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ABSTRACT: Cyanobacterial aldehyde decarbonylases (ADs) 160, 150 o
catalyze the conversion of C, fatty aldehydes to formate 34H.+ y R—H + /"\16 )
(HCO,") and the corresponding C,; alk(a/e)nes. Previous 160 10 HM0 10 ¢ o6 H ©
studies of the Nostoc punctiforme (Np) AD produced in TN I

Escherichia coli (Ec) showed that this apparently hydrolytic r~“~p RS 180
reaction is actually a cryptically redox oxygenation process, in AP0 II
which one O-atom is incorporated from O, into formate and a hiz ~1min @25°C HR?‘ R=H + g

protein-based reducing system (NADPH, ferredoxin, and
ferredoxin reductase; N/F/FR) provides all four electrons
needed for the complete reduction of O,. Two subsequent publications by Marsh and co-workers [Das, et al. (2011) Angew.
Chem. Int. Ed. 50, 7148—7152; Eser, et al. (2011) Biochemistry S0, 10743—10750] reported that their Ec-expressed Np and
Prochlorococcus marinus (Pm) AD preparations transform aldehydes to the same products more rapidly by an O,-independent,
truly hydrolytic process, which they suggested proceeded by transient substrate reduction with obligatory participation by the
reducing system (they used a chemical system, NADH and phenazine methosulfate; N/PMS). To resolve this discrepancy, we re-
examined our preparations of both AD orthologues by a combination of (i) activity assays in the presence and absence of O, and
(ii) 'O, and H,'0 isotope-tracer experiments with direct mass-spectrometric detection of the HCO,™ product. For multiple
combinations of the AD orthologue (Np and Pm), reducing system (protein-based and chemical), and substrate (n-heptanal and
n-octadecanal), our preparations strictly require O, for activity and do not support detectable hydrolytic formate production,
despite having catalytic activities similar to or greater than those reported by Marsh and co-workers. Our results, especially of the
180-tracer experiments, suggest that the activity observed by Marsh and co-workers could have arisen from contaminating O, in
their assays. The definitive reaffirmation of the oxygenative nature of the reaction implies that the enzyme, initially designated as
aldehyde decarbonylase when the Cl-derived coproduct was thought to be carbon monoxide rather than formate, should be

redesignated as aldehyde-deformylating oxygenase (ADO).

A recently discovered orthologous group of ferritin-like
non-heme dimetal-carboxylate enzymes from cyanobac-
teria catalyzes the second of two enzymatic steps through which
fatty acids linked to acyl carrier protein (ACP) are converted to
diesel-fuel alk(a/e)nes." This pathway has been touted as a
potential basis for a sunlight-driven, carbon-neutral bioprocess
to renewable, fungible (able to be burned in existing engines)
fuels.'™'® Schirmer, et al. identified the cyanobacterial genes
encoding these enzymes and demonstrated the ability of the
Nostoc punctiforme (Np) orthologue, isolated after over-
expression in Escherichia coli (Ec), to convert n-octadecanal
(which is produced by the first enzyme in the pathway, acyl-
ACP reductase) to heptadecane in vitro." They suggested that
the other product might be carbon monoxide and therefore
named the enzyme aldehyde decarbonylase (AD)." We
subsequently showed that the C1-derived coproduct is actually
formate (HCO,").'® Conversion of a C, aldehyde to the
corresponding C,.; alk(a/e)ne and formate is an apparently
redox-neutral, formally hydrolytic outcome, but the structure of
the Prochlorococcus marinus (Pm) orthologue, which revealed
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the enzymes’ similarity to other ferritin-like diiron-carboxylate
oxidases and oxygenases' and the dependence of in vitro activity
on the presence of a reducing system (NADPH, ferredoxin, and
ferredoxin reductase; N/F/FR) analogous to those employed
by such oxidases/oxygenases,'”'® hinted that the enzyme could
be an oxygenase. We subsequently confirmed this possibility by
showing that O, is also required for activity and that the O-
atom incorporated into the HCO, ™ product originates from O,,
implying a reaction stoichiometry of four electrons from the
reducing system per aldehyde cleaved and establishing the
reaction as an unusual oxygenation process (Scheme 1A)."” This
conclusion, which is definitively reaffirmed by the results
presented below, implies that the enzyme is more aptly
designated as aldehyde-deformylating oxygenase (ADO), a
designation that we hereby adopt.
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Scheme 1. Predicted Origins of the Oxygen Atoms in the
Formate Co-Product Generated in the Oxygenative (A) and
Hydrolytic (B) Reactions Purportedly Catalyzed by
Cyanobacterial ADOs”
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“Non-enzymatic exchange of the carbonyl O-atom of the aldehyde
substrate with solvent is depicted on the left.

Shortly after our studies were published, Marsh and co-
workers reported that their preparations of the Np and Pm
ADOs catalyze cleavage of aldehydes to alk(a/e)nes and
formate in the presence of a reducing system but in the absence
of O, (Scheme 1B).***' Their work raised the stunning
possibility that the same enzyme might catalyze two
fundamentally different reactions, the first involving reductive
activation of O, and its subsequent attack on the aldehyde
carbonyl in a manner distinct from, but clearly related to,
mechanisms of other well-studied diiron oxidases/oxygenases,
and the second, for which they posited a mechanism involving
transient one-electron reduction of the substrate carbonyl by
the Fe,"" cofactor and formation of an organometallic formyl-
Fe' intermediate, bearing little resemblance to any reaction
previously attributed to a member of this well-studied enzyme
family.*® Apart from this provocative central claim, Marsh and
co-workers reported several other interesting observations.
First, the chemical reducing system that they employed, NADH
and phenazine methosulfate (N/PMS), reportedly supported
greater activity than the N/F/FR proteln -based reducing
system used by both Schirmer et al. ' and us,'®"? suggesting
that the extremely modest in vitro turnover rates achieved in
previous studies could have resulted from sluggish electron
delivery to the ADO cofactor by the heterologous (spinach)
ferredoxin. Second, they reported that the phenazine of the
reducing system binds tightly to the enzyme, an observation
hinting that heterocyclic redox cofactors might have a role in
the reaction as it occurs in vivo.” Flnally, they noted that linear
aldehydes as short as C, are good substrates,”® an observation
potentially resolving the challenge to mechanistic analysis
presented by the very low solubility of longer-chain fatty
aldehyde substrates.

The central claim of the Marsh work, aldehyde cleavage in
the absence of O,, is inconsistent with our own published
observations. Most importantly, we consistently detected much
less product (<20 M) when O, was intentionally removed
prior to constitution of the reactions than when reactions were
constituted with air-saturated solutions, which, under optimized
conditions, yielded >100 M products." Product yields in the
O,-depleted reactions were invariably similar to the levels of
residual O, typlcally remaining after our standard deoxygena-
tion procedure, %6 consistent with a stoichiometric require-
ment for O,. By contrast, Marsh and co-workers reported that,
in the1r experiments, inclusion of O, actually diminished product
yield.”® Tt is noteworthy that, in both of their studies, enzyme
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concentrations and product yields depicted in figures were
generally very modest (tens of #M) and similar to our product
yields in O,-depleted reactions. The low product yields and
inconsistency with our published observations combined to
raise concerns about the Marsh conclusion of O,-independent
turnover by the ADOs.

Isotope-tracer experiments to assess the origin of the O-atom
incorporated into the formate product represent the ultimate
arbiter for the nature of the ADO reaction (compare Scheme 1,
reactions A and B). For example, in proving that the Np ADO
can cleave its substrate by an oxygenative process, we carried
out the reaction under an atmosphere of *0,, converted the
formate to its 2-nitrophenylhydrazide (2NPH) derivative
(which extrudes one of the two O-atoms of formate), and
showed that the formyl-2NPH derivative had ~34% 'O
(compared to a content of 50% expected for the production of
entirely HC'®0'*0™)." Although shortcomings in the analysis,
specifically the use of a chemical-coupling procedure that
removes one of the two atoms being isotopically traced and
partially exchanges the other with solvent (as a result of
abortive derivatization events), prevented a firm conclusion as
to whether any hydrolytic cleavage occurs, the conclusion that
oxygenative formate production occurs was unambiguous.'’
Analogously, following their initial claim of hydrolytic activity,*
Marsh and co-workers carried out the reaction in H,'"*O with
the intent to verify the proposed solvent origin of the
incorporated O-atom in their reactions.”’ In this case,
interpretation was further complicated by the potential for
exchange of the substrate carbonyl O-atom with solvent '*O.
Theoretically, complete solvent exchange prior to enzyme-
mediated formate production by the putative hydrolytic
pathway would have resulted in the amide carbonyl in the
formyl-2NPH analyte having precisely the same '%0/'°O
isotopic composition as the solvent [which, unfortunately,
they did not report, thereby preventing critical evaluation of
their conclusions*']. By contrast, in concluding that the
observed result [61—64% '®O in the formyl-2NPH carbonyl
(note that this is almost identical to the percentage of solvent-
derived O-atoms in our prior analysis)] was consistent with a
solvent origin for the incorporated O-atom, they invoked very
slow exchange of the substrate carbonyl O-atom with solvent
(40% in 2 h), which they reported to have observed
experimentally but presented without documentation.”!
Importantly, if one were to invoke the opposite assumption
of fast solvent exchange, as is commonly observed for aldehyde
carbonyl oxygen atoms,”” then their result would imply
precisely the opposite conclusion, that the incorporated O-
atom was derived from residual atmospheric °0,. It is unclear
why Marsh and co-workers did not preincubate the aldehyde
substrate in the H,'®O solvent to permit complete exchange
prior to initiation of the ADO reaction and thereby eliminate
this ambiguity. In our view, the combination of (i) the
shortcomings in the execution and reporting of the crucial
isotope-tracer experiment (the omission of solvent isotopic
composition, the failure to pre-exchange the substrate with the
solvent, the surprising and undocumented claim of very slow
carbonyl-oxygen solvent exchange, and, most importantly, the
use of an analytical procedure that removes one of the two O-
atoms being traced and partially exchanges the other) and (ii)
our prior, unequivocal demonstration of formate production by
the oxygenative pathway cast doubt on the claim of hydrolytic
activity and made it imperative to seek more definitive analysis.
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We reasoned that mass-spectrometric (MS) analysis of the
formate product itself, rather than its 2NPH derivative, would
provide for a very sensitive isotopic probe for the proposed
hydrolytic activity. Following complete exchange of the
substrate O-atom with H,'®O solvent, any hydrolytic cleavage
would produce HC'®*0' 0™, whereas any oxygenative activity
occurring in a reaction intended to be O,-free but containing
residual atmospheric 0, would produce HC'*0O'*O~. Thus,
the absence or presence of a signal for the M+4 product (where
M is the mass of the formate with the natural abundance of
oxygen isotopes) in a reaction carried out in H,'®O should be
rigorously dispositive regarding the existence of hydrolytic
activity. It appears that direct MS analysis of formate has, in the
past, proven difficult, undoubtedly owing to its prevalence in
the environment. However, our previous studies showed that,
with the substrate labeled with *C or *H at C1, the MS signal
arising from ADO-generated formate is resolved from that
arising from the environmental formate.'® In the present case,
mass resolution was anticipated to be enhanced even further by
the addition of 2 or 4 amu from the "*O in the HC*0'"0™ or
HC'™0"O0™ product, respectively.

In this work, we report results of the '*O-tracer experiments
with direct MS analysis of the formate product that we have
forecast above, in combination with simpler determinations of
product yields in O,-replete and O,-depleted reactions, which
show unequivocally that our ADO preparations simply do not
support detectable O,-independent, hydrolytic cleavage,
irrespective of the ADO orthologue (Np or Pm), the reducing
system (N/F/FR or N/PMS), or the substrate (n-heptanal or
n-octadecanal) employed. In addition, aided by the important
technical advances of Marsh and co-workers,” including the
N/PMS reducing system (which we improved upon slightly by
use of a further modified phenazine) and the more soluble,
shorter-chain substrate (n-heptanal) on which they reported,
we demonstrate turnover numbers (~ 0.3 s™') approaching the
10°-10" s7! regime typical of diiron oxidases/oxy-
genases,zs’zg_33 thus setting the stage for transient-state kinetic
and spectroscopic dissection of the reaction mechanism.

B EXPERIMENTAL PROCEDURES

Materials. Phenazine methosulfate (PMS; >90%), 2-nitro-
phenylhydrazine (97%), 1-methoxy-S-methylphenazinium
methylsulfate (MeOPMS; >95%), pyridine (>99.9%), spinach
ferredoxin, spinach ferredoxin reductase, NADH (>97%), and
NADPH (>97%) were purchased from Sigma-Aldrich. 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide (98%) and pyridi-
nium dichlorochromate were purchased from Alfa Aesar. '*0,
gas (99% '*0) was purchased from ICON Isotopes. H,"*O
(>97% H,"0), 1-["*C]-stearic acid, n-1-["*C]-octanoic acid,
[**C]-formate, and B*H; (98% *H, 1 M in THF) were
purchased from Cambridge Isotope Laboratories.

Synthesis of Substrates. n-1-['3C]-Octadecanal was
synthesized as described by Schirmer, et al.' 1-[**C]-Stearic
acid (1.0 g, 3.5 mmol) was reduced with BH; (1 M in THF
solution; 4.2 mL, 4.2 mmol) in THF (40 mL) and subsequently
treated with pyridinium dichlorochromate (1.98 g, 5.3 mmol)
in methylene chloride (40 mL). n-1-['*C]-Octanal was
prepared in an analogous manner from n-1-["*C]-octanoic
acid. n-1-[*H]-Heptanal was synthesized in identical fashion
from n-1-heptanoic acid using B’Hj as reductant (1 M B*H,
solution in THF). Analytical thin layer chromatography (TLC)
was carried out on precoated TLC aluminum plates (silica gel,
grade 60, F,g,, 0.25 mm layer thickness) from EMD Chemicals.
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Flash column chromatography was performed on silica gel
(230—400 mesh, grade 60) obtained from Sorbent Technol-
ogies. Products were characterized by 'H and “C nuclear
magnetic resonance (NMR) spectroscopy (see the Supporting
Information). NMR spectra were recorded on a Bruker 300,
360, or 400 MHz spectrometer at the nuclear magnetic
resonance facility of the Department of Chemistry, The
Pennsylvania State University. Chemical shifts (5§ in ppm)
were determined from the known signals of solvent (CDCl, or
ds-DMSO), and coupling constants are given in Hertz (Hz).

Preparation of Proteins. The DNA sequence that encodes
Pm ADO was codon-optimized for overexpression in Ec,
synthesized, and inserted into the Ndel and BamHI restriction
sites of expression vector pET-28a by GeneArt (Regensburg,
Germany). This plasmid construct, which places the gene under
the control of a T7 promoter, allows for overproduction of the
protein containing an N-terminal His-tag separated from its
native start codon by a spacer of 10 amino acids. The resulting
plasmid, designated pPmADOwt, was used to transform Ec
BL21 (DE3) (Invitrogen; Carlsbad, CA) for protein
production. Protein overproduction and purification followed
procedures similar to those reported by Schirmer, et al,! with
minor differences, as noted. Protein expression was carried out
in shake flasks at 37 °C in Luria—Bertani (LB) medium
supplemented with 50 pg/mL kanamycin and was induced at
an ODgppnm of 0.8 by addition of isopropyl pS-p-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.25
mM. The culture was shaken at 37 °C for 4 additional hours
before being harvested by centrifugation at 6,000 rpm for 20
min. Cell paste was frozen in liquid nitrogen and stored at —80
°C until it was used. All purification steps were performed
according to the procedure reported previously.'®'* Np ADO
was prepared as described in previous work.'®'® The contents
of various redox-active, first-row transition metals in the
preparations of Np and Pm ADOs used in this work were
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) by Mr. Henry Gong at the Penn State
Materials Research Institute. For the Np ADO, the results were
Co, not detected; Cu, not detected; Fe, 0.82 equiv; Mn, 0.06
equiv; and Ni, 0.05 equiv. For the Pm ADO, the results were
Co, not detected; Cu, 0.01 equiv; Fe, 0.75 equiv; Mn, 0.07
equiv; and Ni, 0.06 equiv. Subsequent work in our group has
shown that growth of the overexpressing strain in minimal
medium supplemented with iron permits further enrichment in
Fe and affords more active protein, consistent with the active
cofactor being a diiron cluster. These procedures and results
will be published separately in a later paper.

Aldehyde Cleavage Reactions. All ADO reactions were
carried out in 100 mM HEPES buffer, pH 7.5, containing 10%
glycerol. Standard reactions with the n-octadecanal substrate
and the N/PMS reducing system contained 0.1 mM ADOQO, 0.5
mM n-1-[1*C]-octadecanal, 0.3 mM PMS, 6 mM NADH, and
0.2% triton x-100. Reactions with the n-octadecanal substrate
and the N/F/FR reducing system contained 0.1 mM ADO, 0.5
mM n-1-[*C]-octadecanal, 2 mM NADPH, 100 ug/mL
ferredoxin, 100 mU/mL spinach ferredoxin reductase, and
0.2% triton x-100. Reactions with the n-heptanal substrate
contained 0.1 mM ADO, 16 mM n-1-[*H]-heptanal, 0.3 mM
MeOPMS, and 6 mM NADH (with no detergent).

Analysis for Formate by Liquid Chromatography/
Mass Spectrometry (LC/MS). Reaction samples for direct
formate analysis were filtered through Amicon spin filters with a
molecular weight cutoff of 10 kDa and stored at 4 °C before
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LC/MS analysis. A 3-uL aliquot of each sample was injected
onto an Agilent QQQ 6410 LC/MS spectrometer equipped
with an Agilent HILIC analytical column. The isocratic mobile
phase contained 80/20 (v/v) acetonitrile/20 mM aqueous
ammonium acetate. The flow rate was 0.1 mL/min. The
negative-ion detection mode was used with single ion
monitoring (SIM) at m/z values of 45 (‘H“C'0,”), 46
(CH2C'90,” or 'HBC'90,7), 48 (*H2C'S00~ or
'THBC*0®07), and 50 (*H'C™0,” or 'H®C'"®0,”). The
sample preparation and analysis for formate by derivatization to
formyl-2NPH were the same as described in previous work.'®

Analysis for Hexane by GC/MS. A solution containing 0.1
mM ADO, 4 mM n-heptanal, 0.3 mM MeOPMS, 6 mM
NADH, 50 mM HEPES buffer (pH 7.5), and 10% glycerol in a
final volume of 700 uL was allowed to react in a sealed vessel
for S min. Gas from the head space of the sample was analyzed
on a Shimadzu GCMS-QP2010S interfaced with a Shimadzu-
SMS 30 m column (ID, 0.25 narrow bore; film, 0.25 ym). The
inlet and oven temperature were set to 250 and 40 °C,
respectively. Upon injection, the oven temperature was held at
40 °C for 3 min and then ramped up to 120 °C at a rate of 10
°C/min. Total ion chromatograms were generated by scanning
the range m/z = 30—3,000.

80, and H,'®0 Isotope-Tracer Experiments. Standard
reaction solutions (see above) were prepared in an MBraun
anoxic chamber from solutions rendered O,-free on a vacuum-
argon manifold. Samples were exposed to either '°0, or '*0,
(~720 Torr) as described previously’® and incubated for
sufficient time for the reaction to reach completion. The
resultant solution was either filtered anaerobically (for direct
formate analysis) or derivatized according to the standard
procedure (see above) before storage or analysis. In the H,"*O
isotope tracer experiments, the reaction solution was prepared
with O,-free H,'®O, and the aldehyde substrate was allowed
several minutes to undergo complete exchange of its carbonyl
oxygen atom with solvent before the reaction was initiated. The
final O content of the reaction solution was ~85%.

Determination of the Rate of Exchange of the
Aldehyde Carbonyl of Octanal with 80 from Solvent.
Reaction mixtures containing 15 mM n-1-[*C]-octanal in 0.75
mL of H,"®0 with 0.06 mL of dg-dimethylsulfoxide (de-DMSO)
added as internal standard were prepared and immediately
subjected to *C NMR analysis on a Bruker 850 MHz
spectrometer at 298 K. A time-dependent shift of the carbonyl
BC signal from § = 211.053 to § = 211.005 (upfield shift by
10.2 Hz) signifies exchange of '®O with 180 35,36

Determination of the NADH/Formate Reaction Stoi-
chiometry. Reaction solutions contained 0.1 mM ADO, 16
mM n-1-[*H]-heptanal, 0.3 mM MeOPMS, and varying
[NADH]. They were allowed to react in air for 10 min at
room temperature. They were then subject to the 2NPH
derivatization reaction and LC/MS analysis.

B RESULTS

Development of a Direct LC/MS Assay for Formate. As
noted above, the most rigorously dispositive difference between
the reaction pathway reported by Marsh and co-workers®®*!
and that previously demonstrated by us'” is the origin (H,O or
O,, respectively) of the new O-atom incorporated into the
formate product (Scheme 1). To assess this origin, a direct LC/
MS assay for formate, rather than its 2NPH derivative, was
sought. The conditions of the LC/MS analysis are provided in
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the Experimental Procedures section, and Figure S1 of the
Supporting Information shows that the peak area in the single-
ion chromatogram at m/z = 46, corresponding to the H*CO,~
analyte, increases with the concentration of H*CO,~ injected.
Thus, the formate product from a n-1-['*C]-aldehyde substrate
can readily be detected at tens of yM concentrations by this
assay. Comparison of peak areas obtained by analysis of ADO
reactions to the standard curve generated from Figure S1
(Supporting Information) provides for quantification of the
formate product, but, in the many experiments performed as
part of this study, we found that the experimental uncertainty
associated with quantification of the product by the direct
method is somewhat larger than that associated with the
2NPH-derivatization method. We therefore carried out both
procedures in this study: the direct analysis for purposes of
detection and isotopic analysis of the formate, and the 2NPH-
derivatization procedure for its accurate quantification (when
required).

Demonstration of the O, Requirement for Formate
Production by the Np and Pm ADOs. Detecting both the
2NPH derivative of formate and its alkane co-product, we
previously demonstrated that the activity of the Np ADO
supported by the N/F/FR reducing system requires the
presence of O,. When the first paper by Marsh and co-workers
reporting O,-independent ADO activity (of the Pm orthologue
supported by the N/PMS reducing system) was published,”
we formulated three most likely explanations for the apparent
discrepancy between our observations and theirs: (1) different
catalytic capabilities of the different ADO orthologues; (2)
different catalytic capabilities supported by the different
reducing systems; and (3) O, contamination in their assays.
With the direct LC/MS assay in hand, we simultaneously
evaluated possibilities 1 and 2 by testing for formate production
from n-1-["*C]-octadecanal, in the presence and absence of O,,
by both orthologues in the presence of Marsh’s N/PMS
reducing system (Figure 1). Following a 1-h incubation in an

A Np ADO; N/PMS B Pm ADO; N/PMS
> 3 “"H]JCOZ' >
Z +0,1h Z +0,1h
52 -0,1h g2 -0,1h
= -0,0h = -0,0h
il - L mr=48 T | m/z=48
< <
0 5 10 15 0 5 10 15

Elution Time (min) Elution Time (min)

Figure 1. LC/MS detection of formate produced enzymatically by Pm
ADO and Np ADO. Three identical standard reaction solutions with
the N/PMS reducing system and n-1-["*C]-octadecanal substrate were
prepared anareobically for both Np ADO (A) and Pm ADO (B),
respectively. They were filtered and measured by LC/MS right away
(black line) or after a 1-h incubation at 22 °C in the absence (gray
line) or presence of O, (red line). An authentic H*COO™ solution
was analzyed similarly as a standard (blue dotted line). The traces are
the single-ion-monitoring (SIM) LC/MS chromatograms at the
indicated values of m/z.

O,-depleted solution, neither reaction gave a m/z = 46 peak for
H"CO," (gray traces in panels A and B) that was significantly
enhanced relative to the corresponding peak from an identical
sample quenched at the shortest possible reaction time (black
traces). By contrast, the same 1-h incubation in the presence of
ambient O, resulted in an intense m/z = 46 peak (red traces) at
the same retention time as that for the authentic H'*CO,~

dx.doi.org/10.1021/bi300912n | Biochemistry 2012, 51, 7908—7916
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standard (dashed blue trace in panel A). These results establish
that our preparations of both ADO orthologues require O, to
produce formate, weighing against explanations 1 and 2. As
they were both carried out in the presence of natural abundance
0, (0.2% '80), it is not surprising that neither reaction gave a
significant peak at m/z = 48 corresponding to 'HC'$ 00~
(rear traces in both panels).

Assessment of the Origin of the New O-Atom in
Formate by the Use of '®0,. Our previous work employing
the 2NPH-derivatization assay established that the O-atom
incorporated into the formate product upon aldehyde cleavage
by the Np ADO supported by N/F/FR reducing system arises
from O, in the majority of reaction events. To assess the origin
of the formate O-atom with other combinations of the ADO
orthologue and reducing system and to verify more
quantitatively its origin in the Np ADO—N/F/FR reaction,
we applied the direct LC-MS formate analysis to reactions
carried out with '*0, (Figure 2). The O,-depleted reactions of

A Np ADO; N/F/FR B Pm ADO; N/F/FR
3 3

& &

5?2 g2

= =

1 =1

3 5

mo Ry W—— 7 D-O —em/z = 46
0 5 10 15

Elution Time (min)

C D Pm ADO; N/PMS
3 3

z z

g2 £2

= =

1 22 1

< <

@ Q)

mO k._ — n/7=46 mo,_.kb—m/z=46

0 5 10 15 5 10 15

Elution Time (min) Elution Time (min)

Figure 2. LC/MS detection of formate produced in 180,-tracer
experiments by Np ADO and Pm ADO. Standard reaction solutions
with the N/F/FR (A and B) or N/PMS (C and D) reducing system
and n-1-["3C]-octadecanal substrate were prepared anaerobically for
both Np ADO (A and C) and Pm ADO (B and D). Solutions were
incubated at 22 °C for 1 h either anaerobically (black line) or after the
introduction of 'O, (red line), filtered, and assayed directly for
formate by LC/MS. The traces are the single-ion-monitoring (SIM)
LC/MS chromatograms at the indicated values of m/z.

both Np ADO (panels A and C) and Pm ADO (panels B and
D) gave negligible peaks at m/z = 46 for "H"*C'%0,™ (black
traces), regardless of whether the N/F/FR reducing system (A
and B) or the N/PMS reducing system (C and D) was
employed. This observation is consistent with the results of
Figure 1. For all four combinations, the reactions to which '*0,
was subsequently added after the removal of atmospheric O,
(red traces) gave peaks at m/z = 48 for 'HC'®0'°0,~ that
were much more intense than the corresponding peaks at m/z
= 46 for 'H'C'0,". These results demonstrate that, for all
four combinations of ADO orthologue and reducing system, O,
rather than H,O is the source of the O-atom incorporated into
the formate product in the vast majority of reaction events. The
minor peaks at m/z = 46 in panels C and D reflect a minor
atmospheric '°O, contaminant in these reactions rather than a
trace level of hydrolytic formate production, as established
below.
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Testing Short-chain Aldehydes as ADO Substrates.
The small peaks at m/z = 46 in the red traces of Figure 2,
panels C and D, potentially suggest the production of a small
but detectable quantity of formate by a truly hydrolytic
pathway, which would result in the incorporation of an O-atom
from H,'°O rather than '*0,. Alternatively, these peaks could
reflect contamination of these reactions by environmental '°O,
(equivalent to explanation 3 for the discrepancy between our
results and those of Marsh and co-workers). To distinguish
between these two possible interpretations and provide for the
most sensitive detection of even trace hydrolytic formate
production, we sought to carry out reactions in H,'®O and
analyze for the presence of any 'H"*C'®0,", which would result
from exchange of the aldehyde carbonyl O-atom of the
substrate with solvent”” prior to C1—C2-bond cleavage and
incorporation of the second O-atom from solvent in the ADO-
mediated hydrolytic event (Scheme 1B). Proper interpretation
of the results of such an experiment requires knowledge of the
extent of the carbonyl-solvent exchange occurring prior to
turnover. We therefore sought to employ a substrate that would
be amenable to the direct determination of the carbonyl-solvent
exchange kinetics by ?*C NMR spectroscopy. The report by
Marsh and co-workers that linear aldehydes as short as n-
heptanal are substrates for the ADOs*>*" inspired us to test
various saturated linear aldehydes (n-heptanal, n-octanal, and n-
decanal), and, indeed, all were found to be active ADO
substrates (Table S1, Supporting Information).

To verify that the catalytic activity of the ADO operating on
even the shortest substrate, n-heptanal, has the same general
characteristics as ADO-mediated cleavage of the more
physiologically relevant n-octadecanal, we carried out reactions
with the Np ADO and the chemical reducing system [in this
case, l-methoxy-5- methylphenazinium methylsulfate
(MeOPMS) was used in place of the PMS used by Marsh
and co-workers because the former compound reportedly
exhibits greater photolytic stability,>” a property desirable for
mechanistic analysis by stopped-flow absorption experiments]
at two different ADO concentrations and also with serial
omission of a single reaction component to define the
requirements for activity (Figure 3). The complete enzyme
reactions rapidly generated formate (black and gray symbols
and fit lines), and, although only a very short (if any) steady
state was observed (the reason for this characteristic is not

0.8F

—_ ‘ADO(mM) NADH MeOPMS Oz |
S0.6f 010  + + o+
£

: - + + +
20.4F 0.02 - + +
g 0.02 + - +
1] 0.02 + + -1+
L

=0.2- expose

/to air
0

2 4
reaction time (min)

Figure 3. Time dependence of and requirements for the Np ADO-
catalyzed production of formate. Standard reaction solutions with the
n-1-[*H]-heptanal substrate were prepared as described in Exper-
imental Procedures, and, as indicated, the [Np ADO] was varied, or a
single reaction component was omitted. Aliquots were removed after
varied times of incubation at 22 °C, derivatized, and analyzed for
formyl-2NPH by LC/MS.
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known), the initial rates of formate production showed the
expected correlation to ADO concentration (compare black to
gray trace). Fits of the equation for an exponential burst and
linear rise phases to the progress curves gave initial rates (v/
[ADO]) of 0.27 + 0.03 s, much greater than any previously
reported ADO turnover number.”® This result hints at the value
of the short substrates in mechanistic analysis. Upon omission
of the ADO enzyme (purple)) NADH (green), MeOPMS
(red), or O, (blue), minimal formate was produced.
Importantly, after a 4 min unproductive incubation in the
absence of O,, opening of the sealed reaction vessel to the air
(blue arrow) led to the commencement of formate production,
further confirming the requirement for O,. The data in Figure 3
suggest that turnover of the shorter, more soluble substrate, n-
heptanal, has the same requirements as turnover of the
physiologically relevant longer fatty aldehydes.

Quantification of n-Hexane Produced by the ADO-
Catalyzed Conversion of n-Heptanal. As additional
evidence for the mechanistic correspondence between ADO-
mediated cleavage of n-heptanal and turnover of the longer
fatty aldehydes, the stoichiometry of n-hexane to formate was
determined. GC/MS analysis of the headspace from triplicate,
sealed ADO reactions (described in the Methods section)
permitted both the detection of the n-hexane co-product and,
by integration of the peak of the total-ion chromatogram and
comparison to an external standard curve, its quantification.
The triplicate reactions produced 322 + 35 uM formate and
362 + 40 yM hexane (mean + standard deviation), verifying
the expected 1:1 reaction stoichiometry of the two coproducts.

Measurement of the Exchange Rate of the Aldehyde
Carbonyl of Octanal with H,'®0. The published inter-
pretation of the solvent-'3O-tracer experiment carried out by
Marsh and co-workers in an effort to verify the expected solvent
origin of the O-atom incorporated into the formate product
relied on their report that the substrate carbonyl oxygen
exchanges with solvent very slowly on the time scale of the
ADO reaction.”' Indeed, the assumption of rapid exchange
would have led them to exactly the opposite conclusion: that
the origin of the incorporated O-atom must have been
contaminating O,. With the knowledge that short-chain
aldehydes are viable ADO substrates, we used *C NMR
spectroscopy to directly determine the rate of carbonyl-solvent
exchange (Figure 4). Incubation of the specifically labeled
substrate in H,'®O resulted in a time-dependent change in the
chemical shift of the 1-°C nucleus from 211.053 ppm to
211.005 ppm, reflecting exchange of the '°O in the carbonyl
group for 180.3% This shift was nearly complete after 6 min
(top spectrum) and had a half-life of approximately 1 min
(second spectrum from the bottom). These spectra demon-
strate that preincubation of a short-chain n-aldehyde substrate
in H,"®0 for >6 min permits the substrate to attain the O-
isotopic composition of the solvent.

Test for Trace Hydrolytic Cleavage of n-Heptanal by
Analysis of Reactions in H,'®0. With the kinetics of
carbonyl-solvent exchange elucidated, the definitive test for
hydrolytic formate production forecast above could now be
carried out (Figure S). The substrate employed in this
experiment, n-1-[*H]-heptanal, was selected as the synthetically
simplest isotopic perturbation that would afford mass-
resolution of enzymatically produced formate from the
environmental formate contaminant (our previous work
established that the C1 hydrogen of the aldehyde substrate is
fully retained in the formate product, giving the formate an m/z
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Figure 4. Determination of the kinetics of exchange of the carbonyl
oxygen of n-["*C]-octanal with solvent by *C NMR-spectroscopy. n-1-
[*C]-Octanal (natural abundance of oxygen, >99% *°0) was dissolved
in 700 pL of H,"0 with 60 uL of de-DMSO as the internal standard.
Spectra were required at varying times of incubation at ambient
temperature (~22 °C). The exchange of *°O from the C1 position of
the aldehyde with solvent '®O results in the indicated change in the
chemical shift.
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Figure 5. LC/MS '®0,- and H,'®O-isotope-tracer experiments to
determine the origin of the O-atom incorporated into formate by Np
ADO and Pm ADO. Standard reaction solutions (see Experimental
Procedures) of 500 uL total volume with the n-1-[*H]-heptanal
substrate and the N/MeOPMS reducing system were prepared
anaerobically with H,'°0 (A) or H,'®O (B). All reactions were
incubated for § min at 22 °C, one set in the absence of O, (black line),
the second under ~1 atm of natural-abundance (>99% '°0) O, (red
line), and the third under ~1 atm of '*0, (>99% isotopic enrichment)
(blue line). The reactions were filtered and subjected to direct LC/MS
analysis for formate. The traces are the single-ion-monitoring (SIM)
LC/MS chromatograms at the indicated values of m/z.

of 46, equivalent to that produced from a 1-["*C]-labeled
aldehyde'®). The n-1-[*H]-heptanal substrate was preincubated
in either natural O-abundance H,O (panel A) or 85% *O H,0
(panel B) for several minutes to ensure that the carbonyl O-
atom would achieve the isotopic composition of the solvent,
and the reaction solution was then rendered complete by the
addition of the Np ADO and the N/MeOPMS chemical
reducing system. In either solvent, negligible formate was
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detected in reactions from which O, had been removed and not
added back (black traces in both panels). In H,'O solvent
under '°0, gas (panel A, red traces), an intense peak at m/z =
46 was detected (*H'2C'®0,7), and no significant peak at either
m/z = 48 (PH'>C'0'07) or m/z = 50 (*H'>C'®0,”) was
seen, as expected. In H,'°O solvent under %0, gas (panel A,
blue traces), the major peak shifted to m/z 48
(*H™C™0'"0"), reflecting incorporation of a single O-atom
from '®0, into the formate product. Interestingly, a small but
significant peak at m/z = 50 reflects the production of a minor
quantity of formate with both O-atoms originating from O,
(*H'>C"™0,"). This product could result from (1) an abortive
event that results in incorporation of one O-atom from O, into
the aldehyde substrate without achieving C1—C2 fragmentation
and (2) subsequent, successful aldehyde cleavage occurring
either without substrate release to solvent (upon which the *O
incorporated during the abortive event could exchange) or
before carbonyl-solvent exchange can occur. This rare double-
incorporation event may hold useful mechanistic clues. In
H,"0 solvent under '°O, gas (panel B, red traces), the
intensities of the major peak at m/z = 48 and the minor peak at
m/z = 46, corresponding to H2C0B0~ and H12CY0,",
respectively, precisely mirror the solvent isotopic composition
of 85% %0 and 15% 0. Most importantly, no significant peak
at m/z = 50, corresponding to the *H'*C'®0,~ that should have
been produced in 72% of hydrolytic events (the fraction
expected to result from 0.85 'O from exchange and 0.85 '*O
from hydrolysis), could be detected (rear red trace in panel B).
Only when the reaction was carried out in both H,'*0 and '*0,
did the m/z 50 peak become prevalent (indeed,
predominant), and, under these conditions, the ratio of the
m/z = 50 and m/z = 48 peaks again reflected the solvent
180/10 composition (blue traces in panel B), implying a vastly
predominant outcome of precisely one O-atom of formate from
solvent (by exchange) and precisely one from O, (by
oxygenative cleavage). In other words, our preparations do
not support any detectable O,-independent, hydrolytic formate
production.

Test for a Stoichiometric or Catalytic Role of the
Reducing System. The final piece of evidence cited by Marsh
and co-workers in support of O,-independent, hydrolytic
aldehyde cleavage by ADO was their observation that NADH
is not consumed during the reaction.”’ Turnover without
consumption of reducing equivalents (4 e”/turnover) would be
incompatible with the oxygenative pathway indicated by our
data (Scheme 1A). To assess the Marsh report of a catalytic
rather than stoichiometric role for the reducing system,”'
reactions were run to completion (verified by examination of
different reaction times) with limiting and varying [NADH]
(Figure 6). The yield of formate was found to increase linearly
with increasing [NADH]. The slope of the line gives 0.25 +
0.03 formate/NADH. Given that NADH is a two-electron
donor, this experimental stoichiometry corresponds to 8 7/
formate, twice the theoretical ratio of 4 e”/formate predicted
by Scheme 1A. This deviation most likely reflects the
uncoupling of NADH oxidation from formate production in
roughly half of the reaction events, a result that is not surprising
in view of the nonphysiological nature of the reducing system
and its inherent reactivity to O, even in the absence of ADO.

B DISCUSSION

The strict, stoichiometric O, and NAD(P)H requirements of
both the Np and Pm ADO orthologues in the presence of either
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Figure 6. NADH/formate stoichiometry of the Np ADO-catalyzed
production of formate from n-1-[*H]-heptanal. Reactions were carried
out at 22 °C in 100 mM HEPES buffer (pH 7.5) for S min. They
contained 0.3 mM MeOPMS, 0.2% triton x-100, 4 mM »-1-[*H]-
heptanal, the indicated concentration of Np ADO [0.033 mM (red
circles), 0.1 mM (blue circles), or 0.2 mM (green circles)], and varying
concentration of NADH (values shown on abscissa). The solutions
were subjected to the derivatization procedure and analyzed for
formyl-2NPH by LC/MS.

the N/F/FR protein-based reducing system or the N/
(MeO)PMS chemical reducing system, together with the O-
isotope labeling pattern of the formate product, firmly establish
that our ADO preparations do not support any hydrolytic
aldehyde cleavage. Most definitively, we are unable to detect
any of the *H'2C'*0," that would necessarily be produced by
O,-independent, hydrolytic aldehyde cleavage in reactions run
in H,'0. This absence of the doubly-'"*O-labeled formate
product is stark evidence that one oxygen atom of the formate
invariably derives from O,. Whereas it would remain formally
possible that Marsh and co-workers had obtained a different
enzyme form (e.g, possessing a different metallocofactor or
some post-translational modification) having distinct catalytic
capabilities (e.g, O,-independent, hydrolytic aldehyde cleav-
age), it appears that, immediately before the submission of this
manuscript, these authors also came to recognize that their
report of O,-independent ADQ activity is in doubt.>® Thus, the
nature of the reaction is now firmly established as oxygenative
aldehyde cleavage to formate and alk(a/e)ne, providing
argument that the designation aldehyde-deformylating oxygen-
ase (ADO) is more appropriate than aldehyde decarbonylase

Although the main conclusion of Marsh and co-workers is
incorrect, their work nevertheless provided valuable technical
tools from which we have profited in this study.”**' For
example, we concur that the N/(MeO)PMS chemical reducing
system supports greater activity than the N/F/FR protein-
based system originally reported by Schirmer, et al. ' and
adopted by us in our first two studies.'®'? Indeed, the coupling
efficiency supported by this reducing system (~ 50%) is
surprisingly high and much greater than the value that we
previously measured for the heterologous protein-based system.
As importantly, their discovery that ADO accepts much shorter,
more soluble aldehydes is an extremely useful advance. Our
past experience in dissecting the mechanisms of O,-utilizing
metalloenzymes by direct detection and characterization of
intermediate states has taught us that the most generally
informative approach involves rapid mixing of the complex of
the reduced enzyme form and its substrate(s) with O, to
initiate rapid formation of the intermediate complexes.”® In
these experiments, it is desirable to saturate the enzyme by its
substrate. For the case of ADO, the physiologically relevant
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long-chain n-aldehyde substrates are only sparingly soluble, and
we have experienced difficulty in achieving saturation at
accessible substrate concentrations. In addition, steady-state
turnover rates thus far achieved with these long substrates are
far too modest (<1 min™") to have inspired hope that reactive
intermediates might be induced to accumulate. Shorter
aldehydes such as n-heptanal are more soluble and, indeed,
we find that n-heptanal supports an initial rate of ~0.3 s
Although 0.3 s is still a relatively modest rate constant
compared to those exhibited by many oxygenases,*>**™* it
approaches the realm of 10°—10? s™* that, in our experience,
signifies that the selected reaction conditions may support
intermediate accumulation.”®

B ASSOCIATED CONTENT

© Supporting Information

Figures depicting LC/MS analysis of the '*C-labeled formate
standard, 'H- and *C NMR spectra of n-1-[**C]-octadecanal,
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ing the ADO-catalyzed production of formate from n-heptanal,
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D1-thiogalactopyranoside; LB, Luria—Bertani; LC, liquid
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methosulfate; MS, mass spectrometry; N/F/FR, reducing
system comprising NADPH, ferredoxin, and ferredoxin
reductase from spinach; NMR, nuclear magnetic resonance;
N/PMS, reducing system comprising NADH and N-methyl-
phenazinium methylsulfate; Np, Nostoc punctiforme; Pm,
Prochlorococcus marinus; PMS, phenazine methosulfate or N-
methyl-phenazinium methylsulfate; SIM, single ion monitoring
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