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ABSTRACT

OleT, a member of the CYP152 family of cytochrome P450s (CYPs), decarboxylates fatty
acids using hydrogen peroxide as an oxidant. The resultant products are a terminal alkene and
carbon dioxide. This C-C cleavage reaction is highly atypical for CYPs, which prototypically
oxygenate substrates, and provides a potential means to enzymatically produce drop-in fuels. OleT
contains a heme-iron cofactor that facilitates decarboxylation through the activation of hydrogen
peroxide. The catalytic cycle, as determined by transient kinetics, includes two ferryl intermediates
known as Compound | (Ole-1) and Compound Il (Ole-Il). Ole-1 performs substrate hydrogen
abstraction and subsequent single electron transfer to Ole-11 induces C—C bond cleavage. Previous
studies of OleT orthologs have demonstrated that chemoselectivity of the enzyme is reinforced, in
part, from exquisite binding of fatty acids within the distal substrate-binding pocket. However, it
has remained unclear how ground-state thermodynamics may also influence OleT ferryl reactivity.
This research probes the impact of heme-electronics on the intermediates of OleT catalysis through
the substitution of native iron-protoporphyrin IX with an iron-mesoporphyrin, which replaces the
heme-vinyl groups with ethyl substituents, and iron-deuteroporphyrin IX, which replaces the
heme-vinyl groups with hydrogen substituents, both of which alter the redox potential of the iron.
Transient kinetic studies at variable temperatures have been used to measure the direct impact of
this alteration on C—H abstraction barriers. Analysis of the Eyring plots has been used to provide
the first full thermodynamic description of Compound | reactivity, revealing the importance of
entropic factors in modulating the process. These results suggest a strong linkage between heme
electronics and the metabolic efficiency of OleT and offer a strategy for modulating the reactivity

of this ubiquitously distributed superfamily of enzymes.
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INTRODUCTION

Recently, the need for alternative fuel sources has become significant to the research
community due to a decrease in resources and growing environmental impact'. Great attention has
been given to the production of fuels from biological sources (i.e., biofuels) as a less
environmentally taxing alternative to harvesting crude oil. “Drop-in” biofuels, or those that are
compatible with the existing transportation machinery, have come to the forefront of research, and
a number of mechanisms for production have been promising'. Several metalloenzymes, including
OleT, have been recognized as targets for manipulating cellular machinery for alkene synthesis
from fatty acids (FAs)>.

A member of the cytochrome P450 (CYP) superfamily of proteins, OleT has been
identified for its olefin synthesis in Jeotgalicoccus sp.® Specifically, OleT is a member of the
CYPI152 family, which is categorized by their utilization of hydrogen peroxide as the native
oxidant, as opposed to dioxygen*. OleT contains a heme center, which is an integral aspect to the
iron-assisted catalysis. The catalytic mechanism for OleT proceeds through the reaction of the
ferric high-spin iron with H202 to generate two intermediates, Compound I, an iron (IV)-oxo
species (shown as 3 in Scheme 1), and Compound II, an iron (IV)-OH species (4), which are both
spectroscopically visible and distinguishable wusing transient rapid-mix stopped-flow
spectroscopy.> ©. OleT metabolism of FAs relies on C—H abstraction from the C3 position by
Compound I (Ole-I) to generate a substrate radical and Compound-II (Ole-II). This step is followed
by oxidative C—C scission induced by proton-coupled electron transfer to Compound II to form
carbon dioxide and the alkene product,® ultimately restoring the ferric-aquo resting state of the

enzyme.
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Scheme 1: Overall catalytic cycle, and accompanying optical spectra, of the OleT oxidative decarboxylation of
fatty acids to terminal alkenes and CO,. The low-spin ferric-aquo resting state (1, blue) converts to the substrate-
bound high-spin form (2, black). Peroxide activation forms the iron(IV)-oxo n-cation radical Compound | (3,
green), and C-H hydrogen atom transfer (HAT) yields the iron(IV)-hydroxo Compound Il (4, red). A proton-coupled
electron transfer (PCET) step regenerates the low-spin ferric-aquo state and initiates decarboxylation of the fatty acid

substrate (5, grey); however, this has not been directly observed.

Research on OleT tends to focus on increasing turnover efficiency, as this enhances its
potential as an economically desirable fuel alternative. Past studies have included identification of
hydrogen peroxide as a co-substrate® 7, pairing OleT with a continuous hydrogen peroxide supply
to improve efficiency®, as well as creating a multi-enzyme assembly to increase the substrate
binding ability of OleT®. Another potential method to affect OleT efficiency is to tune the heme

center, thus changing the redox potential, or the ability to activate hydrogen peroxide.



Until this point, it has remained unclear how ground-state thermodynamics affect the
reactivity of Ole-I and Ole-II. In determining the driving factors behind C-H bond activation,
ground-state thermodynamics must be separated from other factors in order to determine which
has a dominant role in lowering the activation barrier. Thermodynamic parameters, such as redox
potential, of other proteins in the cytochrome family have been reported '°-!2; however, the CYP
family is diverse in its redox partner system, and the parameters determined for one enzyme class
may not be applicable for another enzyme class'2. A recent study'? estimated the redox potentials

of Compound-I and Compound-II as E¢,q_;~ 1.2V and Eg,q_;~ 0.9V in CYP158, another

cytochrome P450 enzyme. Unlike OleT, CYP158 is an oxygen activating cytochrome, so the
reduction potentials may differ from those observed for OleT, which utilizes peroxide as a co-
substrate'*. There appears to be a wide range of redox potentials in the cytochrome family, thus
this study aims to provide more data about the expected thermodynamic values. In addition, the
linkage of resting-state redox parameters on ferryl reactivity have yet to be interrogated.

In order to explore the thermodynamics of OleT, heme cofactor substitution of the native
protoporphyrin IX has been employed to alter redox properties without altering other elements of
the protein that may contribute to catalysis, notably the heme distal pocket and axial thiolate ligand.
Heme cofactor substitution has been shown to alter redox potentials and other thermodynamic
parameters in other heme-cofactor dependent enzymes, such as thiolate-ligated NO synthases
(NOS)'> and histidine-ligated myoglobin'® 7 and horseradish peroxidase!¢. In NOS enzymes in
particular, mesoporphyrin IX (Scheme 2) substitution lowered redox potentials, as mesoporphyrin
has less pi-electron conjugation and is a more electron-rich porphyrin ring compared to

protoporphyin', and so a similar result was expected for OleT. Deuteroporphyrin IX (Scheme 2)



was likely to also lower the redox potential of OleT, due to being similarly more electron-rich,

however literature does not provide a clear precedence for this.

o o) (o}

protoporphyrin IX mesoporphyrin IX deuteroporphyrin IX

Scheme 2: The native porphyrin, protoporphyrin 1X, and the substituted porphyrins employed in this study. In

vivo, all three porphyrins will form an iron-porphyrin complex.

The goal of this work was to directly investigate the full thermodynamic parameters
contributing to Compound I and II reactivity in Cytochrome P450s. Due to the spectroscopically-
active nature of the system, direct measurement of activation barriers, in conjunction with
electropotential measurements, provides a clearer view into the reactivity as compared to previous
work based solely on reduction potentials or density functional theory!'3-18-20, This involved growth
and purification of heme-substituted cytochrome P450 OleT, which was then characterized using
a variety of biophysical methods. Utilizing kinetics, the direct linkage of ground-state

thermodynamic influence on the reactivity of P450 Compound I are reported.



MATERIALS AND METHODS
Reagents

Microbiology reagents and media were purchased from Research Products International.
Antibiotics and isopropyl- B-d-thiogalactopyranoside (IPTG) were purchased from Gold
Biotechnology. Buffers and chloramphenicol were purchased from VWR International. Methyl
viologen, Safranin T, Neutral Red, and sodium hydrosulfite were purchased from Sigma-Aldrich.

Fe-mesoporphyrin IX and Fe-deuteroporphyrin IX were purchased from Frontier Scientific.

Expression and Purification

Native Fe-protoporphyrin IX containing OleTie (OleT-PP) was expressed and purified
following previously published procedures?'. Fe-mesoporphyrin IX and Fe-deuteroporphyrin IX
reconstituted OleTse (OleT-MP and OleT-DP, respectively) were coexpressed with heme importer
ChuA (pChuA), and GroES/GroEL/Tig chaperones. A transformation was performed following
standard protocols®? to insert ChuA and OleTsE plasmids into BL-21 (DE3) competent E. coli cells.
Colonies from the transformation were incubated overnight in 120 mL Luria Broth cultures at 37
°C while shaking with ampicillin (50 pg/L), kanamycin (50 pg/L), and chloramphenicol (35 pg/L)
added.

The 120 mL cultures were used to inoculate large scale (1 L) growths in modified M9
minimal media supplemented with: 0.4% glucose, 10 g/L casamino acids, 2 mM MgSO4, and. 0.1
mM CaClz. The antibiotics ampicillin (50 pg/L), kanamycin (50 pg/L), and chloramphenicol (35
ng/L) were also added in order to select for ChuA, OleT, and the chaperones. Cultures were placed
in a shaker at 37 °C and 200 rpm. Once an ODeoonm between 1.0 and 1.5 was reached, the culture

temperature was lowered from 37 °C to 18 °C and tetracycline (10 pg/L), IPTG (50 uM), and Fe-
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mesoporphyrin IX (2 uM) or Fe-deuteroporphyrin IX (2 uM) were added. Cells were allowed to

incubate and were harvested after 24 hours. The purification protocol followed that of OleT-PP.

Heme Incorporation Confirmation

Heme incorporation was verified in two ways. Following purification, optical spectroscopy
was used to observe Soret maxima shifts relative to that of OleT-PP, consistent with shifts reported
for other heme enzymes!™ 23, Based on studies done with P450cam, blue-shifts of around 13 nm and
8 nm were expected for MP and DP as compared to the native PP, respectively?’. Then, heme
incorporation was further confirmed using analysis by liquid chromatography-mass spectrometry.
The heme was extracted®* from each isolated protein (OleT-MP and OleT-DP) and compared to
standards of Fe-mesoporphyrin IX, Fe-deuteroporphyrin IX, or Fe-protoporphyrin IX. The

incorporation of the non-native porphyrin was determined to be >90% in all cases.

Optical Spectroscopy
Optical spectra were recorded utilizing an Agilent/HP 8453 UV-Vis spectrophotometer.

Optical characterizations were performed using 6-10 uM protein in 200 mM KoHPO4 (pH 7.5).

Fatty Acid Binding Titrations

Binding titrations were performed using 6-10 uM protein in 200 mM K2HPOa4 (pH 7.5). A
10 mM eicosanoic acid (EA) stock dissolved in 70% ethanol:30% Triton X-100 was used for
substrate binding. OleT was prepared substrate-free through the addition of excess H20:2 to
turnover bound fatty acids and desalting. Desalting was done by loading the protein onto a PD-10

desalting column and eluting with 200 mM K2HPOu (pH 7.5). Fatty acid substrate titrations were
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performed by sequentially adding EA to substrate free protein and monitoring absorbance changes.
The absorbance was monitored at Aobs =417 nm and 395 nm for OleT-PP, and absorbance changes
were fit to a Morrison equation using Origin software> ¢. Monitoring absorbances at 417 nm and
395 nm provides a quantitative measurement of the transition from the low- to high-spin
conformation. This method was identical for OleT-MP, however Aobs = 408 nm and 382 nm, and
for OleT-DP Aobs =410 nm and 387 nm. The monitored wavelength shift was necessitated by the
spectral shifts that resulted from heme substitution.

The CO-bound complex was prepared using dithionite solutions that were prepared in
septa-sealed vials. The dithionite solution concentration was determined via optical spectroscopy
in a sealed anaerobic cuvette prior to use with €315 =8 mM™! cm™!. Oxygen-free EA-bound OleT
was prepared in septa-sealed vials and degassed. Dithionite was titrated into the prepared OleT

under anaerobic conditions while monitored via optical spectroscopy.

Multiple Turnover Activity

OleT (5 puM) was incubated with 500 pM fatty acid substrate (solubilized in 70%
ethanol:30% Triton X-100) in 200 mM K2HPOa4 (pH 7.5). Reactions were initiated by syringe
injection of 1000 molar equivalents of H20z2 in the same buffer over the course of one hour while
stirring. 1-hexadecene (100 nmol) was added as an internal standard and the reaction was quenched
with 12 M HCI. The reactions were extracted with equivalent volumes of chloroform and the
organic phases pooled and concentrated to 50-100 pL under a stream of Na. Samples were
derivatized with BSTFA:TMCS, sealed, and incubated in a water bath at 60 °C for 20 minutes.
The samples were analyzed via gas chromatography mass spectrometry. This methodology

remained the same for each heme derivative.
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Transient Kinetics

Transient kinetics were determined using an Applied Photophysics Ltd. SX20 stopped-
flow spectrophotometer. Three molar equivalents protiated or perdeuterated EA were incubated
with 30 uM OleT to form enzyme-substrate (E-S) complexes. The E-S complex was rapidly mixed
with 500 molar equivalents of H202 in 200 mM K2HPO4 (pH 7.5). Data was collected using either
a photodiode array (PDA) or a photomultiplier tube (PMT) for either full spectral analysis or rate
constant determination, respectively. Rate constant determination for Ole-I and Ole-II decay
followed that described in previous work™¢. Ole-I and Ole-II decay rate constants were determined
for OleT-PP by fitting the time-courses at 690 nm and 440 nm to single and double exponential
expressions using ProData viewer. Ole-1I decay rates were determined at 440 nm, as this was
determined to be where the best accumulation and decay of Ole-II was visible. Utilizing ProData
software, Ole-1I rates were determined using the following two-sum exponential expression?!:

Apops = Ao + aye™t1 + g etz

Ole-I decay rates were monitored at 690 nm, and the rates can adequately be fit to single
exponential expressions as it is the only contributing species that absorbs at this wavelength 6. This
methodology was also used for OleT-MP and OleT-DP; however, the wavelengths used for Ole-I

and Ole-II fitting were 684 nm and 430 nm, and 680 and 435 nm, for MP and DP respectively.

Thermodynamic Studies
Thermodynamic parameters on OleT ferryl intermediates were determined for Ole-I and
Ole-II decay rates. The decay rate of these intermediates with protiated and perdeuterated EA was

measured using rapid-mix stopped-flow spectroscopy at temperatures ranging from 4 °C to 25 °C.
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The rates were fit to an Arrhenius plot (Ink vs. 1/T), providing the activation energy (Ea), derived
from the slope of the plot. Fitting the data to an Eyring plot (In (k/T) vs. 1/7T) instead provides AH!
from the slope, and AS* from the intercept, which is equal to 23.76 + AS*/R (in J/mol). This
methodology remained the same for OleT-MP and OleT-DP, however the wavelengths fit for Ole-

I and Ole-II were shifted accordingly.

Reduction Potential Measurements

The reduction potential for OleT was determined spectrophotometrically using a
previously described dye/mediator approach?’. Safranin T (E° = -290 mV) was chosen as a redox
indicator dye for OleT-PP and OleT-DP. Neutral Red (E° = -330 mV) was chosen as a redox
indicator dye for OleT-MP. A 1 mL mixture of 10 uM OleT and 10 uM dye in 200 mM K2HPO4
(pH 7.5) was purged in N2 gas in a septum-sealed glass bottle for 20 minutes while stirring on ice.
The mixture was transferred to an anaerobic cuvette. After initial spectra were taken, anaerobic
dithionite was titrated into the cuvette from a stock between 3 and 5 mM in 1 pL aliquots. After
each addition, multiple spectra were recorded to ensure equilibrium. This was repeated until both
the dye and OleT were fully reduced. Absorbance was recorded at the wavelengths for reduction
of LS-OleT and the reduction of the indicator dye. LS-OleT was reduced at 418 nm, 408 nm, and
409 nm for OleT-PP, OleT-MP, and OleT-DP respectively. Safranin T mediator dye was reduced
at 525 nm and Neutral Red mediator dye was reduced at 450 nm. Data was processed utilizing the

Nernst equation.

. RT, [£8 ;L RT,  (f8
ED = Lgyp + Eln [f_g.:l = Ep = EOP + Eln [é]
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Utilizing Microsoft Excel, the absorbance was adjusted for the appropriate dilution factor and (mV
vs. In(OleTox/OleTred)) was plotted as determined by the Nernst equation. This allows for Ep to

be calculated?. This methodology remained the same for OleT-PP, OleT-MP, and OleT-DP.
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RESULTS AND DISCUSSION
Expression and Purification

Based on the success observed with other heme proteins®® 27 the heme transporter ChuA
was used to incorporate both Fe-mesoporphyrin IX and Fe-deuteroporphyrin IX. For calibration,
OleT with Fe-protoporphyrin IX, the native heme, was also expressed with ChuA.
Supplementation of modified M9 minimal media with the desired porphyrin and metal during
growth allowed for control over the hemes integrated into the protein during growth, as M9 media
is not supplemented with other trace metals and has a low hemin content. This forces OleT
expressed in E. coli grown in M9 media to uptake the iron-porphyrin that is supplemented
exogenously.

All three OleT heme analogs were purified via Ni-NTA and butyl-Sepharose columns,
yielding approximately 30 mg protein per L of culture, typical of P450 growths?¢. Utilizing both
columns ensured the protein was as homogeneous as possible, which was checked using the Rz
ratio. The Rz value for OleT is determined by A41s/A280 and should be as close to 1.6 as possible
28 to limit discrepancies in results that may come from other proteins or contaminants being

present in the samples.

Heme Incorporation

Heme incorporation of Fe-mesoporphyrin IX and Fe-deuteroporphyrin IX was successful
as confirmed via UV-Vis spectroscopy and liquid chromatography-mass spectrometry (LC-MS)
(data not shown). Fe-mesoporphyrin IX incorporation was confirmed through an approximately
15 nm blueshift in the optical spectra, while Fe-deuteroporphyrin IX was suggested through an

approximately 8 nm blueshift in the optical spectra. LC-MS chromatograms of heme-extracted
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proteins confirmed that OleT-MP and OleT-DP did not contain detectable Fe-protoporphyrin IX,

and contained over 90% of the desired porphyrin, confirming successful incorporation via ChuA.

Opftical Features

The optical spectra of OleT reconstituted with both Fe-mesoporphyrin IX (OleT-MP) and
Fe-deuteroporphyrin IX (OleT-DP), as compared to OleT with the native Fe-protoporphyrin IX
(OleT-PP), are shown in Figure 1. The spectra are of the as-purified enzyme in the ferric low-spin
(LS) and high-spin (HS) substrate-bound state, as well as the ferrous-CO bound forms following
reduction and exposure to CO gas. The previously reported values for each form for OleT-PP were
418 nm for LS, 394 nm for HS, and 446 nm for Fe**-CO> °. Substrate binding titrations done with
each heme variant probed the retention of the protein environment after cofactor substitution.
These binding titrations were used to confirm that global binding of the native substrate was not
altered upon heme substitution. Representative binding titrations for OleT-MP, OleT-DP, and
OleT-PP with EA are shown in Figure 2. The previously reported Kp for OleT-PP was ~ 300 nM?,
and necessitates fitting to a Morrison equation due to the high-affinity which obviates the free
ligand assumption.

Optical Spectroscopic and Binding Characteristics of OleT-MP

In the optical spectrum of OleT-MP, each form is observed to exhibit an approximately 15
nm blue-shift of the Soret maximum relative to that observed for OleT-PP. The new LS-MP
maxima is 408 nm, the HS-MP maxima is 382 nm, and the Fe?"-CO-MP maxima is 435 nm.
Substrate binding of EA under saturating conditions was fit to a Morrison equation at 382 nm and
408 nm, based on the previously observed optical shifts. The HS state was observed to accumulate

to approximately 85% HS at 25 °C, slightly lower than OleT-PP, which has been observed to



17

accumulate approximate 90% HS 2%-2%. After fitting, the Kp ~ 0.1 uM, which is comparable to that
measured for OleT-PP.

Optical Spectroscopic and Binding Characteristics of OleT-DP

In the optical spectrum for OleT-DP, each form is observed to exhibit an approximately 8
nm blue-shift of the Soret maximum relative to that observed for OleT-PP. The new LS-DP
maximum is 410 nm, the HS-MP maximum is 387 nm, and the Fe?"-CO-DP maximum is 438 nm.
Substrate binding of EA was fit to a Morrison equation at 387 nm and 418 nm. The HS state was
observed to accumulate to approximately 75% HS at 25 °C. After fitting, a Kp ~ 3 uM was
determined, which is somewhat higher than that measured for OleT-PP.

Conclusions from Optical Binding Studies

Using both the observed, as-purified spectra and the substrate binding parameters, the
optical characterization was successful in demonstrating the thiolate ligand and substrate binding
pocket remained intact throughout heme substitution for both OleT-MP and OleT-DP. If the
substrate binding pocket or thiolate ligand were no longer properly retained, the binding titrations
would not be successful. The protein viability is further verified through kinetic experiments and
metabolism studies outlined below. The blue-shifted maxima observed for OleT-MP and OleT-
DP were consistent for with those observed in other systems!> 3°, Maxima shift observations

additionally allows for indirect heme incorporation confirmation.
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Figure 1: A. The optical spectrum of 10 uM OleT-PP containing adventitiously bound EA low-spin (purple), high-
spin (pink), and ferrous CO-bound (blue). Decayed OleT-PP is shown in grey. B. The optical spectrum of 10 uM
OleT-MP containing adventitiously bound EA low-spin (purple), high-spin (pink), and ferrous CO-bound (blug). The
optical spectrum of as-isolated, adventitiously bound EA is shown in black. C. The optical spectrum of 10 uM OleT-
DP containing adventitiously bound EA low-spin (purple), high-spin (pink), and ferrous CO-bound (blue). Decayed

OleT-DP is shown in grey.
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Figure 2: A. The titration of low-spin OleT-PP eicosanoic acid converts the enzyme to the high-spin state, as fit
through the Morrison equation® (figure modified from Grant et al., 2015). B. The titration of low-spin OleT-MP
eicosanoic acid converts the enzyme to the high-spin state, as fit through the Morrison equation. C. The titration
of low-spin OleT-DP eicosanoic acid converts the enzyme to the high-spin state, as fit through the Morrison
equation. It should be noted that, although the titration of OleT-PP is given in fraction substrate bound, and

OleT-MP and OleT-DP are given in change in absorbance, the Kp values are comparable.
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Transient Kinetic Characterization

Prior to this study, the relationship between porphyrin substitution, which alters the
Fe**Fe?* redox potential and thus potentially ferryl intermediate reactivity has been largely limited
to histidine-ligated heme enzymes!® 31-33, Unlike OleT, these enzymes do not easily cleave
unactivated C-H bonds, such as the C3-H fatty acid abstraction performed by OleT. Moreover,
other studies involving substitution of the metal and heme cofactor of P450 enzymes have been
unable to investigate Compounds I and II individually. This is due to rate-limiting electron transfer
steps that prohibits the ability to directly observe these species for Oz-activating CYPs. The ability
to readily observe these two intermediates in OleT offers an opportunity for thermodynamic
analysis that has not been done prior to this study.

To investigate OleT ferryl reactivity, stopped-flow spectroscopy was utilized to rapidly
mix protiated EA-hse- or deuterated EA-dse-bound reconstituted OleT with 1000 mol. equivalents
of H20:2. The photodiode array spectra obtained from mixing EA-hsg-bound OleT (Figure 3) show
Soret maxima at 370 nm for OleT-PP, 360 nm for OleT-MP and 365 nm for OleT-DP. The
wavelength shifts are mimicked in the ferric and ferrous spectra, linking the effects of heme
substitution between the two electron-conformations. The characteristic n-cation radical signature
is also shifted, as it is typically found at 690 nm for OleT-PP. Ole-I accumulation is maintained
for both reconstituted enzymes, observed at 690 nm for OleT-PP (Figure 4), allowing them to be

used as models to study electronic factors.
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Figure 3: The initial 2 ms trace is shown in red and the final spectrum is shown in blue.
A. Rapid mixing of OleT-PP bound with EA-hsg with 1000 molar equivalents of H.O,. B. Rapid mixing of OleT-
MP bound with EA-hsg with 1000 molar equivalents of H,O,. C. Rapid mixing of OleT-DP bound with EA-hzg
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Figure 4: The initial 1 ms trace is shown in red and the final spectrum is shown in blue. A. Rapid mixing of
OleT-PP bound with EA-d3g with 1000 molar equivalents of H.O.. B. Rapid mixing of OleT-MP bound with
EA-dse with 1000 molar equivalents of H.O,. C. Rapid mixing of OleT-DP bound with EA-d3s with 1000 molar

equivalents of H,O,.

Ole-1 and Ole-11 Reactivity

To investigate the role of heme substitution on the reactivity of Ole-I and Ole-Il, single
wavelength data was collected using a photomultiplier tube (PMT) to determine individual rate
constants, as shown in Table 1. For OleT-PP, Ole-I and Ole-11 decay rates were 25 + 1 s*and 14.4

+0.1stat 277 K, respectively. ko=9.7+0.1 5!
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Figure 5: A. Compound | decay of OleT-MP as measured at 684 nm is fit with a single exponential equation.
B. Compound I1 formation and decay of OleT-MP as measured at 435 nm is fit with a two-summed exponential

expression.

OleT-MP: Compound-I decay, as measured at 684 nm when OleT-MP was EA-dse-bound,
was fit to a single exponential equation to determine the rate constant. Single exponential fitting
reflects a homogenous process, meaning there is a single step to the reaction. OleT-MP-I decay
was measured to be 37 = 1 st at 4 °C (Figure 5). OleT-MP-I accumulation significantly decreased
upon the reaction with EA-hao, as the decay rate is significantly accelerated to over 700 s%, which
approaches the limits of the instrument for accurate rate constant determination. Compared to
OleT-PP, OleT-MP exhibits an approximately 50% faster C-D Ole-1 decay rate as compared to
OleT-PP-I. This is as expected from a more electron-rich heme, and there may be more stability
in the O-H/D bond, which as has been observed in other hydrogen abstracting enzymes34.

Compound-11 decay was measured for OleT-MP at 430 nm (Figure 5), which is the
maximum change in absorbance between OleT-MP-II and LS at 408 nm. The rate of OleT-MP-II
decay can be fit to a double exponential equation, with a formation rate of 700 + 30 s and a decay

rate of 9.7 £ 0.1 s when OleT-MP was EA-hsg bound. The formation rate of 700 £ 30 s’ matches
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that of OleT-MP-1 decay, which is expected. OleT-MP-I11 decay is about 33% slower than OleT-

PP-11 decay, indicating a weakened oxidizing potential.

Table 1: Compound | and Compound Il decay rates as measured at 4 °C for OleT-PP, OleT-MP, and OleT-DP.

Deuterated Decay Rates Protiated Decay Rates | H KIE Reference
Ole-I (s) Ole-Il (s1) | Ole-1(s?) Ole-I KIE
PP ~80 (370 nm) ~10.8 ~ 300 >8 56
PP 25t1(60nm) 144+01 >700 18.12+0.06 | This work
MP 37%1 9.7+01  >700 468+0.05 | This work
DP 111%5 17203  >700 11.04£0.09 | This work

OleT-DP: Compound-I decay, as measured at 685 nm when OleT-DP was EA-dss-bound,

required fitting to a single exponential to determine the rate. OleT-DP-I decay was measured to be

111 +5s?tat 4 °C (Figure 6). OleT-DP-1 accumulation significantly decreased upon binding with

EA-hsg, as the decay rate is significantly accelerated to over 700 s%, which is at the limits of the

instrument. Compared to OleT-PP-I, OleT-DP-I is observed to abstract C-D approximately five

times faster.

Compound-I1 decay was measured for OleT-DP at 435 nm (Figure 6), which is the

maximum difference in absorbance between OleT-DP-II and the LS enzyme. The rate of OleT-

DP-I1 decay can be fit to a double exponential equation, with a formation rate of 700 + 30 s and

a decay rate of 17.2 + 0.3 st when OleT-DP was EA-hazg bound. The formation rate of 700 + 30 s°

! matches that of OleT-DP-I decay, which is expected. OleT-DP-II decay rate is slightly faster than

OleT-PP-I11, indicating a similar or slightly better oxidizing potential.
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Figure 6: A. Compound I decay of OleT-DP as measured at 685 nm is fit with a single exponential equation. B.
Compound 1 formation and Compound Il decay of OleT-DP as measured at 435 nm is fit with a double

exponential equation.

Kinetic Isotope Effect: The kinetic isotope effect (KIE) for Ole-I varies greatly between
the three porphyrin substituents. This is particularly clear between OleT-PP-I and OleT-MP-I, with
the KIE for OleT-MP-I being almost four times smaller than that of OleT-PP-I. The significantly
smaller KIE may be indicative of a different rate determining step. It is possible that the
alterations in the porphyrin are affecting the peroxide activation or hydrogen abstraction in a way
that perturbs the traditional catalytic cycle °.

Activation Thermodynamics

Ole-I: In order to differentiate the effects of the various porphyrin substituents on the first-
order C-H abstraction rate by Compound-I1, a temperature dependence study was done on Ole-I to
measure decay rates from 4 °C to 25 °C when OleT was bound to EA-dsg. OleT bound to EA-hsg
was attempted, however the rates of Ole-l1 decomposition become unreliably fast at elevated
temperatures. Nonetheless, utilizing deuterium-bound substrate allows for the comparison

between porphyrin parameters, as rates remained within the detection limits of the equipment.
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Throughout the temperature-dependence studies, there was approximately a 3-fold rate
change observed over the temperature range probed for each porphyrin. Arrhenius behavior was
observed, with no breaks in the Arrhenius plot. This indicates a uniform reaction coordinate (e.g.,
consistent rate limiting step) across the temperature range. Fitting to an Eyring Plot (In(k/T) vs
(1/T)) (Figure 7), the thermodynamic parameters of Ole-I can be determined and are listed in Table
2. Compared to OleT-PP-I1, Ole-I decay by OleT-MP-I is less endothermic but exhibits a larger
entropic penalty. The magnitude of 4G'is significantly lowered for OleT-MP-1 as well. OleT-DP-
| has similar enthalpic and entropic values to OleT-MP-I, leading to a similar 4G', which is much
also much lower than that of OleT-PP-I. OleT-MP-I and OleT-DP-I have somewhat similar
activation energies, which are both significantly lower than that for OleT-PP-I. The activation
energy for OleT-DP-I is higher than that for OleT-MP-1, by almost 1 kcal/mol. This is likely due
to their differences in entropy, as they have very relatively similar enthalpic values. All three OleT
porphyrin homologs have relatively similar enthalpic values for the Ole-1 reaction and are within
1.5 kcal/mol of each other. There is a significant difference in the Gibbs free energy, however,
which is from the entropic differences between the three porphyrin variants. This entropically-
driven variation in porphyrin-thermodynamics can be observed in other metalloproteins®

Ole-11: Similar studies were done to determine whether the effect seen with Ole-1 was also
seen with Ole-11. OleT was bound to EA-hsg. Similar to Ole-1, Arrhenius dependence was observed
with Ole-I1, with no breaks in the Arrhenius plot. Fitting to an Eyring Plot (In(k/T) vs (1/T)) (Figure
7), the thermodynamic parameters of Ole-11 can be determined and are listed in Table 2. Compared
to OleT-PP-II, OleT-MP-II has somewhat similar enthalpic values, and similar entropic values,

leading to fairly similar values of 4G'. The activation barrier is higher for OleT-MP-II than it is
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for OleT-PP-I, which may be due to increased enthalpic penalties. Taken together, both native and
non-native porphyrin analogs have lower activation barriers for Ole-Il as compared to Ole-I.
Compared to Ole-I, it appears as though enthalpy may play a larger role as compared to
entropy in Ole-1l reactivity. As greater changes are seen with different porphyrin derivatives in
enthalpy, and there is a greater enthalpic penalty for OleT-MP-I11 to yield a larger activation barrier,
this may be the case; however, further studies with other porphyrin derivatives would be necessary

to confirm this as OleT-DP could not be analyzed in this study.
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Figure 7: A. Eyring plot of Compound | decay for all three porphyrin derivatives. OleT-PP is shown in red,
OleT-MP is shown in blue, and OleT-DP is shown in black. Rates were determined through averaging at least
three measurements at each temperature, and error bars represent one standard deviation. B. Eyring plot of
Compound Il decay for all three porphyrin derivatives. OleT-PP is shown in red, OleT-MP is shown in blue, and
OleT-DP is shown in black. Rates were determined through averaging at least three measurements at each

temperature, and error bars represent one standard deviation.
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Table 2: Activation thermodynamic parameters as determined from the Eyring plots in Figure 7 of the Ole-I

decay rates. 4G' is determined at a temperature of 25 °C (298 K).

PPIX-OleTJe Meso-OleT e Deutero-OleT e

Parameter C20D-FA C20H-FA  |C20D-FA C20H-FA C20D-FA C20H-FA

AH (kcal/mol) 8.95+0.09 5.50+0.97  7.57+0.12 6.36+0.75 7.25+0.13

AS (cal/mol) -19.72+0.19 -24.62+3.48 -23.86+0.55 |-22.27+3.12 -23.03+0.35

AG (kcal/mol) 14.83+0.33  |12.84+1.38 9.27+0.17 13.00+£0.75  8.89+0.42

Ea (kcal/mol) [9.55+0.06 6.09+1.8 6.97+0.30 6.95+2.1 7.84+0.39 --

Redox Potential

Based on previous studies, reducing the heme side groups is hypothesized to shift to lower
heme reduction potential®”- 38, The measured potential of substrate-free OleT-PP, using a dye-
mediator approach, indicated a midpoint redox potential of -300 £ 16 mV, as shown by the Nernst
plot (Figure 8).
The redox potential of substrate-free OleT-MP was measured through spectroelectrochemical
methods using a dye-mediator approach. Incorporating OleT-MP led to a significant decrease in
redox potential, with a midpoint potential measured to be -340 = 18 mV (Figure 8). This decrease
in redox potential is consistent with what has been observed in other heme proteins undergoing
MP substitution?>. The redox potential of substrate-free OleT-DP was measured through

spectroelectrochemical methods using a dye-mediator approach. Incorporating OleT-DP led to a
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slight decrease in redox potential, with a midpoint potential measured to be -310 + 10 mV (Figure

8). This decrease in redox potential was as hypothesized, to be in between PP and MP.

3

In (ox/red)
In(ox/red)

In (ox/red)

L]
-4+ Oy
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Figure 8: The Nernst plots for the reduction potentials of A. OleT-PP in the presence of Safranin T mediator
dye; B. OleT-MP in the presence of Neutral Red mediator dye; and C. OleT-DP in the presence of Safranin T

mediator dye.

Several factors can impact the reduction potential of cytochromes, including the
electrostatic charge on the ligand, the donor power of the ligand, the acceptor power of the ligand,
changes in metal ion spin state, and steric factors 3. Axial ligands have been observed to have a
dominant effect over reduction power3®; however, in this scenario the heme retains the same ligand
and surrounding microenvironment in each porphyrin substituent.

Instead, using pKs values, which impact the donor power of the heme®, the redox
potentials reported in this work follow trends previously reported for the porphyrin isomers and
their pKs values?® 3. MP was reported to have the greatest pKs value?® ¥, and has been observed
to have the most negative reduction potential, while PP was reported to have the smallest pKs

value?® 3’ and has been observed to have the least negative reduction potential.

Conclusions
Through the successful in vivo incorporation of MP and DP into OleT, this work explores

the impact of altering reduction potential on thermodynamic properties. For the first time, the
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direct measurement of the influence of ground-state thermodynamics on C-H abstraction by P450
Compound has been explored, as well as how these effects alter Compound I and II reactivity.

Electron Density: One proposed reason for this alteration in reactivity is due to differences

in electron density surrounding the Fe. MP has greater electron density as compared to PP; thus,
this substitution leads to a -40 mV shift in the Fe?*3* redox potential of OleT. The substitution
from PP to MP results in a moderate change in acceleration rate, with OleT-MP being faster that
OleT-PP. Alternatively, DP has less electron density surrounding the Fe as compared to both MP
and PP, but this substitution leads to a -10 mV shift in the Fe?*3* redox potential. The substitution
of OleT-DP resulted in a much greater change in acceleration rate, being faster than both OleT-
MP and OleT-PP. If the alteration in Compound | reactivity was due to electron density around
the Fe, then the trend in reduction potential would need to follow the electron density or vice versa.

Bond Strength: Another, more likely, proposed reason for the alteration in reactivity is due
to alterations in C — H bond strength with the different porphyrin substitutions. Based on the
methods to calculate C — H bond strength by Mittra & Green (2019) C — H bond strength is both
pKa and E° dependent. The energy to break the D-OH bond remains fairly constant for each
porphyrin substitution (Table 3); however, with changes in pKa, there are significant changes in
the energy needed to break the D(C — H) bond. The increase in pKa leads to a lower energy
necessary to break the bond, with OleT-DP requiring the least amount of energy (Table 3). This is
consistent with the reactivity results, as OleT-DP also had the fastest C — H abstraction based on
Ole-1 and Ole-II reactivity. Based on these two proposed mechanisms, it is much more likely that
the changes in reactivity are based on differences in pKa resulting from the porphyrin substitutions.

The higher pKa may make hydrogen abstraction easier.
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Porphyrin pKs values are observed to have a negative linear relationship with activation
energy (Figure 9). As the pKs value of the porphyrin increases, the activation energy of Ole-I
decreases for each porphyrin substituent. Based on previous literature to lower the activation
energy of CYP enzymes through modifications to the iron-cysteine thiolate ligation to increase
pKa?, this relationship is not unexpected but interesting nonetheless and supports the bond energy

theory.

Table 3: Calculated bond strengths based off of pK3®” for OleT-PP, OleT-MP, and OleT-DP.

pKs 237 | AG (kcal/mol) D-OH (kcal/mol) D(C-H) (kcal/mol)
OleT-PP 4.8 14.8 57.3 72.1
OleT-MP 5.8 9.3 57.7 67.0
OleT-DP 5.5 8.9 58.0 66.8

10.0
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Figure 9: The observed pKs versus the calculated activation energy in kcal/mol for each porphyrin substituent.

There is a clear, negative linear relationship between the two parameters.
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Porphyrin modification appears to significantly lower the activation barrier to hydrogen
abstraction by Compound I. This phenomenon appears to be based in entropy, as the enthalpic
factor remains fairly constant throughout the porphyrin modifications (Table 2). The entropic
factor undergoes the most change to result in the lowering of the free energy and the activation

barrier to produce the results reported here.

Future Directions

At this point, more studies are needed to further confirm the results of this work. Additional
porphyrins should be incorporated into OleT, particularly porphyrins that would shift the reduction
potential in the opposite direction. This would confirm the trends observed here. Additionally, it
would be beneficial to develop a method to directly measure the pH and influence of pH on
porphyrin thermodynamics. The proposed pKa mechanism here should be confirmed, however the

method for this needs to be developed.
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