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Abstract

Cyanobacterial aldehyde-deformylating oxygenases (ADOs) belong to the ferritin-like diiron-
carboxylate superfamily of dioxygen-activating proteins. They catalyze conversion of saturated or
mono-unsaturated C,, fatty aldehydes to formate and the corresponding C,,.1 alkanes or alkenes,
respectively. This unusual, apparently redox-neutral transformation actually requires four
electrons per turnover to reduce the O, co-substrate to the oxidation state of water and
incorporates one O-atom from O, into the formate co-product. We show here that the complex of
the diiron(11/11) form of ADO from Nostoc punctiforme (Np) with an aldehyde substrate reacts
with O, to form a colored intermediate with spectroscopic properties suggestive of a Fe,!!/!!!
complex with a bound peroxide. Its Mdssbauer spectra reveal that the intermediate possesses an
antiferromagnetically (AF) coupled Fe,!'"!!! center with resolved sub-sites. The intermediate is
long-lived in the absence of a reducing system, decaying slowly (ty;> ~ 400 s at 5 °C) to produce a
very modest yield of formate (< 0.15 enzyme equivalents), but reacts rapidly with the fully
reduced form of 1-methoxy-5-methylphenazine (MEOPMS) to yield product, albeit at only ~ 50%
of the maximum theoretical yield (owing to competition from one or more unproductive pathway).
The results represent the most definitive evidence to date that ADO can use a diiron cofactor
(rather than a homo- or hetero-dinuclear cluster involving another transition metal) and provide
support for a mechanism involving attack on the carbonyl of the bound substrate by the reduced
0, moiety to form a Fe,!'"l-peroxyhemiacetal complex, which undergoes reductive O-O-bond
cleavage, leading to C1-C2 radical fragmentation and formation of the alk(a/e)ne and formate
products.
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INTRODUCTION

Cyanobacterial aldehyde-deformylating oxygenases (ADOSs), originally designated by
Schirmer, et al. as “aldehyde decarbonylases,”l catalyze conversion of C,, fatty aldehydes to
the corresponding C,,.1 alk(a/e)nes and formate in a reaction requiring one molecule of O,
and four electrons per turnover.24 The ADO substrate is provided in vivo by the preceding
enzyme in the pathway, acyl-acyl carrier protein (ACP) reductase, which reductively cleaves
its fatty acid thioester substrate using a reduced nicotinamide.! Because ADOs catalyze the
final step in a pathway that converts physiologically abundant fatty acids into combustible
hydrocarbons, they have received much recent attention for their potential biotechnological
applications.1>-10 Insight into their structure and mechanism might facilitate their
deployment in, for example, bioprocesses to produce renewable hydrocarbon fuels in
cyanobacteria or other heterologous bacterial hosts.>11:12 Particularly for the latter
approach, an understanding of the details of the reaction, including the identities and modes
of participation of accessory factors, might be necessary to make the bioprocess efficient
enough to be economically viable.

ADOs belong to the ferritin-like protein structural superfamily (see pdb accession 20C5 for
structural details), which comprises a number of well-characterized oxidases and oxygenases
known to employ their carboxylate bridged non-heme-diiron cofactors to activate O, for
oxidation (in many cases, oxygenation) of their substrates.13-1° The ADO reaction is,
however, unusual for a member of this enzyme superfamily, in that it results in no net
oxidation of its primary substrate. Indeed, its similarity to the reactions of the other members
is revealed only by the obligatory requirement for a reducing system!-4 and incorporation of
a single atom of oxygen from O, into the formate co-product.3# Despite these
idiosyncrasies, it has been presumed that ADO also employs a diiron cofactor in catalysis.
The fact that no ADO has, to our knowledge, been isolated from its native source, and the
growing recognition that members of the structural superfamily can employ metal ions other
than iron,20-23 have left the nature of the cofactor still somewhat in doubt. Obviously,
knowledge of the identity of the cofactor could impact efforts to make the enzyme function
at high efficiency in an engineered bioprocess.

In this study, the Nostoc punctiforme (Np) ADO has been over-expressed in Escherichia coli
under culture conditions designed to favor incorporation of exclusively iron (minimal
medium supplemented with Fe). A combination of metal analyses and Mdssbauer
spectroscopy has been used to show that these preparations do indeed harbor predominately
(>95%) diiron clusters. Combined with the demonstration that the ADO prepared in this
manner reacts, under the proper conditions, almost homogeneously with O, to form an
intermediate that is capable of yielding products, these results provide the best evidence to
date for the previously presumed catalytic competence of the diiron form of ADO.

Iron-dependent oxidases and oxygenases often exhibit the apparently adaptive characteristic
of becoming activated toward reaction with O, upon binding of either the substrate [as in the
Fe!l/a-ketoglutarate-dependent hydroxylases and halogenases24-26 and stearoyl-ACP A2
desaturase (A°D)?7] or an effector protein [as in soluble methane monooxygenase (SMMO)
and toluene/o-xylene monooxygenase (ToOMOH)28-32], We have adopted the term “substrate
triggering” to refer to the cases in which the substrate acts as the relevant activator.2® This
effect may have evolved to limit self-inflicted damage to the enzyme resulting from
formation of potently oxidizing intermediates in the absence of the oxidation target. The

1ABBREVIATIONS: ADO, aldehyde-deform?aating oxygenase; Np, Nostoc punctiforme; Pm, Prochlorococcus marinus; Ec,

Escherichia coli; AF, antiferromagnetic(ally);
freeze-quench(ed)

eOpwms; 1-methoxy-5-methylphenazine; SF-Abs, stopped-flow absorption; FQ,
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activating binding event is typically associated with a change in cofactor coordination. In
many cases, dissociation of a water ligand creates an open coordination site to which O, can
add to initiate the reaction.33-35

In this study, we show that the Np ADO is triggered by short-chain (Cg-C1g) n-aldehyde
substrates® for addition of O, to its Fe,!/!! cofactor. The reaction yields an intermediate with
an absorption feature at ~ 450 nm, a diamagnetic ground state (S= 0), and Mdssbauer
parameters indicative of two distinct, AF coupled, high-spin Fe!ll sub-sites. Its spectroscopic
properties and reactivity suggest that the intermediate is a Fe,!!"/!!' complex with a bound
peroxide. This intermediate is long-lived (t;/» ~ 400 s at 5 °C) in the absence of a reductant,
but effects rapid (t1/2 ~ 0.14 s) oxidation of the reduced form of 1-methoxy-5-
methylphenazinium methylsulfate (MeOPMS). Its decay in the absence of reductant produces
little formate (< 0.15 equivalents), but its reductant-promoted decay generates formate with
a stoichiometry of ~ 0.5/M€OPMS (approximately half the theoretical maximum yield).
These results provide strong support for two key features of our previously proposed
mechanism for ADO (Scheme 1):3 (1) formation of a Fe,!"!!! intermediate with a bound
peroxide moiety by addition of O, to the reduced Fe,!"!! cofactor of the ADO<aldehyde
complex; and (2) reductive cleavage of the peroxide to initiate a free-radical C1-C2
scission reaction. The results emphasize the importance of controlled delivery of electrons to
the ADO cofactor during turnover and thereby identify another aspect of its function that
might be tunable for increased efficiency in associated bioprocesses.

EXPERIMENTAL SECTION

Materials

Tris-(2-carboxyethyl)phosphine (TCEP), technical grade (> 85% purity) sodium hydrosulfite
(dithionite), B-nicotinamide adenine dinucleotide, reduced disodium salt hydrate (= 97%)
(NADH), 2-nitrophenylhydrazine (97%), and short-chain aldehyde substrates (n-hexanal, n-
octanal, and n-decanal) were purchased from Sigma-Aldrich (St. Louis, MO). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide (98%) was purchased from Alfa Aesar (Ward
Hill, USA). 1-Methoxy-5-methylphenazinium methylsulfate (MEOPMS) was obtained from
Acros Organics (New Jersey, USA). 1-[13C]-octanal was synthesized according to a
previously described procedure.® All other chemicals used for cell growth and protein
purification were purchased from Sigma-Aldrich (St. Louis, USA), unless stated otherwise.

Preparation of Np ADO

The plasmid used to direct over-expression of the ADO protein from Nostoc punctiforme
PCC 73102 (Npun_R1711; accession number YP_001865325) has previously been
described.2 The protein was produced in Escherichia coli BL21(DE3) (Invitrogen; Carlsbad,
CA) by a procedure modified from the original, published procedure, as noted below. The
cells were grown at 37 °C in M9 minimal medium containing 50 mg/L kanamycin, 2 mM
MgSOy, 0.2% (v/v) glucose, 100 uM CaCl, and 250 pM (NHy4)oFe(SO4)2:6H,0 until they
reached an ODggq of 0.6-0.8. Expression of the ADO was induced by addition of 250 pM
isopropyl-p-D-1-thiogalactopyranoside (IPTG), and the cultures were incubated at 18 °C for
20-24 h. All buffers used in the anaerobic purification of Np ADO contained 1 mM tris-(2-
carboxyethyl)phosphine (TCEP). The anaerobically isolated ADO (shown below to contain
primarily the Fe,'"!! form of the cofactor) was obtained by carrying out cell lysis and
immobilized metal-ion affinity chromatography in a Coy anaerobic chamber (Michigan,
USA). Cell lysis by sonication of ~ 40 g of cells suspended in ~ 200 mL lysis buffer (50 mM
sodium phosphate buffer pH 8.0, 10 mM imidazole, 300 mM NaCl) was followed by
ultracentrifugation in sealed, gas-tight tubes at 50,000 x g for 40 min at 4 °C. The
supernatant was applied to a Ni'l-nitrilo-tris-acetate (NTA) column (30 mL resin per
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200-220 mL crude lysate). The application was followed by washing with 5 column
volumes of 50 mM sodium phosphate buffer (pH 8.0) containing 40 mM imidazole and 300
mM NaCl. The protein was eluted with 50 mM sodium phosphate buffer (pH 8.0) containing
250 mM imidazole and 100 mM NaCl. The protein was concentrated, buffer-exchanged by
using a pre-packed PD-10 desalting column (G-25 Sephadex medium, GE Healthcare) in 50
mM sodium HEPES buffer (pH 7.5, 10% glycerol), transferred into gas-tight Eppendorf
tubes, and flash frozen in liquid N5, where it was stored until it was used in experiments.
Aerobically isolated enzyme (shown below to contain primarily the Fe,!'V!!! form of the
cofactor) was obtained by carrying out the same procedure in air. Iron and other trace metals
in the samples were quantified by inductively-coupled plasma atomic emission spectroscopy
(ICP-AES) by Mr. Henry Gong at the Penn State Materials Research Institute. Purity of the
ADO was estimated on the basis of SDS-PAGE and Coomassie staining to be > 90%, and
the concentration was calculated by measuring the absorbance at 280 nm and assuming a
molar absorption coefficient of 22,920 mM~1cm™1, which was calculated from the amino
acid sequence using the ProtParam tool (http://web.expasy.org/protparam/).

Stopped-Flow Absorption (SF-Abs) Experiments and Data Analysis

SF-Abs measurements were carried out with a SX20 stopped-flow spectrophotometer from
Applied Photophysics Ltd (Leatherhead, UK) that was housed in an anoxic chamber
(Labmaster, MBraun, Stratham, USA). All experiments were carried out at 5 °C. In single-
mix (two-syringe) experiments, the ADO reactant solution was diluted by two-fold, and in
the sequential-mix (four-syringe) experiments, the protein was diluted by 4-fold. In the
single-mix experiments, an O,-free solution of Fe,!""-ADO (0.20 - 2.5 mM), with or
without aldehyde substrate, was mixed with O,-saturated (on ice) 50 mM sodium HEPES
buffer (pH 7.5) containing 10% glycerol, giving an estimated O, concentration after mixing
of 0.9 mM.36 The optical path length used was 10 mm or 2 mm, depending on the protein
concentration. For initial characterization of the reaction, the photodiode array detector
(PDA) was used to acquire time resolved absorption spectra. However, the Fe,!'"!!-peroxide
intermediate was found to be photolytically labile under the intense white light required for
use of the multi-wavelength detector. Therefore, the true kinetics of the intermediate were
determined by using monochromatic 450-nm light and the photomultiplier tube (PMT)
detector.

For a system of two consecutive, irreversible reactions converting reactant, R, to product, P,
via intermediate, |, Beer's law gives the absorbance of the solution at 450 nm as a function
of time as:

Ayso (t) =ey, - [Rl+e, - ] +ep - [Pl, (1)

The time dependencies of the reaction components obtained by integrating the relevant
differential rate equations are obtained as:37-38

[R],=[Rlpe ™" @

[R]O

[P]t:[R]O—'—m

(kleszt - k2€7klt) @)
from which the expression for AA450nm as a function of time (Eq. 5) can be obtained as:
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k1
Oky — Ky

(ER — EP) ko+ (EI — ER) k1
ko — k1

Because the kinetic traces suggest that the reactant exists in two forms, R and R’, which can
both convert to intermediate I, Equation 5 can be expanded to include an additional term for
the step R’ — | with its unique rate constant, K. Alternatively, neglecting the minor
absorption at 450 nm from the product complex (gp ~ 0) yields the simpler expression:

[Rlok1 | kit kot [R/} okr { Ktk tJ
AAys (1) =—9— ket f L 1 Z 1t _ pmk2t|  (6)
450 (t) kg—kl\;e e J+k2—k'1 e e

which, when used in the regression analyses, was found to return essentially the same values
of the rates constants as the more rigorous, complex expression that takes into account the
minor absorbance of the product complex.

AAzgg-versus-time traces reporting oxidation of the MEOPMS reductant in sequential mixing
stopped-flow experiments were analyzed according to equation (7), which corresponds to
two parallel first-order reactions with different amplitudes (AA; and AA,) and rate constants
(kl and kz).

AAsss (t) =AA, (1 - e"“t) +AA, (1 - e_k2t) @

Preparation of Freeze-Quench (FQ) Samples

Freeze-quench experiments were carried out at 5 °C as previously described.3°

Assays for Formate Production

Formate produced in the ADO reaction was quantified as its 2-nitrophenylhydrazide
derivative by liquid chromatography and mass spectrometry (LC-MS), as previously
described.340 The reactions were carried out in the anoxic chamber by a procedure designed
to mimic the sequential-mixing stopped-flow experiments. A 50-pL aliquot containing 1.49
mM anaerobically isolated Fe,!"'-ADO and 16.6 mM 1-[}3C]-octanal was mixed in a sealed
Eppendorf tube via a gas-tight syringe with an equal volume of O,-saturated buffer. After a
32 second delay for accumulation of the intermediate, a 100 L aliquot of MEOPMS that had
previously been reduced by equimolar sodium dithionite was rapidly injected into this
solution. Immediately (one to two seconds later), 10 pL of this solution was quenched into
90 L of a solution containing 0.032 mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide,
0.013 mM 2-nitrophenylhydrazine (2NPH) and 28 mM HCI. A 10-uL aliquot of 1 mM
propionic acid was then added as an internal standard, giving a final concentration of 0.1
mM. The reaction was incubated for 15 min at 70 °C. The precipitated protein was pelleted
by centrifugation at 17,000 x g, and the supernatant was then filtered through a 0.2 uM
PVDF filter (National Scientific, USA) by centrifugation. The solution was analyzed on a
6410 LC/MS Agilent QQQ spectrometer by injecting 2 pL onto a Hamilton PRP-1
analytical column. An isocratic mobile phase (2:1 methanol:H,O containing 0.05% acetic
acid) was used. Single-ion monitoring (SIM) was carried out at m/z values of 180
(12CHO-2NPH), 181 (33CHO-2NPH), and 208 (propionyl-2NPH).3

Mdssbauer spectroscopy

Massbauer spectra were recorded on spectrometers from WEB Research (Edina, MN) that
have been described previously.4! The spectrometer used to acquire the weak field spectra is
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equipped with a Janis SVT-400 variable-temperature cryostat, whereas the spectrometer
used to acquire the strong field spectra is equipped with a Janis sTMOSS-OM-12SVT
variable-temperature cryostat. The external magnetic field was applied parallel to the vy
beam. All isomer shifts quoted are relative to the centroid of the spectrum of a-iron metal at
room temperature. Simulation of the Mdssbauer spectra was carried out by using the
WMOSS spectral analysis software (www.wmoss.org, WEB Research, Edina, MN).

Expression and Purification of Np ADO to Favor Iron Incorporation

Since the initial report on the cyanobacterial alk(a/e)ne-production pathway ending with the
ADO (formerly aldehyde decarbonylase) reaction, the identities of the functional metal ions
in the enzyme's dinuclear cofactor have remained somewhat in doubt. Initially, a diiron
cofactor was presumed, because it is the most common among the ferritin-like proteins,! but
the growing recognition that manganese is functional in some members of the structural
superfamily29-23 |eft the question open. However, our recent characterization of the reaction
as a novel oxygenation process made a diiron cofactor the most likely possibility3# and led
us to express and purify the enzyme under conditions designed both to favor incorporation
of only iron and to yield a maximal fraction of the O, reactive state.

Following its over-expression in minimal medium with °’Fe supplementation, the as-
isolated Np ADO (with N-terminal Hisg affinity tag comprising 20 additional amino acids)
contains 1.15 + 0.05 Fe ions per monomer, as determined both by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and a spectrophotometric assay based on
the Fe!! chelator, ferrozine.#2 Incorporation of the other biologically common transition
metals was minimal (0.012 equiv. Mn, 0.030 equiv. Ni, and 0.032 equiv. Zn).

Characterization of (An)aerobically Purified Np ADO by Mdssbauer Spectroscopy

Confirmation of the dinuclear nature of the iron cofactor was sought by Mdssbauer
spectroscopy on the protein purified in the presence and absence of O,. The 4.2-K/53 mT
spectrum of the aerobically purified Np ADO (Figure S1A) can be adequately analyzed as a
single quadrupole doublet with an isomer shift (8) of 0.52 mm/s and quadrupole splitting
(AEg) of 1.25 mm/s. These parameters are characteristic of high-spin (S= 5/2) Fe!!! ions.43
The spectrum of the aerobically isolated ADO containing 10 mM n-decanal (Figure 1A) is
essentially identical. This observation implies either that the substrate does not bind tightly
to the Fe,!'VI!l form of the enzyme or that the aldehyde binds in a manner that does not
detectably alter its Mdssbauer properties. The fact that the spectrum is a quadrupole doublet
is consistent with the presence of two AF coupled high-spin Fe!'' ions in a dinuclear cluster.
Indeed, the spectrum collected with a strong (6-T) applied magnetic field (Figure 1B,
vertical bars) can be simulated with § = 0.52 mm/s, AEq = —1.25 mm/s, asymmetry
parameter n = 0.4, and a diamagnetic (Sqta1 = 0) ground state (Figure 1B, purple line).

The 4.2-K/53 mT Mdssbauer spectrum of the anaerobically isolated Np ADO is dominated
by a broad quadrupole doublet with (average) isomer shift (5§ ~1.3 mm/s) and quadrupole
splitting parameters (AEg ~3.0 mm/s) characteristic of high-spin Fe!l ions in an octahedral
O/N coordination environment (Figure S1B).#3 The spectrum is characterized by broad
resonances, perhaps indicating heterogeneity of the Fe,!/!I! cofactor, which may result in a
distribution of isomer shifts and quadrupole splitting parameters. In addition, there is a
minor (6%) contribution from the oxidized Fe,'"!!! cluster (purple sub-spectrum).
Treatment of the aerobically-isolated Fe,''"!"-ADO with dithionite affords a reduced state
with a spectrum that is very similar to that of the anaerobically purified protein. Addition of
16.6 mM 1-[13C]-octanal to the anaerobically isolated enzyme, yielding the Fe,!/!l-ADOs1-
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[13C]-octanal complex that is shown below to react rapidly with O, to accumulate an
intermediate, does not detectably alter its Mdssbauer spectrum (Figure 1C).

SF-Abs Evidence for “Substrate Triggering” of O, Addition and Accumulation of an
Intermediate

Upon mixing of the Fe,'"!! form of Np ADO (prepared either by anaerobic purification or by
dithionite reduction of the aerobically purified enzyme) with oxygen-saturated buffer at 5
°C, a broad absorption band centered at ~ 350 nm develops slowly (Figure 2A), signifying
oxidation of the cofactor. The absorption feature is similar to those associated with jp-oxo-
Fe,!V!Il clusters in other ferritin-like diiron carboxylate proteins, in which it has been
assigned to oxo-to-Fel!! charge-transfer (CT) transitions.#4-46 By contrast to the slow,
monotonic development of the ~ 350 nm band in the reaction of substrate-free Fe,'/!'-ADO
with excess O, (Figure S2), inclusion of an aldehyde substrate (e.g., n-decanal) with the
Fe,!"I_ADO in the mix with O, results in a much faster reaction, and a new transient
absorption feature at ~ 450 nm is observed (Figure 2B). The spectrum after completion has
the same ~ 350 nm absorption band seen in the reaction in the absence of substrate,
suggesting formation of a p-oxo-Fe,!'"!! product cluster upon decay of the transient species.
The short-chain Cg_1o n-aldehydes, which were previously shown to be ADO substrates,*4’
all “trigger” reaction of the Fe,!"/!! cofactor with Os, leading to development of the transient
absorption feature (Figure S3). Corresponding n-alkyl compounds lacking a functional
group or having acid or alcohol functional groups do not support accumulation of the
absorbing species (Figure 3A, red, blue and purple traces). Thus, the aldehyde functional
group is essential for “substrate triggering.” At a concentration of 4 mM, the shorter
aldehydes (e.g., n-hexanal) are less effective at substrate triggering (Figure S3), as expected
from the fact that the natural substrates are Cq4, C16, Or C1g Saturated or mono-unsaturated
fatty aldehydes provided by the acyl-ACP reductase.!

Photolytic Lability of the Intermediate

In the SF-Abs experiments of Figure 2, multi-wavelength detection was achieved by use of a
photodiode array, which requires intense, polychromatic incident light. Under these
conditions, the intermediate was observed to have a half life (t12) of ~ 0.7 minat 5 °C
(Figure 3A, 3B green traces). However, upon use of monochromatic incident light and the
photo-multiplier detector (PMT), the intermediate species was found to decay ~ 10-fold less
rapidly (t12 ~ 7 min, blue trace with superimposed red fit, Figure 3B). This observation
indicates that the intermediate is photolytically labile, as has been found for O,-derived
complexes in other non-heme-diiron oxygenases, 214849 including the peroxo-Fe,!!/1!!
complex in A°D,27 and related model compounds.>? Therefore, accurate kinetics for the
intermediate were obtained by use of monochromatic incident light and photomultiplier
detector.

Complex Kinetics of Formation of the Intermediate and Their Origin

Attempts to analyze the AA450nm-Versus-time traces from the reaction according to a
sequence of two irreversible steps gave poor agreement between the fit and experimental
data, suggesting the presence of two distinct formation phases with different rate constants,
each associated with a decay phase of the same rate constant. The traces were thus fit by
Equation 6, which gives change in absorbance (AA4s0nm) as a function of time (t) from two
converging reaction channels that form a common intermediate (I) and product (P) from two
different forms of the reactant (R and R’). | forms from R and R’ with apparent first-order
rate constants k; and ky’, respectively, and decays to P with rate constant ky. R (R’), I, and P
have molar absorption coefficients at 450 nm of &g (assumed to be equal for R and R’
because the Fe,'/!' complexes should be essentially transparent at this wavelength), &, and
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&p, respectively. The product complex was also assumed to have practically zero absorption
(a0 ~ 0) at 450 nm, which is justified by its spectrum (Figure 2B). This regression analysis
applied to the trace in Figure 3B gave apparent first-order rate constants for formation of k;
=0.75 s and k;’ = 0.20 s™1 and a rate constant for decay of k, = 0.0017 s~1. According to
this analysis, reactant form R predominates (64%) over R’ (36%). Fitting the data so as to
account for the non-zero absorption of P at 450 nm gave essentially the same results. The
origin of the two formation phases and the distinction between the two reactant states (R and
R’) giving rise to them were probed in two additional SF-Abs experiments. In the first,
variation of the concentration of the aldehyde substrate (decanal) revealed a titration
behavior, in which the relative contribution of the slow formation phase to the total
amplitude of the transient is diminished with increasing substrate (Figure S4). This result
suggests that incomplete formation of the Fe,!!-ADOssubstrate complex in the reactant
solution could be one source of the kinetic complexity. To confirm this deduction, a second
experiment, in which substrate-free Fe,!!'-ADO was mixed with an O,-saturated solution
containing the substrate, was carried out (Figure S5). The markedly slower formation of the
intermediate in the reaction initiated in this manner proves that substrate acquisition by
Fe,!"MI_ADO is slower than O, addition to the Fe,!"!'-~ADOsdecanal complex and provides
support for the notion that sub-saturation by the substrate could be one source of the kinetic
complexity in intermediate formation in the experiment of Figure 3B. Interestingly, the
reaction initiated by mixing with decanal and O, also exhibits kinetic complexity. This
observation suggests that, in addition to the heterogeneity related to the presence of both
substrate-free and substrate-bound forms, the free enzyme is itself heterogeneous, having
two or more forms differing in their kinetics of substrate binding.

Characterization of the Intermediate by Mdssbauer Spectroscopy

To obtain insight into the electronic structure of the intermediate, freeze-quench (FQ)
samples were prepared for analysis by Méssbauer spectroscopy. The Fe,!/!-ADO-octanal
complex was mixed with a solution of O,-saturated buffer, and the reaction was quenched
after 32 s, the time of maximum Aysg in a SF-Abs experiment under identical reaction
conditions (Figure S6). The 4.2-K/53-mT Madssbauer spectrum of this sample (Figure 4A,
vertical bars) has minor contributions from the Fe,!'"!I' complex (6%) present in the reactant
solution (purple trace) and unreacted Fe,!"!! species (14%, light blue trace). After removal
of these two components, the remaining spectral features (Figure 4B) can be analyzed as two
partially resolved quadrupole doublets of equal intensity (40% each of the integrated
intensity of the original, experimental spectrum) with parameters 8, = 0.48 mm/s, AEq; =
0.49 mm/s (blue sub-spectrum) and &, = 0.55 mm/s, AEq, = 1.23 mm/s (green sub-
spectrum) characteristic of high-spin Fe!!l sub-sites (Table 1).43 The 4.2-K/6.0-T spectrum
(Figure 4C, vertical bars) can be simulated with values of § and Eq determined from the 53-
mT spectrum and n1 = 0, np = 0.9, and Sgtg) = 0. The 53-mT spectrum can be simulated
equally well with parameters 6; = 0.32 mm/s, AEg; = 0.80 mm/s and &, = 0.70 mm/s, AEq,
= 0.93 mm/s, but this analysis is inconsistent with the 6.0-T spectrum. From the isomer
shifts of the two sub-sites (0.48 and 0.55 mm/s), it can be concluded that the intermediate
has a Fe,!'"!!I! core, which is more oxidized by two electrons than the cofactor in the Fe,!/!l-
ADOeoctanal reactant complex. Because the transient complex forms in a reaction without
an obvious source of additional electrons, the co-substrate O, must be reduced by two
electrons to the peroxide level, yielding, for example, peroxo-Fe,!'"!!! state B or Fe, !/l
peroxyhemiacetal state C in Scheme 1. The transient species is, therefore, referred to
hereafter as a “Fe,!'""!-peroxide” complex, a designation intended to encompass both
possible structural formulations. Correlation of the concentration of the intermediate
determined from analysis of the Mdssbauer data (80% of 0.75 mM giving [Fe;] = 0.60 mM)
and the maximum value of the absorbance change (AA450 = 0.72) in the SF-Abs experiment
carried out under identical conditions (Figure S6) provides an estimate of e45q for the
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intermediate of 1,200 M~cm™1. This value is similar to those observed for known peroxo-
Fe,'VII! complexes. 31:51-56

The SF-Abs experiments of Figures 2 and 3 suggest that the Fe,!!/!!-peroxide complex
accumulates only in the presence of aldehyde. This conclusion was verified by FQ
Massbauer spectroscopy (Figure S7). Upon mixing of the anaerobically isolated Np ADO
with O,-saturated buffer in the absence of an aldehyde substrate, the Fe,!'!-peroxide
complex was found to accumulate to a minor extent (~ 4%), if at all, after a reaction time of
15 s (Figure S7B). The spectrum reflects the presence of ~11% of the oxidized (Fe,!!"!!")
state, which is also present in the reactant solution for this experiment (Figure S7A), but is
dominated by the contribution from unreacted Fe,!/!! complex. Thus, the Fe,!/!l-ADO is
relatively unreactive toward O, as deduced from the SF-Abs data. By contrast, in the
presence n-decanal, the Fe,!'"!!-peroxide complex accumulated (Figure S7C), albeit to a
lesser extent (~ 44%) than in the experiment of Figure 4. The SF-Abs and FQ Mdéssbauer
data thus confirm substrate triggering of O, addition to form the Fe,!!!!l-peroxide complex.

Chemical Competence of the Intermediate for Reduction by MeOpms

According to our working hypothesis for the mechanism of the ADO reaction (Scheme 1),
the Fe,!!"Ml_peroxide complex is expected to be analogous to state B or state C (which could
also be in equilibrium). Accordingly, production of formate and the C,,_; alkane from this
complex should require a total of two electrons from the reducing system. The ability of the
complex to oxidize MEOPMS, the reductant shown by Marsh and co-workers*’ to support
greater ADO activity than the originally employed heterologous (spinach) ferredoxin,13:4
was assessed in a sequential mix SF-Abs experiment. The Fe,!'V!!l-peroxide complex was
allowed to accumulate by a 32-s incubation (tgelay) at 5 °C following a first mix of the
Fe,!MI-ADO-1-[13C]-octanal complex with an equal volume of O,-saturated buffer, and the
solution was then mixed with an equal volume of a solution containing one equivalent of the
dithionite-reduced form of MEOPMS. The reaction was monitored by the development of the
spectrum of the oxidized MEOPMS®7 with Ayay = 388 Nm (388 ~ 26,000 M~ cm™1) (Figure
5A). The AA3gg-vs-time trace reveals rapid oxidation, essentially complete within 1 s
(Figure 5B, green trace). Corresponding traces from control experiments omitting ADO
(black), having an initial delay time insufficient to permit accumulation of the absorbing
complex (tgelay = 0.01 s, blue trace), or substituting the Fe,!'/"-ADO with the aerobically
isolated Fe "I form (Figure S8) reveal much slower MEOPMS oxidation. Similarly, with
tgelay = 500 s, a time sufficient to permit decay of the transient complex to ~ 50% of its
maximum concentration (Figure 3B, blue trace), the fast phase of MeOPMS oxidation is
diminished accordingly (Figure 5B, red trace). These observations show that the transient
complex rapidly oxidizes MEOPMS, whereas neither the Fe,!/I-ADO«1-[13C]-octanal
reactant nor the aerobically isolated Fe,!!"!"'-ADO does so. The results thus establish the
oxidizing nature of the complex, consistent with the hypotheses that it possesses a bound
peroxide moiety and is an intermediate on the pathway to formate and alk(a/e)ne.

Chemical Competence of the Intermediate for Formate Production and Reaction
Stoichiometry

The expectation that MeOPMS-promoted decay of the Fe,!!"!!-peroxide intermediate should
produce formate (Scheme 1) was evaluated in a chemical-quench experiment (see Materials
and Methods) designed to mimic the sequential-mixing SF-Abs experiment of Figure 5. The
quantity of 13C-labeled formate from 1-[13C]-octanal, determined after conversion to the
formyl-2-nitrophenylhydrazide [(:3CHO)-2NPH] derivative,3 was found in two independent
trials to vary as an approximately linear function of the quantity of reduced MeOPMS added
(Figure 6).
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Decay of the intermediate in the absence of reductant in an eppendorf tube under ambient
light produces only a low yield of formate (< 15%). The formate that is produced under
these conditions could reflect electron flow from the unreacted Fe,'/!'-ADO complex (~14%
observed in the FQ Mdssbauer experiment of Figure 1) to the Fe,!"!"l-peroxide complex.
With increasing MeOPMS added (again, under ambient light), the yield of formate increases.
Because the phenazine is a two-electron reductant, the maximum theoretical yield of
formate:MeOPMS is unity. The observed deviation most likely reflects the “uncoupling” of
phenazine oxidation from formate production in approximately half of the reaction events.
This result is not surprising in view of the non-physiological nature of the reducing system
and the possibilities for (1) unproductive two-electron reduction of the Fe,!!"!!l-peroxide
intermediate and (2) competition for reaction with the reductant from either the Fe,!!!1l-
ADO product emerging from initial turnover of the intermediate, residual O, or both. We
conclude that the complex is chemically competent for formate production upon its
reduction by MEOPMS and is an authentic intermediate in the ADO reaction.

Mossbauer Spectroscopic Characterization of the Product of Reduction of the Fe,!-
Peroxide Intermediate by MeOpMS

The state of the ADO cofactor after the MEOPMS induced productive decay of the Fe,!!/!I-
peroxide complex was probed by Mdssbauer spectroscopy. A sample was freeze-quenched
0.56 s after the pre-formed complex was mixed with the reduced form of MeOPMS, This
incubation time is sufficient to allow for the reaction to near completion (Figure 5B, green
trace). The 4.2-K/53-mT Mdssbauer spectrum of this sample (Figure 7A), has residual
contributions from Fe,!""-ADO (~ 13%) but is dominated by broad quadrupole doublets.
Subtracting the spectrum of the sample quenched before reaction with MEOPMS (Figure 4A)
from the spectrum of post-reduction sample (Figure 7A) cancels out the contributions of
unreacted Fe,'"/!'-ADOvoctanal complex and Fe,'"!! impurity and illustrates that decay of
the features of the transient complex (~ 46%, pink trace in Figure 7B) is associated with the
appearance of a broad doublet (positive features). By adding back the 46% contribution of
the Fe!'!!l_peroxide spectrum, the spectrum of the diamagnetic reduction product is
obtained (Figure 7C). The spectrum can be adequately analyzed as two quadrupole doublets
with parameters §; = 0.55 mm/s, AEqg; = 1.80 mm/s, 6, = 0.51 mm/s, and AEq, = 1.08 mm/
s. These parameters are typical of high-spin Fe!l! ions 4344 and indicative of an AF coupled
high-spin Fe,!'"!!I! cluster. The spectroscopic signature of this cluster is distinct from that of
the Fe,!'"!I complex that forms upon the slow (30 min at 5 °C) decay of the Fe,!!/!l-
peroxide complex in the absence of MEOPMS (Figure 7D, vertical bars). This latter complex
has a spectrum that is essentially identical to that of aerobically isolated ADO. The
observation that reduction of the transient Fe,!"!!! complex by MeOPMS generates a distinct
state with the cofactor still in the Fe,!!"!!! oxidation state confirms that the oxidizing
equivalents of the transient complex are in the form of a bound peroxide. The fact that the
spectrum of the ADO after the productive, reductive decay of the Fe,''!!-peroxide state is
distinct from those of the aerobically isolated enzyme and the spontaneous (unproductive)
decay product could be explained by the presence of bound formate, alkane or both in at
least a fraction of the reduction product, but other explanations are also possible.

DISCUSSION
Definitive Evidence that ADO Employs a Diiron Cofactor

A better understanding of the structure and mechanism of ADO might enable rational
enhancement of its in-vivo efficiency in renewable energy applications. A key aspect of its
structure is the identities of the metal ions in its functional cofactor. Although a diiron
cofactor has generally been presumed, the multi-turnover enzyme assays reported to date
have left open the possibility that a minor fraction of the ADO preparations, and not the

J Am Chem Soc. Author manuscript; available in PMC 2014 October 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandelia et al.

Page 11

major diiron component, was responsible for the alk(a/e)ne and formate produced. We
sought to unequivocally test the catalytic competence of the diiron cofactor by preparing
ADO as highly enriched in diiron cluster as possible and examining the reaction of these
preparations in single turnover experiments with steps in the sequence resolved by
controlling the delivery of the requisite electrons.

The ICP-AES metal analysis and Mdssbauer spectra show that our preparations of Np ADO
produced in Ec grown on minimal medium supplemented with iron contain a diiron cluster.
When the enzyme is isolated aerobically, it contains an AF coupled Fe,!"!!! cofactor, which
can be chemically reduced to the Fe,!"!" form. Following isolation under anaerobic
conditions, it contains a Fe,!"!! cluster with spectroscopic properties identical to those of the
chemically reduced form. Although the detection of a particular metal ion in a recombinant
protein is, at best, very poor evidence that that metal is functional, the reactivity of the
diiron-ADO characterized here indicates that it is indeed the active state. The reaction of
Fe,!"'_ADO with O, is very slow and produces the p-oxo-Fe,!!'!!! state without obvious
accumulation of an intermediate species. The reaction of the Fe,!/!'-ADOaldehyde
complex with O is much faster and yields a transient complex with distinct absorption and
Massbauer spectra. Accumulation of this intermediate is strictly dependent on the presence
of an n-aldehyde substrate: all short-chain n-aldehydes tested (Cg-C1) support its
accumulation, whereas the corresponding n-alkyl compounds terminated by other functional
groups (n-alkanoic acids, primary n-alcohols, and n alkanes) do not. Aldehydes with longer
side chains trigger intermediate formation more efficiently. This trend is expected, because
the physiological substrates are Cq4, C1g, Or C1g Saturated or mono-unsaturated fatty
aldehydes provided by the acyl-ACP reductase and because the longer-chain substrates
should bind more tightly within the hydrophobic active-site channel.! Triggering of O,
reactivity by the substrate or an effector protein is a common characteristic of the ferritin-
like diiron-carboxylate oxidases and oxygenases, and its occurrence in our ADO
preparations is consistent with the diiron form being functional. Importantly, the fact that ~
80% of the Fe,!"!! cluster can, with proper substrate triggering, convert to an intermediate
that reacts rapidly with the reducing system to afford ~ 0.6 formate/ADO rules out the
possibility that a minor fraction of the recombinant protein, and not the predominant enzyme
form, could be responsible for the activity. Thus, the spectroscopic and reactivity data
together provide the most definitive evidence to date that cyanobacterial ADOs can use a
diiron cofactor in catalysis.

Nature of the Diiron-O, Intermediate

The chemically competent intermediate state exhibits an absorption band at 450 nm (g450 =
1,200 M~1ecm™1) and two resolved Méssbauer quadrupole doublets characteristic of an AF
coupled Fe,!"!! cluster. Its spectroscopic properties, its formation by reaction of the Fe,!!/!l-
ADO-aldehyde complex with O in the absence of reductant, and its capacity to oxidize the
reduced form of MeOPMS rapidly while converting to a distinct Fe,!!'/!!! state, imply that it
possesses a bound peroxide. Indeed, this two-electron reduction of O, to peroxide is the
common first step in the reactions of the carboxylate-bridged diiron oxygenases and
oxidases.18 Moreover, with the exception of the complex formed in TOMOH, all peroxo-
Fe, ! complexes trapped in metalloproteins and inorganic models thereof share with the
ADO intermediate the characteristics of absorption in the visible region and Mdssbauer
spectra reflecting AF-coupling of two Fe!!! ions (see Table 1).

Possible Structures of the Intermediate and Positions in the Chemical Mechanism

Scheme 1 shows the mechanistic hypothesis initially proposed by us® and subsequently
adopted by Marsh and co-workers®® upon their corrections®?€0 to their claim of O-
independent ADO activity.#”:61 The mechanism accommodates all published data on the
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reaction, including: (i) our discovery that the C1-derived co-product of Np ADO is formate?
(which was subsequently confirmed for a second ADO ortholog®?) rather than the originally
proposed carbon monoxidel® or carbon dioxide;? (ii) our demonstration that the O-atom
incorporated into the formate co-product is derived from 0,34 rather than from solvent;#’
and (iii) recent evidence from the Marsh group for a C2 methylene radical intermediate
accompanying formate production.>® The mechanism can therefore guide consideration of
the structure of the diiron intermediate and its position in the reaction sequence.

The reaction begins by the binding of the aldehyde substrate with coordination of its
carbonyl group to one of the two Fe!! ions of the reduced cofactor, yielding state A.
Coordination of the substrate in this manner could displace one or more solvent ligand (not
depicted), a common mechanism for substrate triggering of O, addition.33-3%.62 There is
extensive precedent for triggering in iron oxygenases upon binding of the substrate merely
in the vicinity of, and not directly to, the cofactor.26:33-35.62-65 Aldehyde coordination is,
therefore, only a reasonable conjecture that is consistent with both the substrate triggering
demonstrated here and the presence of a ;-1,3 fatty acid ligand suggested by the X-ray
crystallographic data on the Pm ADO (pdb id: 20C5).1

Analogously to the reactions of other members of the superfamily, addition of O, to A
would produce a peroxo-Fe,!'"!! intermediate, B, which could have the symmetrical z-

17 iP-peroxo-Fe!"I! core structure depicted in Scheme 1 or a less symmetrical peroxide
binding mode (e.g., end-on to a single iron). The peroxide in B is proposed to
nucleophilically attack the aldehyde carbonyl, yielding the peroxyhemiacetal state C. This
step would distinguish the ADO mechanism from those of related diiron oxygenases studied
to date, in which peroxo-Fe,''"!!' complexes undergo redox-neutral or reductive O-O bond
cleavage to yield high-valent states (in SMMO%6 and RNR-R2,57:68 respectively) or are
attacked by a nucleophilic substrate to yield oxidized (most often hydroxylated) products (in
ToMOH?®9 and perhaps AurF>4.79). The proposed nucleophilicity of the ADO peroxide
complex is thus reminiscent of the ambivalent electrophilicity/nucleophilicity of C4a-
(hydro)peroxyflavin intermediates in flavin dependent monooxygenases.’! The
demonstrated protonolyses of an inorganic peroxo-Fe!'"!!l complex2 and the corresponding
intermediate in ferritin?3 to produce H,0, suggest that such complexes can indeed also be
basic/nucleophilic. Moreover, the nucleophilic attack by a peroxo-Fe intermediate on a
carbonyl carbon has been proposed as a key step in the C-C-bond cleaving reactions of the
mixed-valent non-heme diiron enzyme, myo-inositol oxygenase (MIOX),”*7° the
mononuclear non-heme-iron enzymes, 2 hydroxyethyl-1-phosphonate dioxygenase
(HEPD)”6.77 and methylphosphonate synthase (MPnS),”8 as well as the heme-dependent
cytochrome P450 sterol 14a-demethylase (CYP51).7:79

The next step in the proposed mechanism is the one-electron reductive cleavage of the O-O
bond of the Fe,!!"!!l-peroxyhemiacetal complex in C by the reducing system, which yields a
p-oxo-Fe "I cluster and gem-diolyl radical (D). The radical undergoes a B-scission of the
C1-C2 bond, generating formate and a C2 methylene radical (E). Support for the formation
of this radical was recently provided by the Marsh group, who found evidence for the
expected ring opening accompanying formate production from a C3-C4 cyclopropanated
substrate analog.58 The C2 methylene radical then abstracts a hydrogen atom from a nearby
amino acid (XH in Scheme 1, pink arrows) or a solvent ligand to the cofactor (green
arrows), and quenching of the resultant oxidized species (amino acid radical or Fe,!/V
cluster) by another electron from the reducing system and a proton gives the product state,
F. The fact that the Mdssbauer spectrum of the samples quenched immediately after the
productive (reductive) decay of the Fe,!'/!!l-peroxide complex differs significantly from the
spectra of both the aerobically purified protein and the product of spontaneous decay of the
intermediate is consistent with the formation of a downstream intermediate such as state F.
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Release of the products from state F and two-electron reduction of the cofactor by the
reducing system completes the cycle.

The peroxo-Fe,!!"!! state, B, and Fe,!!"l-peroxyhemiacetal state, C, in Scheme 1 both have
the requisite characteristics of a I11/111 oxidation state and a bound peroxide equivalent and
are, therefore, both viable representations of the ADO intermediate. Three characteristics of
the intermediate favor a C-like structure but can, with additional rationalization, also
accommodate a B-like structure. First, formation of the intermediate requires a bound
aldehyde. The carbonyl group of the substrate would not be directly involved in formation of
B but would be indispensable for formation of C. The observation that n-alkyl compounds
lacking the carbonyl uniformly fail to support intermediate accumulation could thus be
readily understood in terms of structure C. However, an alternative explanation is that the
structural requirements for activating the Fe,!/!! cofactor for addition of O, to form B are
just unusually stringent and fulfilled only by the aldehyde. Second, the intermediate persists
for minutes in the absence of reductant but oxidizes the reduced form of MEOPMS in
hundreds of milliseconds. Progression of B to C in Scheme 1 is redox neutral, but
conversion of C to D requires an electron. The promotion of its decay by reduced MeOPMS
(yielding formate) is thus most naturally rationalized by a C-like structure. However, B and
C could interconvert in a rapid equilibrium favoring B. In this case, decay of B would be
fast only under conditions favoring rapid reductive trapping of C. Alternatively, binding of
reduced MEOPMS to state B could induce its conversion to C and subsequent fast reduction
to D. Indeed, the Marsh group provided evidence for the tight binding of a similar phenazine
to the enzyme.51 Either of these idiosyncratic kinetic scenarios could rationalize both the
stability of a complex similar to B in the absence of reductant and the acceleration of its
decay by reduced MeOpMS.

The third characteristic of the intermediate that is also most easily explained by a Fe,!'/!ll-
peroxyhemiacetal rather than a s-peroxo-Fe 1! formulation is its Méssbauer spectrum,
which exhibits more pronounced site-differentiation than has often been seen among -
peroxo-Fe,!!'"!! complexes analogous to B (Table 1). An inorganic complex originally
prepared by Kitajima and the intermediate trapped in the D84E variant of Ec ribonucleotide
reductase B subunit are the most extensively studied among the known inorganic and protein
complexes (respectively) of this type. Each has been shown to possess a cis-z-1,2-peroxo-
Fe, ! core structure.53:80-82 Each exhibits an absorption band at ~ 700 nm, assigned to a
peroxide—Fe!!l charge transfer transition,81 but only a single Mésshauer quadrupole doublet
with a rather high isomer shift (> 0.60 mm/s) for both Fe sites. Peroxide complexes in the
wild-type RNR-B proteins from Ec and mouse,%7-68, soluble methane monooxygenase,31:66
ToMOH,89 and frog M ferritin,>® as well as several inorganic complexes,>2:80.83.84 3|50 have
iron sites that are unresolved by Mdssbauer and thought to contain the cis-z-1,2-peroxo-

Fe, ! core, though calculations on the intermediate from SMMO suggest that a yi-77: 77-
peroxo binding mode is also possible.8

There are, however, several examples of protein 1:54:86 and inorganic (hydro)peroxo-

Fe ! complexes 87:88 that do exhibit site resolution in their Méssbauer spectra (Table 1).
The peroxo-Fe,'"! complexes in oxy-hemerythrin, the N-oxygenase designated AurF, and
A%D desaturase are such examples. Differentiation of the two iron subsites in these
complexes arises either from asymmetric coordination of the peroxide moiety (e.g., to a
single Fe), from asymmetry imposed by the protein or solvent ligands, or from a
combination of these factors. For example, in oxyhemerythrin, coordinative saturation of
one iron with a g-hydroxo, two 1,3 carboxylate, and three histidine ligands enforces
addition of O, terminally only to the other Fe!! ion,8 which has one fewer histidine and thus
a single open coordination site. The structure of the (hydro)peroxo-Fe,!!/!! intermediate in
AurF is not known, but here again the protein provides one more histidine ligand to the Fe!!
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in site 190 and may therefore enforce O, addition either only to the site 2 Fe!' or in a manner
that more intimately involves and profoundly affects site 2. On the other hand, for the
peroxo-Fe,!!'"! state in A°D, recent quantum mechanical calculations suggest that the
asymmetry reflected by its Mdssbauer spectrum arises in spite of an inherently symmetrical
4-1,2 mode of peroxide coordination by virtue of a bidentate-to-monodentate carboxylate
shift at one of the Fe!!l jons, which makes that site five-coordinate while leaving the other
Fe!!l six-coordinate.%1

The amino-acid iron ligands of ADO are, at least in terms of their identities, inherently site-
symmetrical (two His and four Glu residues), as they are in A°D. The site resolution in the
Mosshauer spectrum of the Fe,!!l-peroxide complex in ADO is thus most likely
associated either with rearrangement of protein ligand(s) in the first coordination sphere (as
proposed for A%D), asymmetrical coordination of the peroxide moiety, direct, asymmetric
coordination of the substrate (or an intermediate derived from it), or a combination of these
factors. As depicted in Scheme 1, the postulated Fe,''""!-peroxyhemiacetal state C could
potentially possess both an asymmetrically coordinated hemiacetal anion and an
asymmetrically bound peroxide. In this respect, state C provides a potential rationale for the
spectroscopic properties of the Fe,!!!-peroxide intermediate in ADO. More detailed
structural studies on the intermediate will be required to test our hypothesis that it is a
unique type of peroxide (peroxyhemiacetal) adduct to its non-heme diiron cofactor.

Conclusions

Our results verify that cyanobacterial ADO can employ a diiron cofactor rather than a
homao- or heterodinuclear cofactor involving one or more transition metal other than iron.
Upon reaction of the Fe,!-ADOssubstrate complex with O, in the absence of the reducing
system, an intermediate with a Fe,!!/!!! cluster and bound peroxide equivalent accumulates
to ~ 80% yield. It is chemically competent to generate formate upon reacting with the
reducing system, and this reaction generates a stable Fe,!'V!!! cluster that is spectroscopically
distinct from the aerobically isolated ‘resting’ state. The identification of the intermediate
provides support for our previously proposed mechanism involving a novel attack of the
peroxide of a peroxo-Fe,!'"!I' complex upon the substrate carbonyl and the reductant
promoted decomposition of the resultant peroxyhemiacetal complex, leading to formate and
alkane production via a free-radical B-scission mechanism.
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Proposed catalytic mechanism for the conversion of aldehyde to alk(a/e)ne and formate by
ADO.34 The new hydrogen atom incorporated into the alk(a/e)ne product ultimately comes
from solvent, but the proximal donor could be either a solvent ligand (green arrows) or an

amino acid residue (depicted as H-X; purple arrows).
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Figure 1.

Mésshauer spectra of Np ADO isolated from Ec grown in minimal medium with 5’Fe
supplementation. (A) Spectrum of the aerobically isolated ADO in the presence of n-decanal
recorded at 4.2 K and magnetic fields of 53 mT (vertical bars) and simulation of the
experimental spectrum with parameters provided in the text (purple line). (B) Spectrum of
the sample in A recorded with a magnetic field of 6 T (vertical bars) applied parallel to the y
beam and simulation thereof with parameters described in the text (purple line). (C) 4.2-K/
53 mT spectrum of anaerobically isolated ADO in the presence of n-decanal (vertical bars);
the 6%-contribution from the Fe,!!"!!' complex in this sample is shown in purple.
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SF-Abs experiment monitoring the reaction at 5 °C of Fe,!/!'-ADO (0.35 mM) with O, (0.9
mM) (A) in the absence and (B) in the presence of 10 mM decanal. The arrows in B indicate
the (dis)appearance of an intermediate absorbing at ~ 450 nm only in the presence of the

aldehyde substrate.
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Figure 3.

Characteristics of the formation and decay of the 450-nm-absorbing complex. (A)
Requirement for the aldehyde functional group for substrate triggering of intermediate
formation in reaction of Fe,!"-ADO with O,. A solution of 200 pM Fe,!"-ADO, 2 mM
substrate or analog [n-nonanal (green), n-octanoic acid (red), n-nonan-1-ol (blue), n-nonane
(purple), or no substrate (black)] was mixed in the SF-Abs instrument at 5 °C with Oo-
saturated (1.8 mM) buffer (50 mM sodium Hepes, 10% glycerol, pH 7.5). The reaction was
monitored at 450 nm with PDA detection. (B) Assessment of the intermediate's photolytic
lability by SF-Abs spectroscopy monitored at 450 nm. A solution of 700 pM Fe,!"-ADO
and 10 mM n-decanal was mixed with an equal volume of an O,-saturated buffer solution at
5 °C. AA450nm-Vs-time traces were recorded with PDA (green trace) or PMT (blue trace)
detection. Regression analysis of the latter trace was carried out according to Equation 6,
giving rate constants mentioned in the text. Control experiments carried out in the absence
of n-decanal with PDA and PMT detection are shown as black and grey traces, respectively.
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Figure4.

Characterization of the 450-nm-absorbing complex by FQ Mdsshauer spectroscopy. (A) 4.2-
K/53-mT Mossbauer spectrum of a FQ sample prepared by reacting Fe,'/!l-ADO«1-[13C]-
octanal with Op-saturated buffer for 32 s (vertical bars). The contribution of unreacted
Fe,!M-ADO-1-[13C]-octanal (14%) and the Fe,!'"I-ADO (6%) are shown as light blue and
purple lines, respectively. (B) Removal of the contributions from the Fe,'/!-ADQ«1-[13C]-
octanal and Fe,''"!-ADO from A yields the spectrum of the intermediate (vertical bars),
which can be simulated as two quadrupole doublets of equal intensity (blue and green
shaded areas and red line) with parameters quoted in the text. (C) 4.2-K/6-T spectrum of the
32-s sample described above (vertical bars) and simulation of the sub spectra of the Fe, !/l
peroxide intermediate (blue and green shaded areas) as described in the text. The spectrum
of the minor Fe,!'"!I! contribution is shown in purple, and the summation of the
contributions from the intermediate and Fe,!!"!! contaminant is shown as the red line plotted
on top of the data.
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Figure5.

Sequential-mixing SF-Abs experiments establishing the ability of the Fe,!!"!l-peroxide
complex to oxidize MEOPMS. The Fe,!"-ADO-1 [13C]-octanal reactant solution was mixed
with Op-saturated buffer, the solution was allowed to react for the delay time (tgejay)
indicated in the figure, the aged reaction solution was then mixed with a solution of
dithionite-reduced MeEOPMS, and spectra were acquired following the second mix. (A)
Selected spectra from the experiment with tgejay = 32 s, reflecting the rapid oxidation of
reduced MEOPMS. (B) AAsgg-vs-time traces for experiments with different delay times
between the two mixes [tgelay = 0.01 s (blue), 32 s (green), 500 s (red)]. A control
experiment, in which ADO was omitted is shown in black. Dashed lines are fits of Eq. 7 to
the data.
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Determination of the reductant:formate stoichiometry upon reduction of the Fe,!!/!!l-
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peroxide complex with MEOPMS, The dotted fit line gives a formate:reductant ratio of ~ 0.5,

which is half of the theoretical yield.
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Figure7.
Massbauer-spectroscopic characterization of the ADO cofactor following the productive
decay of the Fe,!!"!!l_peroxide intermediate that is initiated by reduced MeOPMS. (A)
Experimental 4.2-K/53-mT spectrum after reaction of the pre-formed complex with
dithionite-reduced MeOPMS for 0.56 s at 5 °C. (B) Difference spectrum (vertical bars)
prepared by subtracting the spectrum of the sample quenched before reduction (Figure 4A)
from spectrum A. In this presentation, the features associated with the Fe,!!'"!"l-peroxide
complex point upwards (the pink line is the experimental “reference spectrum” shown in
Figure 4B scaled to 46% intensity) and the features associated with the product of the
productive decay point downwards. (C) “Reference spectrum” of the product of the reaction
of the Fe,!!"!-peroxide intermediate with reduced MEOPMS (vertical bars) and quadrupole
doublet simulations with parameters quoted in the text (solid lines). (D) Spectrum of a
sample prepared by allowing the Fe,!""!!l-peroxide intermediate to decay at 5 °C for 30 min
in the absence of reduced MeOPMS.
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Table 1

Mosshauer and optical properties of peroxo-Fe,!!/!! intermediates in Np ADO and other homologous
carboxylate-bridged diiron proteins.

Peroxo Species 8 (mm/s) AEq (mm/s)  Amax (M)  Ref.
0.48 0.49

ADO 450 this work
0.55 1.23

MMOH 0.66 151 725 31,66
0.55 0.74

AurF 500 70
0.61 0.35
0.64 1.06 700

A9-ACP desaturase 51
0.68 1.90

ToMOH 0.55 0.67 n.d. 69
0.54 1.92

oxy-hemerythrin ~500 86
0.51 1.09

_ 0.55(0.49) 1.16 (1.05)

deoxyhypusine hydroxylase 630 92
0.58 (0.63)  0.88 (0.99)

Frog M Ferritin 0.62 1.08 650 56

D84E R2 0.63 1.58 700 53,82
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