites and develop pesticide resistance. In
vivo research has implicated certain CYPs and ID-RCDs in host shift adaptation and pesticide
resistance. However, very little data is available on the structure and functions of these enzymes.
TSSM CYPs mainly belong to the CYP392 and CYP393 families. Thus, in order to characterize
the TSSM CYPs in vitro, we have established the heterologous expression and purification of
CYP392A13v2. The enzyme was modified by truncating the first 38 amino acids in the N-terminus
and introducing an 'AKKTSSKGK' sequence. Furthermore, we have carried out the spectroscopic
characterization of the enzyme and performed substrate-binding titrations with pesticide

compounds to understand the nature of protein-substrate interaction.
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4.1 Introduction

The interactions between herbivores and their host plants evolved over millions of years.'
% Plants develop strategies to fend off their predators by reducing the pest fitness to control
herbivory. At the same time, pests develop mechanisms to overcome plant defense systems.
Plants can produce an extensive range of allelochemicals, many of which are utilized for defense
against their herbivores. The ability to metabolize plant defense compounds is one of the primary
responses that arthropod herbivores have developed during their coevolution with plants.
Therefore, a large majority of herbivores can survive on only one or a few plant species.*
Specialist herbivores encounter high levels of toxins, and some have, in turn, developed
specialized detoxification systems®. A salient example is CYP6B enzymes in Papilio species that
feed on plants that synthesize toxic furancoumarins®. These cytochrome P450s can metabolize
furanocoumarins into nontoxic compounds, and they are considered critical for allowing the
‘escape and radiate' diversification of Papilionidae’. Plants can diversify their defense mechanism
by producing new toxic chemicals, which are detrimental to the herbivores that have not yet
evolved to detoxify the substances effectively. The compounds that have evolved earlier and are
taxonomically widespread are considered less toxic. Therefore, specialist herbivores should be
more tolerant toward the newer poisonous metabolites than generalists.® Exposure to multi-
species host allelochemicals has been shown to affect the toxicity of pesticides.® ° Besides,
metabolic resistance to pesticides relies upon the increased expression of one or more genes

encoding detoxification enzymes.!!

The two-spotted spider mite (TSSM), Tetranychus urticae, is an excellent specimen for
elucidating the relationship between host plant adaptation and pesticide resistance in a systematic
manner. Two-spotted spider mite (TSSM), Tetranychus urticae, is one of the most polyphagous
herbivorous pests, feeding on more than 1,100 host plant species, including 150 crops.'? Such a
large pool of hosts demonstrates that TSSM is exceptionally equipped to forestall a wide range
of plant defense mechanisms.*? 13 Furthermore, TSSM has outstanding adaptability to new hosts
in just 20-25 generations, although an individual population does not perform exceptionally well
with all host plants.* Kant et al.'® and Wybouw et al.1® separately showed that some TSSM
populations could plant-induced responses based on their analysis of plant transcriptional
changes upon host shift. Besides, TSSM undergoes massive reprogramming of its detoxification

capacity upon host shift.t3 17

Acaricides are the most used chemical globally to protect crops from TSSM infestation.*®

However, TSSM has the highest pesticide resistance, making it highly challenging to control the
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population with conventional pesticides.!® Analysis of the TSSM genome revealed multiple gene
families associated with xenobiotic metabolism at its disposal.??? These lineage-specific
expansions (LSE) of protein families involved in xenobiotic metabolism are believed to orchestrate
two-spotted spider mites' ability to quickly develop pesticide resistance and break down the host
plant's defense system.?-?2 A battery of enzymes, including common detoxifying enzymes?® 22
such as cytochrome P450 monooxygenases (CYPs), carboxyl/cholinesterases (CCEs),
glutathione-S transferases (GSTs), UDP-glycosyltransferases (UGTSs), intradiol ring-cleavage
dioxygenases (ID-RCDs), salivary proteases, as well as ABC transporters and lipocalins empower

this organism to metabolize a large number of secondary plant metabolites and pesticides.

Though the detoxifying protein families have been identified by several genomic analyses
on TSSM, very little information is available in the scientific domain regarding the structural,
biochemical, and functional aspects of these enzymes. This lack of knowledge has largely
obscured scientists from understanding the molecular basis of spider mites' phenomenal host
adaptability and resistance to acaricides. To address this problem, we recombinantly expressed
the CYP392A13v2 enzyme in E. coli and purified the active form of the enzyme with an average
yield of ~5 mg/L. CYP392A13v2 is a microsomal cytochrome P450 monooxygenase, and like the
majority of the eukaryotic P450 enzymes, it requires a redox partner protein P450 reductase, for
its function. Although Riga, M. et al. had expressed CYP392A16 (an ortholog of CYP392A13v2)
recombinantly in E. coli, they did not isolate the enzyme from the membrane.? Furthermore, we
completed the basic spectroscopic characterizations of the enzyme. Since we could not express
T. urticae cytochrome P450 reductase, we tried to identify potential surrogate redox partners.
Riga, M. et al. have shown that CYP392A16 could metabolize abamectin, a commonly used
acaricide?®. Based on that finding, we investigated the binding of abamectin with A13v2
spectrophotometrically and determined its dissociation constant (Kp) for A13v2, an ortholog of
CYP392A16. We also examined the binding of hexythiazox, which substantially differs structurally
from abamectin. However, unlike abamectin, hexythiazox did not impart any optical change in the
low-spin resting state of the enzyme. Furthermore, cyanide binding titrations carried out with the
abamectin-bound, and abamectin-free forms of A13v2 demonstrated typical oxidized P450

o

spectral features observed upon C-l i gat i o n -dorfor ligahdrbioding. u
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4.2 Materials and methods
4.2.1 Materials

Q5 High-Fidelity PCR kit, Ndel, Sall, and T4 DNA ligase were purchased from New
England Biolabs (NEB). Plasmid miniprep and gel clean-up kits were obtained from Zymo
research and Promega, respectively. Two-spotted spider mite cytochrome P450 and cytochrome
P450 reductase genes were synthesized by BioBasic Inc. and Integrated DNA Technologies
(IDT), respectively. Primers were also ordered from IDT. Avermectin B1 (abamectin) was bought
from Carbosynth. Hexythiazox and bifenazate were purchased from MCE (MedChemExpress).
IGEPAL CO-630 was obtained from Sigma-Aldrich. Snakeskin Dialysis tubing 3.5K MWCO (35
mm dry) was purchased from Thermo scientific. NaCN was purchased from EM Science. PD 10
desalting column and Amicon ultra-15 30K filters (Concentrator) were obtained from GE
Healthcare and Millipore-Sigma.

4.2.2 Cloning of CYP392A13v2 (Tetur03g00020) into the expression vector

The original peptide sequence of Tetranychus urticae (TSSM) cytochrome P450,
CYP392A13v2 (Protein ID: Tetur03g00020) was obtained from Online Resource for Community
Annotation of Eukaryotes (ORCAE) website. The first 38 amino acid residues, which constitute
the transmembrane helix of CYP392A13v2 (Tetur03g00020), were truncated. Instead, an N-
terminal amino acid stretch (AKKTSSKGK') preceded by a Ndel restriction endonuclease (RE)
site was inserted into the gene to direct the protein to the bacterial plasma membrane. A TEV-
cleavable hexahistidine (6xHis) tag followed by a stop codon and Sall RE site was introduced at
the C-terminus of CYP392A13v2. This modified CYP392A13v2 gene was subsequently cloned
into a pCWORI+ vector (containing a lacl repressor gene, lacUV5 promoter, and double tac
promoters; Ampicillin resistance). The complete DNA sequences of the synthesized
CYP392A13v2 (Tetur03g00020) protein gene and the primers used to sequence the pPCWORI-
CYP392A13v2 plasmid are provided below.
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50
CATATGGCAAAAAAAACATCTAGTAAAGGAAAATTACCTGTTGGCCCGTGGGGCCTGCCGA
TCGTTGGTTACCTGCCGTTCCTGGGTGACCACGTTTACCTGCAGTTCGACCAGCTGAGCAA
AAAATTCGGTCCGGTTTACTGCCTGAAACTGGGTTCTTTCGACGTTGTTCTGGTTTGCGATT
GGCCGCACCTGAAAGACGCTACCTCTAACGACGCGCTGCTGGCGCGCCCGTACGAAACC
CTGGTTCCGGGCTCTGAACGTTCTTTCGCGGAAATGTCCGGTGATCCGTGGCGTCAGCAC
AAACGTCTGTCTCTGCACATCCTGCGTGATGTGGGCCTGGGTAAAAACAAAATCGAAACCC
TGATCAAAGAAGAAATCGATCAGTTCCTGACCACCCTGAACACCGATGGTAAACCGGTTGA
TTTCTCCCAGAAAATCGGTCCGTCTATCTCTAACAACATCGCGATCCTGCTGTTCGGTCAC
AAATACGACTACAACGATCCGGTTAAAATTGAAATGGACCGTGCTCGTGCGTCTTTCACTC
GTCTGTTTAAATTCGCGGGCATTCTGACCTTCCTGCCGTGGCTGACTAAAGTTCTGATCCT
GCTGGGTAAATTCGATGTTCACCTGATCAAGAAAAACTTCATGATTGTTGATGAATTCGTTC
AGGATGAAGTGAACCGTCACCGTGAAAACTACAACGAAAACCACGAAGTAGTTGATTACAT
CGATGGTTACCTGGAAGAACGTAAAAACCGTGAAAAACAGAACATCCCGGAGGACACCTT
CACCCTGAACACCCTGAAACGTAACGCTGCGGCATTCTTCGGTGCGGGCTCCGAAACCGT
GTATTCTACTATGGAATGGGCAATTCTGTACCTGGTTAAATACCCGGAATATCAGGAAAAAA
TCCGTTCCGAAATTGCGGACGTTATCGGTTTCGAACGTAAACCGGATTATGCAGATCGTGC
TCGTATGCCGTTCACCATGGCATTCATCCACGAAGTTCAGCGTATCGAATCCATCATCGCG
AACAACCTGCTGCGTCGCGCTAGCGAAGATACCAAAATCGGTAACCACTTCATCCCGAAAG
ATACCCTGGTTATGTTCAACTTCTGGAGCGTTAACCACGACCCGAACCTGTGGCCGAACCC
GGACAAATTCGATCCGACCCGTTACCTGACCGAAGATGGTACTAAAGCAGTTAAACCGCC
GTACCTGATCCCGTTCTCTGCTGGTAAACGTAACTGTCCGGGTGAAGGTCTGGCTAACGTT
GAACTGTTCCTGTACCTGGTTTGCATGGTGCAGCGTTACCGTATCAAAGTTGAACCGGGTA
CTGAAATCTCTTTCGAAGCTGTTTTCGGTATCTCTCGTCGTCCGGCTAACCTGCCGCTGTT
CATCTTCGAAAAAGTTGTTCAC CATCACCACCACCACCAC
TAAGTCGAC 3 6

Ndel RE site and the START codon, 'AKKTSSKGK' strech, , 6xHistidine tag,
STOP codon, and the Sall RE site are colorcoded.

Forward primer (SD_pCW_F): 5'-TCA CAC AGG AAA CAG GAT CAG-3'

Reverse primer (SD_pCW_R): 5-CAG ATC TGC TCA TGT TTG ACA G-3'A
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4.2.3 The heterologous expression and purification of CYP392A13v2

The pCWORI-CYP392A13v2 plasmid was transformed into Escherichia coi DH5 UF' | Q
cells to express the protein. A colony from the transformation plate was inoculated into a 200 mL
Luria-Bertani (LB) media (starter culture) supplemented with 200 mg/ml Ampicillin and was grown
for 15-18 hours at 37°C in a shaker-incubator. The next day, 15 mL of that starter culture were
added to each 2.8 L Erlenmeyer flask containing 1 L terrific broth (TB) (24 g Yeast extract, 12 g
bactotryptone, 2 g bactopeptone, and 4 mL/L 100% glycerol) supplemented with 100 pg/mL
Ampicillin, 500 uM thiamine, and 1 mL 1000x trace metal solution. Those flasks were transferred
to a shaker incubator at 37°C and 200 rpm. When the ODeqo reached ~0.6, the temperature of the
shaker was reduced to 27°C. 500 uM Isopropyl b-D-1-thiogalactopyranoside (IPTG) and 500 uM
5-aminolevulinic acid (U-ALA) were added to the cell cultures once the shaker had cooled down
to 27°C. Cells were harvested 72-96 hours later at 6,000g and 4°C for 15 minutes. Cell pellets
were resuspended in 15 mL of resuspension buffer (100 mM Tris-HCI, 0.5 mM EDTA, 500 mM
sucrose, and 60 pug/mL lysozyme; pH 7.6) for each gram of cell. This resuspension solution was
further diluted with an equal volume of ice-chilled water and left to solubilize for 30 minutes at
4°C. The resuspended cells were centrifuged at 6,000g at 4°C for 20 minutes, and the pellets
were resolubilized in resolubilization buffer (100 mM K:HPO4, 6 MM Mg(CH3COO),.4H,0, 0.1 mM
DTT, and 20% glycerol; pH 7.6). The rest of the purification steps were carried out at 4°C. The
cell solution supplemented with 200 uM phenylmethylsulfonyl! fluoride (PMSF) (in DMSO) was
lysed on a Branson sonifier (at 75 % duty cycle and 70 % output) while keeping the cell solution
(five 2-minutes sonication cycles at 10 minutes apart). Then the cell lysate was centrifuged at
12,0009 for 20 minutes. The supernatant was collected and ultracentrifuged at 100,000g for 90
minutes. The precipitated membrane fractions were collected and were allowed to solubilize in
membrane solubilization buffer (100 mM K;HPO,, 0.1 mM DTT, 20% glycerol, and 0.1% Igepal
CA-630; pH 7.6) for 15-18 hours. After that, the solubilized membranes were ultracentrifuged at
100,000g for 90 minutes. The supernatant solution was loaded onto nickel-nitriloacetic acid (Ni-
NTA) resin equilibrated with 10 column volumes of equilibration buffer (100 mM K:HPO4, 500 mM
NaCl, 0.1 mM DTT, 20% glycerol, and 0.1% Igepal CA-630; pH 7.6). The Ni-NTA resin loaded
with the protein was washed with 10 column volumes of wash buffer (100 mM K>HPO4, 500 mM
NaCl, 0.1 mM DTT, 30 mM imidazole, 20% glycerol, and 0.1% Igepal CA-630; pH 7.6). The
desired protein fraction was eluted from the column with 2-3 column volumes of elution buffer
(200 mM K2HPOQO4, 500 MM NacCl, 0.1 mM DTT, 250 mM imidazole, 20% glycerol, and 0.1% Igepal
CA-630; pH 7.6). Then the collected protein fraction was dialyzed in dialysis buffer (100 mM
K:HPO4, 1 mM EDTA, and 20% glycerol; pH 7.6) in a dialysis bag (3.5K MWCO, 35 mm) at 4°C
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overnight. The dialyzed protein stock was passed through a PD 10 desalting column to remove

the excess detergent and residual imidazole.
4.2.4 Preparation of reduced CYPA13V2-carbon monoxide complex

The UV-Visible spectrum of 8 uM A13v2 was recorded in a 1-cm quartz cuvette on a Cary
60 UV-Vis spectrophotometer. 1 uM methyl viologen was added to the A13v2 solution. A pinch of
sodium dithionite was added to the cuvette to reduce A13v2. The cuvette was sealed with a rubber
septum and parafilmed to stop any leakage of carbon monoxide (CO) gas. CO was purged into
the sealed cuvette, and subsequently, an absorption spectrum of the solution was collected on

the spectrophotometer.
4.2.5 UV-Visible spectroscopy

Cytochrome bs (Cyt bs), rat cytochrome P450 reductase (CPR), spinach ferredoxin (Fd),
and ferredoxin reductase (FdR) were expressed and purified by following previously described
procedures. The concentration of cytochrome bs was determined spectroscopically from the
absorbance asx112mMicnm)nThé ddncentrations of Fd and FdR were determined
using the respective aboMkahazrd 45 dsd@mMpam
1). Rat CPR and NADPH concentrationswereme asur ed using their &b
11 mMiem?) and 3 &6 6.2nmvigmd).2

4.2.6 Substrate binding assays

A 25 mM stock solution of Avermectin B1 (Abamectin) was prepared in a mixture of 80%
DMSO and 20% Triton-100x. The binding titration assay was carried out on a UV-Vis
spectrophotometer and 25°C. Small aliquots of abamectin were added to 1 mL of 5 uM A13v2 (in
KP;) in a quartz cuvette, and an absorption spectrum of the mixture was taken after each addition
of abamectin. 25 mM Hexythiazox and Bifenazate solutions were prepared in 100% DMSO. The
binding titrations of these two compounds were performed in precisely the same way as

abamedctin.

For NaCN binding assays, 50 uM and 100 pM hexythiazox were added to 5 pM A13v2 to
prepare substrate saturated enzyme-substrate (ES) complexes. NaCN was added in small
aliquots to either substrate-free enzyme (just 5 uM A13v2) or substrate-bound enzyme (ES)
complexes from 50 and 500 mM NaCN stocks buffered in KP; (pH 7.4). UV-Vis spectra were
collected 30 seconds after adding each aliquot of cyanide solution to the enzyme or the ES

complexes to ensure complete cyanide binding. The absorption changes at 415 and 439 nm in
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the substrate-free and abamectin-bound A13v2 cyanide titrations were added, and the sum of the
changes was plotted against the total concentration of cyanide. The Hill equation was used to

determine the cyanide dissociation constants (Kcn).2>32 The Hill equation®? is provided below.
WO wiod _ (Equation 4.1)

®Abs is the sum of absorbance changes at 418

concentration; n is a measure of cooperativity, and Bmax is the maximal binding.

The analysis of binding titration data was done following the same procedure described in
chapter 2.
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4.3 Results
4.3.1 Production of Tetranychus urticae CYP392A13v2 in an E. coli expression system

The purified protein was dialyzed in 100 mM K>HPO4, 1 mM EDTA, and 20 % glycerol (pH
7.4) overnight. The average A13v2 (short for CYP392A13v2) yield was ~5 mg/L. Small aliquots
(0.4 and 0.8 mg/mL) of the purified protein were run on an SDS-PAGE gel to determine the purity
of the protein. Only a single band was observed in all four lanes (2 lanes of 0.4 and 0.8 mg/mL
each), indicating clean A13v2 protein (Figure 4.1).

kDA Ladder 04 04 0.8 0.8

245
190

135

100
80
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46

32

Figure 4.1: Purified CYP392A13v2 protein. Proteins are resolved on a 12% SDS-PAGE gel. The
first lane from the left shows the protein ladder of the indicated sizes in kDa (Color pre-stained
protein standard, New England BioLabs). 0.4 mg/mL of the purified protein was loaded on the 3"
and 4" lanes (from the left), and 0.8 mg/mL of the same protein was loaded on the 5" and 6%
lanes. The black arrows point to purified protein bands slightly lighter than 58 kDa. The molecular
weight of the protein is 56.5 kDa, and therefore the 0.4 and 0.8 mg A13v2 protein bands traveled
a little further from at 58 kDa band of the protein ladder.

The protein was most stable in a KP; buffer with 20% glycerol. However, it was found to
be unstable in a KP; buffer with less than 10% glycerol. The dialyzed protein was probably bound
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to imidazole molecules used in the elution buffer (250 mM). The absorption spectrum of dialyzed
proteinhadred-s hi ft ed U, S obams)bands at 360,m214, 582, gnc578 nm (Figure
4.2A magenta spectrum), respectively, which were identical to the reported imidazole bound
P450cam spectra®. The dialyzed protein passed through a small PD 10 size-exclusion column
(desalting column) to remove imidazole. The spectrum taken after the desalting column
resembled aqua-ligated ferric heme spectra* (Figure 4.2A and B violet spectrum).

4.3.2 Optical characterization of CYP39213v2

The UV-Vis spectrum of the oxidized A13v2 cytochrome P450 enzyme (the violet
spectrum in figures 4.2A and B) has a Soret maximum at 416 nmandthe Q-bands at 533 (
band) and -bans)9Genenally(tHe aqua-ligated oxidized CYPs (Fe**) have Soret maxima
at~418 nm**®wi t h a mi nor absor ban éand)@to-860 em. TheeSoretr r ed t C
band and the Q-bands in the A13v2 absorption spectra (Figures 4.2A and B violet) are located
within the usual wavelength range reported for most CYPs. The-b &nd ( U=1cmi)bf mM
A13v2 is slightly mbaadi otehdad)pa fémMme that has bekn
observed in other CYPs, including P450cam.3* 34
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Figure 4.2: A. The UV-Vis spectra of oxidized CYP392A13v2 before and after desalting are
colored magenta and violet, respectively. The color-coded numbers denote wavelengths
correspondi ng t ebands. B.Bhe absorption Epectruanifviblet)bf the water-ligated
oxidized A13v2 enzyme and the dithionite-reduced (aerobically) A13v2 complexed with carbon
monoxide (navy-blue). Inset the difference spectrum (navy-blue) obtained by subtracting the
oxidized protein spectrum from the reduced A13v2-C O ¢ o mp | e x absdkbaricaat Z&nmaq

in the difference spectrum confirmed the active cytochrome P450 enzyme presence.
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The as-purified oxidized protein was reduced aerobically by adding a small sodium
dithionite and subsequently held under a low-pressure CO stream for 30 seconds to prepare the
reduced A13v2-carbon monoxide complex. The Soret maxima and the Q-band of the A13v2-CO
complex were observed at 448 nm and 550 nm respectively, as reported for other CYPs 36 37
(Figure 4.2B; navy-blue spectrum), respectively. A small absorbance at ~426 nm was probably
due to a minor contribution from the inactivated cysteine-thiol ligated reduced A13v2-CO complex,

which generally absorbs ~420 nm®,
4.3.3 Reduction of CYP39213v2 using surrogate redox partner

The T.urticae gene teturl8g03390, which encodes for the only cytochrome P450
reductase protein in the organism, was N-terminally modified by inserting an ompA3 signal
peptide sequence and C-terminally with a TEV cleavable hex-Histidine tags. This modified
T.urticae cytochrome P450 reductase (TUCPR) gene was cloned into pPCWORI+ and pET21b(+)
vectors. However, attempts to express and purify TUCPR have remained unsuccessful thus far.

Researchers often use rat CPR as a surrogate redox partner to support electron transfers
from reductants to microsomal CYPs in the absence of physiological CPR of that enzyme.3® 4°
TuCPR has ~58% sequence similarity with rat CPR*! and is particularly similar in the FAD-NADPH
and FMN-binding domains. Therefore, rat CPR was tested to see if it could support the electron
transfer process to A13v2 as a surrogate redox partner in place of TUCPR based on its structural
similarity with rat CPR.

During the electron transfer experiments, 450 uM of NADPH solution was added
aerobically to a mixture of 3uM A13v2, 6uM rat CPR, 6uM oxidized cytochrome bs (concentration
ratio of 1:2:2) in KP; buffer (100 mM K;HPO4, 1 mM EDTA, and 20% glycerol; pH 7.4) and carbon
monoxide (navy-blue spectrum in figure 3A). The intense Soret band at 414 nm (black spectrum
in figure 4.3A) belongs to oxidized the cyt bs*>“3 and is masking the less intense Soret band (416
nm) of A13v2. The small absorbances at 454 and 480 nm reflected the presence of oxidized rat
CPR*-47 in the mixture. Soon after adding CPR into the mix, the small bands at 454 and 480 nm
had disappeared (navy-blue spectrum; Figure 4.3A), meaning that NADPH reduced the CPR. The
cyt bs Soret peak had red-shifted to 416 nm, and the Q-bands became more intense.** These
optical changes in cyt bs are well-documented and represent a single-electron reduced state of
the protein.** However, no absorbance band was observed at ~450 nm. Another spectrum of the
mixture was collected 30 minutes later (magenta; Figure 4.3A) and exhibited a low-intensity peak

at ~448 nm. That could only be formed if reduced A13v2 was ligated to carbon monoxide (CO)
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as cyt bs does not ligate with CO, and thus cyt bs is unlikely to contribute to the Soret peak at
~450 nm*3, These results indicated that rat CPR was able to reduce A13v2 partially to Fe?* form.
However, the reaction was slow and may reflect differences in the interaction of the non-native
rat reductase with A13Vv2.
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Figure 4.3: A. The reduction of A13v2 by electron transfer from NADPH supported by rat CPR
and cytochrome bs. The black UV-Vis spectrum was collected from a mix of 3 uM A13v2, 6 UM
rat CPR, 6 uM cytochrome bs (1:2:2), and CO in KP; buffer (pH 7.4). The navy-blue spectrum was
collected after injecting 450 uM NADPH into the Al13v2-redox proteins mix. The magenta
spectrum was recorded 30 minutes from NADPH addition. B. This reduction of A13v2 was
supported by spinach ferredoxin and ferredoxin reductase proteins, where NADPH was used as
the source of electrons. The black spectrum represents a mix of 3 pM A13v2, 30 pM ferredoxin
(Fd), 30 uM ferredoxin reductase (FdR) (1:10:10), and CO in KP; buffer (pH 7.4). The navy-blue
and magenta spectra were recorded after adding 450 pM NADPH to the mix and 15 minutes later,

respectively.

Microsomal cytochrome P450s require a single flavoprotein reductase, CPR, for electron
transfers from NADPH to function catalytically in physiological conditions. However, certain CYPs
such as CYP1A2*, P450c17°, and CYP3A4% have been demonstrated to function with E. coli
flavodoxin and flavodoxin reductase proteins*®, and spinach ferredoxin (Fd) and ferredoxin
reductase (FdR) proteins® as well. Thus, we tried to see if A13v2 could accept electrons from
NADPH through spinach ferredoxin and ferredoxin reductase proteins. The black spectrum in
Figure 3B was recorded with the mixture of 3 uM A13v2, 30 uM ferredoxin (Fd), 30 uM ferredoxin
reductase (FdR) (1:10:10), and CO in KP; buffer (pH 7.4). The absorbance at 454 and 480 nm

were from FdR®, and 416 nm was the A13v2 Soret peak. No ~450 nm peak was observed
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immediately after NADPH addition (Navy-blue spectrum; Figure 4.3B), although a relatively small
peak was detected at 448 nm 15 minutes later (magenta spectrum; Figure 4.3B). This shows that
Fd and FdR protein couple could relay the first electrons from NADPH to A13v2 and reduce it to

the ferrous form but with low efficiency, similar to rat CPR.

A13v2, like all other cytochromes P450 monooxygenases** 52 53, requires two electrons
to activate dioxygen and form reactive ferryl-oxo intermediates to oxidize organic molecules. The
first electron transfer to CYPs usually reduces the enzyme's ferric state to the ferrous state®, and
the ferrous heme enzyme subsequently coordinates with O, to form the ferric-superoxo
complex®. Sodium dithionite alone can serve that purpose, as we have demonstrated in figure
4.2. However, the second electron transfer necessary for the formation of the ferric-peroxo
complex sometimes requires the CYP redox partner(s) to play an 'effector' role in addition to
transferring the electron to the ferric-superoxo complex.*¢-*° The second electron transfer is often
the rate-limiting in some CYPs.% It has also been shown that substrate binding increases the
redox potential of low-spin ferric cytochrome P450 enzymes®* ©1, which helps the enzyme to
accept electrons from its cognate redox partner(s)®? 3. This substrate-binding regulated electron
transfer between CYPs and their redox partner(s) also helps minimize the chance of unproductive
electron transfer.5> 6 Riga and co-workers have reported that CYP392A16, an ortholog of
CYP392A13v2, can metabolize widely used acaricide, abamectin.®® Although the physiological
substrate(s) for A13v2 is yet unknown, based on the based results, we used abamectin as a

substrate in this work.
4.3.4 Analysis of substrate binding to A13v2

CYPs are believed to play an essential role in detoxifying xenobiotics and plant secondary
metabolites in TSSM.1? ¢6.67 CYP392A16, CYP392D8, and CYP392D10 were found to be highly
overexpressed in two abamectin-resistant strains of T.urticae, Mar-ab, and MR-VP.®" This
indicated that CYP392A16 might be involved in abamectin detoxification in those two T.urticae
strains. Though we do not know if A13v2 is involved in abamectin detoxification, we selected this
substrate based on the carried out by Riga, M. et al. on CYP392A16 catalyzed abamectin
metabolism.®® Organic compounds like hexythiazox®®, clofentezine®®, and bifenthrin™® are also
administered on a wide range of horticultural crops to manage two-spotted spider mite
infestations. T.urticae is infamous for developing resistance to chemicals used to control their
population.®®72 These active ingredients showed reduced toxicity in Mar-ab, and MR-VP strains

as well.%> 87 However, CYP392A16 did show any activity on these molecules.®® But we decided
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to investigate the molecular interactions of one more substrate, which is structurally different from

abamectin, so we selected hexythiazox for that purpose (Figure 4.4C and D).

Substrate-binding to P450 enzymes plays a very sophisticated role in their function. For
example, substrate-binding can regulate the redox potential in many CYP monooxygenases3* 6%
3 whereas the same event has been implicated in co-substrate activation and regioselectivity in
CYP peroxygenases’®’’. In addition, substrate-binding can change the ligand coordination state
of the central ferric iron in cytochrome P450 enzymes®> '8 7° and this step is often coupled with
a positive jump in the redox potential of the enzyme. The change in ferric heme coordination on
substrate binding can be observed with a shift in the heme absorption spectrum on a UV-Visible
spectrophotometer. The bindings of abamectin and hexythiazox to A13v2 were monitored on a

UV-Vis spectrophotometer for the same reason.

Figure 4.4: A. Avermectin B1 binding titration with A13v2. The Absorbance changes were
monitored in UV-Vis spectrophotometer after adding abamectin in small aliquots. Inset, the
absorbances ( (oA b s ) 0 nmtand388 nm due to the substrate-binding were added, plotted
against substrate concentration, and fitted with Morrison quadratic equation to determine the
dissociation constant (Kp). B. Hexythiazox binding titration with A13v2. No spectroscopic change
was detected at 390 and 418 nm. C. Chemical structure of Avermectin B1 and D. Chemical

structure of Hexythiazox.
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