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ABSTRACT: We previously demonstrated anaerobic conversion of
the greenhouse gas methane into acetate using an engineered
archaeon that produces methyl-coenzyme M reductase (Mcr) from
unculturable microorganisms from a microbial mat in the Black Sea
to create the first culturable prokaryote that reverses methano-
genesis and grows anaerobically on methane. In this work, we
further engineered the same host with the goal of converting
methane into butanol. Instead, we discovered a process for
converting methane to a secreted valuable product, L-lactate, with
sufficient optical purity for synthesizing the biodegradable plastic
poly-lactic acid. We determined that the 3-hydroxybutyryl-CoA
dehydrogenase (Hbd) from Clostridium acetobutylicum is respon-
sible for lactate production. This work demonstrates the first
metabolic engineering of a methanogen with a synthetic pathway;
in effect, we produce a novel product (lactate) from a novel
substrate (methane) by cloning the three genes for Mcr and one for
Hbd. We further demonstrate the utility of anaerobic methane
conversion with an increased lactate yield compared to aerobic
methane conversion to lactate.
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� 2016 Wiley Periodicals, Inc.
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Background

Methane trapped in shale deposits has gained considerable
attention as an energy source over the past decade in the United
States since it decreases carbon dioxide emissions per unit energy
consumed (Howarth, 2015). Methane, however, is a potent

greenhouse gas that is 38-fold more effective at promoting global
warming than carbon dioxide on a molar basis over a span of
20 years (Howarth et al., 2011; Shindell et al., 2009). Leaks of
methane into the atmosphere commonly occur during procedures
for extraction and transportation, distribution, and storage, with
as much as an estimated 8% of the methane produced from a well
leaking; of this, up to 4% are attributed to downstream processes
of transportation, distribution, and storage (Howarth et al.,
2011). Also, chemical processes for methane conversion (i.e., the
Fischer–Tropsch process) are well established, but they require
large initial capital investments (up to $20B) compared to
potential biological processes that could be employed (Haynes
and Gonzalez, 2014). Hence, to reduce leaks (from transportation,
distribution, and storage) and capital cost, it is advantageous to
convert methane biologically into a non-gaseous product at the
site. Furthermore, harnessing methane is one of the most
important near-term goals for biochemical engineering (Lee and
Kim, 2015).
Among biological processes, anaerobic processes have higher

carbon yields of potentially valuable products and energy efficiency
compared to aerobic processes (Haynes and Gonzalez, 2014).
Anaerobic oxidation of methane (AOM) that occurs in nature via
anaerobic methanotrophic archaea (ANME) plays a large role in
curtailing methane emissions, with an estimated 75 Tg methane per
year captured by AOM; hence, 88% of the leaking methane from
natural sources in the ocean is consumed before reaching the ocean
surface (Reeburgh, 2007). Little is known about AOM, since no
naturally-occurring individual species of ANME have been isolated
that participate in AOM (Knittel and Boetius, 2009). Metabolic
engineering strategies for conversion of methane to other products
remain difficult as long as no individual species that perform AOM
are isolated. However, we (Soo et al., 2016) recently reversed
methanogenesis to achieve anaerobic growth on methane and
bicarbonate and the production of acetate by the methanogen
Methanosarcina acetivorans via heterologous expression of the
methyl-coenzyme M reductase (Mcr) isolated from unculturable
ANME from a microbial mat in the Black Sea (Shima et al., 2012).
This activation of methane by a single species creates possibilities

Correspondence to: T.K. Wood

Contract grant sponsor: Department of Energy Advanced Research Projects

Agency—Energy

Received 25 July 2016; Revision received 13 October 2016; Accepted 25 October 2016

Accepted manuscript online xx Month 2016;

Article first published online in Wiley Online Library

(wileyonlinelibrary.com).

DOI 10.1002/bit.26208

ARTICLE

� 2016 Wiley Periodicals, Inc. Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2016 1



for metabolic engineering for anaerobic methane conversion to
other products (Soo et al., 2016).

The acetate produced by reversing methanogenesis may be
converted to myriad products (Gajda et al., 2015; Hollinshead et al.,
2014; Skjanes et al., 2008), including biofuels such as butanol (Gao
et al., 2015). Butanol has great potential as a biofuel, since pure
butanol can be used in a conventional ignition spark combustion
engine (Wei et al., 2016). High titres (30 g/L) of butanol have been
produced via acetyl-CoA in metabolically-engineered Escherichia
coli (Shen et al., 2011); the pathway includes production of
crotonase (Crt), 3-hydroxybutyryl-CoA dehydrogenase (Hbd), and
aldehyde/alcohol dehydrogenase (AdhE2) from C. acetobutylicum,
as well as production of trans-enoyl-CoA reductase Ter from
Treponema denticola, and production of acetyl-CoA acetyltransfer-
ase (AtoB) from E. coli (Fig. 1). We reasoned butanol could be
produced in an archaeal host with the same pathway if we
substituted AtoB from E. coli with the putative acetyl-CoA

acetyltransferase MA_4042 from M. acetivorans (UniProt Consor-
tium, 2015). While attempting to convert methane to butanol in this
work, unexpectedly, methane was converted into another valuable
product, lactic acid (Fig. 1).

Lactic acid has a wide variety of uses in cosmetics, foods, and
pharmaceuticals (Wee et al., 2006). For cosmetics, lactic acid is
used as a skin exfoliant and humectant to reduce wrinkles and
improve skin firmness and thickness (Smith, 1996). For foods,
lactic acid is a generally recognized as safe food additive used to
preserve olives, sauerkraut, and pickled vegetables, and it is used
as an acidulant, flavoring, and pH buffering agent or inhibitor of
bacterial spoilage in a wide variety of other processed foods
(Datta et al., 1995). For pharmaceuticals, lactic acid has use in
mineral preparations, drug delivery systems, and as an electrolyte
in many parenteral and intravenous solutions (Wee et al., 2006).
In addition, some lactic acid esters derived from lactate are
environmentally-friendly (biologically derived and biodegradable)

Fig. 1. Metabolic pathways for butanol and lactate production frommethane. Enzymes produced from theplasmids used in this study are listed alongside their respective enzymatic

step (those in red are heterologous and those in green are from the M. acetivorans host). The chemical structure of each intermediate is shown alongside the chemical name.
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solvents that could replace more toxic ones currently in use
(Corma et al., 2007), and others have hygroscopic and
emulsifying properties applicable in the food, pharmaceutical,
and cosmetic industries (Gao et al., 2011). Critically, lactic acid is
likely to see increasing demand due to its use as a feedstock for
producing the bio-degradable plastic poly-lactic acid (Upadhyaya
et al., 2014). Optical purity (pure D- or L- lactate) is a
prerequisite for the synthesis of poly-lactic acid of suitable quality
for use as a plastic, since polymers consisting of both D- and
L- lactic acid units may be amorphous and non-crystalline
(Bogaert and Coszach, 2000). Synthetic routes for lactate
production (mainly involving the hydrolysis of lactonitrile) result
in racemic mixtures (Hofvendahl and Hahn-Hagerdal, 2000)
unsuitable for poly-lactic acid synthesis, while biological methods
can select specifically for D- or L- lactate production.
Heterologous expression of one enzyme has been utilized in an

obligate aerobic methanotrophic host to produce lactate from
methane, but yields were low at 0.06 g lactate/g methane (Henard
et al., 2016). We reasoned that converting the process to an
anaerobic host may improve the overall yield for lactate as
suggested for the conversion of methane to biofuels (Haynes and
Gonzalez, 2014), and allow for the omission of an oxygen input
requirement if applied industrially.
In recent years, hyperthermophilic archaea such as the

Thermococcus spp. and Pyrococcus spp. have been developed as
metabolic hosts for producing fuels and commodities. These
include the production of hydrogen (Lipscomb et al., 2014),
3-hydroxypropionate (Keller et al., 2013), and butanol (Keller
et al., 2015) in Pyrococcus furiosus (Zeldes et al., 2015) as well as
the production of hydrogen from carbon monoxide in
Thermococcus onnurineus via adaptive evolution (Lee et al.,
2016). Regarding methanogens (note all known methanogens are
anaerobic archaea), Methanococcus maripaludis has been recently
engineered to produce geraniol during autotrophic growth via
expression of a single heterologous gene (Lyu et al., 2016), and M.
acetivorans was engineered to use the industrial solvents methyl
acetate and methyl propionate as carbon sources by cloning mekB
from Pseudomonas veronii (Lessner et al., 2010). Here, we
metabolically engineered M. acetivorans to produce optically pure
L-lactic acid from methane. This is the first report of metabolic
engineering of a methanogen using a biosynthetic pathway.

Results and Discussion

Design of the Metabolic Pathway for Butanol Production
From Methane

With the production of acetate from methane (Soo et al., 2016),
we reasoned we could convert the intermediate for acetate,
acetyl-CoA, into butanol (Fig. 1) based on the pathway
demonstrated in metabolically-engineered E. coli (Shen et al.,
2011). Using M. acetivorans as the host, we intended to synthesize
butanol from the production of Mcr from ANME-1, from the
production of Crt, Hbd, and AdhE2 from C. acetobutylicum, and
from the production of Ter from T. denticola. Instead of including
AtoB from E. coli in the butanol production pathway, the native
acetyl-CoA acetyltransferase, MA_4042, from the M. acetivorans

host was used since we reasoned it was more likely to be active in
the archaeon.

Optimization of Transformation

We had difficulty transforming intoM. acetivorans the final butanol
plasmid pES1-MATbiohol-B4 (Supplementary Fig. S1) for produc-
ing McrBGA from ANME-1, for producing AdhE2, Crt, and Hbd
from C. acetobutylicum, for producing Ter from T. denticola, and for
producing MA_4042 from M. acetivorans (Fig. 1); therefore, we
optimized the HS methanol medium for growth to improve the
transformation of large plasmids. We tried increasing the methanol
concentration (75, 125, 185, 250, and 500mM) and tried adding
yeast extract (2.5, 5, 10, and 15 g/L), since the addition of yeast
extract or casamino acids to the growth medium was originally
described as slightly stimulatory for growingM. acetivorans (Sowers
et al., 1984). We found that adding yeast extract at the lowest
concentration (2.5 g/L) decreased the lag phase (Fig. 2A) whereas
increasing methanol increased the lag phase (Fig. 2B). Therefore,

Fig. 2. Growth curves for optimization of medium forM. acetivorans. Cultures were

grown in HS medium at 37�C (A) having methanol concentration fixed at 125mM and

with the addition of varied amounts of yeast extract (2.5 g/L D, 5 g/L&, or 10 g/L^), or

(B) having varied amounts of methanol concentrations (75mM!, 125 mM*, 250 mM

~, or 500mM &) without yeast extract. Three independent cultures were tested for

each condition, and error bars represent standard errors of the means.
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yeast extract at 2.5 g/L was included, while the methanol
concentration was kept at 125mM, to make HSYE medium, which
was used for subsequent culturing and transformations. Using
HSYE medium led to successful transformation, while the use of HS
medium led to no successful transformations after eight attempts.

Producing McrBGA, MA_4042, AdhE2, Ter, Crt, and Hbd
Leads to the Formation of Lactate From Methane

When M. acetivorans containing the plasmid pES1-MATbiohol-B4
(containing genes for producing Ter, Crt, Hbd, McrBGA, MA_4042,
and AdhE2, Supplementary Fig. S1) was tested with methane in a
high cell-density experiment (Soo et al., 2016), significant amounts
of butanol formation were not detected. However, in comparison to
M. acetivorans containing either plasmid pES1-MATmcr3 (contain-
ing genes for producing McrBGA) or pES1-MATbiohol-B3 (an
intermediate plasmid used in constructing pES1-MATbiohol-B4

containing genes for producing McrBGA, MA_4042, and AdhE2,
Supplementary Fig. S1), acetate production amounts decreased by
12.4-fold (Fig. 3A), methane consumption amounts remained
similar (Fig. 3A), and an additional peak was seen in high-
performance liquid chromatography (HPLC) chromatograms
(Fig. 4) of supernatants from M. acetivorans containing plasmid

Fig. 3. Consumption of methane, and production of acetate and lactate by ANME-1

Mcr-producing strains of M. acetivorans during high-density growth experiments.

Methane consumption (A) and lactate production (B) of cells harboring pES1-

MATbiohol-B4 (B4, contains mcrBGA, ma_4042, adhE2, ter, crt, and hbd), pES1-

MATbiohol-B3 (B3, contains mcrBGA, ma_4042, and adhE2), and pES1-MATmcr3

(MATmcr3, contains mcrBGA) after 5 days. All strains were tested with 2.5 g/L yeast

extract unless otherwise indicated. Three independent cultures were tested for each

condition, and error bars represent one standard deviation.

Fig. 4. HPLC chromatograms of cultures producing lactate. Chromatogram of cells

harboring pES1-MATbiohol-B4 (B4) consuming methane for 5 days showing a lactate

peak (green, labeled). The same sample had the equivalent of 2 mM lactate added to

confirm the peak under question belonged to lactate (B4 spiked). Chromatograms of

cells harboring pES1-MATmcr3-hbd (Hbd) or pES1-MATmcr3-hbd-porGDAB (Hbd-Por)

that were grown in HSYE with 125mMmethanol for 27 days. All chromatograms shown

here are focused on the lactate peak (displayed in green), with lactate having a

retention time of 20.5 min.
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pES1-MATbiohol-B4. This indicated that acetate (previously shown
to originate from methane (Soo et al., 2016)) was further converted
into another secreted by-product. By testing for various alcohols
and acids (methanol, ethanol, acetoacetatic acid, 3-hydroxybutyric
acid, crotonic acid, butyraldehyde, fumaric acid, succinic acid, and
lactic acid), this product was identified as lactate by HPLC (Figs. 3
and 4B) and by liquid chromatography-mass spectrometry (LC-
MS); the lactate produced has a m/z ratio of 89.05, closely matching
89.03 as previously determined (Ibanez and Bauer, 2014)
(Supplementary Fig. S2). The yield from the metabolically-
engineered strain was 0.105� 0.009mol lactate/mol methane
(corresponding to 0.59� 0.05 g lactate/g methane), and the lactate
was secreted, with sonication of the samples showing a negligible
increase in lactate concentrations by 1.3� 0.2 fold.
The inclusion of yeast extract during the 5-day incubation period

under methane did not significantly affect the acetate yield for the
host containing the plasmid pES1-MATmcr3 (0.61� 0.26mmol
acetate/mmol methane consumed without yeast extract, compared
to 0.78� 0.14mmol acetate/mmol methane consumed with yeast
extract). In addition, incubating the pES1-MATbiohol-B4 host
under a nitrogen headspace (compared to a methane headspace) in
a high cell density experiment that includes yeast extract led to a
9� 3 fold decrease in lactate production (5.3� 0.6mmol vs.
0.6� 0.2mmol); no lactate was detected in the three replicates
which lacked cells but included methane and yeast extract in the
medium. Thus, the lactate produced with pES1-MATbiohol-B4 did
not originate from yeast extract and is derived from methane. Also,
lactate was not produced by the host transformed with pES1-
MATmcr3 (which produces only Mcr) (Fig. 3B) so production of Mcr
alone only allows for production of acetate, and is not sufficient to
produce lactate.

Stereochemistry of the Produced Lactate

In order for the produced lactate to be suitable as a substrate for
polylactic acid synthesis, optical purity is required (Bogaert and
Coszach, 2000). Therefore, we determined which lactate stereospe-
cific isomer was produced by the host containing the pES1-
MATbiohol-B4 plasmid using kits specific for detecting D-lactate
(MAK058-1KT, Sigma–Aldrich, St. Louis, MO) and L-lactate
(MAK065-1KT, Sigma–Aldrich): 1.1� 0.2 mM of L-lactate was
produced, while no D-lactate was found in the samples.
Furthermore, the concentration of lactate found by the kit was
corroborated by assaying lactate concentrations via HPLC
(1.2� 0.1mM corresponding to 6.0� 0.5mmol) (Fig. 4).

Hbd Produces Lactate From Acetate in M. acetivorans

We reasoned that Hbd was responsible for the lactate produced
from the methane that was converted to acetate by Mcr using
plasmid pES1-MATbiohol-B4 since no lactate production
occurred with the host containing pES1-MATbiohol-B3 (produces
McrBGA, MA_4042, and AdhE2, Fig. 3B), so MA_4042 and
AdhE2 were not responsible for lactate production. The most
direct path for lactate production from methane (Fig. 1) involves
a lactate dehydrogenase to modify the ketone group in pyruvate
to a hydroxyl group, yielding lactate. Out of Ter, Crt, and Hbd,

Hbd is the only enzyme that converts a ketone group to a hydroxyl
group. To investigate whether Hbd is responsible for lactate
production, we performed in vitro assays with purified Hbd
produced from E. coli. These assays indicated no lactate
dehydrogenase activity in the direction of lactate production
(using pyruvate as substrate), even though the purified enzyme
was active with regard to its known 3-hydroxybutyryl-CoA
dehydrogenase activity with acetoacetyl-CoA as substrate (Guterl
et al., 2012; Sommer et al., 2013) (Fig. 5). Also, no lactate
production was seen in vivo with E. coli producing Ter, Crt, or
Hbd (from pET27b-Pfer-ter, pET27b-Pfer-crt, and pET27b-
Pfer-hbd; plasmid maps shown in Supplementary Fig. S3)
(results not shown).
Since assays using enzymes produced by E. coli failed to

demonstrate which of the enzymes Ter, Crt, or Hbd were responsible
for lactate production, further assays were performed with the
M. acetivorans host by using plasmids inwhich Ter, Crt, or Hbd of the
original pES1-MATbiohol-B4 plasmid were produced individually
(along with Mcr). Hence, we transformed M. acetivorans with
plasmids pES1-MATmcr3-Pfer-ter, pES1-MATmcr3-Pfer-crt, and
pES1-MATmcr3-Pfer-hbd (Supplementary Fig. S1). We also tested
a construct in which Por (pyruvate ferredoxin oxidoreductase) from
M. acetivorans was added with Hbd (along with Mcr) in pES1-
MATmcr3-Pfer-hbd-porGDAB. Por catalyzes the interconversion
between acetyl-CoA and pyruvate (Fig. 1), principally in the direction
of pyruvate synthesis in vivo (Santiago-Martinez et al., 2016), so Por
was included in the hopes of increasing lactate production. Analyzing
the transformants grown in HSYE with 125mM methanol by HPLC
revealed the production of lactate only in cells producing Hbd (pES1-
MATmcr3-Pfer-hbd, pES1-MATmcr3-Pfer-hbd-porGDAB, and pES1-
MATbiohol-B4; Figs. 4 and 6). Significant lactate dehydrogenase
activity in the direction of lactate formation was also detected from

Fig. 5. Enzymatic assays performed in vitro using Hbd purified from an E. coli host.

Enzyme assays for the positive control reaction (acetoacetyl-CoAþNADH! 3-

hydroxybutyryl-CoAþNADþ). The positive control reactions (*) included 1mg/mL

Hbd protein. Negative control reactions omitted either Hbd (!) or the acetoacetyl-CoA

substrate (~). NADH concentrations were determined by monitoring A340, and two

reactions were tested for each condition with error bars representing one standard

deviation.
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total cell lysates of M. acetivorans hosting pES1-MATmcr3-Pfer-hbd,
and not from cells hosting pES1-MATmcr3 (Supplementary Fig. S4).
Hence, Hbd is active inM. acetivorans and is used to produce lactate
(Fig. 1). However, the additional production of Por alongsideHbd and
Mcr, compared to Hbd and Mcr alone, did not significantly increase
lactate production (Fig. 6).

Conclusions

We demonstrate here successful metabolic engineering of an
archaeon host to produce and secrete optically pure L-lactate from
methane anaerobically. Furthermore, the yield of 0.59 g lactate/g
methane is 10 fold greater than that reported for the aerobic
conversion of methane to lactate (0.050 g lactate/g methane
[Henard et al., 2016]), and the volumetric lactate production rate in
our 5-mL culture size (0.00090� 0.00008 g lactate/L/h) is
comparable to that in a 300-mL culture of the aerobic process
(Henard et al., 2016) . We also show the biochemistry of the
process for methane conversion to lactate involves Hbd from
C. acetobutylicum. Hbd likely converts pyruvate to lactate; hence,
Hbd from C. acetobutylicum is active in M. acetivorans. Hbd
produced from E. coli does not display the desired lactate
production activity, so we hypothesize that post-translational
modifications from the M. acetivorans host changes the substrate
specificity of Hbd from acetoacetyl-CoA to pyruvate. While
significant optimization is required to increase methane consump-
tion and overall yield of lactate tomake an economically competitive
process, this work represents a proof of concept that methane can be
converted to another value-added product in an anaerobic process.

Methods

Reagents, Bacterial Strains, and Cultivation Conditions

The M. acetivorans strains (Table I) were routinely grown
anaerobically as pre-cultures at 37�C in an 80% N2/19% CO2/1%

H2 atmosphere with mild shaking in 10mL HS medium (Metcalf
et al., 1996) or HSYE (HS medium with 2.5 g/L yeast extract) with
125mMmethanol as the carbon source, unless otherwise indicated.
All 28-mL culture tubes (18� 150mm, Bellco Glass, Vineland, NJ)
were sealed by aluminum crimp seals and petroleum jelly was
added to rubber stopper surfaces to prevent leaks. pES1-based
plasmids were maintained in M. acetivorans with 2mg/mL
puromycin. E. coli HST08 (Clontech Laboratories Inc., Mountain
View, CA) and E. coli DH5a (lpir) were used to construct plasmids
before transforming into the M. acetivorans host. For E. coli,
kanamycin (50mg/mL) was used to maintain the recombinant
pET27b-based plasmids, carbenicillin (100mg/mL) was used for
the recombinant pES1-based plasmids, and chloramphenicol was
used (34mg/mL) for the Rosetta (DE3) plasmid pLacI (Novagen/
EMD Millipore, Billerica, MA). E. coli was cultured in lysogeny
broth (LB) (Sambrook J andManiatis, 1989) at 37�C with shaking at
250 rpm.

Experiments for short-duration (ca., 5 days) growth on methane,
in which high cell-density inocula were used, were done as
previously described (Soo et al., 2016) with modifications; 2 mL of
eachM. acetivorans strain was pre-grown in 200mL of HS medium
with 125mM methanol (and 2mg/mL puromycin when plasmids
were present) and 2.5 g/L yeast extract at 37�C for 5 days (turbidity
at 600 nm �1.0). Cells were collected by centrifugation (5,000 rpm
for 20min), and were washed three times with HS medium and
puromycin alone to remove residual methanol. The final cell pellet
was resuspended using 5mL of HS medium supplemented with
10mM FeCl3 and 2mg/mL puromycin, with 2.5 g/L yeast extract
unless otherwise indicated, to yield a density of 4� 1010 CFU/mL.
The headspace of each tube was replaced with 950mmol of methane
(or nitrogen where indicated). The tubes were then incubated at
37�C with shaking at 250 rpm for 5 days.

Optimization of growth was performed by growing
M. acetivorans in HS medium with varied concentrations of
methanol (75, 125, 185, 250, and 500mM) and yeast extract (2.5, 5,
10, and 15 g/L) (Sowers et al., 1984). Cells were inoculated at an
initial turbidity of 0.05 at 600 nm, incubated at 37�C, and growth
was monitored via turbidity at 600 nm.

Transformation of M. acetivorans

All plasmids were transformed intoM. acetivorans using a liposome-
mediated procedure (Metcalf et al., 1997) with slight modifications.
Cells (2mL) grown in HSYE with 125mMmethanol to a turbidity at
600 nm of 0.2–0.5 were centrifuged and resuspended into 1mL of
850mM sucrose and 80mM sodium bicarbonate (pH 7.4). DNA:
liposome complexes were made by mixing plasmid DNA (4–6mg)
with 15–25mL of DOTAP (n-(1-(2,3-dioleoyloxy)propyl)-n,n,n-
trimethylammonium methyl-sulfate, Sigma–Aldrich) prepared in
850mM sucrose and 80mM sodium bicarbonate (pH 7.4) to make a
final reaction volume of 50mL and incubated at 37�C for at least
15min. The 1mL cell resuspension was added to the 50mL DNA:
liposome complex and incubated at 37�C for 4 h. The cells were then
transferred to 10mL HSYE medium with 125mM methanol,
grown for 48 h, then 1mL of the culture was added to 10mL
selective HSYE medium with 125mM methanol and 2mg/mL
puromycin.

Fig. 6. Production of lactate from methanol. M. acetivorans harboring pES1-

MATmcr3-Pfer-hbd (Hbd), pES1-MATmcr3-Pfer-hbd-porGDAB (Hbd-Por), pES1-MAT-

biohol-B4 (B4), pES1-MATmcr3-Pfer-ter, pES1-MATmcr3-Pfer-crt, and, and pES1-

MATmcr3 (MATmcr3). Cultures were grown in HSYE medium with 125mMmethanol at

37�C for between 16 and 51 days. Two independent cultures were tested for each

strain, and error bars represent one standard deviation.
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Cloning of Genes for Butanol Formation

The In-FusionTM cloning technique (Clontech) was used to clone
each of the amplified fragments unless otherwise stated.
Oligonucleotide sequences used for amplifying the desired enzyme
gene sequences are given in Supplementary Table SI. The sequences
of all the plasmids used in this work are available in the FASTA
format in the Supplementary Data 1.

Before cloning the genes encoding the enzymes AdhE2, Ter, Crt, and
Hbd into the pES1-based vector, the vector pES1(Pmat) (Soo et al.,
2016) had to be modified to include an SpeI site just upstream of the
Pmcr_ANME-1 promoter to create pES1(PmatSpeI) (Supplementary
Fig. S1); SpeI is one of the few enzymes that does not cut pES1(Pmat)
or cut the ma_4042::adhE2 or ter, crt, and hbd inserts. To construct
pES1(PmatSpeI), the Pmcr_ANME-1 promoter from themetagenome of a
microbial mat found in the Black Sea (Shima et al., 2012) was used
since it is activated by methane (Soo et al., 2016). Pmcr_ANME-1 was
amplified from pES1(Pmat) via pES1PmatSpeI-f and MATmcr-r, then
both insert and vector pES1(Pmat) were digested with KpnI and NheI
restriction enzymes. The KpnI/NheI digest of pES1(Pmat) was treated
with alkaline phosphatase to remove phosphate groups from the 50

ends to prevent re-ligation. The digested promoter insert was ligated
into the treated vector with T4 DNA ligase, and the SpeI::Pmcr_ANME-1
section of the plasmidwas confirmed by sequencing using primer veri-
p-f (Supplementary Table SI).
The non-M. acetivorans genes adhE2, ter, crt, and hbd were

designed with SpeI and NheI restriction sites and were codon
optimized using GENEius (at http://www.geneius.de/GENEius/
Orf_start.action) and the codon optimization table ofM. acetivorans
from the CUTG database (Nakamura et al., 2000), while avoiding

potential secondary structures. The designed fragments (two
1000-bp fragments and one 750-bp fragment that yield adhE2
when combined, and three 1000-bp fragments that yield the ter::crt::
hbd segment when combined) were synthesized by Eurofins MWG
Operon LLC (Louisville, KY). The genema_4042 that originates from
the M. acetivorans host was amplified from the genome using the
primers ma_4042-mat-f and ma_4042-r (Table I) as a 1251 bp
fragment. The three fragments containing portions of adhE2 were
amplified using primers adhE2-1f and adhE2-1r, adhE2-2f and
adhE2-2r, and adhE2-3f and MATmcr-r (Supplementary Table SI).
Then, the three adhE2 fragments, the ma_4042 fragment, and pES1
(PmatSpeI) (cut by NheI and treated with FastAP phosphatase to
remove phosphate groups on the 50 ends to prevent re-ligation) were
joined together via the Gibson assembly method (Gibson et al., 2009)
to construct the intermediate plasmid pES1-PmatSpeI-ma_4042-
adhE2 (Supplementary Fig. S1), with the entire SpeI::Pmcr_ANME-1::
ma_4042::adhE2 section confirmed by sequencing using primers
veri-p-f, MATmcr-r, ma_4042-r, adhE2-1r, adhE2-2r, and adhE2-3f
(Supplementary Table SI). The intermediate vector pES1-PmatSpeI-
ter-crt-hbd (Supplementary Fig. S1) was constructed in a similar
fashion. The synthesized ter, crt, and hbd fragments were amplified
using the primers Gene-Pmat-f and ter-1r, ter-crt-f and ter-crt-r, and
crt-hbd-f and MATmcr-r (Supplementary Table SI), respectively. The
vector pES1(PmatSpeI) was cut by restriction enzyme NheI, and the
cut vector and amplified ter, crt, and hbd fragments were joined
together via the Gibson assembly method (Gibson et al., 2009) to
construct pES1-PmatSpeI-ter-crt-hbd, with the entire SpeI::
Pmcr_ANME-1::ter::crt::hbd section confirmed by sequencing using
the primers veri-p-f, but4-f4, ter-crt-r, but4-f5, and pES1-r
(Supplementary Table SI).

Table I. Strains and plasmids used in this study.

Strain/plasmid Description Source

M. acetivorans C2A Wildtype M. acetivorans J. G. Ferry
E. coli DH5a (l pir) F� endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG f80dlacZDM15 D(lacZYA-argF)U169

hsdR17(rK
�mK

þ) lpir
W. W. Metcalf

E. coli HST08 F� endA1 supE44 thi-1 recA1 relA1 gyrA96, phoA, f80dlacZDM15 D(lacZYA-argF)U169
D(mrr-hsdRMS-mcrBC) DmcrA, l�

Clontech

E. coli RosettaTM DE3 F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) Novagen
placI CamR, p15A ori, lacI, ileX, argU, thrU, tyrU, glyT, thrT, argW, metT, leuW, proL Novagen
pES1(Pmat) AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1 Soo et al. (2016)
pES1(PmatSpeI) AmpR, PurR, R6K ori, C2A ori, SpeI::Pmcr_ANME-1 This study
pES1-MATmcr3 AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1 Soo et al. (2016)
pES1-PmatSpeI-ma_4042-adhE2 AmpR, PurR, R6K ori, C2A ori, SpeI::Pmcr_ANME-1 ::ma_4042::adhE2 This study
pES1-PmatSpeI-ter-crt-hbd AmpR, PurR, R6K ori, C2A ori, SpeI::Pmcr_ANME-1::ter::crt::hbd This study
pES1-MATbiohol-B3 AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pmcr_ANME-1::ma_4042::adhE2 This study
pES1-MATbiohol-B4 AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pmcr_ANME-1

::ma_4042::adhE2::Pmcr_ANME-1::ter::crt::hbd
This study

pET27b Kmr, pBR322 ori, PT7 Novagen
pET27b-hbdHisC Kmr, pBR322 ori, PT7::hbd::his6 This study
pET27b-Pfer-hbd Kmr, pBR322 ori, PT7::Pfer::hbd This study
pES1-MATmcr3-Pfer-hbd AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pfer::hbd This study
pET27b-Pfer-crt Kmr, pBR322 ori, PT7::Pfer::crt This study
pES1-MATmcr3-Pfer-crt AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pfer::crt This study
pET27b-Pfer-ter Kmr, pBR322 ori, PT7::Pfer::ter This study
pES1-MATmcr3-Pfer-ter AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pfer::ter This study
pET27b-Pfer-hbd-porGDAB Kmr, pBR322 ori, PT7::Pfer::hbd::porGDAB This study
pES1-MATmcr3-Pfer-hbd-porGDAB AmpR, PurR, R6K ori, C2A ori, Pmcr_ANME-1::mcrANME-1::Pfer::hbd::porGDAB This study
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The intermediate butanol production plasmid pES1-MATbiohol-
B3 (Supplementary Fig. S1) lacking ter, crt, and hbd, was
constructed by digesting pES1-PmatSpeI-ma_4042-adhE2 with
SpeI and NheI, digesting pES1-MATmcr3 with NheI, and
dephosphorylating, then ligating the obtained ma_4042::adhE2
fragment and the cut/dephosphorylated pES1-MATmcr3. The entire
Pmcr_ANME-1::ma_4042::adhE2 segment of pES1-MATbiohol-B3 was
confirmed by sequencing using primers primers B6-f, biohol-B1-1f,
adhE2-1f, ma_4042-r, biohol-B1-2f, adhE2-2f, adhE2-3f, and
MATmcr-r (Supplementary Table SI).

The final plasmid for supposed butanol production, pES1-
MATbiohol-B4 (Supplementary Fig. S1), was constructed by
digesting pES1-PmatSpeI-ter-crt-hbd with SpeI and NheI, then
ligating the SpeI::Pmcr_ANME-1::ter::crt::hbd fragment into an NheI-
cut and dephosphorylated pES1-MATmcr3-ma_4042-adhE2; the
entire Pmcr_ANME-1::ma_4042::adhE2::Pmcr_ANME-1::ter::crt::hbd seg-
ment was confirmed using primers E1-seq1-f, butf-f6, biohol-B1-1f,
but4-f1, butf-f2, adhE2-3f, but4-f3, but4-f4, ter-crt-r, but4-f5, and
pES1-r (Supplementary Table SI).

Cloning of hbd, crt, ter, and hbd-porGDAB Genes into
pES1-MATmcr3

The production of three enzymes (Hbd, Crt, and Ter) from pES1-
MATbiohol-B4 by M. acetivorans unexpectedly led to production of
lactate. To determine which enzyme was responsible for producing
lactate, we cloned the genes encoding the respective enzymes (hbd,
crt, ter, and hbd-porGDAB) into M. acetivorans downstream of a
ferredoxin promoter (Pfer) (that displayed increased transcription
under methane (Soo et al., 2016)) into pES1-MATmcr3 downstream
of the mcrBGA genes. The genes hbd, crt, and ter were amplified
from pES1-MATbiohol-B4 as the template, and the Pfer promoter
was amplified from genomic DNA of M. acetivorans C2A.

Because of the difficulty in the cloning of these fragments, Pfer::
hbd, Pfer::crt, Pfer::ter, and Pfer::hbd::porGDAB into a large vector
(pES-1MATmcr3, 14,348 bases) in a single reaction with the In-
FusionTM cloning technique, cloning was split into two steps. The
first step consisted of cloning two fragments, whereby each
fragment was amplified using respectively designed primers (hbd,
crt, and ter fragments were amplified using primers hbd-f and
pET27b-hbd-r, crt-f and pET27b-crt-r, and ter-f and pET27b-ter-r,
respectively; Supplementary Table SI), then the Pfer fragment
(amplified using pET27b-Pfer-f paired with Pfer-hbd-r, Pfer-crt-r,
or Pfer-ter-r; Supplementary Table SI) was fused to each protein-
coding gene (hbd, crt, and ter, respectively). Each subsequent
fragment was cloned into the pET27b vector between the NdeI and
XhoI sites, and transformed into the propagation host E. coliHST08.
Each fragment that successfully fused the gene to the Pfer promoter
(segments Pfer::hbd, Pfer::crt, and Pfer::ter in pET27b-Pfer-hbd,
pET27b-Pfer-crt, and pET27b-Pfer-ter as in Supplementary Fig. S3,
respectively) was confirmed by sequencing using primers T7-f and
T7-r (Supplementary Table SI) and were individually inserted into
the NheI site of pES1-MATmcr3 via In-FusionTM cloning, and
electroporated into the host E. coli DH5a (l pir). The segments
Pfer::hbd, Pfer::crt, and Pfer::ter in the resulting plasmids pES1-
MATmcr3-Pfer-hbd, pES1-MATmcr3-Pfer-crt, and pES1-MATmcr3-
Pfer-ter (Supplementary Fig. S1), respectively, were confirmed by

sequencing using primers SC-f and SC-r (Supplementary Table SI)
and transformed into theM. acetivorans for the estimation of lactate
production.

Cloning of porGDAB into pES1-MATmcr3-Pfer-hbd

In a similar fashion, the porGDAB operon was amplified from
genomic DNA of M. acetivorans C2A using the primers
porG-27b-f and porB-27b-r (Table I), then inserted into the
NheI site of pET27b-Pfer-hbd using the Gibson assembly
method (Gibson et al., 2009) to construct the intermediate
plasmid pET27b-Pfer-hbd-porGDAB (Supplementary Fig. S3).
The Pfer::hbd::porGDAB fragment was then excised using XbaI
and NheI restriction enzymes, and inserted into the NheI site
of pES1-MATmcr3 to generate the final plasmid pES1-
MATmcr3-Pfer-hbd-porGDAB (Supplementary Fig. S3), with
the entire Pfer::hbd::porGDAB segment confirmed by sequenc-
ing using the primers SC-f, porG-27b-f, porD-f, porA-r, and
porB-r2 (Supplementary Table SI).

Cloning, Expression, and Purification of HbdHisC

We cloned, expressed, and purified 3-hydroxybutyryl-CoA dehy-
drogenase (Hbd) with a His6 tag fused to the C-terminus with a
short linker (GSG) in E. coli to perform in vitro assays for the
production of lactate from pyruvate. Using the pES1-MATbiohol-B4
plasmid as the template, hbd was amplified using the primers hbd-
HisC-f and hbd-HisC-r (Supplementary Table SI), and cloned into
the pET27b vector between the NdeI and XhoI sites. The resulting
pET27b-hbdHisC plasmid (Supplementary Table SI) was confirmed
by sequencing from the ribosome binding site to the end of the his6
tag using primers T7-f and T7-r (Supplementary Table SI).

A positive clone was transformed into expression host E. coli
Rosetta (DE3) pLacI, cultured in 1 L of LB medium until the
turbidity at 600 nm reached 0.8, and Hbd was produced by adding
isopropyl-b-D-thiogalactopyranoside (IPTG, 1mM). After Hbd
production for 20 h at 25�C, cells were chilled for 10min,
centrifuged, and the pellet was suspended in 20mL of loading
buffer (20mM sodium phosphate, 500mM NaCl, 20mM
imidazole, pH 7.4) which was supplemented with 200mg/mL
lysozyme (Sigma–Aldrich) and 100mL of protease inhibitor
cocktail (Sigma–Aldrich), and incubated on ice for 30min.
Sonication (Qsonica, LLC, Model Q700, Newtown, CT) was
performed six times for 30 s at amplitude 45%. The lysate was
centrifuged at 18,000g for 20min, and the cytoplasmic fraction
(supernatant) was loaded onto a 5mL HisTrapTM FF column (GE
Healthcare, Piscataway, NJ) which was pre-equilibrated with 10
column volumes of wash buffer (20mM sodium phosphate,
500mM NaCl, 40mM imidazole, pH 7.4), followed by 10 column
volumes of wash buffer, and the bound protein was eluted using a
10min linear imidazole gradient in elution buffer (20mM sodium
phosphate, 500mM NaCl, 250mM imidazole, pH 7.4). The eluted
protein (HbdHisC) was analyzed by SDS–PAGE (Supplementary
Fig. S4) and the purified protein fractions were pooled and
concentrations were estimated by Bradford method using BSA as
standard. The buffer of the purified protein HbdHisC was
exchanged to 50mM HEPES, pH 7.0.
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Enzymatic Activity Assays Performed In Vitro

Enzymatic activity of purified Hbd from E. coli was tested in vitro
aerobically as indicated by Sommer et al. (2013) with modifications.
Assays were performed in reaction mixtures in 50mMHEPES at pH
7, with 0.15mM acetoacetyl-CoA or sodium pyruvate, and 0.15mM
NADH at 37�C. Reactions were started by the addition of 1 or
10mg/mL purified Hbd, or 100mg/mL total cell protein from
M. acetivorans containing pES1-MATmcr3-Pfer-hbd or pES1-
MATmcr3, and the progress of the reaction was assayed by
monitoring NADH concentrations via the absorbance change at
340 nm. Enzymatic activity with sodium pyruvate as the substrate
was also tested in other buffers (200mM Tris-Cl pH 7.0, 50mM
sodium acetate pH 5.2, and 50mM Tris-Cl pH 9.0), and with varied
pyruvate concentrations (0.15, 1.5, and 15mM).

In Vivo Assays for Lactate Production From E. coli

Overnight cultures of the E. coli strains grown in LB with kanamycin
(duplicate cultures per strain) were refreshed by adding 0.25mL of
the overnight into 25mL LB with kanamycin. Cultures were then
induced with 1mM IPTG upon reaching a turbidity at 600 nm of
0.6. Samples were collected after 0, 4, and 20 h after induction,
centrifuged, and pellets and supernatants were kept separately at
�20�C. All supernatants were analyzed for lactate via HPLC and
D-lactate (MAK058-1KT, Sigma–Aldrich) and L-lactate (MAK065-
1KT, Sigma–Aldrich) kits, and cell pellets from the 4-h collection
point were resuspended in 1 volume deionized water, sonicated, and
analyzed by HPLC.

Gas Chromatography (GC) and HPLC

GC analyses for quantifying methane in the culture headspace were
done as previously described (Soo et al., 2016). Aliquots of 100mL
volumes were injected into a 6890 N Agilent gas chromatograph
equipped with a 60/80 Carboxen-1000 column (4600� 2.1 mm,
Supelco catalog no. 12390-U) and a thermal conductivity detector.
The injector, column, and detector were maintained at 150�C,
180�C, and 280�C, respectively. Carrier gas flow (nitrogen) was kept
at 20mL/min, and reference gas flow (also nitrogen) for the detector
at 20mL/min as well. Gases were identified according to their
retention times and their concentrations were determined according
to comparisons with standards.
GC analyses for alcohols (methanol, ethanol, and n-butanol)

were conducted after mixing 100mL of a supernatant sample with
10mL 1% vol/vol isopropanol in water as an internal reference for
the injection of small liquid volumes. 1mL of the mix was injected
through the 6890 N Agilent gas chromatograph equipped with a
0.1% AT-1000 column (60, 1/8” O.D., 80/100mesh on GraphpacTM-
GC support, Alltech part no. 8542) and a flame ionization detector.
The injector and detector temperatures were maintained at
150�C and 210�C, respectively, while the column temperature
was maintained at 50�C for 1min, then increased to 200�C at a rate
of 50�C/min, and held at 200�C for 5 more minutes. Carrier gas flow
(nitrogen) was kept at 15.4 mL/min, and gas flows of 30mL/min
hydrogen and 300mL/min air were supplied to the detector. The
alcohols that were used as standards for comparisons are methanol

(EMDMillipore, catalog no. MX0485-3), ethanol (Decon Labs, King
of Prussia, PA, catalog no. V1001), and n-butanol (Alfa Aesar, Ward
Hill, MA, catalog no. 31068).
HPLC analyses were conducted for the detection and quantifica-

tion of all organic acids under investigation (lactic acid, acetic acid,
acetoacetatic acid, 3-hydroxybutyric acid, crotonic acid, butyralde-
hyde, fumaric acid, and succinic acid) as described previously for
acetic acid (Soo et al., 2016). All supernatant samples were filtered
through a 0.22mmpolyvinylidene fluoridemembrane before diluting
1:6 in running buffer (0.0025M sulfuric acid inwater), then 60mL of
the 1:6 dilution was fractionated by HPLC (Waters 717 autosampler
with amodel 515 pump, and a 2996 photodiode arraydetector)with a
reversed-phase column (Rezex ROA-Organic Acid Hþ (8%),
300� 7.8mm, Phenomenex, Torrance, CA). Separations were
conducted using an isocratic flow rate of 0.4mL/min 0.0025M
sulfuric acid in water. Absorbance at 210 nm was used to detect all
compounds. Chemicals used as standards for comparisons are
lithium L-lactate (Alfa Aesar, catalog no. A11818), glacial acetic acid
(EMD Millipore, catalog no. AX0073-6), lithium acetoacetate
(Sigma–Aldrich, catalog no. RES1025A), 3-hydroxybutyric acid
(Alfa Aesar, catalog no. 43354), crotonic acid (Fisher Scientific,
catalog no. 150875000), butyraldehyde (Alfa Aesar, catalog no.
A18243), sodium fumarate (Alfa Aesar, catalog no. A11276), and
sodium succinate (Avantor Performance Materials, Center Valley, PA,
catalog no. 7980–03). Peaks corresponding to those of lactic acid and
acetic acid were confirmed by retention time, co-elution with
standards, and by comparing absorbance spectrawith those from the
standards. Total quantities of the compounds were calculated by
comparing peak areas with standard curves made by running
chemical standards. LC-MS analyses were conducted as described
previously (Ibanez and Bauer, 2014).
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