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An engineered metabolic pathway consisting of reactions that
convert fatty acids to aldehydes and eventually alkanes would
provide a means to produce biofuels from renewable energy
sources. The enzyme aldehyde-deformylating oxygenase (ADO)
catalyzes the conversion of aldehydes and oxygen to alkanes and
formic acid and uses oxygen and a cellular reductant such as
ferredoxin (Fd) as co-substrates. In this report, we aimed to
increase ADO-mediated alkane production by converting an
unused by-product, formate, to a reductant that can be used by
ADO. We achieved this by including the gene (fdh), encoding
formate dehydrogenase from Xanthobacter sp. 91 (XaFDH),
into a metabolic pathway expressed in Escherichia coli. Using
this approach, we could increase bacterial alkane production,
resulting in a conversion yield of �50%, the highest yield
reported to date. Measuring intracellular nicotinamide con-
centrations, we found that E. coli cells harboring XaFDH have
a significantly higher concentration of NADH and a higher
NADH/NAD� ratio than E. coli cells lacking XaFDH. In vitro
analysis disclosed that ferredoxin (flavodoxin):NADP� oxi-
doreductase could use NADH to reduce Fd and thus facilitate
ADO-mediated alkane production. As formic acid can
decrease the cellular pH, the addition of formate dehydroge-
nase could also maintain the cellular pH in the neutral range,
which is more suitable for alkane production. We conclude
that this simple, dual-pronged approach of increasing
NAD(P)H and removing extra formic acid is efficient for
increasing the production of renewable alkanes via synthetic
biology-based approaches.

Fossil-derived hydrocarbons in the forms of natural gas and
petroleum have been a major source of world energy and have
served as material building blocks for decades. However, the
shortage of fossil fuels and the tremendous contribution fossil
fuel use has on global CO2 emission is becoming a significant
problem (1). The emergence of alternative energy sources has
thus become vital to modern energy consumption. One such
source is bioenergy, which now accounts for up to a 10% share
of global energy consumption (2). Although various alternative
energy sources such as solar, wind, and hydro power have
shown promise in providing electricity and transportation
for urban usage, the demands of hydrocarbon usage, espe-
cially that for alkanes for use in long-distance transportation
in developing countries, household cooking, and as precur-
sors for material synthesis still remain indispensable (3).
Even though there are several methods available for biofuel
production, the efficiency of bioenergy production is hardly
sufficient for realistic energy demands in many countries,
including the United States (4). Therefore, a sustainable
method for the production of alkanes from alternative and
renewable resources such as from bio-based products is very
important for the security and sustainability of world energy
and materials (5, 6).

Synthetic biology approaches have contributed to the con-
struction of a metabolic pathway for the production of alkanes
from renewable sources such as from fatty acids and carbohy-
drates. This method is a green, clean, and sustainable technol-
ogy for supplying energy and materials for the future (7, 8).
Particularly, the pathway targeting the conversion of fatty acids
to alkanes provides a means to recycle waste containing fatty
acids or triglycerides, such as those derived from oil production
industries. In Southeast Asia, the main source of fatty acid or
triglyceride waste is derived from palm oil mill effluent (waste
from palm oil production) (9). The technology to convert fatty
acid to alkane will contribute significantly to the development
of a circular economy that focuses on the recycling and conver-
sion of waste into useful materials.

Artificial cascade enzymatic reactions to generate alkanes in
microbes can be achieved using the reactions of carboxylic acid
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reductase (CAR),3 fatty acyl-CoA reductase (ACR1), or an acyl-
ACP reductase to generate aldehydes from fatty acids, followed
by the reaction of aldehyde-deformylating oxygenase (ADO) to
generate alkane from aldehyde (Scheme 1) (10 –16). This path-
way allows host bacteria possessing the genes encoding these
enzymes to convert fatty acids to alkanes. Previously, when glu-
cose was used as the starting substrate for cells, the conversion
yield of alkane from glucose was quite low, �0.01–2.8% (Table
1) (10 –16), due to the low flux of fatty acid generated from
glucose. With the inclusion of genes encoding fatty acid and
fatty acyl-CoA esterase/reductase enzymes, the efficiency of
fatty acid conversion to alkanes by the engineered pathway was
increased significantly (13). In the most recent report, the path-
way that can convert fatty acids to alkanes as described in
Scheme 1 could achieve an alkane production yield from fatty
acid of �35% (16).

A major bottleneck of the pathway in Scheme 1 for produc-
tion of alkanes is at the last enzymatic step of ADO to synthesize
alkane. ADO is a slow enzyme with a low kcat value. The kcat of
ADOs from cyanobacteria was reported to be in the range of

�0.1 min�1 to 1 min�1 (17–21). Under conditions in which the
substrate solubility is not optimized or the availability of a
reductant to activate the Fe/Fe cofactor is limited, the activity of
ADO can be much lower than the reported values (17). One
catalytic turnover of ADO theoretically requires four electrons
in the form of reduced ferredoxin (Fd) to produce one alkane
(using 2 eq of NADPH through reduction of Fd via ferredoxin
(flavodoxin):NADP� oxidoreductase (FNR) (14, 19, 22–24))
(Scheme 1). However, previous experiments have shown that
more than 2 eq of NADPH were consumed per production of
one alkane molecule because electrons in the ADO system also
leaked into the pathway of oxygen reduction, leading to the
formation of a hydrogen peroxide (H2O2) side product. H2O2

can inhibit the activity of ADO (14, 19), and it has been shown
that the inhibitory effect of H2O2 on ADO activity could be
alleviated in the in vitro assays using purified catalase (KatE)
and ADO or a fusion KatE–ADO enzyme (19). However, there
is no significant improvement in terms of alkane production
in vivo (12, 14, 19).

To construct a more efficient metabolic pathway to catalyze
the conversion of fatty acid to alkane as part of our effort to turn
fatty acid waste into renewable alkane in the future, we used
enzymology principles to address the improvement of alkane
production by ADO. As 1 eq of formate is generated per 1 mol-
ecule of alkane produced (25), we aimed to capitalize on the
formate as a source of a reducing equivalent to generate

3 The abbreviations used are: CAR, carboxylic acid reductase; ADO, aldehyde
deformylating oxygenase; ACR1, fatty acyl-CoA reductase; EFI–EST,
Enzyme Function Initiation–Enzyme Similarity Tool; Fd, ferredoxin; FDH,
formate dehydrogenase; FNR, ferredoxin (flavodoxin):NADP� oxidoreduc-
tase; TrxA, thioredoxin; TrxB, thioredoxin reductase; ROS, reactive oxygen
species; PMSF, phenylmethylsulfonyl fluoride; IPTG, isopropyl 1-thio-�-D-
galactopyranoside; LCFA, long chain fatty acid.

SCHEME 1. Engineered metabolic pathways for bioproduction of alkanes in bacteria as reported previously (10 –16). The overall strategy for conversion
of exogenous fatty acid and glucose to alkane is shown. Abbreviations used are: CoA, coenzyme A; TEs, thioesterases; ACP, acyl carrier protein; Fdred, reduced
ferredoxin; Fdox, oxidized ferredoxin.

Table 1
Engineering of the metabolic pathway of bio-alkane synthesis

Metabolic pathway Host Product Yield Ref.

%
TE/CAR/Sfp/ADO E. coli Alkane (C11 and C13) �0.01 10

Alkene (C15 and C17)
TE/ACR/CER E. coli Alkane (C9, C12, C13, and C14) �2.8 11
Type II, FAS/TE/CAR/Sfp/ADO/Fd/FNR/KatE E. coli Alkane (C3) �0.7 14
Type I, FAS/AAR/ADO/KatE E. coli Alkane (C15 and C17) �0.16 12
AtoB/Hbd/Crt/Ter/TE/CAR/Sfp/ADO/Fd E. coli Alkane (C3) �0.06 15
FabH2/AAR/ADO E. coli Alkane (C13–C17) �8 13

Alkene (C17)
TE/CAR/Sfp/ADO/Fd/FNR E. coli Alkane (C3–C7) �35 16
ACR1/ADO/Fd/FNR/XaFDH E. coli Alkane (C13) �50 This study
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NAD(P)H through the reaction of formate dehydrogenase
(FDH) (Scheme 2). The reaction of FDH was utilized for two
purposes: the first was to produce more NAD(P)H, and the
second was to remove a high concentration of formate/formic
acid. We hypothesized that a high concentration of formic acid
might inhibit the reaction of ADO by ways of decreasing the
overall pH of the system as well as by potentially acting as an
inhibitor (product inhibition) to the system.

In this study, we constructed an engineered metabolic path-
way to convert fatty acid to alkane using genes encoding for
ACR1 from Acinetobacter baumannii and ADO from Prochlo-
rococcus marinus MIT9313. Bioinformatic analysis using the
Enzyme Function Initiation–Enzyme Similarity Tool (EFI–
EST) option C (26) was used to find a novel FDH candidate that
can use NADP� and NAD� as substrates for the production of
NADPH. Results obtained from these bioinformatic analyses
showed that FDH from Xanthobacter sp. 91 (XaFDH) is a novel
FDH that has never been characterized and could be a good
candidate to be used for improvement of alkane production
because it can generate both NADPH and NADH from formate
oxidation. Therefore, we constructed the alkane production
pathway to include genes encoding auxiliary enzymes that
might improve the enzymatic reaction of ADO, including
XaFDH and reactive oxygen species (ROS) detoxifying
enzymes thioredoxin (TrxA) and thioredoxin reductase (TrxB)
from Pseudomonas aeruginosa PAO1. The results clearly
showed that XaFDH could clearly increase the production yield
of alkane to reach a conversion yield of 50%, the best yield to
date for alkane production by whole-cell bioconversion.

Results

Rationale and concept of metabolic pathway construction for
the biosynthesis of alkane from exogenous fatty acid

The metabolic pathway designed here (Scheme 2) aimed to
use exogenous long-hain fatty acids (LCFA) as substrates to

produce long-chain hydrocarbons. In this pathway, two enzy-
matic steps are involved in the conversion of exogenous fatty
acids to alkanes. As the first step of fatty acid uptake utilizes an
endogenous long-chain fatty outer membrane transporter
enzyme to attach CoA to fatty acid (27), the first enzyme that we
needed to include in the engineered pathway was ACR1
(encoded by the acr1 gene), which can convert fatty acyl-CoA
to fatty aldehyde. We chose the enzyme from A. baumannii,
which was isolated from Thai soil (28). The gene encoding for
this enzyme (MK492106) was identified, cloned, and used in
this study. The sequence of this enzyme shares 84% identity
with ACR1 from Acinetobacter calcoaceticus (Fig. S1). We
chose ACR1 from Acinetobacter sp. because it was reported
that unlike ACR1 from other sources, ACR1 from A. calcoace-
ticus does not catalyze the further reduction of fatty aldehyde to
fatty alcohol (29, 30). In addition, the enzyme can use a wide
range of substrates such as fatty acyl-CoA containing 14 –22
carbons.

At the second step, fatty aldehyde is further converted to
alkane using the enzyme ADO from P. marinus MIT9313. The
reaction of ADO (Scheme 1) requires reduced Fd, regenerated
by FNR, as a co-substrate in addition to oxygen to convert alde-
hyde to alkane (14, 15). ADO from P. marinus MIT9313 was
chosen for our pathway because it is one of the most character-
ized ADOs to date. Its known catalytic properties allow more
effective usage in metabolic engineering work.

As shown in Fig. 1 for the system demonstration, we were
able to produce tridecane from exogenous tetradecanoic acid in
Escherichia coli harboring the genes for the enzymes in the
basic pathway of alkane biosynthesis (Fig. 2). The constructed
system was able to produce tridecane from tetradecanoic acid
with �35% yield (�300 �M tridecane from 850 �M supplied
tetradecanoic acid) after 10 h of bioconversion (Fig. 1). This
verified the ability to create a basic metabolically-engineered
pathway for converting fatty acids to alkanes and demonstrated

SCHEME 2. Basic metabolic pathway for production of alkanes and the refined metabolic pathway with auxiliary systems to enhance alkane produc-
tion from exogenous LCFA used in this report. Enzymes and proteins associated with alkane production, formic acid elimination, and ROS detoxification are
shown in green, blue, and red, respectively. Auxiliary systems added include formate dehydrogenase to eliminate the formic acid by-product in the main
pathway and an ROS-detoxifying system to eliminate H2O2 in the side pathway. Abbreviation used are: CoA, coenzyme A; Fdred, reduced ferredoxin; Fdox,
oxidized ferredoxin; XaFDH, Xanthobacter formate dehydrogenase; TrxAox, oxidized thioredoxin; TrxAred, reduced thioredoxin; Prx, peroxiredoxin; TrxB, thiore-
doxin reductase.
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that the engineered cells can use exogenous fatty acid as a sub-
strate. Control cells in which the engineered pathway was
absent did not show any production of an alkane product.

Identification, cloning, expression, and biochemical
characterizations of a novel FDH suitable for increasing
alkane production

Because the basic engineered metabolic pathway can pro-
duce alkanes from fatty acids with �35% yield, we tried to
increase the yield of alkane production by increasing the reduc-
ing power of the system using FDH to generate NAD(P)H from
formate, a by-product from the reaction of ADO (Scheme 2).
The purpose of this reaction is to recycle the reducing power
from the formate by-product to increase the level of NAD(P)H
inside the cell. NAD(P)H generated from FDH can further
reduce Fd to generate reduced Fd that is a co-substrate required
for the reaction of ADO. As mentioned previously in the Intro-
duction, the rate-limiting step of the overall metabolic path is at
the ADO reaction. The effort to continuously supply reduced
Fd should, in principle, increase the amount of alkane product.
Addition of FDH as an auxiliary redox reaction for the ADO
reaction also gives another advantage in that it also removes
excess formate within the cell. High concentrations of formate
or formic acid can decrease the overall cellular pH of the system
(see later in Fig. 7). In principle, high concentrations of accu-
mulated product do not promote the forward reaction of ADO
because the by-product formate may cause product inhibition
and does not enhance the thermodynamic driving force of the
forward reaction. Therefore, we identified a novel NAD(P)H-
dependent FDH based on bioinformatic analysis to obtain the
enzyme that can utilize formate and is suitable to be used in the
metabolically-engineered pathway.

Putative genes encoding for NAD(P)H-dependent FDH were
identified by NCBI blastp search and were clustered by EFI–
EST (26) based on the sequence similarity to the known Pseu-
domonas sp. 101 NAD(P)H-dependent FDH that is widely used
in various applications (31). Two putative fdh genes from
Cupriavidus necator (Cufdh, UniprotKB: F8GT52) and Xan-
thobacter sp. 91 (Xafdh, GenBankTM ID: WP_029558741.1)
were chosen for performing gene expression and activity assays
as they are both in the same cluster (Fig. S2) as well-character-
ized NAD(P)H-dependent FDH in Burkholderia stabilis 15516
(32) and Pseudomonas sp. 101 (33), respectively.

Results from overexpression of the two selected fdh genes
indicated that only FDH from Xanthobacter sp. 91 could be
overexpressed in a soluble form, whereas the gene product
from C. necator was found in inclusion bodies upon overex-
pression (Fig. S3A). The FDH from Xanthobacter sp. 91
(XaFDH) was successfully expressed in E. coli BL21 (DE3) and
purified to homogeneity (see “Experimental procedures” and
Fig. S3B). As Xanthobacter is regularly found in wastewater
treatment plants from pharmaceutical and domestic effluents,
we expected that XaFDH should be a robust enzyme suitable
for future applications.

Steady-state kinetic analysis of XaFDH was carried out to
measure Km and kcat values (see “Experimental procedures”) for
the reaction using NADP� and that using NAD� as electron
acceptors. Results (Fig. 2, A and B) indicate that XaFDH prefers
to use NAD� as an electron acceptor more than NADP�

because the enzyme had much lower Km and higher kcat values
when NAD� was used as a substrate (Fig. 2A and Table 2). The
Km values of NADP� and formate for XaFDH were 37 � 4 and
100 � 13 mM, respectively, and the kcat was 0.4 � 0.02 s�1.
These kinetic parameters were significantly different from
those with NAD�, which indicated the Km values of NAD� and
formate for XaFDH as 0.060 � 0.01 and 9 � 1 mM, respectively,
and a kcat of 30 � 1 s�1. The preference of XaFDH for NAD� as
the electron acceptor over NADP� was also found in other
bacterial FDH, e.g. those from Moraxella sp. strain C-1 (34) and
Mycobacterium vaccae N10 (35) but not from Burkholderia
(32) and Lactobacillus (36), in which NADP� is more preferred
than NAD�.

Several properties of XaFDH were further characterized,
including the enzyme thermostability, pH, and organic solvent
tolerance. Results from a ThermoFluor assay revealed that
XaFDH has a Tm of 54 °C, which is comparable with the value

Figure 1. Production of alkane from fatty acid by the engineered cells. A,
consumption of tetradecanoic acid by E. coli. B, tridecane production by
native E. coli BL21 (DE3) cells is shown as blue circles, and engineered E. coli
BL21 (DE3) cells harboring the basic pathway for alkane synthesis are shown
as red squares. All data are the mean � S.D. (n � 3).

Figure 2. Steady-state kinetics of XaFDH reaction in 50 mM sodium phosphate buffer, pH 7.0. A, direct plots of initial rates of XaFDH reaction versus NAD�

and NADP� concentrations at 200 mM sodium formate. B, direct plots of initial rates of XaFDH reaction versus sodium formate concentrations at 400 �M NAD�

and 20 mM NADP�. All experiments were done in triplicate, and data represent the mean � S.D.
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determined for FDH from Pseudomonas sp. 101 (58 °C). The
optimum temperature based on activity assays of XaFDH also
was found to be between 40 and 50 °C (Fig. 3A). We then inves-
tigated the stability of purified XaFDH at 40 and 45 °C, and the
results showed that XaFDH activity remained the same for
about 400 min of incubation (Fig. 3B). After 24 h of incubation
at 40 and 45 °C, XaFDH activity slightly dropped but was still
retained at 70 – 80% of the original activity (data not shown).
The data suggest that XaFDH is thermostable and suitable for

catalyzing the utilization of intracellular formate. Interestingly,
activity assays of XaFDH at different pH values indicated that
the enzyme was more active under acidic pH (Fig. 3C). The
activity was increased to 5.8 � 0.2 units/mg at pH 5.8, which
was 1.5-fold higher than the activity measured at pH 8.0 (4.10 �
0.05 units/mg). The acid preference of XaFDH is advantageous
for its use in engineered metabolic pathways for whole-cell bio-
catalysts, as our engineered metabolic pathway that generates
alkanes can also increase the intracellular acidity (results shown
below). The XaFDH identified here is distinctive from most of
the reported FDHs that show less activity under acidic condi-
tions (37, 38). XaFDH is also tolerant to organic solvent (which
is required when alkane is produced from the cells) because the
relative activity stayed the same as the original activity (data not
shown) after incubating in 50% v/v hexane in aqueous solution
for 1 h. Altogether, the XaFDH identified here has enzymatic
properties suitable for metabolic engineered pathways that
require high temperatures, low pH values, and organic solvent.

Metabolic pathway engineering for improving alkane
production

To prove our hypothesis that the addition of XaFDH into an
engineered metabolic pathway can improve the yield of alkane
production, we constructed a new metabolic pathway (see
“Experimental procedures”) to include the fdh gene into the
basic alkane production pathway (Scheme 2). Former reports
have indicated that H2O2 can be generated as an uncoupling
side product from the reaction of ADO with oxygen and that it
also inhibits the ADO reaction (12, 14, 19, 22). Thus, we also
constructed other pathways that included two additional aux-
iliary proteins, which act to detoxify ROS in addition to the

Figure 3. Effect of temperature and pH on XaFDH activity. A, specific activity profiles at various temperatures (25– 60 °C) indicate that the optimum
temperature for the XaFDH reaction was at 45 °C. B, thermostability of XaFDH at 40 °C (blue circles) and 45 °C (red diamonds) was investigated by incubating the
enzyme at each temperature and assayed. The data indicate that at 40 °C, XaFDH could retain its original activity up to 400 min and at 45 °C up to 300 min.
Activities at both temperatures were at around 80% after 24 h of incubation (data not shown). C, pH-activity profile of XaFDH showed that XaFDH activity
decreased upon pH increases. All reactions presented herein were performed in triplicate and represented as the mean � S.D.

Table 2
Kinetic parameters of XaFDH using NAD�, NADP�, and formate as
substrates

Kinetic parameters XaFDH

NADP� and formate as substrates
kcat (s�1) 0.40 � 0.02
Km (mM)

NADP� 37 � 4a

Formate 100 � 13b

kcat/Km (mM�1 s�1) for NADP� 0.011 � 0.001
kcat/Km (mM�1s�1) for formate 0.0019 � 0.0002

NAD� and formate as substrates
kcat (s�1) 31 � 1
Km (mM)

NAD� 0.06 � 0.01c

Formate 9 � 1d

kcat/Km (mM�1s�1) for NAD� 479 � 30
kcat/Km (mM�1s�1) for formate 3.0 � 0.2

a Data were obtained from experiments varying NADP� concentrations of
0.05– 40 mM at a fixed concentration of 200 mM formate.

b Data were obtained from experiments varying formate concentrations of 5–1000
mM at a fixed concentration of 20 mM NADP�.

c Data were obtained from experiments varying NAD� concentrations of 0.005–
0.800 mM at a fixed concentration of 200 mM formate.

d Data were obtained from experiments varying formate concentrations of
5–1,000 mM at a fixed concentration of 0.4 mM NAD�. Steady-state kinetics
parameters for XaFDH were determined by monitoring the production of
NADH and NADPH in 50 mM phosphate buffer at pH 7.0 at 25 °C.

Metabolically-engineered pathway for alkane production
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added fdh (“Experimental procedures”). All constructed meta-
bolic pathways are summarized in Scheme 3.

Four types of cells harboring plasmids encoding the different
pathways shown in Scheme 3 were grown in Terrific Broth (TB)
for 2 h. After the cell culture reached an OD600 of 0.6, these gene
sets were overexpressed by induction with 1 mM IPTG. After 6 h
of protein overexpression at 25 °C, cells were harvested by cen-
trifugation at 8000 � g for 10 min and were used for the bio-
conversion of tetradecanoic acid to tridecane. Approximately
0.85 mM tetradecanoic acid was used as the starting precursor
of tridecane synthesis. The whole-cell bioconversion assay was
set up in a closed vessel containing 21% O2 (air saturation). The
concentrations of tridecane and tetradecanoic acid were mon-
itored for 0, 2, 4, 6, 10, and 20 h using a GC-MS– based method
(see “Experimental procedures”).

Results as shown in Fig. 4A clearly indicate that alkane pro-
duction was improved significantly in the metabolic pathway
that contained XaFDH. The alkane production yield was
improved from 35 to 50% (�426 �M) in the E. coli strain har-
boring XaFDH (cell types 4 and 5). These data indicate that the
addition of XaFDH can improve alkane production as we
hypothesized. Tridecane production in the E. coli strains
expressing TrxA/TrxB (cell type 3) showed no improvement
compared with the E. coli strain harboring the basic pathway
(cell type 2), with both strains producing the same amount of
tridecane (�300 �M) (Fig. 4B). The co-overexpression of TrxA/
TrxB and XaFDH (cell type 5) did not show any improvement
in alkane synthesis compared with the addition of XaFDH alone
(cell type 4). The yield in cell type 5 generated a slightly less yield
of alkane (�5%) compared with cell type 4 (Fig. 4B).

The results clearly indicate that only the fdh gene is required
for the improvement of alkane production. The addition of
ROS scavenging enzymes, TrxA and TrxB, did not improve
the yield of tridecane synthesis as shown in Fig. 4A (cell types
3 and 5).

Measurement of related metabolites to identify factors
underlying the improvement seen for the XaFDH-added
metabolic pathway

As the results in Fig. 4A indicated, cells harboring
the metabolically-engineered pathway with added XaFDH
clearly showed an improved alkane production yield. Further
studies were performed to identify the factors underlying the
observed improvement of alkane production. Possible explana-

tions for the improvement in alkane yield include: (i) XaFDH
increases the cellular level of NADPH/NADH that can be used
to reduce Fd to generate more co-substrate for the ADO reac-
tion; (ii) high concentrations of formate inhibit the reaction of
ADO; and (iii) high concentrations of formate cause a pH drop
that affects the ADO reaction. The addition of XaFDH into the
metabolic pathway would help remove excess formate and
allow the ADO alkane generation reaction to proceed more
efficiently. To explore these possibilities, we used HPLC–
UV/MS to measure the relevant metabolites, including NADH,
NAD�, NADPH, NADP�, and formic acid inside the cells and
measured the pH change of the system.

Results from measuring NADH, NAD�, NADPH, and
NADP� using HPLC–UV/MS indicated that the addition of
XaFDH increased the NADH concentration and the NADH/
NAD� redox ratio in E. coli cells significantly (Fig. 5A, cell type
4). The E. coli strain harboring XaFDH (cell type 4) had the
highest NADH/NAD� redox ratio, �1.5-fold higher than the
cell type without XaFDH after 2 h. The results in Fig. 5A also
indicated that the NADH/NAD� redox ratio in E. coli cells har-
boring XaFDH (cell types 4 and 5) changed over time, although

SCHEME 3. Plasmids design used in this report to construct alkane synthesis pathways in E. coli. Part 1 is the basic metabolic pathway previously reported
for bioproduction of alkane, which consists of ACR1, ADO, Fd, and FNR (cell type 2). Part 2 is the metabolic pathway for improving alkane production. The
alkane-improving pathway included ROS-detoxifying enzymes (TrxA/TrxB) (cell type 3), NAD(P)H-regenerating enzyme (XaFDH) (cell type 4), and a combina-
tion of ROS-detoxifying enzymes (TrxA/TrxB) and NAD(P)H-regenerating enzyme (cell type 5). Abbreviations used are: ACR1, fatty acyl-CoA reductase (A. bau-
mannii, Gene ID: MK492106); ADO, aldehyde-deformylating oxygenase (P. marinus MIT9313, Gene ID: PMT_1231); Fd, ferredoxin (Synechocystis sp. PCC 6803,
Gene ID: ssl0020); FNR, ferredoxin (flavodoxin): NADP� oxidoreductase (E. coli, Gene ID: b3924); XaFDH, Xanthobacter formate dehydrogenase (Xanthobacter
sp. 91, Gene ID: WP_029558741.1); Trx, thioredoxin (P. aeruginosa PAO1, Gene ID: PA5240); TrxB, thioredoxin reductase (P. aeruginosa PAO1, Gene ID: PA2616).

Figure 4. Improvement of alkane production by auxiliary systems. A, con-
sumption of tetradecanoic acid by E. coli. B, tridecane production by native
E. coli BL21 (DE3) cells (cell type 1) are shown as blue circles; engineered E. coli
BL21 (DE3) cells harboring the basic pathway for alkane synthesis (cell type 2)
are shown as red squares; engineered E. coli BL21 (DE3) cells harboring the
basic pathway for alkane synthesis with ROS-detoxifying enzymes (TrxA/
TrxB) (cell type 3) are shown as green triangles; engineered E. coli BL21 (DE3)
cells harboring the basic pathway for alkane synthesis with NADH-regenerat-
ing enzyme (XaFDH) (cell type 4) are shown as purple triangles; and engi-
neered E. coli BL21 (DE3) cells harboring the basic pathway for alkane synthe-
sis with combined ROS-detoxifying enzymes (TrxA/TrxB) and NADH-
regenerating enzyme (cell type 5) are shown as orange diamonds. All
measurements were done in triplicate, and the data represent the mean �
S.D. (n � 3).
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the ratio in E. coli cells without XaFDH (cell types 1–3)
remained at a similar level throughout the whole period of bio-
conversion. The NADH/NAD� redox ratio in the E. coli strain
harboring XaFDH decreased after 6 h (Fig. 5A), which is around
the same period when tridecane production started to reach the
maximum point (Fig. 4B). At this stage, the conversion of tet-
radecanoic acid to tridecane was less, which in turn also
stopped the generation of extra formate, and thus NADH from
the XaFDH reaction. Despite several attempts, we could only
detect cellular NADPH in low amounts, and there was no sig-
nificant difference in NADPH concentration among the differ-
ent cell types (data not shown).

It should be noted that the phenomenon of the NADH/
NAD� ratio initially increasing and then decreasing in Fig. 5A is
not an artifact. These results were also observed when similar
experiments using independent setups were performed.4 We
noted that the NADH/NAD� ratio appeared to be the highest
when alkane production reached approximately half of the total
yield accumulated.

Results from measuring the formate concentration using
HPLC–UV (Fig. 5B) showed that the systems of cell types 2 and
3 have the highest concentrations of formate. Concentrations
of formate in the cells expressing XaFDH (cell types 4 and 5) are
not significantly different from the control cells (cell type 1).
These results showed that cells harboring the basic metabolic
pathway shown in Scheme 2 accumulated cellular formate con-
centrations around 10 mM, whereas the pathway including
XaFDH did not show significant accumulation of formate over
the time course of the bioconversion process.

We further explored whether the less efficient production of
alkane by the basic metabolic pathway is due to product inhibi-
tion of ADO by formate. Activity assays of ADO in the presence
of various concentrations of tetradecanal (10 – 80 �M) at 10 mM

formate or formic acid at a final pH of 7.0 were carried out (Fig.
6). The results clearly showed that ADO activities were the
same in the presence or absence of formate/formic acid. These
data clearly indicate that formate or formic acid does not inhibit

ADO activity and that the improvement of alkane production
by addition of XaFDH is not due to alleviation of product
inhibition.

We then measured the pH of the bioconversion reaction to
monitor whether accumulation of formate/formic acid caused
pH changes. The results (Fig. 7) indicate that in the absence of
XaFDH, the pH of the whole-cell bioconversion reactions
decreased from the beginning value of 7.5 to pH 5.0 after 6 h.
With addition of XaFDH in the metabolic path, the pH drop of
the reaction was less severe. Cell type 4 that contained XaFDH
retained a final pH of 6.0 – 6.5 after 6 –10 h of bioconversion.
We also assayed the activities of ADO as a function of pH and
noted that ADO activity at pH 5.0 was only 44% of the activity at
pH 7.0 (Fig. S4). These results imply that by having XaFDH
co-overexpressed, the cellular pH remained more in the neutral
range as compared with the system without XaFDH, which
keeps ADO more active.

Altogether, the data indicate that the XaFDH addition path-
way generated more NADH, which may lead to more genera-4 N. Akeratchatapan, unpublished data.

Figure 6. Effect of formic acid and formate to alkane bioproduction. In
vitro tridecane production by ADO in the presence of 10 mM formate and 10
mM formic acid. Reactions of ADO with various concentrations of tetradecanal
(10, 20, 40, and 80 �M), pH 7.0, were analyzed for the amount of tridecane
produced in the presence or absence of formate or formic acid (see “Experi-
mental procedures”). All data represent the mean � S.D. (n � 3).

Figure 7. pH profile of cell culture bearing different metabolic pathway
constructs. pH values of the metabolically engineered cells after the biocon-
version process by native E. coli BL21 (DE3) cells (cell type 1) are shown as blue
circles; engineered E. coli BL21 (DE3) cells harboring basic pathway for alkane
synthesis (cell type 2) are shown as red squares; engineered E. coli BL21 (DE3)
cells harboring the basic pathway for alkane synthesis with ROS-detoxifying
enzymes (TrxA/TrxB) (cell type 3) are shown as green triangles; engineered
E. coli BL21 (DE3) cells harboring the basic pathway for alkane synthesis with
NADH-regenerating enzyme (XaFDH) (cell type 4) are shown as purple trian-
gles. All data represent the mean � S.D. (n � 3).

Figure 5. Measurements of related metabolites in the metabolically-en-
gineered cells. A, intracellular NADH/NAD� redox ratios; B, formate level in
whole-cell bioconversion. Native E. coli BL21 (DE3) cells (cell type 1) are shown
as blue circles; engineered E. coli BL21 (DE3) cells harboring the basic pathway
for alkane synthesis (cell type 2) are shown as red squares; engineered E. coli
BL21 (DE3) cells harboring the basic pathway for alkane synthesis with ROS-
detoxifying enzymes (TrxA/TrxB) (cell type 3) are shown as green triangles; and
engineered E. coli BL21 (DE3) cells harboring the basic pathway for alkane
synthesis with NADH-regenerating enzyme (XaFDH) (cell type 4) are shown as
purple triangles. All data are the mean � S.D. (n � 3).
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tion of alkane. Another factor is that XaFDH can destroy extra
formic acid, which also helped maintain the intracellular pH in
a range that is more suitable for the engineered metabolic
pathway.

Evidence demonstrating the use of NADH by FNR to generate
reduced Fd that can be used in alkane production

As the metabolic pathway with XaFDH addition showed a
significant level of NADH increase compared with cells with
the basic metabolic pathway without FDH (Fig. 5A), these
results implied that the increased NADH level might in turn
increase the activities of ADO by generating more reduced Fd.
Although it was previously reported that the E. coli FNR can use
NADH as a reductant to catalyze the reduction of cytochrome c
(39), there was no previous evidence available to demonstrate
that FNR can use NADH to generate reduced Fd.

Therefore, we carried out an Fd reduction experiment inside
an anaerobic glovebox to identify whether FNR can use NADH
as a reductant to generate reduced Fd. A solution of 10 �M FNR
in 100 mM HEPES buffer, pH 7.2, containing 100 mM KCl and
100 �M NADH was mixed with 10 �M Fd and 20 �M Fd to
monitor the oxidation reaction of NADH for 60 min. The
results showed that under the anaerobic conditions employed,
the reaction in the presence of FNR, NADH, and purified Fd
resulted in NADH oxidation as monitored by the decrease of
NADH absorbance at 340 nm (Fig. S5). To detect formation of
reduced Fd, which can serve as a substrate for the ADO reac-
tion, the reaction of Fd–NADH–FNR was coupled to the reac-
tion of ADO. Results indicated that the addition of Fd–NADH–
FNR to the ADO reaction could result in more tridecane
formation compared with the control reactions (Fig. 8), indicat-
ing that FNR can use NADH to generate the reduced Fd, which

in turn supports the activity of ADO. In addition, the coupled
assay of Fd–NADPH–FNR with ADO was also carried out for
comparison. In vitro analysis showed that the concentration of
tridecane produced from the Fd–NADH–FNR–ADO system is
about the same as that produced by the Fd–NADPH–FNR–
ADO system (Fig. 8). Although the rate of FNR-catalyzed Fd
reduction using NADPH as a reductant is faster than that of
NADH (data not shown), the ability of the complete system to
produce alkane at similar rates when either NADH or NADPH
was used must be due to the slow rate of ADO reaction. There-
fore, we have shown for the first time that the FNR–Fd electron
transfer system can use NADH to generate reduced Fd and
support ADO activity as efficiently as NADPH.

Discussion

Our metabolic pathway reported here demonstrates the sys-
tem that can produce the highest yield of alkane production
from fatty acid reported to date. The key improvement of our
system resulted from the addition of XaFDH that can increase
the cellular levels of NADH, which in turn generates more
reduced Fd for alkane production. The addition of XaFDH also
destroys the extra formate accumulated intracellularly that can
also maintain the cellular pH in a neutral range.

Alkane biosynthesis in this work utilizes an endogenous
pathway of fatty acid uptake and fatty acyl-CoA synthesis in
E. coli in combination with the engineered pathway containing
enzymes for aldehyde synthesis (ACR1) from A. baumannii
and aldehyde reduction (ADO) from cyanobacteria. Analysis of
a starting substrate (fatty acid) and its product (alkane) revealed
that the expression of ACR1 and ADO converts fatty acid to
alkane in engineered E. coli with 35% conversion. Measure-
ments of substrate and product concentrations revealed that
fatty acid consumption continued for 20 h while alkane concen-
trations plateaued at around 6 –10 h. The reduced efficiency in
alkane biosynthesis observed in E. coli over this period was
probably caused by a more prominent role of anaerobic fer-
mentation. During the period with low oxygen availability, cel-
lular metabolites such as pyruvate and acetyl-CoA may be accu-
mulated, which can promote the utilization of NADH to
produce ethanol and hydroxy acid products such as lactate and
acetate (40, 41). Moreover, alcohol synthesis by endogenous
aldehyde reductase and alcohol dehydrogenase is another com-
peting pathway for NAD(P)H utilization (42–44). For these rea-
sons, the yield of alkane production by engineered E. coli could
not reach 100%.

As ADO converts aldehyde into alkane by cleavage of a car-
bonyl moiety into alkane and formate by-products, accumula-
tion of formate also results in a decrease in pH. The pH of cell
type 2, which contained the basic metabolic pathway for alkane
production, was measured as pH 5.0 after 6 h.

An improvement of alkane production by our system is
derived from the addition of XaFDH into the metabolic path-
way. XaFDH used in this work is a new FDH identified to be
thermo- and solvent-tolerant and functions well under acidic
conditions. XaFDH was expressed to remove formate toxicity
by its oxidation to CO2 with the concomitant gain of an extra-
cellular reductant in the form of NAD(P)H. The increase in the
intracellular concentration of NADPH has been shown to be a

Figure 8. Tridecane production during in vitro ADO assays. To demon-
strate the reductant effect on ADO activity, the amount of tridecane pro-
duced by ADO was measured. Tridecane production by ADO in reactions
containing 20 �M ADO; 20 �M ADO and 1 mM NADPH; 20 �M ADO and 1 mM

NADH; 20 �M ADO, 40 �M Fd, and 20 �M FNR; 20 �M ADO, 40 �M Fd, 20 �M FNR,
and 1 mM NADPH; 20 �M ADO, 40 �M Fd, 20 �M FNR, and 1 mM NADH are
shown in blue, red, green, purple, orange, and black circles, respectively. All
enzyme reactions were set up under anaerobic conditions. The reactions
were initiated by adding 1 ml of ambient air (21% O2) and were incubated at
37 °C for 60 min; the reactions were quenched by adding 1 ml of ethyl acetate
containing internal standard (10 �M dodecane and 250 �M tetradecane) and
mixed, followed by centrifugation at 18,500 � g for 10 min to separate the
organic phase and analyzed by GC-MS.
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major factor enhancing the productivity of NADPH-dependent
metabolic pathways (12–14). It was demonstrated that the pro-
ductivity of terpenoid, an NADPH-dependent terpenoid bio-
synthesis, was improved by 97% when the pathway was co-ex-
pressed with the Entner-Doudoroff operon that can increase
the NADPH-generating rate by 25-fold compared with the
native strain (14).

In our case, a significant increase of cellular reductant was
detected for NADH and not NADPH. The yield of alkane pro-
duction was significantly higher in cell type 4 in which NADH
was much higher than the other cell types. The increase of
alkane in the cells containing high levels of NADH might be
explained by the ability of NADH to serve as a reductant to
generate reduced Fd that can serve as a co-substrate for ADO.
The data that demonstrate that NADH can reduce Fd in the
reaction of FNR and can be used to generate alkane in the
reconstituted system support this conclusion (Fig. 8). Alto-
gether, it can be seen that the increase of cellular NADH can be
directly linked to the increase of Fd reduction and, in turn,
alkane generation. Another advantage of removal of formic acid
accumulation inside the cell is that the system can prolong its
pH in the neutral range much better than the system without
overexpressed XaFDH. The activity of ADO at pH 5.0 was
found to be only 45% of the activity at pH 7.0. This result is also
similar to the results previously reported in which the activity of
ADO decreased upon pH decrease (45). In addition, when the
pH of the cell is acidic, it can also affect FNR activity and
the production of reduced Fd. It was previously reported that
the activity of FNR decreased when the pH was lower (46 –48).
Studies of the influence of pH on the activity of FNR suggest
that high-proton concentration at low pH can perturb the elec-
tron transfer from FNR to its electron acceptor by the following:
(i) changing the charge moieties of the FNR surface in a way that
FNR loses its interaction with its electron acceptor (46, 48), and
(ii) modulating the FNR conformation, leading to less efficient
binding of substrates (47). Because the generation of reduced
Fd is crucial for ADO activity as the reductant for ADO, the
acidic pH condition does not support a high-production rate of
alkane by ADO.

Our results demonstrated that the addition of an ROS detox-
ification system does not enhance any yield of alkane produc-
tion. This result is similar to the results observed in previous
studies that co-expression of KatE with ADO enzyme did not
promote the production of alkane in vivo. This may be because
the level of H2O2 generated does not accumulate to a very high
level. Previous reports showed that the level of H2O2 inside
E. coli cells is typically �1 �M, which might be due to active
cellular ROS detoxification systems (49, 50).

In conclusion, the findings here provide a simple but effective
approach to enhance alkane production from exogenous fatty
acids by the metabolically engineered pathway. The addition of
XaFDH can convert the formate by-product into valuable
NAD(P)H and also prevent a sharp drop of cellular pH due to
accumulation of extra formate. This double-pronged approach
resulted in a system that gives the highest yield (50%) of biocon-
version from fatty acid to alkane to date. This technology
should be useful for future applications of converting fat-rich
feedstock into biofuel.

Experimental procedures

Materials and methods

All commercially available chemicals were purchased from
Sigma, TCI, or Merck. For molecular biology procedures, XL1-
Blue competent E. coli (Agilent) was used for plasmid amplifi-
cation, and BL21 (DE3) competent E. coli (New England Bio-
labs) was used for protein overexpression. T4 DNA ligase,
restriction enzymes, PCR kits, Gibson kits, and other molecular
biology reagents were purchased from New England Biolabs.
DNA sequencing was performed by Bioneer (South Korea).

Strain and plasmids

BL21 (DE3) (fhuA2 (lon) ompT gal (� DE3) (dcm) 	hsdS)
cells from Novagen were used for protein expression. The
pET17b, pRSFDuet-1, and pCDFduet-1 vectors (Novagen)
were used for construction of expression plasmids. Every gene
on the Duet-1 vector was controlled by the T7 ribosome-bind-
ing site sequence, AAGGAG, of the Duet vector. The prepara-
tion of expression plasmids used in this study was described
below.

Construction of pET17b-acr1 plasmid

The acr1 gene from A. baumannii was amplified with the
primers ACR1_F and ACR1_R (Table 3) using the genomic
DNA of A. baumannii as a template. The PCR product was
digested with XbaI and XhoI and cloned in a pET17b vector at
restriction sites XbaI and XhoI, creating pET17b-acr1 plasmid.

Construction of pCDF–fd–fnr–ado plasmid

For construction of pCDF–fd–fnr–ado plasmid, the ado
gene from P. marinus MIT9313 was first cloned into a pCDF-
Duet-1 vector. The ado gene was amplified with the primers
ADO_F and ADO_R (Table 3) using the ado gene that was
codon-optimized, synthesized, and supplied on pUC57 by Gen-
script as a template. The PCR product was digested with NdeI
and XhoI and cloned into MCS2 of pCDFDuet-1 vector at the
restriction sites NdeI and XhoI, creating the pCDF-ado plas-
mid. The pCDF-ado was cut with NcoI and EcoRI and ligated
into the NcoI/EcoRI-digested PCR product of the fd gene from
Synechocystis sp. PCC 6803, resulting in pCDF–ado–fd. Prim-
ers Fd_F and Fd_R (Table 3) were used to amplify the fd gene
that was codon-optimized and synthesized by Genscript. The fd
gene used in this study encodes 2Fe-2S Fd (51, 52). The fnr gene
from E. coli K-12 was amplified with primers FNR_F and
FNR_R (Table 3). The PCR product was digested with EcoRI
and PstI and ligated to EcoRI/PstI-digested pCDF–ado–fd,
yielding the pCDF–ado–fd–fnr.

Construction of pRSF–fdh, pRSF–trxA–trxB, and pRSF–trxA–
trxB–fdh plasmids

For construction of pRSF–fdh plasmid, the fdh gene from
Xanthobacter sp. 91 was amplified with the primers FDH_F and
FDH_R (Table 3) using the fdh gene that was codon-optimized,
synthesized, and supplied on a pUC57 plasmid by Genscript as
a template. The resulting PCR product was digested with NdeI
and XhoI and ligated with NdeI/XhoI cut pRSFDuet-1 vector to
yield the pRSF–fdh plasmid. For construction of the pRSF–

Metabolically-engineered pathway for alkane production

11544 J. Biol. Chem. (2019) 294(30) 11536 –11548



trxA–trxB plasmid, pRSFDuet-1 plasmid was digested with
NcoI and XhoI and ligated with the PCR product of trxA and
trxB genes using Gibson assembly kit. The PCR products of
trxA and trxB genes were amplified with primers trxA_F and
trxA_R and primers trxB_F and trxB_R, respectively, using
genomic DNA of P. aeruginosa PAO1 as template. For con-
struction of pRSF–trxA–trxB–fdh plasmid, pRSFDuet-fdh
plasmid was digested with NcoI and EcoRI and ligated with the
PCR product of trxA and trxB genes using the Gibson assembly
kit.

E. coli whole-cell biocatalyst preparation

The selected gene cassettes in expression plasmids were
transformed into competent E. coli BL21 (DE3) with 15 ng of
each plasmid, and the transformed cells were selected by grow-
ing on LB with ampicillin, streptomycin, and kanamycin. A sin-
gle colony was selected and grown in LB with three antibiotics
as a starting liquid culture overnight at 37 °C. The correspond-
ing variant was then subcultured into TB media with 1% inoc-
ulant and grown at 37 °C until the OD600 reached 0.6. The cul-
ture was then induced with 1 mM IPTG and incubated further at
25 °C for 6 h. Bacterial cells were harvested by centrifugation at
4 °C and used for biocatalytic reactions.

Whole-cell biocatalysis and product extraction

The pelleted E. coli paste, with expressed proteins, was resus-
pended and adjusted cell density to OD600 of 20 in 100 mM

potassium phosphate buffer, pH 7.5, supplemented with 2.5%
glucose, and 0.85 mM tetradecanoic acid. The biocatalytic reac-
tion (1 ml) was incubated at 25 °C in a 20-ml gas tight vial for
designated periods (0, 2, 4, 6, 10, and 20 h) and quenched by
adding 2 ml of ethyl acetate solvent containing internal stan-
dards (10 �M dodecane and 250 �M tetradecane) with vigor-
ous mixing. Upon addition of ethyl acetate, the mixture was
centrifuged (4 °C, 3900 � g, 20 min) to enhance phase sepa-
ration, and the upper organic layer was analyzed by GC-MS.

XaFDH expression and purification

The overexpression of the XaFDH in E. coli BL21 (DE3) was
carried out at 25 °C in ZY auto-induction medium system. In

brief, E. coli BL21(DE3) cells harboring pET11a–Xafdh plasmid
were grown at 37 °C with shaking at 250 rpm to obtain OD600

�1.0, and then the culture was adjusted to a temperature of
25 °C for protein expression. Protein purification was achieved
by resuspending cell pellets in 50 mM sodium phosphate buffer,
pH 7.0, containing 1 mM DTT, 60 �M PMSF, and 0.5 mM EDTA,
disrupting cells by sonication, clearing cell lysates by centrifu-
gation at 28,700 � g at 4 °C for 1 h, and precipitating the protein
with 40 – 60% (w/v) ammonium sulfate. The precipitated pro-
teins were dissolved and dialyzed in 4 liters of 50 mM sodium
phosphate buffer, pH 7.0, at 4 °C for 16 h prior to further puri-
fication by DEAE-Sepharose anion-exchange chromatography.
A linear gradient of 50 mM sodium phosphate buffer, pH 7.0,
containing 50 – 400 mM NaCl was used for protein elution. The
fractions of eluted XaFDH were pooled and concentrated using
stirred cell equipment with a Millipore YM-10 membrane. The
purity of XaFDH after all steps of purification was analyzed by
12% (w/v) SDS-PAGE.

ADO expression and purification

The overexpression of the ADO was carried out in E. coli
BL21 (DE3) at 25 °C in ZY auto-induction medium system as
mentioned above. E. coli BL2 (DE3) harboring pET17b-ado
plasmid was cultivated for protein expression. The protein
purification was achieved by resuspending cell pellets in a lysis
buffer (50 mM sodium phosphate buffer, pH 7.0, 1 mM DTT and
100 �M PMSF), disrupting cells by sonication, clearing cell
lysates by centrifugation at 28,700 � g at 4 °C for 1 h, removing
nucleic acid by using 0.5% (w/v) polyethyleneimine, and precip-
itating proteins with 40 – 60% ammonium sulfate. DEAE-Sep-
harose anion-exchange chromatography was used for further
purification. A linear gradient of 50 mM sodium phosphate
buffer, pH 7.0, containing 50 –250 mM NaCl was used for pro-
tein elution. The fractions of eluted ADO were pooled and con-
centrated, and the buffer was exchanged to 30 mM HEPES
buffer, pH 7.0, by using a Sephadex G-25 column. The purity of
ADO after all steps of purification was analyzed by 12% (w/v)
SDS-PAGE.

Table 3
Primer and gene information used in the engineered metabolic pathway

Gene (ID) Primers

ado (PMT_1231)a ADO_F: 5
-GCACCATATGCCGACCCTGGAAATG-3

ADO_R: 5
-CCCGCTCGAGTTAGCTAACCAGCGCCGCCG-3


acr1 (MK492106)b ACR_F: 5
-GCCCCTCTAGAAGGAAAATAAAATGAATAAAAAATTAGAAGCTCT-3

ACR_R: 5
-AATATCTCGAGATTACCAATGCTCACCAGG-3


fd (ssl0020)a Fd_F: 5
-GCACccATGGCGAGCTACACCGTG-3

Fd_R: 5
-GCCCGGAATTCTTAATACAGGTCCTCTTCc-3


fnr (b3924)a FNR_F: 5
-GCCCGGAATTCAAGGAGATATACATATGGCTGATTGGGTAACAG-3

FNR_R: 5
-CCCGCTGCAGTTACCAGTAATGCTCCGC-3


Xafdh (WP_029558741.1)b FDH_F: 5
-TATAAGAAGGAGATATACATATGGCGAAGGTGCTGTGC-3

FDH_R: 5
-GCCATATGTATATCTCCTTTTAGCCCGCTTTCTTGAATTTCG-3


trxA (PA5240)a trxA_F: 5
-CTTTAATAAGGAGATATACATGAGCGAACATATCGTC-3

trxA_R: 5
-CTCATGGTATATCTCCTTTCAGATATTGGCGTCGAG-3


trxB (PA2616)a trxB_F: 5
-CAATATCTGAAAGGAGATATACCATGAGTGAAGTCAAGCATTCG-3

trxB_R: 5
-GGCGCGCCGAGCTCGTCAATGGTCGTCGAGGTATTTTTC-3


a Information was retrieved from KEGG.
b Information was retrieved from NCBI.
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Determination of XaFDH steady-state kinetics

The steady-state kinetics parameters for XaFDH were deter-
mined using a spectrophotometric method. In this assay, the
Km and kcat values were determined through initial velocity mea-
surement by varying the concentrations of NAD� (0.005–
0.800 mM), NADP� (0.05– 40 mM), or formate (5–1000 mM).
The XaFDH concentration was fixed at 10 nM and 10 �M when
assayed with NAD� and NADP�, respectively. The production
of NADH and NADPH was monitored by following the UV
absorption at 340 nm in 50 mM phosphate buffer at pH 7.0 at
25 °C. The reaction was initiated by adding XaFDH. Data were
analyzed using the Michaelis-Menten equation to obtain the
kinetic parameter kcat and Km values for all substrates.

Investigation of XaFDH stability by ThermoFluor assay

The ThermoFluor assay is a temperature-based assay to
determine the stability of proteins using a real-time PCR
machine. The assay reaction consisted of 50 mM sodium phos-
phate buffer, 40 �M XaFDH, and 400 �M SYPRO Orange dye.
The temperature was set from 25 to 90 °C with an increment
rate of 1 °C per min. The stability curves and the midpoint val-
ues (melting temperature, Tm) were obtained by plotting fluo-
rescence against reaction temperatures. The derivative plot was
performed for an easy interpretation of the Tm of protein. The
temperature at which the derivative is the lowest point is
the Tm.

Investigation of the optimum temperature on XaFDH

The optimum temperature of XaFDH was investigated by
pre-incubating the reaction mixture (50 mM phosphate buffer,
pH 7.0, 0.05 mM NAD�, 200 mM sodium formate) without
enzyme at various temperatures (25, 30, 35, 40, 45, 50, 55, and
60 °C) for 15 min to obtain temperature equilibration. The
activity assays were initiated by adding XaFDH (2.5 �M) into
the incubated mixture. The absorbance at 340 nm was moni-
tored for NADH production. XaFDH activity versus tempera-
tures were plotted to examine the optimum temperature of the
XaFDH reaction.

Investigation of the pH effect on XaFDH activity

Activities of XaFDH at various pH values were measured at
25 °C in 50 mM sodium phosphate and sodium pyrophosphate
buffers for pH ranges of 6 – 8.5 and 8.5–10, respectively. The
assay reactions consisted of 0.05 mM NAD�, 200 mM sodium
formate, and 2.5 �M XaFDH. The absorbance at 340 nm was
monitored for NADH production. Enzyme activities were plot-
ted as a function of final pH values.

Formate inhibition assay

Inhibition of ADO by formate was investigated by measuring
initial velocities at various concentrations of tetradecanal (10,
20, 40, and 80 �M) with a fixed concentration of formate (10
mM) and formic acid (10 mM). The final pH of the reactions was
7.0. The reactions were performed in 100 mM HEPES buffer, pH
7.2, containing 100 mM KCl, 1 �M ADO, 100 �M PMS, 1 mM

NADH and 40 �M ferrous ammonium sulfate. Assays were ini-
tiated by adding various concentrations of tetradecanal solu-

tion containing 10 mM formate or 10 mM formic acid. The reac-
tions (0.5 ml) were incubated at 37 °C for 1.5 min and quenched
by adding 1 ml of ethyl acetate solvent containing internal stan-
dards (10 �M dodecane and 250 �M tetradecane) with vigorous
mixing by a vortex mixer, followed by centrifugation at
18,534 � g for 10 min to separate the organic phase, and ana-
lyzed by GC-MS.

Tridecane and tetradecanoic acid analyses

GC-MS using HP5-MS capillary column attached to a mass
spectrometer (Agilent 7890B) in electron ionization mode
(EI-MS 5977B) was used for analysis of tridecane and tetrade-
canoic acid. Fragmentation patterns of individual compounds
were validated using combined Wiley MS and NIST 2014 data-
bases for known compounds. Quantitative analysis was per-
formed on Agilent ChemStation Quantitative Analysis soft-
ware to obtain a correlation of known concentrations of each
compound versus GC-MS signals. The GC condition used was
250 °C at an inlet. Temperature program started at 60 °C for 3
min and ramped to 200 °C with a rate of 10 °C/min, and then
stayed at 200 °C for 2 min and ramped to 260 °C at a rate of
20 °C/min, and finally stayed at 260 °C for 3 min. Samples (5 �l)
were used for analysis in each run. Standard curves with known
concentrations of standard compounds (1–500 �M) versus
GC-MS signals were constructed for analysis of substrate con-
sumed and product formed.

Analysis of cell metabolites

For analyzing formate that was produced during the alkane
production process, bioconversion reactions (0.5 ml) were cen-
trifuged for 2 min at 18,500 � g at 4 °C, and the supernatant was
then filtered through a 0.2-�m syringe filter. The resulting fil-
trate was analyzed by HPLC–UV detection (Agilent) using a
cation-exchange column (Agilent Hi-Plex H, 7.7 � 300 mm, 8
�m) operated at 50 °C. The analytes were eluted with 0.01 M

H2SO4 at a flow rate of 0.3 ml/min. The detection wavelength
was set at 210 nm. The identity of formate was confirmed by
comparison of HPLC profiles with that of the standard formate.

For measuring the intracellular concentration of NADH,
NAD�, NADPH, and NAD(P)�, bacterial cell pellet was resus-
pended in 250 �l of 5 mM ammonium acetate buffer, pH 11,
containing 10 �M L-arabinose as internal standard. The bacte-
rial cells were lysed on ice by sonication. The resulting cell
lysate was centrifuged at 18,500 � g at 4 °C for 10 min for sep-
aration of supernatant and cell debris. Proteins in the superna-
tant were removed by Amicon 3-kDa cutoff centrifugal filter
device (Millipore). The resulting flow-through was then ana-
lyzed by HPLC using ZORBAX SB-Aq RRHD column (2.1-mm
inner diameter � 50 mm, 1.8-�m particle size). The mobile
phase used was 20 mM ammonium acetate buffer, pH 5.0. The
flow rate was set to 0.2 ml/min, and the column temperature at
25 °C. The HPLC was directly coupled to HPLC–UV/MS (Agi-
lent 1260 infinity) with an electrospray ionization source oper-
ated in a negative ion mode. The mass spectrometer was oper-
ated in selected ion monitoring mode to detect and quantify
NAD(P)H and NAD(P)� based on their retention times, UV
absorption characteristics, and m/z of the ion. The identities of
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NAD(P)H and NAD(P)� were confirmed by comparison with
the standard compounds.

In vitro assay of Fd reduction with NADH by FNR

Reduction of Fd with NADH by FNR was assayed in an anaer-
obic glove box, and the reduction of Fd was measured spectro-
photometrically as a decrease in the absorbance of NADH at
340 nm. FNR (10 �M final concentration) was mixed with Fd (10
and 20 �M final) and NADH (100 �M NADH final) in 100 mM

HEPES buffer, pH 7.2, containing 100 mM KCl. The reactions
were incubated at 25 °C, and the depletion of NADH was mon-
itored at various time points (0, 30, and 60 min).

Activity assay of ADO in the presence of Fd–NADH–FNR and
Fd–NADPH–FNR

To compare the efficiency of Fd–NADH–FNR or Fd–NADPH–
FNR reducing systems in supporting the activity of ADO, the
product of the ADO reaction using Fd–NADH–FNR and
Fd–NADPH–FNR as reductants was measured. The enzyme
reactions were set up under anaerobic conditions. The reaction
contained 20 �M ADO, 200 �M tetradecanal, 40 �M Fd, 20 �M

FNR, and 1 mM NADH or 1 mM NADPH in a total volume of
500 �l of 100 mM HEPES buffer, pH 7.2, in the presence of 100
mM KCl. Reactions with the same concentrations of ADO,
ADO–NADH, ADO–NADPH, and ADO–Fd–FNR were also
incubated with 200 �M tetradecanal in 100 mM HEPES buffer,
pH 7.2, in the presence of 100 mM KCl to serve as control reac-
tions. All reactions were initiated by adding 1 ml of ambient air
(21% O2) and were incubated at 37 °C for 60 min and quenched
by adding 1 ml of ethyl acetate solvent containing internal stan-
dard (10 �M dodecane and 250 �M tetradecane). The organic
phase was separated by centrifugation at 18,534 � g for 10 min
and subjected to product analysis by GC-MS.
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