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ABSTRACT: Aldehyde-deformylating oxygenase (ADO) is a
ferritin-like nonheme-diiron enzyme that catalyzes the last step
in a pathway through which fatty acids are converted into
hydrocarbons in cyanobacteria. ADO catalyzes conversion of a
fatty aldehyde to the corresponding alk(a/e)ne and formate,
consuming four electrons and one molecule of O, per turnover
and incorporating one atom from O, into the formate
coproduct. The source of the reducing equivalents in vivo
has not been definitively established, but a cyanobacterial [2Fe-
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28] ferredoxin (PetF), reduced by ferredoxin—NADP" reductase (FNR) using NADPH, has been implicated. We show that both
the diferric form of Nostoc punctiforme ADO and its (putative) diferric-peroxyhemiacetal intermediate are reduced much more
rapidly by Synechocystis sp. PCC6803 PetF than by the previously employed chemical reductant, 1-methoxy-5-methylphenazinium
methyl sulfate. The yield of formate and alkane per reduced PetF approaches its theoretical upper limit when reduction of the
intermediate is carried out in the presence of FNR. Reduction of the intermediate by either system leads to accumulation of a
substrate-derived peroxyl radical as a result of off-pathway trapping of the C2-alkyl radical intermediate by excess O,, which
consequently diminishes the yield of the hydrocarbon product. A sulfinyl radical located on residue Cys71 also accumulates with
short-chain aldehydes. The detection of these radicals under turnover conditions provides the most direct evidence to date for a
free-radical mechanism. Additionally, our results expose an inefficiency of the enzyme in processing its radical intermediate,
presenting a target for optimization of bioprocesses exploiting this hydrocarbon-production pathway.

B INTRODUCTION

Cyanobacteria harness sunlight for reductive fixation of carbon
dioxide, thereby storing light energy in the chemical bonds of
biomolecules such as fatty acids. It was recently discovered that,
in these microbes, abundant C,-fatty acids (n = 14, 16, 18)
serve as the primary substrates for the production of petrodiesel
hydrocarbons, specifically the corresponding C,_, linear alkanes
and alkenes." In the first step of this pathway, the enzyme acyl—
acyl carrier protein (acyl-ACP) reductase (AAR) cleaves the
thioester of its fatty acyl-ACP substrate to produce a fatty
aldehyde, thereby providing the substrate for the second
enzyme, aldehyde-deformylating oxygenase (ADO).'™® ADO
converts the carbonyl group of the aldehyde to formate,
yielding the C,_; alk(a/e)ne."™ An in-depth understanding of
these two reactions, their enzyme catalysts, and the cooperation
of the enzymes’ could facilitate ongoing efforts within the
biotechnology industry to deploy the pathway for production of
diesel fuel in cyanobacteria and heterologous hosts such as
Escherichia coli (Ec).™®

ADO belongs to the ferritin-like diiron-carboxylate oxygen-
ase and oxidase (FDCOO) protein structural superfamily.
Members of this superfamily use the reduced (II/II) state of a
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nonheme-diiron cofactor to activate O, most commonly
resulting in a two-electron oxidation of the primary substrate
via either an early y-peroxo-Fe,"™ adduct or a high-valent
(e.g, Fe,""’V) successor. In the course of substrate oxidation,
the cofactor is also oxidized by two electrons in the balanced
four-electron reduction of O, to the oxidation state of two
water molecules. For this reason, FDCOOs generally require an
auxiliary reducing system to convert the Fe,""/™ product form
of the cofactor generated in each oxidative half-cycle back to
the O,-reactive Fe,'! state.

ADO is unique among known FDCOOs in its use of the
conserved diiron cofactor for a reaction (cleavage of an
aldehyde to formate and an alk(a/e)ne) that at first glance
appears to be redox-neutral (hydrolytic).”> Our published
analysis of the reaction revealed its hidden analogy to other
FDCOO reactions by establishing that it shares the usual
requirements for both electrons and O,, with incorporation of
one atom of O, into the formate product.*>” However, because
ADO does not, by contrast to the other FDCOQOs, oxidize its
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primary substrate, electrons are required from an accessory
reducing system not only for cofactor reduction at the end of
the substrate conversion half-cycle (the usual two electrons)
but also during substrate conversion itself (two additional
electrons).

In our previous studies, we proposed a free-radical
mechanism for the cryptically redox oxygenation reaction
catalyzed by ADO (Scheme 1).>'° The first step in the

Scheme 1. Proposed Free-Radical Mechanism™>'® for ADO
Catalysis”
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“The productive catalytic pathway is shown with black arrows. The
unproductive reaction path described in this work is highlighted in
magenta.

mechanism, addition of O, in bridging mode to the Fe,™™

cofactor in the ADO-aldehyde complex to form a p-peroxo-
Fe,'™ intermediate (B), is analogous to early steps
demonstrated or proposed in the reactions of other
FDCOOs.""™"* The geometry of the resultant u-peroxo-
Fe,"™ complex shown in Scheme 1 is just one of several
possibilities. The initial O, adduct in ADO might well be
structurally distinct from the peroxide-level intermediates in
other FDCOOs to enable the novel reactivity, attack of the O,-
derived ligand on the aldehyde carbonyl to form a Fe,"/!L
peroxyhemiacetal (PHA) intermediate (C), required to ration-
alize the reaction outcome. Reductive cleavage of the O—O
bond in C would generate a gem-diolyl substrate radical (D)
that could undergo f-scission of the C1—C2 bond, forming a
C2-alkyl radical intermediate (Re) and the Cl-derived
coproduct, formate (E). Abstraction of a hydrogen atom
(He) by the alkyl radical from either an amino acid donor in
the active site or, as recent data suggest,"* a coordinated solvent
ligand would form the product hydrocarbon along with either
an amino acid radical or an Fe,"™™ form of the cofactor (F).
Subsequent transfer of a second electron from the reducing
system (and probably a proton) and alkane release would result

in the formate-bound Fe,"/™ state (G). Release of formate,

two-electron reduction of the product y-oxo-Fe,™™ cofactor
back to the Fe,"’" state, and binding of another aldehyde
molecule would prepare the enzyme for the next turnover (A).

Two key features of the proposed ADO mechanism are (i)
provision by the reducing system of a total of four electrons at
three distinct stages of the catalytic cycle and (ii) C1—C2 bond
cleavage by a free-radical mechanism to generate Re as a
precursor to the hydrocarbon product. Indirect evidence for
formation of the proposed Re was provided in two separate
studies employing radical-trapping substrate analogues. 1617
However, another study implied that pathways 1nvolv1ng
heterolytic bond cleavage steps might also be possible.'® For
provision of the required electrons, the published in vitro
studies of the ADO reaction have employed a ferredoxin/
ferredoxin—NADP" reductase system with NADPH (Fd/FNR/
N) or a small molecule mediator, specifically phenazine
methosulfate or 1-methoxy-S-methylphenazinium methyl sul-
fate (MOPMS), chemically reduced by NADH or sodium
dithionite.”'”"” The phenazine system was shown to afford
only half the theoretical yield of products with respect to
reducing equivalents.'” This inefficiency was attributed to
uncoupled or improperly timed electron delivery to the diiron
site by the two-electron reductant. The heterologous spinach
Fd/ENR/N system was found to support very few ADO
turnovers in vitro.”* However, improved activity was
demonstrated for Synechococcus elongatus PCC7942 (Se)
ADO with its cognate Fd/FNR/N systern and in the context
of a Se ADO-Fd-FNR fusion protein.””*' The latter studies
suggested the possibility that this system might be a
physiologically relevant ADO reductant, but no in-depth
analysis of electron delivery was reported. Consequently,
details of how ADO and its reducing partner ensure the
orderly transfer of a total of four electrons at multiple points in
the catalytic cycle have not yet been elucidated, a significant gap
in our understanding of the ADO mechanism.

In this work, we have sought to fill the existing gaps in both
the evidence for a free-radical mechanism and our under-
standing of electron delivery in the ADO reaction. By analogy
to published experiments employing the chemical reducing
system,'’ we examined the efficacy of electron delivery by a
[2Fe-2S] Fd, PetF, from the model cyanobacterium Synecho-
cystis sp. PCC6803 (Syn. 6803) together with its cognate FNR
(encoded by the ss10020 and slr1643 genes, respectively) in
catalysis by Nostoc punctiforme (Np) ADO. The reductions of
the Fe," state and the (putative) Fe,"/"'—PHA intermediate
by this system are both much faster than those by the
phenazine reductant. Reduction of the Fe,"/™—PHA inter-
mediate by the PetF/FNR/N system is also more tightly
coupled to C1—C2 fragmentation, resulting in yields of formate
and (under proper conditions) alkane that approach their
theoretical upper limits with respect to reducing equivalents.
We also show that the rapid reduction of the Fe,"/™—PHA
intermediate by the single-electron donor, PetF, allows for
accumulation of a substrate-derived radical species, which also
accumulates, but to a lesser extent, following the more sluggish
reduction of the intermediate by M*°PMS. The spectroscopic
properties of this radical and its greater accumulation in the
presence of excess O, suggest that it is a peroxyl radical. Its
accumulation correlates with the diminished yield of the
reduced hydrocarbon product, indicating that it is formed by
the addition of O, to the Re in competition with productive
quenching by He transfer. The rapid formation of this radical
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upon reduction of the Fe,”V™-PHA intermediate and in
competition with formation of the hydrocarbon product
provides the strongest evidence yet reported for a free-radical
mechanism. These results expose the limited capacity of the
enzyme to manage its Re intermediate, particularly in the case
of short-chain substrates, and provide an explanation for
previous reports of diminished hydrocarbon productivity at
high concentrations of O,."”** This vulnerability may represent
a target for directed improvement in efforts to deploy the
enzyme in fuel-producing bioprocesses.

B EXPERIMENTAL SECTION

Materials. Technical grade (>85% purity) sodium hydrosulfite
(dithionite), f-nicotinamide adenine dinucleotide phosphate, reduced
disodium salt hydrate (>97%) (NADPH), 2-nitrophenylhydrazine
(97%) (2-NPH), sodium chlorite (NaClO,), spinach ferredoxin,
spinach ferredoxin—NADP* reductase, n-hexadecane, and short-chain
aldehyde substrates (n-octanal and n-decanal) were purchased from
Sigma-Aldrich (St. Louis, MO). 1-(3-(Dimethylamino)propyl)-3-
ethylcarbodiimide (98%) (EDC) was purchased from Alfa Aesar
(Ward Hill, MA). 1-Methoxy-S-methylphenazinium methyl sulfate
(MeOPMS) was obtained from Acros Organics (Morris Plains, NJ). n-
Octadecanal and n-1-["*C]-octanal were synthesized according to
previously described procedures."”* n-1-['*C]-Stearoyl-ACP was
prepared according to a previously published procedure.” Procedures
for syntheses of 2,2-[*H],-decanal, 1-[?’H]-decanal, 3-thiadecanal, and
2,2-[*H],-3-thiadecanal are provided in the Supporting Information
(Scheme S1). n-1-["*C]-Octadecanoic acid and #-1-[*3*C]-octanoic acid
were obtained from Cambridge Isotope Laboratories, Inc. (Andover,
MA). All other chemicals used for protein overexpression and
purification were purchased from Sigma-Aldrich, unless stated
otherwise.

Preparation of Np AAR, Np ADO, Syn. 6803 Fds, Syn. 6803
FNR, and Dechloromonas aromatica Cld. Detailed protocols for
protein overexpression and purification are provided in the Supporting
Information.

The concentration of ADO was determined from absorbance at 280
nm by using a molar absorption coefficient of 22 920 M~"-cm™.'° Iron
content was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) by Mr. Henry Gong at the
Pennsylvania State Materials Research Institute. The concentrations
of ADO given are of diiron cluster, calculated as half the measured iron
concentration.

PetF protein concentration was determined using a Direct Detect
spectrometer (EMD Millipore, Darmstadt, Germany). The fraction of
protein containing the reduced [2Fe-2S]'* cofactor was determined by
EPR spin quantification on a protein sample reduced by treatment
with 10 mM sodium dithionite (Figure S1). A frozen solution of
Cu**—EDTA was used as the spin concentration standard.”® The
concentrations of PetF given are of the [2Fe-2S]'" cofactor.
Chemically reduced PetF was prepared by O,-free incubation of the
oxidized protein with 10 mM sodium dithionite (>2-fold excess with
respect to [PetF] cofactor) at 4 °C for 30 min. The sodium dithionite
was removed and the buffer was exchanged by using a PD-10 desalting
column (G-25 Sephadex medium, GE Healthcare) equilibrated with
O,-free SO mM sodium 2-[4-(2-hydroxyethyl)-piperazin-1-yl] ethane-
sulfonate (HEPES) buffer, pH 7.5.

FNR protein concentration was determined from absorbance at 280
nm by using a molar absorption coefficient of 50 210 M~":cm™". FNR
was reconstituted with equimolar flavin adenine dinucleotide (FAD™)
and filtered through a 30K MWCO Amicon Ultra centrifugal filter
(EMD Millipore, Merck KGaA, Darmstadt, Germany) to remove
excess FAD". The concentration of bound FAD" was determined from
absorbance at 460 nm by using a molar absorption coefficient of
10800 M~"-cm™". The concentrations of FNR given are of the FAD"-
bound form.

Stopped-Flow Absorption Spectroscopy (SF-Abs) and Data
Analysis. SF-Abs experiments were carried out at 5 °C in an Applied
Photophysics Ltd. (Leatherhead, UK) SX20 stopped-flow spectropho-

tometer, which was housed in an anoxic chamber (Labmaster,
MBraun, Stratham, NH). The instrument was configured for
sequential-mixing, an optical path length of 1 cm, and data acquisition
with white light and the photodiode-array (PDA) detector, unless
otherwise indicated. In the first mix, an O,-free solution containing
Fe,"""-ADO (0.033, 0.050, 0.10, 0.20, 0.40 mM) and 10 mM of either
octanal or decanal substrate was mixed with an equal volume of O,-
saturated (1.8 mM at S °C) 50 mM sodium HEPES buffer (pH 7.5).
This solution was allowed to react for 10, 15, or 20 s to accumulate the
Fe,"V/"™_PHA intermediate, according to the formation kinetics
defined in single-mixing experiments employing monochromatic
light and a photomultiplier tube (PMT) detector (Figure S2A). This
reaction solution was then mixed with an equal volume of a solution
containing 0.10 mM chemically reduced PetF. Time-dependent
absorption spectra (1000 points) were acquired on a logarithmic
time base after the second mixing event. The dead-time of the
stopped-flow apparatus is slightly more than 1 ms. Control
experiments, in which the Fe,"/'~ADO-aldehyde complex was
replaced in the first mixing event with O,-free buffer, were carried
out to define the kinetics of oxidation of PetF by O,. Additional single-
mix experiments were carried out to assess the rate of reduction of the
as isolated Fe,"V'—ADO by PetF. Details of reaction conditions are
provided in the figure legends.

AA,,3-versus-time traces monitoring PetF [2Fe-2S]"* oxidation
from experiments with varying PetF:ADO ratios (0.5, 1, 2, 4, 6) were
fit by sums of exponential functions, eqs 1 and 2, corresponding to
parallel first-order reactions with different amplitudes (AA;, AA,,
AA;) and observed rate constants (k,, k,, k;), where A, is the initial
absorbance.

AAps(t) = Ag + AA (1 - e_klt) + AA,(1 - e_kzt) (1)

AAp(t) = Ay + AA (1 — 7)) + AA,(1 — )
+ AA (1 — ) (2)

Single-Turnover Assays for Product Detection. Single-turn-
over ADO assays were performed in the MBraun anoxic chamber. In
glass vials, 30 yL of a solution containing 0.25 mM Fe,'"'—ADO and
12.5 mM 1-[*H]-decanal in § mM sodium HEPES (pH 7.5) was
mixed with 45 yL. O,-saturated (1.8 mM O, at 5 °C) or air-saturated
(0.28 mM O, at 25 °C) 50 mM sodium HEPES (pH 7.5) buffer by
rapid injection via a gastight syringe. After being allowed to react for
10 s (O,-saturated) or 20 s (air-saturated) to accumulate the Fe,"™/"—
PHA intermediate (Figure S2B), this solution was mixed with an equal
volume of reductant solution. In experiments employing PetF as the
reductant, the reductant solution contained chemically reduced PetF
(as described above). For reactions employing the PetF/FNR/N
system, the initial Fe,"/"'~ADQ-aldehyde solution contained O,-free,
oxidized 0.25 mM PetF and 0.25 mM FNR, and the reductant solution
contained NADPH. After mixing with the reductant, the 0.15 mL
reactions were rapidly terminated (after ~1 s) by addition of 0.15 mL
of a solution of 40 ;M hexadecane internal standard in ethyl acetate,
with vigorous vortexing for 30 s. Samples were centrifuged at 16 000g
for 30 min. The top organic layer containing the alkane product was
removed and analyzed on a Shimadzu GCMS-QPS000 gas
chromatography mass spectrometer (GC-MS), as previously re-
ported.” Alternatively, the reactions were quenched in 30 gL of a
solution of 2-NPH and EDC for quantification of the formate
coproduct as its 2-NPH derivative, as previously described.*>'® A 1
mM derivatized propionic acid solution (10 yL) was added to each
sample as an internal standard. The samples (4 pL injections) were
analyzed on a 6410 LC/MS Agilent QQQ spectrometer using a
Hamilton PRP-1 analytical column, as previously described.>'°

Activity Assays. Reactions of the AAR and ADO coupled system
were performed at 37 °C for 1 h. Assays (0.1 mL) contained 10 uM
AAR, 20 uM ADO, 0.20 mM 1-[**C]-stearoyl-ACP, 4 mM NADPH,
7.8 uM (spinach or Syn. 6803) Fd, and 7.8 uM (spinach or Syn. 6803)
FNR. Multiple turnover assays with the ADO variants (0.20 mL) were
performed at S °C for 5 min. Reactions contained 10 uM ADO, 2.5
mM decanal, 0.2 mM M°PMS, and 10 mM NADH. Reactions were
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terminated by mixing with an equal volume of a solution of 40 M
hexadecane internal standard in ethyl acetate with vortexing and were
then centrifuged at 16 000g for 30 min. The top organic layer
containing the aldehyde substrate and alkane product was removed
and analyzed on a Shimadzu GCMS-QP5000, as previously reported.”*

Preparation of Freeze-Quenched Samples for Electron
Paramagnetic Resonance (EPR) and Mdssbauer Spectros-
copies. General procedures for freeze-quench (FQ) EPR and
Mossbauer experiments have been published previously.”>™>”
Sequential-mixing FQ-M0ssbauer experiments were conducted at S
°C by using three syringes that contained (1) 1.4 mM ’Fe'/"~ADO,
16.6 mM decanal and 10 uM Cld; (2) 10 mM NaClO,; (3) 1.4 mM
chemically reduced PetF. The buffer for all three solutions was 50 mM
sodium HEPES, pH 7.5, 10% glycerol. The contents of syringes 1 and
2 were mixed in equal volume, and this solution was allowed to react
for 30 s to generate the Fe,"/""_PHA intermediate (Figure S2C). The
resultant solution was then mixed with an equal volume of the syringe
3 solution, and this solution was allowed to react for 10 ms before
being rapidly frozen (freeze-quenched) in isopentane at —150 °C.

Sequential-mixing FQ-EPR experiments were conducted at 5 °C by
using three syringes. In experiments with high O, concentrations, the
syringes that contained (1) 0.9 mM Fe,'"'-ADO, 16.6 mM octanal or
decanal, and 10 xM Cld; (2) 10 mM NaClO,; (3) chemically reduced
PetF or 0.45 mM M©PMS reduced with 0.23 mM sodium dithionite
(again, all in S0 mM sodium HEPES, pH 7.5, 10% glycerol). In
experiments with low O, concentrations, Cld was omitted from
syringe 1, and syringe 2 contained O,-saturated (1.8 mM O,) 50 mM
sodium HEPES, pH 7.5 buffer, instead of NaClO,. In both cases,
solutions 1 and 2 were mixed in equal volume, and the resultant
solution was incubated for 30 s to generate the Fe,'V_PHA
intermediate (Figure S2D). This solution was then mixed with an
equal volume of the syringe 3 solution, and the resultant solution was
incubated for varying times before being freeze-quenched in
isopentane at —150 °C. Minor deviations from these general
experimental procedures are noted in the appropriate text and figure
legends.

Maossbauer Spectroscopy. Mossbauer spectra were recorded on
spectrometers described previously” from WEB Research (Edina,
MN). The spectrometer used to acquire the weak-field spectra was
equipped with a Janis SVT-400 variable-temperature cryostat. The
external magnetic field was applied parallel to the y beam. All isomer
shifts quoted are relative to the centroid of the spectrum of a-iron
metal at room temperature. Simulations of Mossbauer spectra were
carried out with the WMOSS spectral analysis software (www.wmoss.
org, WEB Research, Edina, MN).

Continuous-Wave (CW) EPR Spectroscopy. X-Band (~9.5
GHz) EPR spectra were acquired on a Bruker ESP-300 spectrometer
equipped with an ER/4102 ST resonator (Bruker), an Oxford
Instruments continuous helium flow cryostat, and an Oxford
Instruments temperature controller (ITC 502). For all experiments,
quartz tubes with 3 mm inner and 4 mm outer diameter were used
(QSI). The first-derivative EPR spectra were simulated with the
MATLAB-based (Mathworks) EasySpin simulation software (http:/ /
easyspin.org/).>®

Pulse EPR Spectroscopy. Pulse X-Band (~9.5 GHz) and Q-band
(~34 GHz) field-swept EPR spectra and hyperfine sublevel correlation
(HYSCORE) spectra were acquired on a Bruker ELEXSYS ES80
spectrometer equipped with a home-built intermediate frequency (IF)
extension (designed and fabricated by Dr. Alexey Silakov of Penn State
University) of the SuperX-FT X-band bridge.*” Field-swept electron-
spin—echo-detected EPR spectra were recorded using the two-pulse
echo sequence (7/2—7—n—7—echo). HYSCORE experiments were
recorded with the standard pulse sequence (n/2—1—1/2—t,—n—ty—1/
2) and were measured at the field positions corresponding to the
principal orientations of the g-tensor. Simulations of the HYSCORE
spectra were carried out with the freely available MATLAB-based
software KAZAN viewer (https:/ /sites.google.com/site/silakovalexey/
kazan-viewer/) developed by Dr. Alexey Silakov (Penn State
University) and Prof. Boris Epel (University of Chicago).

Density Functional Theory (DFT) Calculations. Geometry
optimizations and single-point energy calculations were carried out
with the ORCA software package.”® The structures of the peroxyl
radicals considered were first geometry optimized without any
restrictions. The optimized geometries were further used as inputs
for the calculations of the EPR parameters (g-tensors and A-tensors).
All calculations were performed with the unrestricted Hartree—Fock
method employing the B3LYP density functional. The TZVP basis set
was used for all atoms. The conductor-like screening model
(COSMO) was employed to account for electrostatic screening by
the protein. A dielectric constant (&) of 4 was assumed, consistent with
previous studies.>’ Calculations were performed on both the
CyH 300e radical and its 2-thia analogue. Calculations were also
performed on the Re precursor for purposes of comparison and to
provide additional evidence for the favored assignment of the detected
species as a peroxyl radical.

B RESULTS

Identification of Syn. 6803 ss/l0020 Fd, PetF, as an
Efficient ADO Reductant. The genome of the
cyanobacterium Syn. 6803 contains seven genes encoding
putative Fds ([2Fe-2S]- or [4Fe-4S]-containing) and one
encoding a FNR (FAD—containing).32 All seven Syn. 6803 Fds
were heterologously expressed, purified, and assessed in vitro
with the recombinantly produced Syn. 6803 FNR for the
capacity to support turnover by Np ADO. Coupled AAR/ADO
reactions were carried out to monitor conversion of the
stearoyl-ACP substrate to the octadecanal intermediate and
finally to the heptadecane product. After a standard incubation
of 1 h, the highest heptadecane yield was observed in the
presence of the [2Fe-2S] cluster-containing Fd protein encoded
by the Syn. 6803 ssl0020 gene, also known as PetF (Figure S3,
purple). When PetF was employed, octadecanal was not
detected, indicating that all of the aldehyde intermediate
produced by AAR was subsequently converted by ADO to
heptadecane. Reactions performed with the spinach Fd/FNR
system led to lesser heptadecane yields (Figure S3, blue) and
accumulation of the aldehyde intermediate, in agreement with
previous reports by us’ and others®® that this system supports
only modest ADO activity. Thus, the cyanobacterial Syn. 6803
5510020 Fd, PetF, was selected for use in single-turnover
experiments on the basis of its ability to support the greatest
ADO activity.

Verification That Reduction of the Fe,"""'-PHA
Intermediate by PetF/FNR/N Is Productive. Two electrons
are required for productive reduction of the Fe,""—PHA
intermediate to formate and alkane. Thus, with a sample
containing only the intermediate form of the enzyme, the
theoretical reaction stoichiometry would be 2:1 PetF:ADO. To
determine the experimental stoichiometry, the Cl-derived
product, formate, was quantified in manually chemically
quenched samples prepared by treatment of the preformed
intermediate with varying molar ratios of a reductant. With the
chemically reduced PetF as reductant, a stoichiometry of 0.58
equiv of formate per 2 equiv of PetF (two electrons) was
obtained (Figure 1, blue). This value deviates from the
theoretical stoichiometry (1 formate per 2 electrons),
demonstrating an uncoupling of electron delivery and product
formation, as previously observed with the phenazine
reductant.'” In contrast, when FNR was included in equimolar
quantity with PetF and ADO and the two-electron donor
NADPH was used as the electron source, the experimental
stoichiometry increased to 0.96 formate per 2 electrons (Figure
1, black), very close to the theoretical value. Thus, the
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Figure 1. Formate production in single-turnover ADO assays utilizing
different reducing systems. The accumulated Fe,"/"™-PHA inter-
mediate was reacted for ~1 s with varying molar ratios of reductant:
either chemically reduced PetF (blue) or NADPH (black) in the
presence of oxidized PetF and oxidized FNR in equimolar ratios with
ADO (0.050 mM final). Data are averages of at least three replicate
assays.

reduction of the Fe,"V"™—PHA intermediate via the PetF/
FNR/N system is tightly coupled to product formation.

SF-Abs Evidence for Rapid Reduction of the Fe,""—
PHA Intermediate by PetF. The kinetics of the reaction of
the Fe,/™-PHA intermediate with reduced PetF were
monitored by sequential-mixing SF-Abs spectroscopy (Figure
2). In the first mix, the Fe,””"~ADO-aldehyde complex was
reacted with O,-saturated buffer to permit maximal accumu-
lation of the Fe,"”™—PHA intermediate (Figure S2A),"" which
was then reacted in a second mix with chemically reduced PetF.
Time-dependent absorption spectra obtained after the second
mix (Figure 2A) reflect, primarily, oxidation of the [2Fe-2S]'"
form of PetF to the [2Fe-2S]** form (increasing absorption at
330, 423, and 465 nm; see also Figure S4A).

The ADO concentration was varied at a constant PetF
concentration in order to delineate the kinetics of oxidation of
the [2Fe-28]'* cluster in PetF by the Fe,/'—PHA
intermediate and the Fe,"™ cluster forms. For all ratios of
PetF:ADO examined, the same overall change in absorbance at
423 nm was observed (Figure 2B). This constant value of
AA,; (0.18) is consistent with complete PetF oxidation
(Figure S4B). However, as expected, the kinetics of oxidation
depend on whether the ADO intermediate is present at
sufficiently high concentration to oxidize the PetF entirely itself
(at low PetF:ADO) or, alternatively, the product Fe,"™/!
cluster and/or additional turnovers must also contribute to
PetF oxidation (at high PetF:ADO).

Experiments with PetF:ADO < 2. In the experiments with
either 0.5:1 or 1:1 PetF:ADO (Figure 2B, blue and pink traces),
the kinetic traces had a high initial absorbance, demonstrating
that the majority of the PetF undergoes oxidation within ~1 ms
(the dead-time of the measurements). This oxidation is
illustrated by comparison of the PetF absorption spectrum at
1 ms to the mathematically generated spectrum for time zero
(Figure 2A, purple and black traces). Due to this limitation in
data acquisition, the kinetics of PetF oxidation in these
reactions could not be reliably analyzed. Nevertheless, a lower
limit of >500 s™' could be set for the apparent first-order rate
constant of this rapid oxidation. A slow exponential decay phase
was also observed, most discernible in the trace from the
experiment with 0.5 equiv of PetF:ADO (Figure 2B, blue
trace). The observed decay rate constant, k,, = 0.017 s,
correlates well with that reported for the unproductive decay of
the Fe,V™_PHA intermediate (4., = 450 nm) to a p-oxo-
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Figure 2. Sequential-mixing SF-Abs experiments monitoring PetF
oxidation upon reaction with the Fe,""—PHA intermediate. (A)
Time-dependent absorption spectra after mixing the accumulated
Fe,"""_PHA intermediate with 2 equiv of chemically reduced PetF
(0.050 mM final). The Fe,""_PHA intermediate was generated by
mixing the Fe,"/"~ADO-octanal complex with O,-saturated buffer and
incubating for 15 s. The “0” ms reference spectrum was constructed
mathematically by addition of the spectra of the chemically reduced
PetF and the Fe,"V"'—PHA intermediate (Figure S4C). (B) Kinetic
traces monitoring PetF [2Fe-2S]"* oxidation by the increase in
absorption at 423 nm in experiments in which the ADO concentration
was varied at a constant concentration of chemically reduced PetF
(0.050 mM final). Dashed lines are the fits described in the
Experimental Section. (C) Comparison of the kinetics of oxidation
of 2 equiv of PetF (A = 423 nm) or 1 equiv of ¥*°PMS (4 = 388 nm)"’
upon reaction with the Fe,"V''—PHA intermediate. The intermediate
was accumulated by mixing a solution of 0.1 or 0.3 mM Fe,""~ADO
(PetF or MOPMS experiment, respectively) and 10 mM decanal with
an equal volume of O,-saturated buffer and incubating for 15 s before
the second mixing event.

Fe,M species (An, = 350 nm) under the intense,
polychromatic incident light employed in this experiment.'

In the experiment with 2:1 PetF:ADO (Figure 2B, green
trace), the kinetic trace was best fit by a sum of two exponential
functions with observed rate constants of 460 s~ and 42 s™*
and amplitudes of AA,,; = 0.12 and 0.051, respectively. These
rate constants are significantly greater than those associated
with the slow oxidation of PetF observed in control
experiments in which ADO was either used in its as-isolated
p-oxo-Fe, ™™ form (Figure SSA) or omitted entirely (Figure
S4B). These results establish that the rapid oxidation of PetF
with PetF:ADO < 2 is mediated by the Fezm/ T_pHA
intermediate.
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Experiments with PetF:ADO > 2. With 4 equiv of
PetF:ADO (Figure 2B, orange trace), the kinetic trace could
be fit by an equation for three parallel exponential processes.
Rapid oxidation of approximately half of the PetF (AA,,; =
0.085) occurred with observed rate constants of 440 s™ and 56
s”'. These rate constants are comparable to those observed
with 2:1 PetF:ADO, indicating that this fast phase represents
oxidation of 2 equiv of PetF by the Fe,"/™—PHA intermediate.
The remaining half of the PetF (AA,,; = 0.094) was oxidized
with a markedly diminished observed rate constant, 0.86 s~
Control SF-Abs experiments, in which as-isolated p-oxo-
Fe,™_ADO was reacted with reduced PetF (Figure SS),
gave a comparable rate constant of 0.81 s~!, demonstrating that
this slow phase represents reduction of the Fe,"™™ cofactor to
the Fe,! state. When the PetF:ADO ratio was further
increased to 6:1 (Figure 2B, gray), similar fast and slow kinetic
phases were observed [k, = 230 s™! and k., = 0.44 s7*]. The
complete oxidation of PetF observed in this experiment with
excess O, and aldehyde substrate is explained by the
completion of one full catalytic cycle, which consumes 4
equiv of PetF, followed by a second half-turnover, in which the
remaining PetF is oxidized.

Reduction of the Fe,"'-PHA Intermediate by PetF
Monitored by FQ-Md&ssbauer. FQ-Méssbauer experiments
were performed to monitor reduction of the Fe,"/"™—PHA
intermediate by PetF and identify any intermediates that may
accumulate during this reaction. In an initial single-mixing
experiment, the *Fe,"/"~ADO-decanal complex was reacted
for 30 s with the O,-generating chlorite dismutase/chlorite
(Cld/NaClO,) enzymatic system to accumulate the Fe, /™~
PHA intermediate to a maximum extent (see Figure S2C for
the corresponding SF-Abs experiment).'”**** The Méssbauer
spectrum of this sample (Figure 3A, black bars) is dominated
by the pair of partially resolved quadrupole doublets associated
with the site-differentiated Fe,"V™—PHA intermediate. The
parameters for the individual sites are 5, = 0.48 mm/s, AEq; =
0.49 mm/s (gray bracket) and 6, = 0.55 mm/s, AEy, = 1.23
mm/s (black bracket).'"” The spectrum of the intermediate
accounts for 80% of the total iron absorption area, as
determined by using the previously published'® experimental
reference spectrum (red line). The remaining absorption area
arises from a quadrupole doublet with parameters § ~ 1.3 mm/
s, AEq ~ 3.0 mm/s (blue line), attributable to the ~20% of
substrate-free Fe,"/"~ADO in the sample.'’

In a subsequent experiment, the Fe,"”'—PHA intermediate
generated in the same manner was then reacted for 0.010 s with
2 equiv of chemically reduced unlabeled (>95% °Fe) PetF.
The spectrum of this sample (Figure 3B) does not exhibit the
well-resolved features associated with the Fe,"/™—PHA
intermediate, suggesting that the intermediate has mostly
reacted with the reduced PetF. The accumulation of a new
species upon reaction of the Fe,"/"™—PHA intermediate with
reduced PetF for 0.010 s was demonstrated in the following
way. Spectrum A was subtracted from spectrum B to yield a
difference spectrum (Figure 3C, black bars), in which the lines
pointing upward represent the features of the Fe,"/"—PHA
intermediate that decay. Adding back 55% of the experimental
reference spectrum of the Fe,/™—PHA intermediate (Figure
3C, red line) to this difference spectrum cancels the features of
the decayed Fe,"V"—PHA intermediate and yields the
spectrum of the new species that form (Figure 3D). The
significant overlap of the various subspectra makes the fraction
of intensity from the Fe,/™—PHA intermediate to add back

velocity (mm/s)

Figure 3. 4.2-K/53-mT FQ-Mossbauer spectra monitoring the
reaction of the Fe,"V"—PHA intermediate with 2 equiv of reduced
PetF. (A) Spectrum of the Fe,"/™—PHA intermediate accumulated
after a solution of the "Fe,""'—~ADO-decanal complex and Cld was
reacted with NaClO, for 30 s. The previously published experimental
reference spectrum of the Fe,"/""—PHA intermediate'® is overlaid in
red with the constituent quadrupole doublets designated with black
and gray brackets. The experimental reference spectrum of substrate-
free Fe,'/''-ADO is overlaid in blue. (B) Spectrum of a sample
quenched after reaction of the Fe,'V—PHA intermediate with 2
equiv of chemically reduced unlabeled (>95% *°Fe) PetF for 0.010 s.
The dashed line denotes the high-energy line of the doublet with AEq
= 1.2 mm/s (black bracket) arising from the Fe,""/™M_PHA
intermediate. (C) B—A difference spectrum (black bars), overlaid
with $5% of the experimental reference spectrum of the Fe,!/'—PHA
intermediate (red line)."® (D) Experimental reference spectrum of the
Fe,'' clusters formed upon reaction of the Fe,"!_pPHA
intermediate with 2 equiv of reduced PetF for 0.010 s. The spectrum
was generated by addition of 55% of the experimental reference
spectrum of the Fe,'/'—PHA intermediate to the difference spectrum
C. (E) Experimental reference spectrum of the Fe,"™ clusters
generated upon reaction of the Fe,"/"'—PHA intermediate with 2
equiv of reduced PetF for 0.22 s (black bars; see Figure S7 for
generation of the spectrum). The derived spectrum of the Fe,"/
species formed after the 0.010 s reaction with PetF is overlaid for
comparison (green line) to depict the changes in relative intensity of
the doublets of the two Fe,"/™ forms (6 ~ 0.5 mm/s with AE,~ 0.8
and 1.5 mm/s, purple and orange brackets, respectively).
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rather uncertain (S5 + ~ 8%); however, varying its
contribution within this limited range does not drastically
change the resultant reference spectrum of the new species
(Figure S6). The spectrum shown in Figure 3D can be
rationalized as the superposition of two (or more) broad and
overlapping quadrupole doublets with parameters typical of
antiferromagnetically (AF)-coupled Fe,™™ clusters (Figure
S6).

The Mdssbauer spectrum of a sample obtained after reaction
of the Fe,"V™_PHA intermediate with reduced PetF for a
longer time (t = 0.22 s) was analyzed in an analogous fashion
(Figure S7), and the derived reference spectrum of the Fe,"™/™
clusters that form is shown in Figure 3E (black bars). This
spectrum was generated under the assumption of complete
reduction of the Fe,"V™—PHA intermediate. Direct compar-
ison to the reference spectrum of the Fe,"™™ clusters obtained
after 0.010 s reaction time (Figure 3E, green line) reveals that
the relative amounts of the (at least) two different Fe,/!!
clusters change between 0.010 and 0.22 s. The relative quantity
of Fe,™ cluster(s) characterized by smaller quadrupole
splitting (AEQz 0.8 mm/s, purple bracket) decreases, whereas
the quantity of the Fe,"™ cluster(s) with larger quadrupole
splitting (AEq ~ 1.5 mm/s, orange bracket) increases. Though
the spectral resolution is insufficient to confidently assign these
Fe,"™™ forms to specific intermediates in the ADO reaction,
their spectroscopic features are similar to those reported for the
purported formate-bound Fe,"/™ cluster (state G in Scheme
1)," consistent with the productive reduction of the Fe,™/™—
PHA intermediate by PetF in less than 0.22 s.

Evidence for Rapid Transfer of a Second Electron to
ADO Following Reduction of the Fe,""—PHA Inter-
mediate. The results of SF-Abs experiments with PetF:ADO
< 1 imply that an appreciable fraction of Fe,"™™—PHA
intermediate was not reduced under these conditions (Figure
2B), raising the possibility that the reaction kinetics of reductive
C1—C2 bond cleavage might favor rapid transfer of a second
electron to the same ADO molecule after the initial reduction
of the Fe,™—PHA intermediate. This hypothesis was tested
in a FQ-M0ssbauer experiment in which a sample containing
~65% of the Fe,"V™_PHA intermediate (Figure 4A) was
mixed with 0.5 equiv of reduced PetF and allowed to react for
0.22 s (Figure 4B, black bars). This reaction time was chosen to
ensure complete PetF oxidation, as judged from the
corresponding SF-Abs experiment (Figure 2B, blue trace).
The spectrum of the 0.22 s FQ sample (Figure 4B, black bars),
when compared to that of the control sample prior to reaction
with PetF (blue trace), shows an evident decrease in the area of
the resolved quadrupole doublets arising from the Fe,"™/™—
PHA intermediate. Quantification of the fraction of Fe,"™/!—
PHA intermediate consumed during the reaction with limiting
PetF would distinguish between a one-electron reduction of
each reacted ADO intermediate (i.e., decay of 50% of total Fe
in the form of the intermediate) or a two-electron reduction
(i.e., decay of 25% of total Fe in the form of the intermediate).
To quantify this fraction, spectrum A was subtracted from
spectrum B (Figure 4C, black bars). The experimental
reference spectrum of the Fe,"""'—PHA intermediate was
then added back to this direct difference spectrum in intensities
ranging from 20 to 50% (Figure S8). The spectrum generated
by addition of 25% (Figure 4D) is essentially identical to that of
Figure 3E. Moreover, the derived spectra with varying
intensities added back are consistent with the analysis of
Figure 3E only when the intensity is <25% (Figure S8).

11701

0 2
velocity (mm/s)

Figure 4. 4.2-K/53-mT FQ-Mossbauer spectra monitoring reduction
of the Fe,"""—PHA intermediate with 0.5 equiv of reduced PetF with
respect to ADO. (A) Spectrum of a sample that was freeze-quenched
30 s after a solution of 2 mM 57Fe2H/ T_ADO, 16.6 mM decanal, and
10 uM Cld was mixed with 10 mM NaClO,. The Fe,"V™_-PHA
intermediate represents 65% of the total Fe, and the remaining 35% is
unreacted Fe,"/'-ADO. (B) Overlay of the spectrum in A (blue line)
with the spectrum of a sample freeze-quenched after the Fe,"/!'—PHA
intermediate, accumulated as in A, was reacted with 0.5 equiv (with
respect to ADO) chemically reduced PetF for 0.22 s (black bars). (C)
Overlay of the B—A difference spectrum (black bars) with the negative
of the experimental reference spectrum of the Fe,''/—PHA
intermediate'® (red line) plotted at an intensity corresponding to
25% of the total area of the experimental spectrum in B. (D) Spectrum
after addition of 25% of the experimental reference spectrum of the
Fe,'""_PHA intermediate to the difference spectrum C. The dashed
line denotes the position of the high-energy line of the doublet with
AEQ 0.49 mm/s from the spectrum of the Fezm/ W_pHA
intermediate.

Therefore, the fraction of the Fe,"V™—PHA intermediate that
reductively decayed upon reaction with limiting PetF is
consistent with the rapid, sequential two-electron reduction
of each reacted ADO molecule.

Accumulation of Radicals upon Reduction of the
Fe,"""_PHA Intermediate. Considering that PetF is an
obligatory one-electron donor, we anticipated that one or more
intermediate might accumulate between the two sequential
electron transfers in the proposed ADO mechanism. We further
expected that, because the reduction of the Fe,"/™—PHA
intermediate by PetF is significantly faster than its reduction by
MeOpPMS, an ADO intermediate with a half-integer electronic
spin state might accumulate to a greater extent with the protein
reductant. Therefore, sequential-mixing FQ_ experiments were
carried out with both reducing systems to test for accumulation
of EPR-active intermediates during turnover. The reaction
times for the FQ-EPR experiments were selected on the basis of
the results of the SF-Abs experiments in which the Fe,™/™—
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PHA intermediate was reduced either with equimolar reduced
MeOPMS or with 2 equiv of chemically reduced PetF (Figure
2C)."°

Upon freeze-quenching of the reaction with either reductant
after 0.010 s, a nearly axial EPR signal with principal g-values
2.037, 2.009, and 2.003 (Figure S, black trace; Figure S9) was

/J\[ 0.010 s

/\/\/_ 0.034s
0.20s

0.010s

,\/\f 0.20s

1A 0.50 s ! 0.50 s

):_\,J\\/ﬁ 2s : 2s
1l 1 1 1 il 1 1 1

330 340 350 360 330 340 350 360

B, (mT) B, (mT)

Figure 5. CW EPR spectra of FQ samples obtained after reduction of
the Fe,"V!'_PHA intermediate by (A) 1 equiv of reduced M*°PMS or
(B) 2 equiv of chemically reduced PetF with respect to ADO. The
Fe,""_PHA intermediate was accumulated in an initial reaction of
the Fe,/"—ADO-decanal complex with the Cld/NaClO, system
(Figure S2C) and was then mixed with the dithionite-reduced
MeOPMS or PetF. Reaction times were selected on the basis of SF-Abs
data shown in Figure 2C. The dashed lines are positioned at the low
field feature (g = 2.037) of the transient radical signal. The arrows
indicate the features of the [2Fe-2S]'* PetF cluster signal.
Experimental conditions: temperature = 20 K, microwave power =
0.2 mW, microwave frequency = 9.481 GHz, modulation amplitude =
0.4 mT.

detected at temperatures <70 K (we did not attempt to collect
EPR spectra at higher temperatures because the EPR samples
were freeze-quenched and could not be safely annealed to
higher temperatures). This radical species did not form if the
reducing system was omitted in the second mixing event or if
the aldehyde substrate was omitted in the first (Figure S10).
With MOPMS as the reductant, the § = 1/2 signal accumulated
to only <0.05 ADO equivalents at this reaction time. It largely
decayed by a reaction time of 0.50 s, as indicated by the greatly
diminished intensity of its low-field component at g = 2.037
(Figure SA, dashed line). Its formation and decay thus occur on
the same time scale as M*°PMS oxidation (Figure 2C, black
trace). With 2 equiv of PetF as the reductant, the same EPR
signal developed, but to a greater extent. For example, at 0.010
s, ~0.2 ADO equivalents of the radical species accumulated
(Figure SB, black trace). The yield of the radical was strongly
dependent on the stoichiometry of reducing equivalents
(Figure 6); its accumulation increased as the PetF:ADO ratio
increased to 2, but no further enhancement was seen at greater
ratios. The increased accumulation of this transient radical in
the reaction with PetF in comparison to the M*°PMS reaction
likely reflects its faster formation with the more potent
reductant (Figure 2C, blue trace), which is almost completely
oxidized after 0.034 s (as revealed by disappearance of the EPR
signal of the PetF [2Fe-2S]'* form; Figures SB and S1).

00.51 2 4
PetF:ADO
20K
320 330 340 350 360 370

B, (mT)

Figure 6. Radical yield as a function of equivalents of PetF with
respect to ADO. CW EPR spectra of samples quenched 0.010 s after
mixing of the Fe,"V''—PHA intermediate ([ADO]g,y = 0.23 mM)
with varying concentrations of chemically reduced PetF (0.13, 0.23,
0.45, 090 mM final concentration). Experimental conditions:
temperature = 20 K, microwave power = 0.2 mW, microwave
frequency = 9.480 GHz, modulation amplitude = 0.4 mT. (Inset) Yield
of the radical species as a function of equivalents of PetF:ADO.

The spectra of samples quenched at reaction times >0.034 s
exhibited additional S = 1/2 signals that increased in intensity
over time (Figure 5). In the M*9PMS reaction, these signals can
be assigned to (a) the phenazine semiquinone radical with an
isotropic signal at g ~ 2 (Figure S16B), and (b) a second radical
species with complex fine structure (Figure SA, green traces;
Figures S11B, S15B), identified on the basis of evidence
presented below as a protein-based sulfinyl radical. The same
sulfinyl radical signal was present in the spectra of samples from
the PetF reaction (Figure SB, green trace). Its intensity did not
depend on the stoichiometry of reducing equivalents, unlike the
transient radical EPR signal observed at early time points. The
sulfinyl radical accumulated to a much lesser extent, but it was
long-lived, persisting for more than 3 min with either reducing
system.

Association of the Transient EPR Signal with a
Substrate-Derived Alkyperoxyl Radical. The kinetic
behavior of the transient radical signal observed in the EPR
spectra (g,, ~ 2.02) and the dependence of its intensity on the
reducing system suggest that the associated species might either
be, or be derived from, an intermediate in the ADO reaction.
The unusual g-anisotropy and lack of resolved hyperfine
structure in the signal obtained at X-band frequencies weigh
against the possibility that the detected species is the purported
C2-alkyl radical (the Re resulting from f-scission of the gem-
diolyl radical intermediate; state E in Scheme 1).*~*" To probe
the chemical nature of this radical species, identical FQ-EPR
experiments were carried out with an aldehyde substrate
specifically deuterium-labeled at the C2-position (2,2-[*H],-
decanal). The EPR signal of a sample generated with this
substrate isotopologue exhibited a pronounced line narrowing
(Figure 7, red). This effect of replacement of protium results
from the smaller hyperfine coupling of deuterium (A;y/Ayy =
Za(111)/gn(2mr) = 6.514) and proves that the radical is coupled to
the C2-hydrons. The radical must therefore be derived from the
substrate. Additional experiments carried out with *’Fe-labeled
ADO and 1-[*C]-labeled octanal did not yield any detectable
differences in the spectra (Figure S11A). These observations
imply that the radical species is not magnetically coupled to the
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also consistent with coupling of the electron spin to the C2-
hydrons (Figure S12).

To measure the hyperfine couplings of the C2-hydrons more
precisely, HYSCORE experiments were performed on FQ
samples prepared with the 2,2-[*H],-decanal and the 2,2-[*H],-
3-thiadecanal substrates and freeze-quenched after a 0.020 s
reaction of the Fe,"/"™_—PHA intermediate with reduced
MeOpPMS. The HYSCORE spectra (Figure S13) recorded at
the principal positions of the g-tensor (g = 2.037 and g, ~
2.01) showed correlations between nuclear frequencies from

2.004 20K different electronic manifolds corresponding to ’H nuclei. The
330 335 340 345 cross peaks centered at the ’H Larmor frequency showed that
B, (mT) the H hyperfine couplings for the putative 1,1-[*H],-2-thia-

Figure 7. CW EPR spectra of the substrate-derived peroxyl radical
species (chemical structure shown in inset). The Fe,"/—PHA
intermediate was formed in the presence of either the 2,2-['HJ,-
decanal (black) or 2,2-[*H],-decanal (red) substrate and was reacted
with equimolar reduced M*°PMS for 0.010 s. The spectrum of the 2,2-
['H],-decanal sample was multiplied by a factor of 1.7 for better
comparison to the spectrum of the 2,2-[*H],-decanal sample, because
the latter sample had an initial [ADO] 1.7 times greater (1.49 vs 0.90
mM). Experimental conditions: temperature = 20 K, microwave power
= 0.2 mW, microwave frequency = 9.480 GHz, modulation amplitude
= 04 mT.

diiron center and that the C1—C2 bond is cleaved prior to its
formation.

The g-anisotropy of the substrate-derived radical is
reminiscent of signals of peroxyl radicals in proteins and
organic systems.”*~"* We posited that the radical could result
from the reaction of the proposed Re with dioxygen, yielding a
peroxyl radical (ROOe), which would have an electronic
structure consistent with the observed EPR signal. FQ-EPR
experiments were thus performed with a 3-thiadecanal analogue
to test for perturbations to the EPR signal of the radical species.
The EPR spectrum of the radical was essentially the same, with
only marginal changes in its principal g-values (2.034, 2.009,
and 2.005) (Figure S12). This insensitivity to the sulfur
substitution is expected for a peroxyl radical, because the spin
density resides primarily on the oxygen atoms. The EPR signal
of a sample generated with the 2,2-[*H],-3-thiadecanal
analogue exhibited a smaller but detectable line narrowing,

CgH 4008 analogue radical are smaller than those for the 1,1-
[*H],-CoH,c00e radical (Figure S13). Because the modest
anisotropy of these signals restricts orientation selection in the
HYSCORE experiments, DFT calculations on geometry-
optimized models of the substrate-derived radicals (refer to
Supporting Information) were used to guide spectral
simulations. The spectra could be reproduced well for both
radicals, yielding A;,(*H) ~ 2.6 MHz for the 1,1-[*H],-
CyH,00e considering two equivalent deuterium nuclei. For
the thia analogue, the A,,(*H) was decreased by almost half,
and the two deuterons were slightly inequivalent (Table S1), as
anticipated for the more electron-withdrawing sulfur and the
larger extent of delocalization. The single-point calculations on
geometry-optimized models of these radical moieties repro-
duced both the g-tensor and the anisotropy of the A-tensor
reasonably well (Table S1) and support the proposed structure
of the transient radical.

Evidence for Trapping of the C2-Alkyl Radical
Intermediate by O,. The substrate-derived peroxyl radical
presumably arises from a side-reaction of the Re with dioxygen,
and its yield should therefore depend on the concentration of
O,. In all previously described FQ-EPR experiments, a high
[0,] (5 mM after the first mix) was generated by the Cld/
NaClO, enzymatic system.””** In a FQ-EPR experiment with
Cld/NaClO,, a ratio of 1:1 PetF:ADOQ, and octanal as substrate,
0.04 ADO equivalents of the peroxyl radical accumulated after
reaction of the Fe,"V™—PHA intermediate with the reduced
PetF for 0.010 s (Figure 8A, black spectrum). In contrast, with
an O,-saturated buffer solution (0.90 mM O, after the first mix)
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= " = = o
B B
3050 m So5f W @
S o
=] K= *
20k ol o @ ° ©f §
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Figure 8. Peroxyl radical and alkane yields in stoichiometric reactions under conditions of excess or limiting O,. (A) CW EPR spectra of FQ samples
generated by reaction of the Fe,/''—PHA intermediate with 1 equiv of reduced PetF for 0.010 s. The Fe,"V'—PHA intermediate was generated by
mixing either the Fe,"/"~ADO-octanal complex (1.49 mM) containing 10 #M Cld with an equal volume of NaClO, (black line, 10 mM O,) or the
Fe,'"'"-ADO-octanal complex (1.49 mM) with O,-saturated buffer (blue line, 1.8 mM O,) and incubating for 50 s (Figure S2D). For clarity, the
signal of unreacted [2Fe-2S]'" PetF (15%) was subtracted from these spectra. Experimental conditions: temperature = 20 K, microwave power = 0.2
mW, microwave frequency = 9.480 GHz, modulation amplitude = 0.4 mT. (B, C) Formate (squares) and alkane (circles) product formation in
stoichiometric ADO reactions. The Fe,"/"'—PHA intermediate was generated by mixing the Fe,'/'-ADO-decanal complex (0.25 mM ADO), in the
presence of oxidized FNR and PetF (0.25 mM each), with (B) O,-saturated buffer (1.8 mM O, at 5§ °C) and incubating for 10 s or (C) air-saturated
buffer (~0.28 mM O, at 25 °C) and incubating for 20 s (Figure S2B). The intermediate was then mixed with varying concentrations of NADPH (a
two-electron donor) and quenched after ~1 s.
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sufficient to generate an equal quantity of the Fe,"/™—PHA
intermediate (Figure S2D), significantly less peroxyl radical
accumulated (<0.005 ADO equivalents; see Figure S16B for the
spectral deconvolution analysis). The peroxyl radical was barely
detectable in the EPR spectrum (Figure 8A, blue spectrum),
which was dominated by the signal of the aforementioned
sulfinyl radical. The dependence of the quantity of peroxyl
radical on the O, concentration supports the hypothesis that it
is produced from a reaction of the Re with excess molecular
oxygen. This reaction appears to be dependent upon the
substrate chain-length, with shorter aldehyde substrates (ie.,
Cq_10) supporting greater accumulation and longer aldehydes
(ie, n-octadecanal) supporting minimal accumulation (Figure
S14).

If the formation of the peroxyl radical results from the
trapping of the Re intermediate by O, in competition with its
quenching by He, then the alkane yield (relative to formate)
should be diminished by this pathway. Indeed, in single
turnover assays under O,-saturating conditions, the slope of
alkane produced versus electrons provided, 0.11 alkane per 2
electrons (Figure 8B), was markedly less than that obtained
under O,-limiting conditions, 0.76 alkane per 2 electrons
(Figure 8C). The change in O, concentration did not affect the
formate yield, which remained essentially identical, irrespective
of the quantity of O,. The significant uncoupling between
formate and alkane products observed when O, is in excess is
consistent with diversion of some of the Re to peroxyl radical,
which is expected to decay to an oxidized product. When O,
was limiting, less Re was unproductively trapped, and,
consequently, the alkane:formate ratio approached the
theoretical 1:1 stoichiometry.

Detection of a Second Radical Species with Short-
Chain Aldehydes. A second EPR-active species was detected
in the FQ experiments with short-chain (C4_;,) substrates
(Figure S, S1SA). This species persisted long after complete
oxidation of the M*°PMS or PetF (>3 min), in contrast to the
rapidly decaying peroxyl radical, and could also be detected at
temperatures < 70 K (at least). In FQ-EPR experiments with a
ratio of 2:1 PetF:ADO and octanal as substrate, this radical
signal detectably accumulated by a reaction time of 0.010 s and
was still observed at 2 s, with maximal accumulation to 0.04
ADO equivalents (Figure S1SA). The signal of the peroxyl
radical developed to only a minor extent in this reaction
(Figure S1SA, S16). The octanal substrate afforded faster
accumulation of this radical than decanal. Further extending
this dependence on chain length, the longer, native substrate, n-
octadecanal, afforded no detectable accumulation of this radical
species (Figure S14).

To address the chemical nature of this radical, the
aforementioned substrate and cofactor isotopologues were
again deployed. However, the EPR signal was not perturbed by
using isotopically labeled aldehyde substrates (ie., 1-["*C]-
octanal or 2,2-[*H],-decanal) nor “’Fe-labeled ADO (Figure
S11B), indicating that the radical is neither substrate-derived
nor magnetically coupled to the ADO diiron cofactor. Its
accumulation was dependent upon the presence of a reducing
system but not on the nature of the reducing system (chemical
or protein). Collectively, these characteristics suggested that
this second, long-lived radical most likely resides on an amino
acid residue of ADO.

Assignment of the Second Species as a Sulfinyl
Radical on Cys71. The anisotropy and fine structure of the
second radical signal do not match known signals of amino acid

radicals.” ™" Its spectral features imply that the spin density
resides on an atom with appreciable spin—orbit coupling, such
as a sulfur or an oxygen atom.”>*’ Four residues, Tyr18, Tyr22,
Cys71, and Tyr123, were identified as candidates to harbor this
second radical and were replaced by redox-inert residues (Tyr
— Phe or Cys — Ala) to test for elimination of the associated
EPR signal. These residues were selected on the basis of their
proximity to the bound substrate (Figure 9A) and their strict
conservation in cyanobacterial ADO primary structures. In
sequential-mixing FQ-EPR experiments, the wild-type (WT) or
variant Fe,"/'—~ADO-octanal complex was first reacted with the
Cld/NaClO, system to generate the Fe,"V/"_PHA intermedi-
ate, and the intermediate was then reacted in a second mixing
step with equimolar reduced M°PMS for 4 s. The EPR
spectrum of the WT ADO sample exhibited the complex
anisotropic S = 1/2 radical signal with an integrated intensity
corresponding to 0.08 ADO equivalents. This radical species
was formed in all of the ADO variants except C71A (Figure
9B), suggesting that the radical must reside on Cys71. The Tyr
— Phe substitutions each resulted in a 2-fold decrease in the
radical yield, as well as changes in the signal line shape (Figure
9B). These effects most likely arise from minor perturbations to
the environment of the nearby Cys71 residue and radical
derived therefrom. In contrast, substitutions of residues located
far from Cys71 (e.g, C107A, C117A) resulted in less
pronounced changes in the radical signal (Figure S1SB). All
four variant proteins with substitutions that affected accumu-
lation of the Cys71-based radical are less active than wild-type
ADO (i.e., Y18F, 57%; Y22F, 77%; Y123F, 36%; C71A, 73%)
under multiple turnover conditions (Table S2); however, no
substitution resulted in complete loss of activity.

To resolve the g-tensor and fine structure of the Cys71-based
radical, the two-pulse echo-detected field-swept Q-band EPR
absorption spectrum was recorded. Its first derivative is shown
in Figure 9C. The spectrum was simulated with a slightly
anisotropic g-tensor (g, g5, g = [2.02, 2.01, 2.00]); the “triplet-
like” hyperfine structure was reproduced considering two
slightly inequivalent 'H hyperfine couplings (A;,,; = 39.7 MHz,
Ajop = 44.3 MHz). The signal is much less anisotropic than
those of thiyl radicals (Se)."**° Comparison with studies on
sulfur-based radicals reveals that the observed g-anisotropy is
typical of (alkyl)-sulfinyl radicals (RSOe).>" There is ample
precedent for the production of long-lived sulfinyl radicals from
reactions of peroxyl radicals with protein cysteine resi-
dues.”**>>* The Cys71 sulfinyl radical could thus form from
the observed substrate-derived peroxyl radical. Consistent with
this deduction, the C71A substitution markedly stabilized the
peroxyl radical; after reduction of the Fe,"/"—PHA
intermediate for 0.010 s, much more of the peroxyl radical
was present in the C71A variant than in the wild-type protein
(Figure S16A), and it was still present after a 4 s reaction in the
variant protein (Figure 9B, red trace). Sulfinyl radicals typically
exhibit EPR signals reflecting a stron§ hygerﬁne interaction
with only one of the two f-hydrogens.”**>>>* In contrast, the
spectrum of the Cys71-based radical reflects appreciable and
very similar hyperfine coupling constants for both S-hydrogens.
Considering that the spin density on the two hydrogens is very
sensitive to the H—C;—S—O dihedral angle, constraints on this
angle imposed by the protein environment in the putative
Cys71-SOe might account for the differences in the EPR signal
line shape (Figure S18). Indeed, theoretical calculations showed
that, at a 120° torsion angle, the experimentally measured
hyperfine coupling constants can be well reproduced (Table S3,

DOI: 10.1021/jacs.5b06345
J. Am. Chem. Soc. 2015, 137, 11695—11709


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06345/suppl_file/ja5b06345_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b06345

Journal of the American Chemical Society

B
WT
/L_/V@,xxm

Y123F
Y18F

M\f,ﬂ

332 334 336 338 340 342
B, (mT)

C

1.20 1.204 1.208 1.212 1.216 1.22

B, (T)

Figure 9. Formation of a Cys71-SOe upon reduction of the Fe,"/—

PHA intermediate. (A) X-ray crystal structure of Se ADO (PDB
accession code: 4RCS), cut away to depict the location of the residues
substituted by mutagenesis (Np ADO numbering) relative to the
cofactor and bound substrate analogue. (B) CW X-band EPR spectra
of freeze-quenched samples from the WT and variant ADO reactions
in which the Fe,'""—~ADO-octanal complex ([ADOJg,y = 0.225 mM
WT, C71A and YI23F, 0.150 mM YI18F, and 0.125 mM Y22F)
containing Cld was mixed with an equal volume of NaClO, solution
and reacted for 30 s to generate the Fe,"V'_PHA intermediate.
Samples were quenched 4 s after a second equal-volume mix of the
intermediate with equimolar reduced M*°PMS. For the YI8F and
Y22F variants, the spectra were scaled by factors of 1.8 and 1.5,
respectively, for purposes of comparison. The spectrum for the C71A
variant was scaled by a factor of 3 for better visualization of the low
field component of the ROO® signal (g = 2.037, arrow). Experimental
conditions: temperature = 60 K, microwave power = 2 mW,
microwave frequency = 9.480 GHz, modulation amplitude = 0.4
mT. (C) First derivative of the two-pulse echo-detected, field-swept Q-
band EPR spectrum of the WT ADO 4 s FQ sample. The experimental
spectrum (black) was simulated (red) with parameters described in the
text. The small discrepancy between the simulation and the
experimental spectrum is due to the contribution of the M°PMS
semiquinone radical signal at ¢ ~ 2 and presumably relaxation effects
not present in the CW EPR spectrum. Experimental conditions:
temperature = 20 K, microwave frequency = 34.08 GHz, shot
repetition time (SRT) = 0.5 ms, /2 = 12 ns, 7 = 328 ns.

Figure S17), corroborating the assignment of this EPR signal as
a sulfinyl radical located on Cys71.

B DISCUSSION

The Cyanobacterial [2Fe-2S] Fd, PetF, Is an Efficient
Reductant for ADO. ADO activity is dependent upon a
continuous supply of electrons, both for reduction of the
Fe,™™ form of the cofactor back to the O,-reactive Fe,!
state and during conversion of the Fe,"V/""_PHA intermediate
state to the product complex. Although artificial chemical
reductants (phenazines) have been invaluable tools in
elucidating the nature of the ADO reaction and dissecting its
mechanism,”'”'” they are not viable candidates to serve as the
reductant for ADO in a bioprocess producing renewable
hydrocarbon fuels. They are kinetically inefficient, do not
support robust, stable activity over many turnovers,”'’ and
would present cost and toxicity issues if added to cultures.”* A
biological electron donor would seem to be an essential
component of any such bioprocess. The genes encoding ADO
and AAR are frequently cotranscribed, but there is no other
gene associated with this operon that could encode for a
protein to serve as a specific electron donor to ADO.>® A priori,
the in vivo reductant could be either a small biomolecule or a
cytosolic redox protein. There is substantial precedent for [2Fe-
2S] Fds serving this function for other FDCOOs. Soluble
methane monooxygenase (sMMO) employs an iron—sulfur,
flavin-containing reductase (sMMOR) that uses NADH to
reduce FAD and transfers the two electrons, one at a time, via a
plant-type [2Fe-2S] cluster to the nonheme diiron cofactor in
the hydroxylase component (sMMOH).***” Other bacterial
multicomponent monooxygenases (e.g., toluene/o-xylene
monooxygenase) have reductase components analogous to
sMMOR to service their nonheme diiron hydroxylase
components.”® In the Ec class Ia ribonucleotide reductase
(RNR), the [2Fe-2S] Fd, YfaE, is required to reduce the y-oxo-
Fe,"™ (luster in the inactive “met” form of the f subunit to
the O,reactive Fe,"/!! state to support regeneration of the
catalytically essential tyrosyl radical in a process referred to as
the “maintenance pathway”.”” In stearoyl-ACP desaturase
(A°D), activity depends on an abundant, general plant-type
[2Fe-2S] Fd.®>°' These precedents suggest that the in vivo
reductant for ADO might also be a ferredoxin.

Although onlgf modest activity was obtained with a spinach
[2Fe-28] Ed,**" it is likely that differences between the plant
and cyanobacterial proteins in regions of contact with ADO
might be responsible for the inefficiency of the heterologous
plant Fd. We tested seven predicted Fd proteins encoded
within the fully sequenced genome of the alkane-producing,
model cyanobacterium Syn. 6803 for their ability to support
alkane production in in vitro reactions containing stearoyl-ACP,
Np AAR, and Np ADO. The Fd encoded by the gene 5510020,
annotated as PetF or Fdl, was identified as the most efficient
reducing partner in these multiple-turnover assays. PetF was
reported to support in vivo propane production in an
engineered microbial platform, emé)loying Prochlorococcus
marinus AAR/ADO in Ec as a host.?>°* In addition, its closest
orthologue in Se (75% sequence identity) was shown to afford
faster ADO turnover in vitro than the phenazine system.”” PetF
is the most abundant of the Syn. 6803 Fds and is essential for
cell viability.”>®* The cellular abundance of PetF, together with
the results demonstrating its suitability as an electron donor to
ADO, suggest that it might be the physiological donor and
provide the rationale for the use of this one-electron reducing
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system to probe details of the ADO mechanism that have not
been accessible with chemical two-electron donors.

High Product Yield via the Complete PetF/FNR/N System.
The efficiency of PetF as an electron donor was established,
first, by examining the product:electron stoichiometry. In
single-turnover experiments employing chemically reduced
PetF, the stoichiometry was 0.58 formate:2 electrons,
appreciably less than the predicted ratio of 1 formate:2
electrons. In contrast, when the complete PetF/FNR/N system
was used, a coupling ratio of 0.96 formate:2 electrons was
obtained, essentially achieving the theoretical maximum. In the
latter case, the two electrons from NADPH are transferred to
the FAD cofactor of FNR and then shuttled sequentially to the
PetF [2Fe-2S] cluster, which finally delivers the electrons to the
diiron site of ADO one at a time. The enhanced catalytic
performance of ADO with the PetF/FNR/N system may result
from well-timed electron delivery and avoidance of reductive
quenching of reactive intermediates. More controlled delivery
of electrons to the ADO diiron site might also help prevent
reduction of O, to H,0,, reported to be an inhibitor of
ADO 2064

Kinetic Superiority of PetF as ADO Reductant Relative
to Other Systems. Reduction of the Fe,"" Cofactor Form.
PetF can reduce the diferric forms of ADO moderately rapidly,
irrespective of whether these forms were generated from
productive or unproductive oxidation.'’ In SF-Abs experiments,
reduction of the diferric ADO (aerobically isolated or from
productive oxidative conversion) occurred with an observed
rate constant of 0.8 s at § °C. This rate constant is similar to
those reported for reduction of the Fe,"™ forms of other
FDCOOs by their [2Fe-2S] Fd partners (RNR-f, k. ~ 4—S
s7hand kg, ~ 1-2 57! at 37 °C; AD kg, = 3.4 57 at 25 °C;
sMMOH with the sMMOR Fd domain kg, = 1 s' and k,, =
02 s7! at 4 °C).°"*”" Considering that the fastest reported
multiple-turnover rate for ADO with the PetF/FNR/N
reducing system is 0.007 s~ (at 37 °C),” reduction of the
diferric state(s) by PetF cannot be rate-limiting. The observed
rate constant for reduction of diferric ADO by the reduced
phenazine is almost 100 times less.'"’ PetF is thus the most
efficient electron donor to Fe,"/"™—ADO reported to date.

Reduction of the Fe,"—PHA Intermediate. To support
efficient catalysis by ADO, a redox partner protein must not
only reduce the Fe,"™ product form of the ADO cofactor to
the reactant Fe,"!! state but also supply two electrons, one at a
time, in precisely timed fashion, to the cofactor site during
conversion of the Fe,"V"™—PHA intermediate to the product
complex. Indeed, SF-Abs experiments demonstrated that
reduction of the Fe,/™—PHA intermediate by PetF is
remarkably rapid (kg,, > 400 s™ at § °C) and is more than
40 times faster than reduction by M©°PMS (k,,, = 9 s at §
°C)" under these experimental conditions. In agreement with
the more rapid electron donation by PetF, the Mdssbauer
spectrum of a sample after a 0.010 s reaction of the Fe,™/™—
PHA intermediate with PetF is similar to that of a sample after
a 0.56 s reaction of the intermediate with M°PMS;'® both
spectra reveal disappearance of the Fe,"/""—PHA intermediate
to a similar extent. In the PetF reaction, $5% of the total >’Fe in
the sample has undergone conversion from the Fe,""—PHA
intermediate to new Fezm/ m species in 0.010 s, and, by 0.22 s,
the intermediate has completely decayed. At least two distinct
Fe,"™ species formed in the reduction reaction: (a) one
species that was not previously observed in the analogous
experiment with M ©PMS as reductant, but is the major

component at the shortest reaction time point upon reduction
by PetF, and (b) a second one that accumulates at later reaction
times and has parameters similar to those of the putative
formate-bound complex (state G in Scheme 1) previously
detected in the reaction with M°PMS.'” The first species
presumably represents a state that accumulates only in the PetF
reaction as a result of its greater efficiency and perhaps its
nature as an obligatory single-electron donor. Although
structural assignment of this Fezm/ III—containing species is
beyond the scope of the present work, our results nevertheless
demonstrate that reductive decay of the Fe,"V™—-PHA
intermediate is accompanied by formation of only diferric
species, strongly supporting the mechanism in Scheme 1.

In the SF-Abs experiment performed with a ratio of 0.5:1
PetF:ADO, the kinetic trace at 423 nm (absorption increase
reflecting PetF [2Fe-2S]"* oxidation) exhibited a decay phase
after ~0.5 s. Because PetF cannot be rereduced under these
experimental conditions, the observed decay phase must be
associated with another chromophore absorbing at this
wavelength. Indeed, the observed rate constant is essentially
identical to that of the unproductive decay of the Fe,"""—PHA
intermediate, which has an absorption maximum at 450 nm
(e450 = 1 200 M~"-cm™)." This observation suggests that
when PetF is substoichiometric with respect to ADO, two
electrons are rapidly transferred to one ADO molecule, such
that a portion of the Fe,/™—PHA is not reduced at all. The
notion of rapid, consecutive electron transfers is corroborated
by the Mdssbauer spectrum of a sample generated using the
same ratio of PetF:ADO (0.5:1), in which the Fe,"/™—PHA
intermediate was reacted with reduced PetF for 0.22 s. This
spectrum showed that no more than 25% of the ADO reacted
under these conditions, establishing that two electrons are
shuttled (sequentially) to a single diiron site. In stoichiometric
reactions of the Fe,"/"™—PHA intermediate with PetF/FNR/N,
the stoichiometry of formate:electrons observed was ~0.5:1, as
opposed to the 1:1 ratio expected if each ADO molecule were
to be reduced by just one electron, considering that formate is
generated after only a single electron transfer. The observed
stoichiometry thus corroborates that half of the Fe,"/™—PHA
intermediate reacts to consume two reducing equivalents. The
rapid, tightly coupled delivery of two electrons (sequentially) to
the Fe,"/"'_PHA intermediate demonstrates that PetF can
function as an effective redox partner for ADO, optimally
timing electron transfer events for efficient substrate con-
version.

The results of the FQ Mdossbauer and EPR experiments
probing reduction of the Fe,”/™—PHA intermediate by the
obligatory single-electron donor, PetF, also demonstrate that
only diferric intermediate states accumulated during substrate
conversion, in agreement with our previous studies with the
phenazine system.'’ We obtained no spectroscopic evidence for
accumulation of a diferrous or a mixed-valent species upon
reduction of the Fe,"/"—PHA intermediate by PetF, providing
argument against an alternative mechanism involving such
intermediates that was proposed by another group.'® Likewise,
no evidence was obtained for formation of high-valent
intermediates (ie., analogous to “X” in class Ia RNR or “Q”
in sMMOH) during the reaction, although such species could
still possibly form on the ADO reaction pathway but fail to
accumulate to detectable levels because of unfavorable kinetics.
However, generation of an “X”-like species can be excluded by
our FQ-EPR results, thus weighing against a proposed
mechanism involving heterolytic O—O and CI1-C2 bond
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cleavage.'® The accumulation of only diferric species provides
strong support for the free-radical mechanism previously
proposed by us and shown in Scheme 1.7"°

Evidence for a Free-Radical Mechanism and Ineffec-
tive Containment of Intermediates. A Peroxyl Radical
Derived from the C2-Alkyl Radical. According to Scheme 1,
reductive cleavage of the peroxyhemiacetal moiety in state C
would result in generation of Re, a C2-alkyl radical
intermediate, in the free-radical mechanism. In FQ-EPR
experiments following the reduction of the Fe,"/"—PHA
intermediate by either M°PMS or PetF, formation of a
transient radical was observed but with spectroscopic features
different from those expected for the Re.>*~*" By isotopic
labeling of the substrate and cofactor, this species was identified
as a substrate-derived peroxyl radical (ROOe®) that forms after
C1—C2 scission and that is not magnetically coupled to the
diiron center. The extent and kinetics of accumulation of the
ROOe depended sensitively upon the presence, stoichiometry,
and nature of the reductant, strongly suggesting that the ROOe
is related to an intermediate in the reaction. The fact that its
level of accumulation is positively correlated with the
concentration of O, present during the reaction and negatively
correlated with alkane yield suggests that it is a byproduct of
the combination of the proposed Re with molecular oxygen.

Peroxyl radicals are well documented in enzymes operating
by free-radical mechanisms. They are typically generated by
reaction of carbon-centered radicals with molecular oxy-
gen. " Known ROOe species in these systems have either
catalytic or inhibitory roles.”®*” In purple lipoxygenases, an
ROOe is the on-pathway intermediate in the dioxygenative
conversion of linoleic acid to hydroperoxy-octadecadienoic
acid.*>*"** In the Y122F variant of Ec RNR S, but not in the
wild-type enzyme, formation of an amino acid-derived peroxyl
radical was observed, presumably due to the imperfect
containment of free-radical intermediates.”’ Perhaps the best
characterized ROOe® adduct is the one observed in pyruvate
formate-lyase (PFL), in which the catalytic glycyl radical reacts
with O, to form a peroxyl radical that initiates cleavage of the
peptide backbone, ultimately inactivating the enzyme.’**> The
formation of a substrate-derived peroxyl radical during the
productive reaction of ADO via quenching of an on-pathway
intermediate unequivocally establishes that the enzyme
operates by a free-radical mechanism.

A Cys71-Centered Sulfinyl Radical in the Reaction of ADO
with Short-Chain Substrates. The substrate-derived ROOw® in
ADO decayed rather quickly. After a reaction time of 0.50 s, it
was hardly detectable and a second radical signal had
developed. FQ-EPR experiments with ADO variants and
aldehyde isotopologues identified that this second radical is
located on residue Cys71 of ADO. The g-anisotropy of its EPR
signal and its fine structure, however, are not consistent with
those reported for cysteine thiyl radicals.”*>’ Comparison with
other sulfur-based radicals identified its chemical structure as a
sulfinyl radical (RSOQe). %4052 Despite the similar g-
anisotropy, its fine structure differs from that typical of other
RSOe species, which exhibit one lar%e and one small hyperfine
coupling for the two S-hydrogens.””**°>** This difference is
rationalized by an unusual H—Cys—S—0 dihedral angle, which is
known to impact spin density on the two A-hydrogens.”’
Theoretical calculations show that the experimentally observed
hyperfine coupling constants can be reproduced by a particular
torsion angle, corroborating the assignment of this signal as a
Cys71-SOe species. The rotation about the C—S bond needed

to achieve this unusual angle may be enforced by the
hydrophobic substrate-binding pocket and the interaction of
the Cys71-SOe with a nearby phenylalanine residue (see SI).

Sulfinyl radicals are known to form in reactions of peroxyl
radicals with nearby cysteine residues in both PFL and class Ia
RNR.****? In ADO, the kinetics of formation of the Cys71-
SOe suggest that it is generated from a similar reaction of the
substrate-derived ROOe with Cys71. Indeed, in the C71A
variant, the peroxyl radical accumulated to a greater extent than
in the wild-type protein at 0.010 s and was still detectable after
4 s. The extent and the kinetics of Cys71-SOe accumulation
were strongly dependent on the chain-length of the aldehyde
substrate. Considering that Cys71 is far from the active site and
gates the hydrophobic substrate channel,”’>”* the peroxyl
radical must migrate within the active site for this reaction to
occur. Short-chain substrates are expected to have greater
mobility, explaining the observed more rapid and greater
accumulation of the Cys71-SOe. However, the fact that less
Cys71-SOe product than ROOe precursor accumulated,
together with the decay kinetics of ROOe, imply that a
fraction of the ROOe decayed by one or more than one
alternative pathway. At present, the nature of the other decay
route(s) and whether the formation of Cys71-SOe partially or
completely inactivates ADO remain unclear.”

Unproductive Quenching of the C2-Alkyl Radical by
Excess O,. Detection of a substrate-derived ROOe® reveals a
limited competency of ADO to contain its free-radical
intermediate, Re. The extent of ROOe formation was strictly
dependent on the concentration of O, present during reduction
of the Fe," V™ —PHA intermediate, as demonstrated in FQ-EPR
experiments with different residual concentrations of O, after
its consumption as a cosubstrate (generating comparable
amounts of the intermediate). The higher yield of ROOe was
strongly correlated with the diminished alkane yields observed
in such stoichiometric reactions. When O, was limited to
prevent formation of the ROOw, the alkane yield approached
the expected stoichiometry of unity with the formate
coproduct. The latter is formed after C1—C2 scission, and its
yield is independent of the O, concentration, as expected.
These results demonstrate that, in the presence of excess O,, an
appreciable fraction of the Re intermediate is lost as ROOe,
ultimately precluding its productive conversion to alkane.

Therefore, although molecular oxygen is absolutely essential
for the ADO reaction, it can also limit the yield of the desired
alkane product. This observation has, in fact, been reported
previously in both in vitro and in vivo studies, but the molecular
origins were not identified. In an in vitro study employing the
phenazine reducing system, alkane production was greatly
enhanced under microaerobic conditions; yields were otherwise
very low in the presence of excess O, (~30-fold relative to
[ADO])."” More recently, in a bioengineered Ec system
overexpressing ADO, the PetF/FNR system, and catalase,
production of short-chain alkanes (e.g., propane and heptane)
was inhibited by excess O,. In contrast, when the O,
concentration was significantly decreased, alkane production
was enhanced.”” The poor alkane yield was thus found to be
independent of the nature of the reducing system (chemical or
protein) and of whether the reaction takes place in vitro or in
vivo. These observations are in agreement with our
experimental results, which clearly demonstrate that the
molecular basis for the diminished alkane production is the
previously unrecognized unproductive trapping of the Re
intermediate by excess O,.
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Accumulation of off-pathway radical species was more
pronounced with short-chain aldehydes (e.g, Cs_jo). This
phenomenon is particularly important because short-chain
alkanes have been specifically targeted for their uses as liquefied
petroleum gas (e.g, propane and butane) and as “drop-in”
gasoline and jet-fuel components (e.g, heptane to unde-
cane).”>*>”* Short-chain aldehydes are also superior substrates
for ADO in vitro compared to the natural long-chain substrates,
due to their greater solubility.”'”"” Thus, bioengineered ADO
variants have been designed to favor short-chain substrates by
sterically occluding the substrate channel, demonstrating higher
activitzr with aldehydes as short as butanal both in vitro and in
vivo.”® In this work, we show that, in the presence of excess O,
and/or short-chain aldehydes, the alkane yields are greatly
compromised because ADO lacks an efficient mechanism to
productively quench its radical intermediate. Our results
establish that ADO employs a free-radical mechanism for
conversion of fatty aldehydes to alkanes, and that, although O,
is a cosubstrate, it also exposes the Achilles heel of this enzyme.
Limiting flux through the unproductive pathways identified
here would be a worthwhile goal in efforts to develop more
efficient ADO-based bioprocesses.
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