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he production of renewable liquid biofuels is an industrial
imperative, and many methods and fuel types are being explored. Alkanes are major constituents of our current fossil-derived fuels and also appear in nature as products of biosynthesis.
Therefore, alkanes represent attractive targets for engineering
large-scale biofuel production. Early studies of alkane biosynthesis
described the conversion of fatty aldehydes (ALDs) to alkanes by
integral membrane proteins (1–3), and the ECERIFERUM1
(CER1) gene of Arabidopsis has been found to encode this activity (4–6). Unfortunately, the details of alkane biosynthesis have
remained unresolved due to the difﬁculties associated with biochemical analyses of membrane proteins.
The recent discovery (7) of a soluble aldehyde-deformylating
oxygenase (ADO, formerly known as aldehyde decarbonylase) in
cyanobacteria that converts free aldehydes to the corresponding
n-1 alkane has reinvigorated the study of alkane biosynthesis. The
soluble ADO is homologous to a number of oxygen-dependent
soluble diiron enzymes, including methane monooxygenase (MMO)
and acyl–ACP desaturases, whereas the membrane-bound aldehyde decarbonylase CER1 is homologous to the oxygen-dependent
membrane class of diiron desaturase enzymes (7). Cyanobacterial ADOs are readily puriﬁed from heterologous expression
systems, are active in vitro, and a crystal structure of the
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enzyme was determined as part of a structural genomics effort
(Protein Data Bank 2OC5, Joint Center for Structural Genomics). ADO converts aldehydes to n-1 alkanes with the aldehyde C1
released as formic acid (8, 9). Electrons required for the reaction
can be provided by NADPH via ferredoxin-NADP reductase
(FNR), and ferredoxin (Fd) (7), or via the chemical mediator
phenazine methosulfate (PMS) (10). A proposed reaction scheme
for ADO (adapted from ref. 9) is depicted below where R
represents Acyl:
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Biologically produced alkanes represent potential renewable alternatives to petroleum-derived chemicals. A cyanobacterial pathway
consisting of acyl–Acyl Carrier Protein reductase and an aldehydedeformylating oxygenase (ADO) converts acyl–Acyl Carrier Proteins into corresponding n-1 alkanes via aldehyde intermediates
in an oxygen-dependent manner (Km for O2, 84 ± 9 μM). In vitro,
ADO turned over only three times, but addition of more ADO to
exhausted assays resulted in additional product formation. While
evaluating the peroxide shunt to drive ADO catalysis, we discovered that ADO is inhibited by hydrogen peroxide (H2O2) with an
apparent Ki of 16 ± 6 μM and that H2O2 inhibition is of mixed-type
with respect to O2. Supplementing exhausted assays with catalase
(CAT) restored ADO activity, demonstrating that inhibition was
reversible and dependent on H2O2, which originated from poor
coupling of reductant consumption with alkane formation. Kinetic
analysis showed that long-chain (C14–C18) substrates follow
Michaelis–Menten kinetics, whereas short and medium chains
(C8–C12) exhibit substrate inhibition. A bifunctional protein comprising an N-terminal CAT coupled to a C-terminal ADO (CAT–ADO)
prevents H2O2 inhibition by converting it to the cosubstrate O2.
Indeed, alkane production by the fusion protein is observed upon
addition of H2O2 to an anaerobic reaction mix. In assays, CAT–ADO
turns over 225 times versus three times for the native ADO, and its
expression in Escherichia coli increases catalytic turnovers per active site by ﬁvefold relative to the expression of native ADO. We
propose the term “protection via inhibitor metabolism” for fusion
proteins designed to metabolize inhibitors into noninhibitory
compounds.

ADO has been reported to catalyze mechanistically distinct
oxygen-dependent (8) and oxygen-independent (10) production
of alkanes, although there is some uncertainty regarding the
anaerobic mechanism (11) and a recent publication has provided
evidence for only oxygen-dependent activity (12). In vitro, ADO
exhibits poor catalytic activity and so far has yielded only 3–5
catalytic turnovers per active site, regardless of the assay system
(9, 10) posing a serious barrier to its further study.
An in-depth biochemical characterization of ADO is crucial if
we wish to understand and improve this enzyme, and we embarked
on a study to optimize the in vitro ADO assay and determine its
kinetic parameters. Unexpectedly we found that ADO is reversibly
inhibited by hydrogen peroxide (H2O2). Catalase, when included
in enzyme reactions, was able to either prevent or relieve H2O2
inhibition. A fusion protein encoding catalase and ADO domains
separated by a ﬂexible linker increases enzyme catalytic turnover
by approximately two orders of magnitude relative to ADO alone
by converting its inhibitor (H2O2) into a cosubstrate (O2).
Results
Previous reports have found that ADOs are capable of ∼3–5
catalytic turnovers (9, 10, 12). We observed a very similar result
with Prochlorococcus marinus ADO, using Zea mays ferredoxin
NADP(H) oxidoreductase (FNR), Anabaena sp. pyridinum chlorochromate (PCC) 7120 vegetative Fd, and NADPH to supply
electrons (Fig. 1A), except that our reactions appeared to be
exhausted by 15 min, whereas the previously reported incubations were for many hours (9, 10). However, supplementing an
exhausted reaction with additional ADO caused more product
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Fig. 1. ADO is inactivated after three catalytic turnovers by H2O2 during in
vitro enzyme reactions. (A) ADO catalytic turnovers after adding more
NADPH (+NADPH), +FNR, +Fd, the entire ETC (+ETC; NADPH, FNR, and Fd),
or more ADO (+ADO) to the reaction after 15 min. (B) ADO catalytic turnovers in the absence or presence of catalase. (C) ADO catalytic turnovers
after adding more ADO protein or catalase to the reaction after 15 min. (D)
ADO catalytic turnovers in the presence of catalase or H2O2 with NADPH, FNR,
and Fd or with PMS and NADH reducing systems. All reactions contained
200 μM 18 carbon aldehyde (18-ALD). All data are the mean ± SD (n = 3).

to accumulate (Fig. 1A). In contrast, adding extra NADPH, Fd,
or FNR, or a combination of the three, did not result in additional product accumulation (Fig. 1A). From this we conclude
that ADO becomes inactivated upon incubation with the other
assay components.
In an attempt to simplify the assay system, we tried to replace
the electron transport components NADPH, Fd, and FNR with
hydrogen peroxide (H2O2). The rationale was that MMO, a
structurally related diiron protein, can bind and perform a 2e−
reduction of molecular oxygen to form an enzyme-bound peroxo
intermediate, or in the absence of molecular oxygen and electron
transport system can become activated by a peroxide shunt in
which H2O2, the 2e− reduced form of molecular oxygen, binds
directly to the active site (13). Addition of H2O2 to enzyme
reactions in place of FNR, Fd, and NADPH did not support
ADO activity; indeed the addition of H2O2 actually inhibited
reactions that contained FNR, Fd, and NADPH (Table 1).
Because H2O2 appeared to inhibit ADO, catalase (which
converts 2H2O2 to 2H2O + O2) was added to in vitro reactions.
The addition of catalase immediately after the addition of H2O2
prevented inhibition of the enzyme (Table 1). The addition of
catalase after a 10 min preincubation with H2O2 restored ADO
activity, demonstrating that inhibition by H2O2 is reversible
(Table 1). The presence of catalase allowed ADO to remain
active, producing a linear rate of product formation for at least
30 min and a catalytic turnover of ∼10 compared with saturation
at ∼3 in the absence of catalase (Fig. 1B). When added to an
exhausted ADO assay, catalase fully restored ADO enzyme activity, proving the observed cessation of ADO activity resulted
from the accumulation of H2O2 (Fig. 1C). Assays in which the
chemical mediator PMS was used in place of Fd and FNR
exhibited H2O2 inhibition similar to that observed in Fd/FNR–
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mediated reactions (Fig. 1D). During in vitro reactions, H2O2 is
produced by reduction of O2 from uncoupled NADPH consumption by the electron transport components (principally Fd)
contained in the ADO reaction (Table 2). We note that the use
of PMS resulted in a similar accumulation of H2O2 and inhibition of ADO to that observed for FNR, Fd, and NADPH.
Inhibition of ADO by H2O2 was investigated in more detail,
and found to be dose dependent and saturable (Fig. 2A). A
proposed mechanism for ADO under aerobic conditions includes
the formation of a peroxo intermediate after O2 binding to the
diiron active site (8). We therefore hypothesized that H2O2 should
compete with oxygen for binding to the diiron site. To test this,
H2O2 inhibition was measured under various O2 concentrations.
Fig. 2A shows that the degree of inhibition is inversely proportional
to the O2 concentration. Further analysis of these data by double
reciprocal plot indicates mixed-type inhibition in which H2O2
binding can occur before or after O2 (Fig. 2B). The Ki for H2O2
can be calculated using the data presented in Fig. 2A if the Km for
O2 is known. The Km for oxygen has not been reported, and there
is a lack of clarity in the literature as to whether ADO requires
molecular oxygen for catalysis (10–12). We therefore ﬁrst performed a rigorous experiment to test whether molecular oxygen is
required for catalysis (Fig. 2C). A Schlenk line and BASF O2scrubbing catalyst was used to exchange O2-free argon for air by
repeated cycles of vacuum/incubation with O2-free argon to
create a strictly anaerobic ADO reaction sample. As a positive
control, one-third of the sample was transferred to a container
open to the atmosphere, NADPH was added, and the sample
Table 2. H2O2 production during in vitro ADO assays

Reaction components
NADPH
NADPH/FNR
NADPH/FNR/Fd
NADPH/FNR/Fd/ADO
NADPH/FNR/Fd/ADO/16-ALD

NADPH
consumed*
(μM)
29
36
158
143
167

±
±
±
±
±

13
4.6
15
28
19

H2O2
produced†
(μM)

15-ALK
produced‡
(μM)

±
±
±
±
±

n.d.
n.d.
n.d.
n.d.
14 ± 1.2

8
26
147
142
124

0.5
4.6
5.2
5.1
3.2

Enzyme reactions were set up essentially as described in Materials and
Methods, except that only the reaction components listed were included.
ADO concentration was 5 μM. Reactions were 15 min each. n.d., not determined.
*NADPH consumption was monitored by measuring the absorbance at 340
nm.
†
H2O2 production was determined with Amplex Red dye (Invitrogen) using
the manufacturer’s protocol.
‡
15-ALK (product) formation was measured by GC/MS as described in Materials and Methods.
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incubated for 15 min before termination of the reaction. The
balance of the anaerobic ADO reaction mixture was supplemented with an anaerobic NADPH solution. After 15 min, half of
the reaction incubated under anaerobic conditions was terminated, and the balance of the anaerobic reaction was then exposed to the atmosphere for an additional 15 min before
termination. Fig. 2C shows that ADO is inactive under anaerobic
conditions, but regains activity upon the reintroduction of air,
demonstrating that molecular oxygen is required for ADO activity
under the conditions used here. To substantiate this, enzyme
activity (in the presence of catalase) was then determined using
a range of O2 concentrations. The reaction followed Michaelis–
Menten kinetics with a Km of 83.6 ± 8.5 μM (Fig. 2D), supporting
our contention that O2 is a cosubstrate for the ADO reaction.
Using this Km for O2, the apparent Ki of H2O2 was individually
determined for each curve in Fig. 2A, and the results combined to
determine an apparent Ki (H2O2) of 16.0 ± 5.9 μM.
We hypothesized that coupling Escherichia coli Kat E catalase
to ADO would provide a means for detoxifying H2O2 adjacent to
its site of inhibition. We therefore constructed a bifunctional
protein, CAT–ADO, in which catalase is tethered to ADO by a
ﬂexible peptide linker, and the C terminus is fused to a hexahistidine tag to enable puriﬁcation via Ni–NTA (nitrilotriacetic
acid) binding (Fig. 3A and Fig. S1). The resulting fusion protein
is expected to comprise a tetrameric Kat E core linked to four
pendant monomeric ADO domains. Puriﬁed CAT–ADO has
a speciﬁc activity comparable to that of commercially obtained
catalase (Fig. 3B). The CAT–ADO fusion protein showed a signiﬁcantly higher reaction rate than the native ADO, which
continued linearly for at least 30 min, whereas there was no
signiﬁcant difference between the rate of product formation for
the CAT–ADO fusion protein in the presence or absence of

20 aa linker
(ASAGGSEGGGSEGGTSGAT)

CA

Fig. 2. Mixed-type inhibition of ADO by H2O2 with respect to O2. (A) ADO
activity in the presence of various concentrations of H2O2 in 50, 250, and
1,250 μM O2 atmospheres. (B) Double reciprocal plot of ADO activity versus
oxygen concentration in the presence of various amounts of H2O2. (C) ADO
activity under ambient atmosphere (control), in 100% argon (–O2) after
degassing, or in air after degassing (open). After 15 min under argon, air was
reintroduced and activity was restored (–O2, then open). (D) ADO activity in
various concentrations of O2. All reactions used NADPH, FNR, and Fd with
200 μM 18-ALD. All data are the mean ± SD (n = 3).
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Fig. 3. Improved ADO performance by physical tethering to catalase. (A)
Schematic representation of the CAT–ADO fusion protein made by fusing
E. coli (Ec) catalase and P. marinus (Pm) ADO with a 20 amino acid linker. (B)
Catalase activity of ADO, a commercial catalase preparation (catalase), and
the CAT–ADO fusion protein. (C) ADO catalytic turnovers of ADO (ADO) and
CAT–ADO in the absence (CAT–ADO) or presence (CAT–ADO + 1 mM H2O2)
of H2O2. (D) ADO catalytic turnovers in anaerobic reactions of ADO (ADO)
and CAT–ADO in the presence or absence of water or H2O2. Assays for C and
D used NADPH, FNR, and Fd with 200 μM 18-ALD. (E) In vivo alkane production per ADO active site of ADO and CAT–ADO when expressed in E. coli
with an AAR. All data are the mean ± SD (n = 3). **P < 0.01 by t test.

PNAS Early Edition | 3 of 6

PLANT BIOLOGY

0

Ca

-O 2, open
then open

6

DO

control -O 2

8

AD

0

10

T-A

2

12

O

4

2

CA

6

1/[O ] (μM -1)

D
specific activity (nmol/min/mg)

8

0.025

10

0.02

12

0.015

14

0.01

16

0

10
100
1000
H 2O2 concentration (μM)

30
1

0.005

-0.02

C
specific activity (nmol/min/mg)

250 μM O2

0
1

100

AD

20

300

0.04

50 μM O2

40

μM H2 O2

catalase specific activity (umol/min/mg)

1/v

100

added H2O2, demonstrating that fusion of ADO with CAT
renders it insensitive to H2O2 inhibition (Fig. 3C). After 16 h of
incubation, the number of in vitro turnovers per active site
remained at ∼3 for native ADO but reached 226 ± 10 for the
CAT–ADO fusion protein. By virtue of its dual activities, CAT–
ADO was also capable of converting H2O2, its inhibitor, into O2,
a cosubstrate, as demonstrated by alkane formation after adding an
anaerobic solution of H2O2 to an oxygen-depleted reaction
mixture (Fig. 3D).
We next used the CAT–ADO fusion to determine if catalytic
turnovers are increased in vivo as they are in vitro. To achieve
this, two synthetic operons were constructed comprising either
ADO or CAT–ADO along with acyl–ACP reductase (AAR) (to
provide substrate in vivo). The operons were expressed in E. coli,
and the production of alkanes was quantiﬁed relative to the
number of ADO active sites during the linear phase of product
accumulation. Although total alkane production was unchanged,
CAT–ADO catalyzed approximately ﬁvefold more catalytic turnovers per ADO active site relative to the native ADO (Fig. 3E and
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Fig. 4. ADO reaction kinetics with various aldehyde substrates. (A) ADO
speciﬁc activity with octadecenal (18:1-ALD), octadecanal (18-ALD), hexadecanal (16-ALD), and tetradecanal (14-ALD) as substrates. (B) ADO speciﬁc
activity with dodecanal (12-ALD), decanal (10-ALD), and octanal (8-ALD) as
substrates. (C) Alkane products formed in substrate competition assays.
Substrates are labeled as two numbers, x/y, where x is always 200 μM 18-ALD
and y is the chain length of the other aldehyde substrate, also at 200 μM. The
control reaction contains 400 μM 18-ALD. All reactions used NADPH, FNR,
and Fd. All data are mean ± SD (n = 3).

Fig. S2), demonstrating that CAT–ADO is more efﬁcient in vivo
as well as in vitro.
The discovery that the inhibition of H2O2 can be overcome by
the inclusion of catalase in enzyme assays allowed us to perform
detailed kinetic analysis with aldehyde (ALD) substrates of
carbon chain lengths between 8 and 18 carbons in length (summarized in Fig. 4 and Table 3, and shown in detail in Fig. S3).
The Kms and kcats for the tested substrates are relatively similar,
with a slight trend of increasing Km with increasing chain length
from C8 to C18, whereas the kcat decreases with increasing chain
length over the same range. Together these trends contribute to
an approximately twofold range in speciﬁcity factors from 31.4
μM−1·min−1 × 103 for 8-ALD to 15.7 μM−1·min−1 × 103 for 18ALD (with the exception of 14-ALD, the highest speciﬁcity
factor at 33.9 μM−1·min−1 × 103) due to a lower Km. The presence of a double bond in 18:1-ALD does not signiﬁcantly alter
the kinetic parameters with respect to the saturated 18-ALD. No
activity was detected when 24-ALD was used as substrate.
Two distinct kinetic patterns were observed. For long-chain
substrates (C14–C18), Michaelis–Menten kinetics were followed
(Fig. 4A and Fig. S3 A–D), but for short and medium-chain
substrates (C8–C12), the data best ﬁt curves described by
substrate inhibition kinetics (Fig. 4B and Fig. S3 E–G). Under
Michaelis–Menten kinetics, increases of velocity are asymptotic
toward the Vmax, whereas under inhibition kinetics, the ﬁrst phase
of the curve is dominated by Michaelis–Menten kinetics but
eventually the Ki predominates and the reaction rate slows down.
Substrate competition experiments were performed to better
understand substrate inhibition of ADO. In these assays, saturating (200 μM) 18-ALD was added together with an equimolar
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1218769110

amount of one other aldehyde substrate as indicated in Fig. 4C.
Substrate preference for long-chain, C14–C18, substrates was in
close agreement with speciﬁcity factors. Inclusion of inhibitory
short and medium C8–C12 substrates inhibited their own product formation but had less effect on activity with 18-ALD. The
crystal structure of ADO contains density consistent with the
presence of a fatty acid in the channel adjacent to the diiron
active site (PDB 2OC5), suggesting that fatty acids directly ligate
to the diiron center. We therefore tested the possibility that fatty
acids and related compounds could inhibit the conversion of
fatty aldehydes to n-1 alkanes. Perhaps surprisingly, free fatty
acids or fatty alcohols at up to 100 μM showed no inhibition of
ADO activity (Fig. S4).
Discussion
This work identiﬁes H2O2, the 2e− reduced form of O2, to be a
potent inhibitor of ADO. It was previously reported and shown
here that the ADO reaction is poorly coupled to NADPH consumption, with 6–10 equivalents of NADPH consumed by the
electron transport chain (ETC) for each equivalent of product
formed (Table 2 and ref. 8). Thus, based on the proposed reaction scheme shown in the introduction, in a typical enzyme
reaction containing 5 μM ADO, three catalytic turnovers produces 15 μM of alkane and consumes 30 μM NADPH in addition
to 60–120 μM NADPH for the uncoupled reaction. Each
NADPH carries the 2e− that can reduce O2 to H2O2. Therefore, 60–120 μM H2O2 could be produced, which is 4–8-fold
higher than the apparent Ki for H2O2 (16.0 ± 5.9 μM), providing
a likely mechanism to explain the observed inhibition of ADO
during enzyme assays. These estimated values match (within experimental error) the values of NADPH consumption, H2O2,
and product formation measured in this study (Table 2). That
ADO is inhibited by H2O2 arising from uncoupled electron
transport is supported by the complete relief of inhibition when
catalase is included in the assay and the protection afforded by
the fusion of CAT to the ADO.
Soluble stearoyl-ACP desaturases (SACPDs) from plants are
also inhibited by H2O2 (14). SACPD is a diiron enzyme with an
active site architecture (15) similar to that of ADO, and this
structural similarity may have signiﬁcance for the shared inhibition
by H2O2. In this context it is interesting to note that at least one
mammalian fatty acid desaturase has been shown to interact
physically with catalase (16). The H2O2 inhibition of ADO and
desaturase enzymes is in contrast to the structurally similar MMO,
which also binds and activates molecular oxygen to effect catalysis,
but can use H2O2, the 2e− reduced form of O2, in place of molecular oxygen and an ETC to initiate catalysis (13). The ability of
H2O2 to either inhibit or support catalysis may be related to the
evolutionary origins of the four-helix-bundle–containing diiron
enzymes, which are proposed to have originated from progenitor
Table 3. ADO kinetic parameters with different substrates
Substrate*

Km (μM)

18:1-ALD
18-ALD
16-ALD
14-ALD
12-ALD
10-ALD
8-ALD

44
41
30
19
45
30
28

±
±
±
±
±
±
±

7.2
4.8
4.2
1.7
19
6.2
9.9

kcat (min−1)

kcat/Km
(μM−1·min−1 × 103)

Ki (μM)

±
±
±
±
±
±
±

15
15
22
34
24
33
31

n.d. †
n.d.
n.d.
n.d.
107 ± 17
65 ± 26
98 ± 20

0.68
0.65
0.65
0.64
1.09
0.96
0.81

0.05
0.03
0.03
0.02
0.17
0.31
0.23

All kinetic constants were determined in standard assays containing 0.1%
Triton X-100; data are mean ± SE, n ≥ 10. n.d., not determined.
*Numbers refer to aldehyde chain length. 18:1 contains a cis double bond at
the ninth carbon relative to the aldehyde group.
†
No inhibition detected.
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difference in alkane production is observed between the CAT–
ADO fusion protein and a combination of separate native ADO
and catalase enzymes. However, the expression of the CAT–
ADO fusion in oxygenic phototrophs designed for the commercial production of alkanes will likely improve activity because the
levels of H2O2 reported in the literature commonly exceed the
apparent Ki of ADO reported herein (23), and even if a host
organism expresses catalase, the timing of its expression and its
subcellular localization may not provide sufﬁcient protection
from H2O2 inhibition. Perhaps this is one reason that catalase has
evolved to physically interact with at least one mammalian fatty
acid desaturase that is also inhibited by H2O2 (16). In addition,
the physical tethering of a catalase to ADO provides an activity
that converts the inhibitor H2O2 into a cosubstrate O2 producing
a locally elevated concentration of cosubstrate. This channeling
of inhibitor to substrate provides an efﬁciency similar to that
observed for enzymes of a pathway upon the physical linkage of
consecutive enzymatic steps using synthetic protein scaffolds (24).
We propose the term protection via inhibitor metabolism (PIM)
for fusion proteins designed to minimize inhibition by metabolizing inhibitors into noninhibitory compounds. The CAT–ADO
fusion represents a speciﬁc subset of PIM fusion protein in which
the inhibitor is metabolized into a substrate that potentiates the
reaction, effecting a reversal of the regulatory role of the inhibitor.
An analogous approach, activation via activator synthesis (AAS),
could be used for enzymes that require activation in that a second
enzyme could be fused to the target enzyme to create a locally
elevated concentration of an activating metabolite. For either
PIM, or AAS, synthetic scaffolds could be used in place of direct
fusion proteins.
Materials and Methods
Vector Construction. The pSpeedET T7 inducible bacterial expression plasmid
containing the coding sequence for P. marinus ADO (GenBank CAE21406.1)
fused with an N-terminal MGSDKIHHHHHHENLYFQG tag as constructed
by the Joint Center for Structural Genomics was obtained from the DNASU
plasmid repository. An additional ADO clone containing a C-terminal hexahistidine tag was PCR-ampliﬁed using the primers forward-AATTGGCATATGATGCCTACGCTTGAGATGCCT and reverse-AATTGGCTCGAGTCAGTGGTGGTGGTGGTGGTGGCTCACAAGAGCTGCC and was cloned into the NdeI
and XhoI sites of pET24b. The E. coli catalase (katE; GenBank U00096.2) ADO
fusion protein (CAT–ADO) was constructed by overlap extension PCR. Primers for catalase were forward-AATTGGCATATGTCGCAACATAACGAAAAGAACC and reverse-ACCACCTTCAGAGCCACCGCCTTCAGAGCCGCCCGCACCAGACGCGGCAGGAATTTTGTCAATCTTAGG. Primers for ADO were forwardGGCTCTGAAGGCGGTGGCTCTGAAGGTGGTACCTCTGGTGCGACCATGCCTACGCTTGAGATGCCT and reverse-AATTGGCTCGAGTCAGTGGTGGTGGTGGTGGTGGCTCACAAGAGCTGCC. The ﬁnal construct contained catalase followed
by a 20 amino acid ﬂexible linker domain (25) followed by ADO and ﬁnally
a C-terminal hexahistidine tag and was cloned into the NdeI and XhoI sites
of pET24b. For in vivo alkane production, Synechococcus elongatus PCC 7942
AAR (GenBank YP_400611) cDNA was generated with the following primers:
forward-AATTGGCATATGTTCGGTCTTATCGGTCATCTC and reverse-AATTGGCATATGTATATCTCCTTTCAAATTGCCAATGCCAAGGG. The cDNA contained
a ribosome binding site (rbs) at the C terminus and was cloned into the NdeI
site of pET24b in front of ADO or CAT–ADO to generate synthetic operons.
The operons thus contained a T7 promoter and rbs from the pET24b vector
followed by AAR, then another rbs, then either ADO or CAT–ADO, each with
a C-terminal hexahistidine tag.
Protein Expression and Puriﬁcation. E. coli BL21 (DE3) Gold cells containing
various plasmids were grown at 37 °C to an OD600 of 0.4, were induced with
0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and were grown for
an additional 4 h at 37 °C for ADO or 30 °C for CAT–ADO. Cell pellets were
suspended in 20 mM Tris·Cl, pH 7.5, 150 mM NaCl, 20 mM imidazole, 5 mM
MgCl2, and 0.1 mg/mL DNase and were lysed using a French pressure cell.
Cellular debris was removed by centrifugation at 40,000 × g for 20 min.
Recombinant proteins were puriﬁed from the soluble fraction with Ni-NTA
resin (Qiagen). Wash and elution buffers were 20 mM Tris·Cl, pH 7.5, 300 mM
NaCl, and 25 or 250 mM imidazole, respectively. Eluted proteins were immediately exchanged into 20 mM Hepes, pH 7.8, 200 mM NaCl using PD-10
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enzymes that detoxiﬁed activated oxygen species by reducing them
to H2O, and to have evolved instead to use diiron-bound activated
oxygen species to effect catalysis (17). Evidence in support of this
view came from the reversion of the evolved functionality of an
SACPD back to that of an oxidase by a single residue substitution
(18). In any event, differences between the diiron ligation sphere,
or dynamics thereof, apparently permit MMO to bind peroxide in
a catalytically productive mode, whereas ADO and SACPD nonproductively bind H2O2. It may be important that MMO is
a multicomponent enzyme and that binding of an effector, Bprotein, to the catalytic subunit alters active site geometry that
improves both coupling and reaction rate (19). We have searched
for but have been unable to identify sequences homologous to
the B-component (MMOB) effector in cyanobacterial genomes
that code for ADO (but not MMO).
The kinetics presented here show that ADO does not exhibit
strong chain-length speciﬁcity with respect to its substrates. This
is consistent with the physiological observation that cyanobacteria make a range of alkane products (7). The chain-length distribution of alkane products arising from the ADO pathway is
therefore determined by the distribution of aldehydes available as
substrates. Aldehydes are produced by the reduction of acyl-carrier-protein–linked fatty acid thioesters by AAR with reductant
supplied by NADPH. The distribution of aldehydes is therefore
determined by chain-length selectivity of AAR and by availability
of acyl–ACPs of various chain lengths. In plants, very long-chain
alkanes are synthesized from very long-chain aldehydes (mainly
C26–C32) by the membrane-bound decarbonylase, CER1 (5).
However, the soluble deformylase described in this work shows no
activity toward very long-chain (C24) aldehydes. This observation
mirrors that observed for desaturase enzymes in which very longchain fatty acids are desaturated by membrane-bound desaturases
and long-chain fatty acids are desaturated by soluble desaturases
(20). This difference in substrate speciﬁcities of membrane-bound
versus soluble decarbonylases/deformylases may result from their
structural organization and localization. The soluble ADO and
desaturase have a substrate-binding cavity with sufﬁcient length
to accommodate long-chain (but not very long-chain) substrates
(21). Increased substrate length would require a portion of the
aldehyde to protrude from the cavity into the cytoplasm creating
an energetically unfavorable interaction between the hydrophobic
substrate and the hydrophilic cytoplasm. In contrast, for CER1 and
the integral membrane desaturases, very long-chain substrates
might be accommodated either by the presence of larger substratebinding cavities or by the formation of energetically favorable
interactions between protruding substrates and the hydrophobic
lipid bilayer.
An interesting phenomenon is that inhibitory concentrations
of short-chain substrates (C8–C12) do not reduce the turnover of
longer chain substrates (C14–C18) to the same extent. This may
be related to the capacity of the active site cavity, which is long
enough to accommodate only a single long-chain aldehyde. In
contrast, shorter chain-length substrates that exhibit self-inhibition only partially occupy the substrate-binding cavity, leaving sufﬁcient room for a second substrate to enter. We speculate
that entry of a second short-chain aldehyde may impede product
release, the proposed rate-limiting step of related fatty acid desaturase enzymes (22), resulting in the observed substrate inhibition.
In the case of long-chain aldehydes, there would be no room for
a second, short-chain, substrate to bind, and product release would
not be inhibited. Alternatively, the inhibition might be related to
substrate asymmetry in that the substrate may bind in two possible
orientations, one in which the aldehyde group faces the diiron
center and the other in which the methyl group does. The presence
of a second substrate in the binding cavity might impair egress and
reorientation of the unproductively bound substrate.
The rate constant of catalase is very high, approaching the limit
imposed by diffusion, and therefore, it is not surprising that little

desalting columns. Protein concentration was determined with Bradford
Assay (Sigma) using BSA as standard.

incubated at 37 °C. H2O2 concentration was monitored by measuring absorbance at 240 nm and using a molar extinction coefﬁcient of 43.6 M−1·cm−1.

Enzyme Assays. Typical deformylase assays were 0.25 mL and contained 100 mM
Tris·Cl, pH 7.5, 0.1% Triton X-100, 1 mM DTT, 50 μg/mL maize root Fd and 1 U/
mL anabaena vegetative Fd reductase (26), 2 mM NADPH, 200 μM octadecanal
(18-ALD), and 5 μM ADO or CAT–ADO. A 20 mM octadecanal stock was freshly
prepared by sonicating powder in 10% (vol/vol) Triton X-100. Octadecanal was
obtained from ISCA Technologies. When indicated, catalase (Sigma C-9322)
was added to a ﬁnal concentration of 1 mg/mL from a 5 mg/mL stock dissolved
in 100 mM Pipes, pH 6.0. For assays performed in 0% oxygen, a reaction
master mix without NADPH and a separate NADPH solution were prepared by
repeated purging of the sample cell with argon and vacuum with the use of
a Schlenk line. For reactions containing nonambient O2 concentrations,
a 100% O2 solution (prepared by bubbling O2 gas through buffered water)
was added to 0% O2 reaction mixes to achieve the desired O2 concentration.
Reactions were initiated by addition of enzyme, substrate, or NADPH and
were incubated at 37 °C and terminated by the addition of an equal volume
of ethyl acetate. The organic phase was separated by GC/MS on an HP-5 ms
column with oven temperature increasing from 75 °C to 320 °C at 40 °C/min
with a ﬂow rate of 1.3 mL·min−1. Substrate and product were identiﬁed by
comparison with authentic standards. Kinetic constants were calculated as
described in SI Materials and Methods.
Catalase assays were 1 mL and contained 20 mM Tris·Cl, pH 7.5, 14.7 mM
H2O2. Assays were initiated by the addition of 0.1 μg of protein and were

In Vivo Alkane Production. Alkane production was tested in E. coli carrying
synthetic operons as described above. Overnight cultures were grown at
37 °C in LB medium containing 1% glucose. The next morning, cells were
washed in water and in M9 medium. The cells were suspended in M9 medium containing 1 μg/mL thiamine and 0.1% Triton X-100 at an OD600 of 1.0
in Erlenmeyer ﬂasks. The cells were then transferred to 30 °C and were induced with 0.1 mM IPTG. After 16 h, alkane production was measured by
extracting 1 mL of culture volume with 1 mL of ethyl acetate containing
5 μg/mL of 1-octadecene as internal standard. Extracts were run on GC/MS
as described above. ADO and CAT–ADO proteins, both with C-terminal
hexahistidine tags, were quantiﬁed in crude E. coli extracts by direct ELISA
using alkaline phosphatase-conjugated anti-His tag antibody (Sigma). Puriﬁed ADO and CAT–ADO proteins were used as reference standards. Crude
cell extracts were prepared using BugBuster 10× protein extraction reagent
(EMD Millipore), and proteins were adsorbed directly to the wells of 96-well
plates, followed by washing and immunodetection.
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