
Zhang et al. Biotechnol Biofuels  (2016) 9:80 
DOI 10.1186/s13068-016-0496-z

RESEARCH

Microbial synthesis of propane 
by engineering valine pathway 
and aldehyde‑deformylating oxygenase
Lei Zhang1,3, Yajing Liang1, Wei Wu2, Xiaoming Tan1 and Xuefeng Lu1*

Abstract 

Background:  Propane, a major component of liquid petroleum gas (LPG) derived from fossil fuels, has widespread 
applications in vehicles, cooking, and ambient heating. Given the concerns about fossil fuel depletion and carbon 
emission, exploiting alternative and renewable source of propane have become attractive. In this study, we report the 
construction of a novel propane biosynthetic pathway in Escherichia coli.

Results:  We constructed an aldehyde reductases (ALR)-deprived E. coli strain BW25113(DE3) Δ13 via genetic engi-
neering, which produced sufficient isobutyraldehyde precursors and finally achieved de novo synthesis of propane 
(91 μg/L) by assembling the engineered valine pathway and cyanobacterial aldehyde-deformylating oxygenase 
(ADO). Additionally, after extensive screening of ADO mutants generated by engineering the active center to accom-
modate branched-chain isobutyraldehyde, we identified two ADO mutants (I127G, I127G/A48G) which exhibited 
higher catalytic activity for isobutyraldehyde and improved propane productivity by three times (267 μg/L).

Conclusions:  The propane biosynthetic pathway constructed here through the engineered valine pathway can 
produce abundant isobutyraldehyde for ADO and overcome the low availability of precursors in propane produc-
tion. Furthermore, the rational design aiming at the ADO active center illustrates the plasticity and catalytic potential 
of ADO. These results together highlight the potential for developing a microbial biomanufacturing platform for 
propane.

Keywords:  Propane, Valine pathway, Aldehyde-deformylating oxygenase, Synthetic biology, Escherichia coli

© 2016 Zhang et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Propane has become a promising fuel due to its remark-
able properties such as higher energy density and lique-
faction point than hydrogen, cleaner combustion and 
less greenhouse gas emission than gasoline, and com-
patibility with existing engine systems and transporta-
tion infrastructures [1]. Thus, it has been widely used 
in vehicle engines, cooking, and ambient heating [2]. 
There are reports that about 20 million tons of propane 
are consumed per year by vehicles, and more than 14 

million homes get heat and energy from propane [3, 4]. 
Besides, it is also used as environment-friendly refriger-
ant and aerosol propellant to replace ozone-depleting 
chlorofluorocarbons (CFCs) [5]. Traditionally, propane is 
produced as a byproduct of petroleum refining, crude oil 
extraction, or natural gas exploitation. Considering the 
issues of carbon emission reduction and fossil fuel deple-
tion, developing alternative and sustainable propane sup-
ply has gained tremendous attentions [6–8].

Up until recently, the first propane biosynthetic path-
way was constructed by combining native fatty acid 
biosynthesis (FASII) of E. coli with the cyanobacterial 
aldehyde-deformylating oxygenase (ADO) [7, 8]. ADO is a 
non-heme diiron oxygenase and can catalyze the conver-
sion of Cn fatty aldehydes to formate and corresponding 
Cn-1 alkanes [9]. Oxygen and auxiliary reducing system 
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are needed for ADO-catalyzed reaction [7–9]. This path-
way relies on a thioesterase (Tes4) specific for butyryl acyl 
carrier protein (ACP), which releases the butyric acid 
from FASII specifically [10]. The butyric acid is converted 
into butyraldehyde by carboxylic acid reductase (CAR) 
from Mycobacterium marinum and further directed 
toward propane synthesis (red part of Fig.  1). However, 
the authors concluded that the propane productivity is 
limited by the total flux through FASII. In order to bypass 
this limitation, they designed a series of modified butyral-
dehyde pathways based on CoA-dependent butanol path-
way commonly found in Clostridium sp. [11]. The pathway 
with best performance contains acetyl-CoA acetyltrans-
ferase (AtoB) from E. coli, 3-hydroxybutyryl-CoA dehy-
drogenase (Hbd) and 3-hydroxybutyryl-CoA dehydratase 
(Crt) from Clostridium sp., NADH-dependent trans-
enoyl-CoA reductase (Ter) from Treponema denticola, 
thioesterase (YciA) from Haemophilus influenza, and 
CAR from M. marinum. These enzymes catalyze a series 
of reactions similar to those of the first propane path-
way and convert acetyl-CoA into propane through CoA-
dependent pathway instead of ACP-dependent FASII 
pathway (blue part of Fig. 1).

The valine pathway, one of the branched-chain amino 
acid (BCAA) pathways, might provide an alternative 
solution for precursor biosynthesis. Combined with the 
last two steps from Ehrlich pathway, its intermediate 
2-ketosiovalerate can be converted into isobutyraldehyde 
by 2-keto-acid decarboxylase (KDC) and then converted 
into isobutanol by alcohol dehydrogenase (ADH) [12]. 
This pathway shows several advantages on biofuels pro-
duction. First, it is well established on amino acid produc-
tion technology and avoids the CoA-dependent pathway. 
Second, it has high isobutanol titer up to 22  g/L under 
micro-aerobic condition in E. coli [12]. Furthermore, it 
has shown broad feasibility in other promising micro-
organisms. For example, the pathway has been success-
fully constructed in Synechococcus elongatus PCC 7942, 
Saccharomyces cerevisiae, and Bacillus subtilis [13, 14]. 
By eliminating the last step that converts isobutyralde-
hyde into isobutanol, the high metabolites flux of valine 
pathway will end up with isobutyraldehyde which can be 
utilized as the substrate of ADO for propane production. 
Therefore, the valine pathway-based biosynthetic strat-
egy might be an alternative and favorable choice for pro-
pane production.

In this study, we present a new biosynthetic pathway 
for propane based on the engineered valine pathway. By 
overcoming the insufficiency of precursors and enhanc-
ing the catalytic activity of ADO via rational design aim-
ing at enzymatic substrate-access channel, we effectively 
demonstrate that the new pathway is one of promising 
solutions for microbial propane production.

Results
Biosynthesis of isobutyraldehyde, the precursor 
for propane production
First, an isobutyraldehyde synthetic pathway was con-
structed based on the valine pathway of E. coli (green 
part of Fig. 1) [15, 16]. The alsS gene from B. subtilis was 
introduced to convert pyruvate into 2-acetolactate, which 
is the first metabolic intermediate of valine pathway. For 
the second and third steps, the ilvCD genes of E. coli were 
overexpressed to convert 2-acetolactate into 2-ketois-
ovalerate. In the last two steps, Kivd from Lactococcus 
lactis transformed 2-ketoisovalerate into isobutyralde-
hyde, which could be converted into propane further by 
the ADO from Prochlorococcus marinus MIT 9313. All 
genes mentioned above were cloned into corresponding 
vectors, resulting plasmids pBAD33-alsS-Kivd, pAL96-
ilvCD, and pET-PMT1231 (Additional file 1: Figure S1). 
To verify the feasibility of this pathway, we transformed 
those plasmids into E. coli BL21(DE3), anticipating ful-
filling the biosynthesis of propane. However, there was 
no propane detected in the gas sample of headspace 
vial. Analyzing the culture components suggested that 
the isobutyraldehyde produced by valine pathway was 
reduced into isobutanol by endogenous ALRs of E. coli. 
It is well known that E. coli harbors many endogenous 
ALRs which transform aldehydes into alcohols, and they 
generate a great obstacle for alkane production [15, 16]. 
Therefore, it is essential to delete ALRs of E. coli host 
strain for propane production.

A series of rationally targeted deletions of ALRs were 
carried out in E. coli BW25113, which had been proven 
well amenable for genetic engineering [17]. A two-step 
markerless recombination method was applied in this 
work [18, 19]. In light of the diverse specificity of ALRs 
on isobutyraldehyde and the functions that ALRs under-
take in the metabolism of E. coli, we deleted 9 ALR 
genes, namely yqhD, adhE, adhP, eutG, yiaY, yjgB, fucO, 
yahK, and DkgA, following the rule that the deletions 
can decrease the ALR activity of E. coli and meanwhile 
do not inhibit cellular growth. The genetically engi-
neered strain was verified by sequencing and named as 
BW25113 Δ13 (Additional file  1: Figure S2; Table S3). 
Given that 13 genes were deleted from the genome and 
some of those genes might have multiple functions, we 
inspected whether the strain could grow normally. The 
result indicated that the deletions did not hamper its 
growth (Fig. 2a). Although these gene deletions have no 
effect on cell growth, it is important to realize possible 
metabolic unbalance caused by the genetic manipulations 
here. For example, the fnr gene controls the transition 
between anaerobic and aerobic respiration by regulating 
a gene network which includes adhE, frdABCD, ldhA, 
and pflB [20]. In anaerobic condition, they use respective 
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Fig. 1  The comparison of different biosynthetic pathways for propane production. FAS pathway fatty acid biosynthesis pathway; Butanol pathway 
CoA-dependent butanol pathway of Clostridium sp.; Acc acetyl-CoA carboxylase, FabDH malonyl-CoA-ACP transacetylase and β-ketoacyl-ACP syn-
thase, FabG β-ketoacyl-ACP reductase, FabA β-hydroxyacyl-ACP dehydrase, FabI enoyl-ACP reductase, Tes4 acyl-ACP thioesterase from Bacteroides 
fragilis, AtoB acetyl-CoA acetyltransferase, Hbd 3-hydroxybutyryl-CoA dehydrogenase, Crt 3-hydroxybutyryl-CoA dehydratase, Ter trans-2-enoyl-CoA 
reductase, YciA acyl-CoA thioester hydrolase, CAR carboxylic acid reductase, ADO aldehyde-deformylating oxygenase, alsS acetolactate synthase, ilvC 
ketol-acid reductoisomerase, ilvD dihydroxy-acid dehydratase, Kivd alpha-ketoisovalerate decarboxylase, ALR aldehyde reductase
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substrates as the terminal electron acceptors for oxida-
tive phosphorylation, maintaining redox balance, and 
cellular growth [21]. The detailed examinations of these 
gene deletions on the physiological metabolism of the 
mutant strain are needed in the future study. We then 
evaluated the ability of BW25113 Δ13 to produce and 
accumulate isobutyraldehyde. Compared to the wild-type 
BW25113 which only accumulated 0.3  g/L isobutyral-
dehyde and 0.57  g/L isobutanol in 20  h, the engineered 
strain BW25113 Δ13 achieved an isobutyraldehyde titer 
up to 1.1 g/L, while very low amount of isobutanol was 
detected, indicating that 95 % activity of E. coli ALRs was 
eliminated (Fig. 2b). The results demonstrated that an E. 
coli strain nearly deprived of ALR activity had been suc-
cessfully constructed, which could accumulate isobu-
tyraldehyde as the major fermentation product.

Conversion of isobutyraldehyde into propane
In order to overexpress ADO with the pET system in the 
isobutyraldehyde-producing strain, the mutant strain 
BW25113 Δ13 was lysogenized by λDE3 lysogenization 
kit to build strain BW25113(DE3) Δ13. The plasmids 
pBAD33-alsS-Kivd, pAL96-ilvCD, and pET-PMT1231 
were co-transformed into BW25113(DE3) Δ13, result-
ing in the strain BW25113(DE3) Δ13/Propane with an 
intact pathway for propane production (Additional file 1: 
Table S3). The strain was cultivated in TB media (30  g 
glucose/L) and induced with l-arabinose and isopropyl 
β-d-thiogalactopyranoside (IPTG) to produce propane. 
Finally, the propane was determined by gas chromatog-
raphy (GC) (Fig.  3). The result showed that the strain 
BW25113(DE3) Δ13/Propane can successfully synthesize 

propane and no propane was formed in two control 
strains.

Improvement of propane production by modifying ADO 
substrate specificity toward isobutyraldehyde
Although ADO is capable of catalyzing a wide range of 
aldehydes (C3–C18) to produce alka(e)nes, it exhibits 
low activity with the short-chain aldehydes (C3–C5) [7, 
22, 23]. Given that the engineered valine pathway has 
produced abundant isobutyraldehyde and may achieve 
higher isobutyraldehyde titer after further metabolic 
optimizations, poor activity of ADO on isobutyraldehyde 
emerges as the major obstacle for higher propane pro-
ductivity. To address this obstacle, we sought to enhance 
catalytic efficiency of ADO on isobutyraldehyde through 
rational design based on ADO structural analysis.

Crystal structures of ADO (PMT1231) in complex with 
different substrates, some of which come from our previ-
ous studies, provide us an insight into substrate binding 
and catalytic mechanism of active center (Fig. 4a; Addi-
tional file  1: Figure S3) [9, 23–26]. We found that the 
substrate binding pocket of ADO capable of accommo-
dating linear C18 aldehyde has too much redundant space 
for isobutyraldehyde (C4), while the width of substrate 
channel is relatively narrow for the branched methyl of 
isobutyraldehyde, especially near to the active center 
(Fig.  4a). It can be speculated that they are part of the 
reasons why ADO shows poor activity with the branched 
short-chain aldehydes. We therefore sought to engineer 
the substrate channel of ADO. First, residues Ala134 
and Val41 were mutated into Phe or Tyr, aiming at that 
the introduced residues could shrink redundant space at 

Fig. 2  Biosynthesis of isobutyraldehyde by genetically engineered E. coli BW25113 Δ13. a Time-course of growth profiles of BW25113 and BW25113 
Δ13. b Comparison of isobutyraldehyde and isobutanol production between two strains, BW25113 and BW25113 Δ13. A detailed protocol is pro-
vided in “Methods” section
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the end of substrate binding pocket to fit the short chain 
(Fig.  4a; Additional file  1: Figure S3). Second, residues 
Ile127, Ala48, Ala131, Tyr135, Gln123, Gln123, Phe100, 
Ile40, and Ile37 were mutated into Gly or Ala to broaden 
substrate channel to accommodate the branched group 
(Fig. 4a; Additional file 1: Figure S3).

A whole-cell biotransformation method was used 
to assay the activity of the mutants [23]. Most mutants 
led to decline in propane production except the mutant 
I127G, which resulted in an 83  % increase in propane 
productivity compared to wild-type ADO (Fig. 4b; Addi-
tional file 1: Table S4). Based on this mutant, we subse-
quently investigated more double mutations (Additional 
file  1: Table S5). The mutants I127G/I37G and I127G/
V41G increased upon propane productivity of I127G by 
10.12 and 15.10  %, respectively. The propane produc-
tivity of the mutant I127G/A48G improved further and 
was more than two times greater than wild-type ADO 
(Fig.  4b; Additional file  1: Table S5). These results are 
corresponding with the in vitro enzymatic assay (Fig. 4c; 

Fig. 3  De novo biosynthesis of propane in E. coli. GC trace of gas 
sample from headspace vial is shown. a Wild-type BW25113. b 
BW25113(DE3) Δ13 expressing alsS, ilvCD, and Kivd. c BW25113(DE3) 
Δ13 expressing alsS, ilvCD, Kivd, and ADO. d Propane standard

Fig. 4  Improving propane production by rational design aiming at the active center of ADO. a Residues selected for mutagenesis. b Whole-cell 
assay of enzymes activity. Wild-type ADO is set at 100 %. A detailed protocol is provided in materials and methods. c In vitro enzymatic assay of 
mutants I127G, I127G/A48G. Wild-type ADO is set at 100 %. d De novo biosynthesis of propane using efficiency-enhanced mutants
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Additional file 1: Table S6). Moreover, SDS-PAGE analy-
sis showed that the mutant expression levels were con-
sistent with wild-type ADO (Additional file 1: Figure S4).

We then introduced the mutations I127G and I127G/
A48G into the strain BW25113(DE3) Δ13/Propane 
described above to investigate whether they could 
enhance de novo propane production. Compared to 
wild-type ADO, the pathway carrying mutant I127G and 
double mutant I127G/A48G yielded a 3-fold (267  μg/L) 
and 2.5-fold (233  μg/L) more propane, respectively 
(Fig. 4d). Although the double mutant I127G/A48G had 
better performance in whole-cell biotransformation and 
enzymatic assay experiments, it was the single mutant 
I127G that got highest propane productivity in de novo 
synthesis.

Discussion
It is significant and promising to explore novel biosyn-
thetic pathways producing renewable propane with 
higher efficiency. Among previous researches, butyral-
dehyde was used as the precursor of propane, which 
derived from FASII pathway of E. coli or CoA-dependent 
pathway from Clostridium sp. [8, 11]. Here we reported 
propane biosynthesis using isobutyraldehyde as the 
precursor based on the engineered valine pathway and 
the removal of ALR activity. The valine pathway pos-
sesses a very high metabolic flux proved by the reported 
isobutanol titer up to 22  g/L [12]. Considering the cur-
rent isobutyraldehyde titer (1.1  g/L), it seems that the 
valine pathway still has 20-fold potential capacity to be 
exploited and implies sufficient precursor supply for pro-
pane production. To exploit the potential further, several 
metabolic optimizations are feasible. For example, more 
competitive genes such as pta (phosphotransacetylase 
gene) can be deleted to decrease the intermediates loss 
of valine pathway. Other optimizations such as deleting 
more ALR genes, increasing gene copy numbers of the 
pathway, eliminating the negative feedback inhibitions 
of BCAA pathways [27], as well as fed-batch fermenta-
tion, will also improve isobutyraldehyde and propane 
productivity. Given that the valine pathway has been 
successfully applied in several different model microor-
ganisms described above, it could be applied widely to 
construct more different microbial platforms for propane 
biosynthesis [13, 14]. Beyond this, the ALRs-deprived E. 
coli strain constructed here can also serve as a microbial 
manufacturing host for other high value-added aromatic 
aldehydes which are precursors of flavors, fragrances, 
and pharmaceutical [28].

ADO natively catalyzes the conversion of long-chain 
aldehydes into corresponding alkanes [7, 22, 29–31]. 
To convert short-chain isobutyraldehyde into propane 

efficiently, the substrate specificity of ADO has to be 
modified for the utilization of the short-chain aldehydes. 
Some protein engineering works have been reported to 
alter natural specificity of ADO to convert short-chain 
aldehydes [23]. We tested those reported mutants in this 
study (data not shown here), but they failed to improve 
activity of ADO on isobutyraldehyde. Partially, it is 
because isobutyraldehyde is a shorter and branched alde-
hyde. ADO crystal structures in complex with different 
substrates have been solved and provide an insight into 
the substrate binding pocket, which is capable of accom-
modating up to 18-carbon-chain aldehyde and obviously 
too big for isobutyraldehyde. In addition, the substrate-
access channel at the bottom of binding pocket is narrow 
and hampers the entrance of isobutyraldehyde due to 
the methyl group’s steric effect. In this work, we success-
fully improve the propane productivity through broad-
ening substrate channel. Our works indicate that the 
structure-based rational design to broaden access chan-
nel and reshape the substrate binding pocket of ADO 
is effective. However, considering the isobutyraldehyde 
titer and potential of valine pathway, the activity of ADO 
variants still need improvement. Further engineering 
strategies include optimization of ADO binding pocket 
architecture and enhancement of ADO catalytic activ-
ity with release of H2O2 inhibition by fusing catalase or 
increase of electron supply by targeting reducing compo-
nents such as NAD(P)H: flavodoxin/ferredoxin oxidore-
ductase [8, 31].

The highly active BCAA pathways are a powerful tool-
box for biofuels production. Various types of 2-keto acids 
generated from BCAA pathways, such as 2-keto-3-me-
thyl-valerate and 2-keto-4-methyl-pentanoate, can serve 
as precursors of the aldehydes, which can be further 
converted into the corresponding short-chain alkanes by 
ADO enzyme [12].

Conclusion
We report a new biosynthetic pathway for propane pro-
duction by assembling the engineered valine pathway 
of E. coli and cyanobacterial ADO. After enhancing the 
ADO activity via engineering the active center of ADO 
to accommodate branched-chain isobutyraldehyde, 
we significantly improved the propane production and 
effectively demonstrated that the new pathway is one of 
promising solutions for microbial propane production. 
However, to fulfill higher utilization ratio of isobutyral-
dehyde and greater propane productivity, more optimiza-
tions should be applied to improve the activity of ADO. It 
also provides a perspective to produce different types of 
short-chain alkanes by combination of the BCAA path-
ways and aldehyde-deformylating oxygenase.
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Methods
Reagents
FastDigest restriction enzymes, pfu DNA polymerase, 
T4 DNA ligase, and media components were purchased 
from Thermo Scientific (Waltham, MA, USA). pEASY-
Blunt Simple Cloning Kit was purchased from TransGen 
Biotech (Beijing, China). Plasmid miniprep kit, gel extrac-
tion kit, and PCR purification kit were purchased from 
Omega Bio-tek (Norcross, GA, USA). Gene sequencing 
and oligonucleotide synthesis were performed by Tsingke 
Biological Technology (Beijing, China). Isobutyraldehyde 
standard was purchased from Acros Organics (Geel, 
Belgium). All the other reagents were purchased from 
Sigma–Aldrich (St. Louis, Mo, USA).

Strains and plasmids
Bw25113 Δ13
Escherichia coli K-12 BW25113 was used for genetic 
engineering and propane production. The frdABCD, 
pflB, ldhA, fnr, yqhD, adhE, adhP, eutG, yiaY, yjgB, fucO, 
yahK, and DkgA in BW25113 were deleted by a two-step 
markerless method to create the strain BW25113 Δ13. 
In this research, homology arms for genes deletion were 
constructed by fusion PCR. EcoRV restriction site was 
settled in the middle of homology arms. The Cat-sacB 
fragment could be cloned into the EcoRV restriction site 
and flanked with homology arms. All primers are listed 
in Additional file 1: Table S1.

pBAD33‑alsS‑Kivd
The alsS gene (GeneBank: 936852) from B. subtilis and 
Kivd gene (GeneBank: 8678808) from L. lactis were syn-
thesized in Invitrogen (Shanghai, China) and cloned into 
pMD18-T vector, yielding pMD18-alsS and pMD18-
Kivd, respectively. Primers alsS-SacI-F/alsS-fusion-R 
were used to amplify alsS fragment from pMD18-alsS. 
Primers Kivd-fusion-F/Kivd-SphI-R were used to amplify 
Kivd fragment from pMD18-Kivd. Then, fusion PCR was 
carried out to fuse alsS and Kivd fragments. The frag-
ment, containing alsS and Kivd genes, was digested with 
SacI and SphI, cloned into pBAD33 plasmid, yielding 
pBAD33-alsS-Kivd. All primers are listed in Additional 
file 1: Table S2.

pAL96‑ilvCD
The ilvC gene (GeneBank: 948296) and ilvD gene (Gen-
eBank: 948277) were amplified from E. coli BW25113 
genome with primers ilvC-SacI-F/ilvC-fusion-R and ilvD-
fusion-F/ilvD-SalI-R. Then fusion PCR was carried out 
to fuse ilvC and ilvD fragments. The fragment, contain-
ing ilvC and ilvD genes, was digested with SacI and SalI, 
cloned into pAL96 plasmid, yielding pAL96-ilvCD. All 
primers are listed in Additional file 1: Table S2.

pET‑PMT1231 and pET‑PMT1231 mutants
The codon-optimized PMT1231 gene (Additional file  2) 
from P. marinus MIT 9313 was synthesized and cloned 
into pBluescript II SK(+) vector. The NdeI restriction site 
was introduced at 5′-terminal. Then, it was cloned into 
the pET-28a(+) vector at the restriction sites of NdeI and 
XhoI, yielding pET-PMT1231. PMT1231 mutants were 
created by site-directed mutagenesis and confirmed by 
sequencing. All primers are listed in Additional file  1: 
Table S2.

Media, growth conditions, detections of isobutyraldehyde, 
isobutanol, and propane
Escherichia coli strains harboring recombinant plasmids 
were cultured in 3  mL Luria Broth (LB) liquid medium 
with appropriate antibiotics and incubated at 37  °C and 
220 rpm overnight for inoculation.

To analyze and quantify isobutyraldehyde and isobu-
tanol, 30 mL M9 minimal medium (30 g glucose/L) was 
inoculated with overnight culture at a 5 % (v/v) inocula-
tion ratio and cultured at 37 °C and 220 rpm until OD600 
reached 0.5. Then 30 mM l-arabinose and 0.3 mM IPTG 
were added to induce genes expression for 1  h. After 
induction, 10  mL of the culture was transformed into a 
26 mL test tube that was tightly sealed to prevent evapo-
ration of products. The test tube was further incubated 
for 20 h at 30 °C and 220 rpm. Then 500 μL supernatant 
of culture after centrifugation was extracted with same 
volume of toluene. 1 μL sample was injected into the GC 
equipped with a flame ionization detector (FID). The GC 
system is Agilent 7890A with a 7673A automatic injector 
which was held at 200  °C with a split ratio of 20:1. GC 
oven temperature was held at 63  °C for 5 min. The col-
umn is HP-INNOWAX (30 m × 0.32 mm × 0.25 μm film 
thickness, Agilent Technology). Nitrogen was used as the 
carrier gas at a flow of 1 mL/min. The FID temperature 
was maintained at 200  °C. Products peaks were identi-
fied by comparing with standards, and quantification was 
performed via calibration curve.

To analyze and quantify propane, 30  mL TB medium 
(12 g tryptone, 24 g yeast extract, 4 mL glycerol, 12.5 g 
K2HPO4, 2.3 g KH2PO4, and 30 g glucose per liter) was 
inoculated with overnight culture at a 5 % (v/v) inocula-
tion ratio and cultured at 37 °C and 220 rpm until OD600 
reached 0.5. Then, 30 mM l-arabinose and 0.3 mM IPTG 
were added to induce expression. The culture medium 
was further cultured for 3 h at 30 °C and 180 rpm. 1 mL 
of the culture was transferred into 8  mL tightly sealed 
vial. The vial was incubated for 1 h at 30 °C and 180 rpm. 
200 μL gas sample of the headspace was injected manu-
ally into GC system with a Hamilton gas tight syringe. 
The method and setting of GC system were same as 
those described above. Propane peak was identified by 
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comparing with standard, and quantification was per-
formed via calibration curve.

Whole‑cell assay of enzymes activity
Escherichia coli BL21(DE3) harboring pET-PMT1231 
mutations were cultured in 4  mL LB liquid media with 
kanamycin and incubated at 37  °C and 220  rpm over-
night. 40  mL LB liquid medium was inoculated with 
overnight culture at a 5  % (v/v) inoculation ratio and 
further cultured until OD600 reached 0.9. Then 0.3  mM 
IPTG were added to induce ADO expression for 1  h. 
After induction, 10 mL of these culture was transformed 
into a 26 mL test tube. Isobutyraldehyde was added to the 
test tube at a 10 mM concentration. The tube was tightly 
sealed in time to prevent evaporation of isobutyraldehyde 
and propane. The tube was further incubated for 8 h at 
30 °C and 220 rpm. 200 μL gas sample of the headspace 
was injected manually into GC system with a Hamilton 
gas tight syringe. The method and setting of GC system 
were same as those described above.

Protein purification and in vitro enzymatic assay
The expression vectors pET-PMT1231, pET-PMT1231 
(I127G), and pET-PMT1231(I127G/A48G) were trans-
formed into the competent E. coli BL21(DE3). Protein 
expression was carried out at 30 °C in super broth media. 
The cultures were induced with 0.25  mM IPTG when 
OD600 reached 0.6 and were shaken at 30 °C for additional 
4 h. The cells harvested by centrifugation were disrupted by 
sonication. The proteins were purified with Nickel chelat-
ing resin, concentrated with Amicon YM10 membrane 
(10 kDa cut-off), and determined by the Bradford method 
[31]. Enzyme assay was carried out at 25 °C and used isobu-
tyraldehyde as the substrate of ADO. Components of the 
reaction system are listed in Additional file 1: Table S6.
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