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ABSTRACT: Conversion of biological molecules into fuels or other useful
chemicals is an ongoing chemical challenge. One class of enzymes that has received
attention for such applications is aldehyde deformylating oxygenase (ADO)
enzymes. These enzymes convert aliphatic aldehydes to the alkanes and formate. In
this work, we prepared and investigated ADO enzymes modified with RuII(tris-
diimine) photosensitizers as a starting point for probing intramolecular electron
transfer events. Three variants were prepared, with RuII-modification at the wild
type (WT) residue C70, at the R62C site in one mutant ADO, and at both C62
and C70 in a second mutant ADO protein. The single-site modification of WT
ADO at C70 using a cysteine-reactive label is an important observation and opens
a way forward for new studies of electron flow, mechanism, and redox catalysis in
ADO. These Ru-ADO constructs can perform the ADO catalytic cycle in the
presence of light and a sacrificial reductant. In this work, the Ru photosensitizer serves as a tethered, artificial reductase that
promotes turnover of aldehyde substrates with different carbon chain lengths. Peroxide side products were detected for shorter
chain aldehydes, concomitant with less productive turnover. Analysis using semiclassical electron transfer theory supports
proposals for hopping pathway for electron flow in WT ADO and in our new Ru-ADO proteins.

■ INTRODUCTION
Diiron cyanobacterial aldehyde deformylating oxygenase
(ADO) enzymes have attracted attention for their unique
chemistry and potential uses in the production of biofuels.1 In
natural systems, ADO enzymes convert fatty aldehydes to the
corresponding Cn−1 alkane and formate (eq 1).2 In vivo, the
aldehyde substrates derive from acyl-carrier proteins.3,4 From
the perspective of those aldehyde substrates, the overall
reaction is redox neutral. However, turnover in ADO is
coupled to the 4H+/4e− reduction of O2 to two H2O.

5

Remarkably, enzymatic cascades that include ADO can be
integrated into synthetic metabolic pathways in other microbes
to produce alkanes of various chain lengths, albeit in modest
yields.6,7 In vitro enzymatic assays display turnover rates near 1
min−1 using either chemical or protein-based reducing
systems.5,8,9

RCH CHO O 4H 4e
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2 2

3 2 2

+ + +

→ + +

+ −

(1)

The reaction catalyzed by ADO (eq 1) requires four single
electron transfer (ET) steps. The natural reductase for ADO is
not yet known, but a recent report showed that a
cyanobacterial 2Fe-2S ferredoxin (petF) is an effective
reductant of the diferric active site with a rate constant of
∼400 s−1.10 This ferredoxin is superior to other chemical
reduction systems5,8,9 and shows that enzymatic ET is faster
than observed turnover frequencies. In this context, ET is not a

rate-limiting step in ADO catalysis. In related mechanistic
work, radicals were shown to form at Tyr (Y) and Cys (C)
residues and mutations to those residues affect aldehyde
yields.10 Those Y and C radicals are on a pathway that extends
from surface residues C70 to the iron(FeB)-ligating His63
(Figure 1).10 Crystallographic data11 and computational12

analyses of the active site suggests that His attached to FeB is
dynamically ligated and depends on the redox state of the
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Figure 1. Structure of ADO from S. elongatus PCC7942 (PDB ID
4RC5). The diiron site is shown as orange spheres, H63 is in green,
the site of mutation at R62 is in cyan, and the α-helix that connects
C70 and the iron site is in magenta.
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active site. Ligands on FeA appear to be static. The His
coordination behavior highlights the importance of FeB and is
consistent with a mechanism that could involve ET (likely via
hopping) from the ADO surface near C70 to the iron active
site.13,14 Further support for a hopping mechanism comes from
the observation of Y and C radicals during turnover,10 where
these are likely derive from chemistry carried out in the Fe
active site.15 However, to learn more about intramolecular ET
in ADO enzymes, new models are needed that allow for rapid
initiation of redox reactions. To address this, we integrated Ru-
tris(diimine) photosensitizers at two different sites on the
surface of ADO. Herein we describe the preparation,
characterization, and turnover characteristics of Ru-ADO
proteins.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Solvents and buffer salts were

from J. T. Baker unless otherwise noted. RuCl3 was from Pressure
Chemical. cis-Dichlororuthenium(2,2′-bipyridyl)2 (Cl2Ru(bpy)2)

16

and (4 - b romome thy l - 4 ′ -me thy l - 2 , 2 ′ - b i p y r i d y l ) ( 2 , 2 ′ -
bipyridyl)2Ru

II(PF6)2 (denoted Ru)17 were prepared according to
the literature. Full details are given in the Supporting Information.
Nickel nitrilotriacetic acid resin was from Thermo Fisher. All other
chromatography media was from GE Healthcare. Polymerase chain
reaction (PCR) primers were purchased from Eurofins Operon.
Restriction enzymes and Q5 DNA polymerase were from New
England Biolabs. Plasmid DNA was isolated using a Qiagen Spin
Miniprep kit.
UV−Visible spectra were obtained using either a Photon Control

SPM-002-EH CCD with an SPLC 1DH deuterium/tungsten light
source or a Cary 100-Bio UV−visible spectrometer. A Bruker
microFLEX MALDI-TOF instrument with a 48-well ground steel
target was used for all mass spectrometry (MS) experiments. The
dried droplet method was used with sinapinic acid as the matrix.
Theoretical molecular weights are obtained from the protein sequence
using ExPASy: Compete Pi/MW tool.18 Circular dichroism spectra
were collected using a Chirascan qCD spectrometer and converted
using the following formula [θ] = θMr/(nCl), where Mr, n, C, and l
represent molecular weight (Da), number of residues, concentration
(in mg/mL), and the cuvette path length, respectively. Fluorescence
spectra were collected on Jobin-Yvon FluoroLog3 fluorometer. All
samples were deoxygenated using repeated pump-purge cycles with
argon backfill. Samples were excited at 455 nm. NMR experiments
were performed using a Bruker AVANCE III 500 MHz running
IconNMR under TopSpin 2.1. A Simpson water suppression pulse
program was used for all aqueous NMR experiments. Gas
chromatography-mass spectrometry (GC-MS) experiments were
performed using an Agilent 6890 series gas chromatograph with
5973 Network Mass Selective Detector equipped with a capillary DB-
5 column (0.25 mm × 30m × 0.25 μm).

The codon-optimized gene for Synechococcus elongatus ADO was a
gift from D. Baker (University of Washington). The ADO mutants
(R62C and R62C/C70S/C116S) were prepared using the Agilent
Quikchange protocol. Introduction of the desired mutations was
confirmed from DNA sequencing performed by Eurofins Operon.
Protein expression and purification was performed using standard
procedures (see Supporting Information).

For Ru-labeling, 1,4-dithiothreitol (DTT) was added to ADO
solutions to a final concentration of 20 mM and incubated at room
temperature for at least 45 min. DTT was removed using a PD-10
desalting column. Ru was dissolved in dimethyl sulfoxide (DMSO)
and added (1.2 equiv for single labeling and 2.4 equiv for double
labeling) to 60 μM protein solutions, and the resulting mixtures were
stirred in the dark at 4 °C overnight. Final DMSO concentrations
were 1%. No precipitation was observed during incubation.
Optimization of the protocol showed that 60 μM protein with a
20% excess of Ru-label and a 12 h labeling time (12 h vs 4 or 8 h)
gave the highest and most reproducible yields (70+%). Labeling at
room temperature was more rapid but also resulted in some protein
precipitation. Crude Ru-modified protein solutions were exchanged
into 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; pH 7.6) using a PD-10 column and loaded onto an
FPLC DEAE Hi-Prep column eluted with an increasing NaCl
gradient. Fractions containing Ru-labeled protein were pooled and
exchanged into 50 mM sodium phosphate, 100 mM NaCl, pH 7.5
using a PD-10 column. Protein samples were stored in the dark at 4
°C. Typical isolated yields of Ru-modified proteins ranged from 30 to
50%. Labeling was confirmed using UV−visible spectroscopy and
trypsin digestions (see Supporting Information).

Photochemical reaction mixtures contained 10 μM Ru-ADO + 10
mM sodium diethyldithiocarbamate (DTC) in 50 mM sodium
phosphate and 100 mM NaCl (pH 7.5) buffer. Ru-ADO was mixed
with 2 mol equiv of ferrous ammonium sulfate prior to reactions. For
all reactions, a single reaction mixture was split into two aliquots,
where one was shielded from light. The remaining mixture was
exposed to visible light from a Kodak extra bright lamp projector
source. Mixtures were stirred continuously in a temperature-
controlled water bath. Prior to NMR analysis, reaction solutions
were centrifuged briefly to remove insoluble oxidized DTC, and 10%
(v/v) D2O was added. The solution was then transferred to NMR
tubes (5 mm diameter), and NMR spectra were collected. Ethyl
acetate-extracted aqueous reaction mixtures were analyzed using GC-
MS. Full descriptions of protocols are given in the Supporting
Information.

■ RESULTS
Analysis of the X-ray structure of ADO from S. elongatus strain
PCC794219 reveals the presence of three C (residues 70, 106,
116). Of those, C70 and C116 are the most exposed to solvent.
Cysteine-reactive (4-bromomethyl-4′-methyl-2,2′-bipyridyl)-
(2,2′-bipyridyl)2RuII(PF6)2 (denoted as Ru) was used to

Figure 2. (A) Optical spectra of Ru (red dashed) and wild-type ADO (blue solid). (B) Optical (solid) and fluorescence (dashed) spectra of Ru-
ADO proteins: Ru-C70 (blue), Ru-C62 (red), and Ru-C62/Ru-C70 (green). The arrows indicate axes corresponding to each set of spectra.
Additional optical spectra are given in the Supporting Information.
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modify the proteins described in this work; such Ru-complexes
have been used in several studies of ET in metallopro-
teins.20−22 Surprisingly, treatment of WT ADO with Ru23

results in a single cysteine modification. Trypsin digestion and
analysis of the fragments using mass spectrometry reveals that
C70 is the modified site (see Supporting Information). Site-
directed mutagenesis was also used to produce two other
mutant ADO proteins: R62C and R62C/C70S/C116S.
Residue 62 was chosen for modification because it is surface-
exposed and connected directly to the Fe active site via His63.
As shown in Ru-modified cytochromes P450, the site of
labeling is an important factor in photochemical enzyme
activity.24 Treatment of R62C ADO with Ru yields a protein
modified at both C62 and C70, as confirmed by trypsin
digestion experiments, while the R62C/C70S/C116S variant is
only labeled once (Ru-C62). Circular dichroism spectra of
unlabeled mutants and Ru-modified analogues are nearly
identical, suggesting that that Ru-labeling does not dramati-
cally alter ADO’s helical secondary structures. Analogous
mutations to WT Cys residues are known in Nostoc punctiforme
ADO, and these mutations thermally destabilize the protein by
ca. 6 °C, but the secondary structures are not strongly
affected.25 Finally, Ru modification of WT ADO lowers the
melting temperature by ∼3 °C (see Supporting Information).
The optical and fluorescence spectra (Figure 2) of Ru-ADO

proteins show characteristic metal-to-ligand charge transfer
(MLCT) absorption bands, and the maximum emission
intensity is at 600 nm (with 455 nm excitation). There is a
slight red shift in absorbance between the Ru-modified
proteins (λmax = 458 nm) and the label (λmax = 455 nm).
The intensity of the MLCT band is proportional to the
number of Ru labels. The extinction coefficients at 455 nm are
ε (Ru-C70) = 14 500 M−1 cm−1, ε (Ru-C62) = 14 500 M−1

cm−1, and ε (Ru-C62/Ru-C70) = 29 000 M−1 cm−1, based on
spectra of related ruthenium polypyridyl complexes.26 Addi-
tional UV−visible spectra are given in the Supporting
Information. The normalized fluorescence maxima show the
same trend. The observed luminescence decay time constants
(τ) in oxygenated buffer for *Ru are 102 ns (Ru-C70), 78 ns
(Ru-C62), and 51 ns (Ru-C62/Ru-C70) (see Supporting
Information). For comparison, the lifetime for *Ru(bpy)3

2+ is
140 ns under the same conditions (Ru(bpy)3

2+ = tris(2,2′-
bipyridyl)ruthenium dication).
Electronically excited *RuII complexes can be quenched by

sacrificial electron donors to yield the corresponding reduced
Ru complex.27 Reduced Ru is a strong reductant, with E°′ near
−1.2 V versus the normal hydrogen electrode (NHE).28 Here,
DTC was used as the sacrificial quencher. The low water
solubility and limited reactivity of the DTC oxidation product
(disufiram) make it useful in investigation of protein
photocatalysis.22,23 Addition of 10 mM DTC to 10 μM
solutions of Ru-ADO in 50 mM sodium phosphate and 100
mM sodium chloride, pH 7, quenches the steady-state
luminescence of all proteins by ca. 60% (spectra are shown
in the Supporting Information).
Next, the ability of Ru-ADO to turn over using light and

sacrificial reductants was investigated. Aqueous solutions
containing 10 μM Ru-ADO, 10 mM DTC, and saturating
undecanal (∼160 μM) in 50 mM sodium phosphate, 100 mM
sodium chloride, pH 7.5, were irradiated for up to 60 min at
room temperature using a halogen light source with a UV
cutoff filter (λ > 380 nm). During irradiation, a white
precipitate formed, consistent with formation of the disulfiram

product expected from DTC quenching of *RuII. Analysis
using 1H NMR (see Supporting Information) also shows
formation of a downfield singlet at 8.35 ppm (Figure 3). This

peak was assigned to formate based on spiking with authentic
sample and comparison to external standards. The control
(dark) samples routinely showed formation of trace formate
over the course of 40 min, which we attribute to the weak
reducing power of DTC, which is present in large excess.
Integrated peak areas suggest formation of 40 ± 10 μM (5 ±

2 mg/L) over the course of 60 min of irradiation. This places
an upper limit on formate production of Ru-ADO near 0.7 μM
min−1, consistent with other chemical reducing systems.29

Identical samples kept in the dark show no disulfiram
precipitate or almost no production of formate (see above).
Production of formate also was detected with aldehydes of
varying chain lengths ranging from C6 to C11 (with the
exception of C9, which was not tested). The substrate
specificity and turnover properties of ADO with these other
chain lengths has been investigated elsewhere in detail.30

Control reactions where any one of the reaction components
(Ru-ADO, DTC, or aldehyde) were omitted showed no
production of formate. Octanal was used as a test substrate due
to its higher water solubility. Following literature examples of
photoreduction of proteins using noncovalently bound Ru-
(bpy)3Cl2,

31 addition of Ru(bpy)3Cl2 in a 1:1 molar ratio with
unmodified WT ADO, and all other reaction components,
shows production of trace formate (<1 μM). In this control,
consumption of DTC was observed. These experiments
demonstrate that covalent attachment of Ru to ADO is
important for function.
When using aldehydes shorter than C11, other products were

detected using 1H NMR and GC-MS at reaction times greater
than 20 min. For example, GC-MS analyses showed trace
production of alcohols, as is known for ADO.32 At those longer
reaction times, and with shorter aldehydes (C6−C8), a
resonance at 9.1 ppm also was observed in 1H NMR spectra.
This chemical shift suggests production of hydroperoxide-
containing compounds. This hypothesis is consistent with
detection of alkyl peroxyl radicals during ADO turnover.10 To
confirm peroxide production, postillumination reaction
mixtures were extracted with PPh3 in CDCl3 and analyzed
using 31P NMR. A 31P NMR resonance at 29 ppm was
observed (see Supporting Information), which was confirmed
as OPPh3 by spiking with authentic sample. The modest
turnover on Ru-ADO can be partially attributed to production

Figure 3. 1H NMR spectra of 10 μM Ru-C70 ADO samples under
photocatalytic conditions using undecanal as substrate. Spectrum 1
(bottom) is a dark control, and spectra 2 (middle) and 3 (top) were
collected after 20 and 40 min of illumination, respectively. The *
indicates the chemical shift of HCOO−.
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of these side products. Any production of hydrogen peroxide
also could inhibit turnover.8

GC-MS was used to identify the decane produced from
decarbonylation of undecanal by Ru-ADO. The decane
product was extracted using ethyl acetate. The yields assayed
using GC-MS were: 2.1 ± 0.1 (Ru-C62/Ru-C70), 2.0 ± 0.1
(Ru-C70), and 0.6 ± 0.1 (Ru-C62) mg/L, respectively. The
apparent yields of alkanes are somewhat lower than for
formate, which we attribute to inefficiencies in the extraction
protocol. The NMR experiments do not require extraction and
are a better measure of true yields. Notably, the production of
formate and decane for Ru-C62 ADO (with a C70S mutation)
is significantly (ca. 70%) lower than the other two Ru-ADO
models with Ru at C70. In recent work, the C71A variant of N.
punctiforme ADO (analogous to residue C70 in this work)
showed a 27% reduction in activity with respect to the WT
protein, demonstrating the importance of that cysteine residue
for ADO function.10 Overall, the two Ru-ADO proteins with
Ru at C70 show greater activity than the variant labeled only at
C62.

■ DISCUSSION
WT ADO can be readily modified at the surface-exposed
residue C70 using a thiol-reactive ruthenium(II) complex. This
was the only detected labeled product, although there is
another partially exposed cysteine (C116) in the WT protein.
It is surprising that covalent modification at ADO-C70 with a
redox-active molecule does not affect the ability of the enzyme
to turn over under photocatalytic conditions. In contrast,
elimination of this residue and attachment of Ru elsewhere (in
Ru-C62 ADO) impairs the ability of ADO to function.
Generation of a strong Ru reductant near the active site (as in
Ru-C62) is insufficient to give an active enzyme. We note that
ET from both the Ru-C62 site and the Ru-C70 site to the Fe
active site likely involves the peptide backbone that connects
the Ru-label to the Fe-ligated His63. In this context, it is
notable that single-Ru modification at C62 and C70 result in
markedly different abilities of the resulting ADO to produce
formate. This underscores the importance of the ET pathway
involving C70 and suggests that future investigations of
function ET in these Ru-modified proteins must account for
this feature.
The Ru-modified ADO described here is active, but the

activity is low with respect to other assays that employ weaker
reductants than Ru (E° = −1.2 V). Side reactions of Ru are
problematic and account, in part, for this observation. More
DTC is consumed than can be accounted for by the 4e−

stoichiometry required by ADO, which could be due to
adventitious reactions of electronically excited Ru33 or reduced
Ru with O2. In addition, atmospheric concentrations of O2
have been shown to inhibit catalysis by ADO,7,8,34 consistent
with our observed production of peroxides in Ru-ADO under
photocatalytic conditions (see above).
The above observations motivated us to analyze ET

pathways and energetics in ADO and Ru-ADO proteins.
Inspection of the X-ray structures of ADO enzymes shows a
series of tyrosine residues that extend from the iron site to the
surface of the protein, near C70 (e.g., Figure 4). This “chain”
of Y residues is structurally conserved across ADO enzymes
from different organisms35 and is widely conserved in aligned
protein sequences from ADO enzymes from different species
(see Supporting Information). In addition, the chain of redox-
active Tyr residues resembles those that are proposed to play

protective roles in other metalloenzymes.36 This could be an
interesting example of a case where such a chain plays a direct
functional role in enzyme catalysis. In ADO, this series of
residues may play a role in turnover that is reminiscent of
electron transport in some ribonucleotide reductases
(RNRs).37 Some of these Y residues were identified as sources
of radicals for ADO under turnover conditions, and mutations
to those Y reduced, but did not destroy, ADO catalytic
activity.10 Residue C70 is situated near the protein surfaces and
is about equidistant from Y125 and Y21. In the following
paragraphs, we analyze potential ET pathways in the context of
natural and Ru-ADO.
Recent elucidation of the energetics of ET via tyrosine

residues in RNR38,39 inspired us to analyze multistep ET in
ADO using semiclassical ET theory (eq 2), which is a typical
starting point for understanding ET reactions in proteins.14

Much work is left to be done in ADO, but the following
analysis is a starting point. The following analysis uses typical
ET parameters for proteins: λ = 0.8 eV and HAB =
HAB

0exp(−βr), where HAB
0 = 186 cm−1, β = 1.1 Å−1, and r

is the distance between cofactors.40 HAB is the electronic
coupling strength of the reactants and products at the
transition state, and β is the distance decay constant.40

Additional details about these calculations are given in the
Supporting Information. Given the complexity of the ET chain
in ADO, some limiting cases are presented here to
demonstrate the importance of electron flow through Y and/
or C.
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An upper limit for the potentials of activated intermediates
can be approximated as 1.4 V based on the potentials for alkyl
radicals41 or for related Fe model compounds.42 The proton-
coupled potential for C−S·/C−SH at pH 7 is 0.82 V, and that
for Y−O·/Y−OH is 0.83 V. Likewise, E°(C−S·/C−S−) = 0.73
V, and E°(Y−O·/Y−O−) = 0.65 V.41 Thus, the driving force
(−ΔG°) for ET from a surface residue (C or Y) of WT ADO
(unmodified with Ru) to the active site is estimated as less
than or equal to 0.75 V.43 Given the nature of the iron or
organic intermediates, it is unlikely that the net reaction is
thermodynamically uphill, but any individual step could be.
Given a limiting value of −ΔG° = −200 meV,14,38 ET could
proceed at 2 × 105 s−1 with tunneling distances under 8 Å
(using eq 2).

Figure 4. Illustration of the Y chain that extends from the S. elongatus
ADO Fe site to the protein surface (C70 or Y17). The peptide
connecting Ru to the Fe active site in Ru-ADO is shown at the top.
Distances are to/from aromatic ring centers. PDB ID 4RC5.
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Direct reduction of intermediate alkyl radicals, either by Ru
(E° = −1.2 V) or ferredoxin,10 is unlikely, as there is evidence
that the H· atom required to form the alkane product comes
from the ADO active site.10,29 Ru is a strong reductant, so the
driving force for ET is deeply in the Marcus inverted region,
with kcalc ≪ 1 s−1 (r ≈ 20 Å, as an estimate of the Ru−Fe
distance). In contrast, milder reductants, such as petF
ferredoxin (E°′ = −0.412 V44) or DTC (E°′ ≈ −0.3 V45),
can be orders of magnitude faster simply due to their weaker
reducing power with respect to Ru. In contrast, Ru is predicted
to be a good reductant for the ferric ADO resting state. The
reduction potential for the FeIIIFeIII resting state is not yet
known, but our estimate is between −0.1 and 0.3 V based on
potentials for related diiron enzymes.46−48 Reduction of the
FeIIIFeIII site can have a single-step Ru → Fe ET rate that is at
least as fast as reduction by ferredoxin (400 s−1). A proposed
cycle for Ru-ADO accounting for this ET analysis is set out in
Figure 5.

There are still many questions about ET in ADO enzymes.
The following suggestions can be made regarding functional
ET in Ru- and WT-ADO based on the above analysis. Ru can
act as a reductant for oxidized ADO, but it is probably not a
suitable reductant for other intermediates. The milder
reduction potential of ferredoxins (such as petF) are more
appropriate to support catalysis. In that context, DTC is a
probable reductant of Ru-ADO intermediates in the present
work. Finally, the comparatively low activity of Ru-C62 ADO
can be attributed to the position of Ru with respect to the
natural Y/C ET chain. During turnover, holes are funneled
away from Ru-C62. ET to reduce any intermediates is in the
inverted region and is calculated to be very slow from position
62 (in comparison to Ru-C70). Thus, to study functional ET
in ADO, it is not sufficient to simply place a photosensitizer/
reductant anywhere near the active site.
In sum, three different Ru-modified ADO proteins were

characterized and evaluated for their ability to decarbonylate
aliphatic aldehyde substrates under photocatalytic conditions.
The order of increasing catalytic reactivity was: Ru-C70 ≈ Ru-
C62/Ru-C70 > Ru-C62. Importantly, the unique reactivity of
wild-type ADO C70 opens the door to new applications or
investigations of electron flow during catalysis, for example,
using time-resolved spectroscopies or electrochemistry. We are
presently investigating the ability of oxidized Ru (Ru(III)) to

oxidize ADO active sites or nearby redox-active amino acids.
Our analysis of reductive ET suggests that photochemical ET
to the diferric active site, generating the O2-reactive diferrous
enzyme, can occur readily with Ru as a reductant. Other
intramolecular ET reactions are a possible pathway for ET
from the surface of ADO to activated intermediates in the
native ADO enzymes. Side reactions involving O2 were
identified as challenges in developing an ADO system with
better photochemical activity.
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