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A B S T R A C T

Organisms are either heterotrophic or autotrophic, meaning that they cover their carbon requirements by as-
similating organic compounds or by fixing inorganic carbon dioxide (CO2). The conversion of a heterotrophic
organism into an autotrophic one by metabolic engineering is a long-standing goal in synthetic biology and
biotechnology, because it ultimately allows for the production of value-added compounds from CO2. The het-
erotrophic Alphaproteobacterium Methylobacterium extorquens AM1 is a platform organism for a future C1-based
bioeconomy. Here we show that M. extorquens AM1 provides unique advantages for establishing synthetic au-
totrophy, because energy metabolism and biomass formation can be effectively separated from each other in the
organism. We designed and realized an engineered strain of M. extorquens AM1 that can use the C1 compound
methanol for energy acquisition and forms biomass from CO2 by implementation of a heterologous Calvin-
Benson-Bassham (CBB) cycle. We demonstrate that the heterologous CBB cycle is active, confers a distinct
phenotype, and strongly increases viability of the engineered strain. Metabolic 13C-tracer analysis demonstrates
the functional operation of the heterologous CBB cycle in M. extorquens AM1 and comparative proteomics of the
engineered strain show that the host cell reacts to the implementation of the CBB cycle in a plastic way. While
the heterologous CBB cycle is not able to support full autotrophic growth of M. extorquens AM1, our study
represents a further advancement in the design and realization of synthetic autotrophic organisms.

1. Introduction

All cellular life forms need to assimilate carbon for the synthesis of
organic molecules that comprise their biomass. This fundamental fea-
ture of life is achieved by one of two distinct metabolic modes:
Heterotrophy, i.e., the assimilation of reduced organic carbon com-
pounds, or autotrophy, i.e., the fixation of inorganic carbon dioxide
(CO2) into biomass. The latter process is typically energized by light
(photo-autotrophy) or chemical energy (chemo-autotrophy).

In the past, biotechnology has mainly capitalized on heterotrophic
metabolism for the production of value-added chemicals from simpler
carbon compounds, such as sugars or amino acids (Dellomonaco et al.,
2011; Enquist-Newman et al., 2014; Galanie et al., 2015; Paddon et al.,
2013). The direct utilization of CO2 as carbon feedstock in bio-
technology, however, has gained considerable interest recently.

Metabolic engineering of autotrophs could create novel routes that
allow the direct conversion of CO2 into valuable chemicals (Bar-Even
et al., 2010; Liu et al., 2016; Nichols et al., 2015; Schwander et al.,
2016). When coupled to photosynthesis, hydrogen gas, reduced che-
mical compounds or electricity, these routes would not only provide a
sustainable carbon capture and conversion strategy for biotechnology,
but also circumvent the need for organic carbon from plant biomass,
with its low photosynthetic efficiency (typically< 1%) and ethical
concerns as it directly competes with food production (Fargione et al.,
2008; Sims et al., 2010).

For production of value-added compounds from CO2, two different
approaches can be envisioned. One approach is the implementation of
biosynthetic production pathways into naturally existing carbon-fixing
organisms, such as cyanobacteria and algae. The other option is to
convert a conventional heterotrophic production strain into a ‘synthetic
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autotroph’. Compared to the first approach, the latter strategy is more
radical. Implementing autotrophy into a native heterotroph requires a
complete remodeling of its central carbon and energy metabolism,
which is comparable to a ‘metabolic heart transplantation’ (Bar-Even
et al., 2010). Therefore, the successful realization of a ‘synthetic auto-
troph’ will be a milestone in synthetic biology that probes the plasticity
and modularity of metabolism to realize a ‘plug-and-play principle’ in
living organisms.

Previous attempts of engineering a synthetic autotrophic organism
largely focused on the model bacterium Escherichia coli. In a pioneering
study, all enzymes of the 3-hydroxypropionate bicycle for CO2 fixation
were functionally expressed in E. coli. However, neither autotrophic
growth nor a CO2-fixing phenotype of the engineered strain was
achieved (Mattozzi et al., 2013). Other groups have focused on im-
plementing the Calvin-Benson-Bassham cycle (CBB cycle) for CO2

fixation in this organism. Overexpression of the CBB cycle's key en-
zymes, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
and phosphoribulokinase (Prk) in E. coli resulted in a significant re-
duction of CO2 emissions (Zhuang and Li, 2013), and even allowed the
biosynthesis of sugars from CO2 (Antonovsky et al., 2016). Although
these studies represent important steps towards realizing ‘synthetic
autotrophy’, all CO2-fixing E. coli strains created so far still depend on
addition of a multi-carbon compound that is produced from biomass
feedstocks.

Here, we sought to move one step further by engineering an or-
ganism that is able to satisfy its needs for energy and biomass solely
from single-carbon sources that are not derived from plant feedstocks.
To this end, we chose the Alphaproteobacterium Methylobacterium ex-
torquens AM1 (Peel and Quayle, 1961) as chassis organism. This pink-
pigmented, aerobic organism can grow heterotrophically on multi-
carbon compounds as well as on the reduced single carbon compound
methanol. Methanol is projected to play a key role in future bioeco-
nomies (Bertau et al., 2014; Olah, 2013; Schrader et al., 2009), and M.
extorquens AM1 is considered a biotechnological platform organism of
the future. Several tools for genetic and metabolic engineering of M.
extorquens AM1 are available (Choi et al., 2006; Chubiz et al., 2013;
Marx, 2008; Marx and Lidstrom, 2001, 2002, 2004; Schada von
Borzyskowski et al., 2015) and different Methylobacterium strains have
already been developed to produce value-added chemicals from me-
thanol (Hofer et al., 2010; Hu and Lidstrom, 2014; Ochsner et al., 2015;
Orita et al., 2014; Sonntag et al., 2014, 2015a, 2015b). Expanding the
metabolic capacity of M. extorquens AM1 to form biomass from the
ubiquitous raw material CO2, while using the highly reduced energy
carrier methanol solely as an electron source, is a plausible and highly
desirable goal.

In this study, we established a heterologous CBB cycle for CO2

fixation in M. extorquens AM1. We engineered the central carbon me-
tabolism of M. extorquens AM1 to separate energy acquisition from
biomass formation. In our engineered strain, electrons are provided
from methanol oxidation, while biomass is formed by CO2 fixation via
the heterologous CBB cycle. We demonstrate operation of the hetero-
logous CBB cycle by growth phenotyping, 13C-tracer analysis, and
whole-cell proteomics. Our results reveal a positive phenotype upon
expression of the CBB cycle as well as significant metabolic and pro-
teomic changes in the engineered strain. Our work represents a step-
ping stone towards creating a fully synthetic autotrophic organism.

2. Material and methods

2.1. Bacterial strains, culture conditions, and plasmid delivery

If not mentioned otherwise, wild-type (WT) M. extorquens AM1
(Peel and Quayle, 1961) was used. E. coli DH5α was used for con-
struction and amplification of all plasmids used in this work. M. ex-
torquens AM1 was cultured at 30 °C in minimal medium (Peyraud et al.,
2009) supplemented with either 124mM methanol or 30.8 mM

succinate, or in Nutrient Broth (NB) without additional NaCl (Sigma-
Aldrich, St. Louis, MO, USA). E. coli DH5α was cultured in LB medium
at 37 °C. When appropriate, media were supplemented with tetracycline
or kanamycin at a concentration of 10 or 50 μgmL−1, respectively.
Competent cells of M. extorquens AM1 WT and all mutant strains were
made according to a published procedure, and electroporation was used
for plasmid delivery into M. extorquens AM1 as described previously
(Toyama et al., 1998).

2.2. Plasmid construction

All oligonucleotides used in this study are listed in SI Table 1. All
plasmids used and created in this study are listed in SI Table 2. Cloning
was performed according to standard protocols (Sambrook and Russell,
2001). Restriction enzymes and T4 DNA ligase were obtained from NEB
(Frankfurt am Main, Germany). FastAP thermosensitive alkaline phos-
phatase was obtained from Thermo Scientific (St. Leon-Rot, Germany).
PCRs were conducted with Phusion polymerase (Thermo Scientific, St.
Leon-Rot, Germany) following the recommendations of the manu-
facturer using the protocol for GC-rich templates. Correct plasmid se-
quences were verified by Sanger sequencing (Eurofins, Ebersberg,
Germany).

pCM80 (Marx and Lidstrom, 2001) was cut with BamHI and EcoRI,
the PCR product of RuBisCO (amplified from genomic DNA of Rho-
dospirillum rubrum S 1 with the primers R_Rbc_fw and R_Rbc_rv) was
digested with the same enzymes and ligated into the dephosphorylated
vector backbone to generate pTE92. pTE92 was cut with HindIII and
BamHI, the PCR product of Prk from Methylobacterium extorquens AM1
(generated with primers M_Prk_fw and M_Prk_rv) was digested with the
same enzymes and ligated into the dephosphorylated vector backbone
to generate pTE94. pTE95 was generated by site-directed mutagenesis
using pTE94 as template and the primers K191M_QC_fw and
K191M_QC_rv. Prk was PCR-amplified from genomic DNA of Synecho-
coccus elongatus PCC 7942 with the primers S_Prk_fw and S_Prk_rv. The
resulting PCR product was digested with HindIII and BglII and ligated
into pTE92 that had been digested with HindIII and BamHI to generate
pTE96.

The large and small subunits of RuBisCO (RuBisCO LSU + SSU) as
well as Prk were PCR-amplified from genomic DNA of Paracoccus de-
nitrificans DSM 413 with the primers P_RbcL_fw, P_RbcL_rv, P_RbcS_fw,
P_RbcS_rv, P_Prk_fw and P_Prk_rv respectively. The PCR products were
digested with NdeI and EcoRI and ligated into pET28b that had been
digested with the same enzymes to generate pTE245, pTE246, and
pTE248, respectively. The three His-tagged ORFs were excised from
these vectors with XbaI and EcoRI and ligated into pTE100 that had
been digested with XbaI and MunI to generate pTE500, pTE502, and
pTE504. His-tagged Rbc LSU was excised from pTE500 with XbaI and
KpnI and ligated into pTE102 that had been digested with SpeI and KpnI
to generate pTE519. His-tagged Prk was excised from pTE504 with XbaI
and KpnI and ligated into pTE519 that had been digested with SpeI and
KpnI to generate pTE535. His-tagged Rbc SSU was excised from pTE502
with XbaI and KpnI and ligated into pTE535 that had been digested with
SpeI and KpnI to generate pTE550.

The flanking regions of glyA from M. extorquens AM1 were PCR-
amplified with the primers glyA_up_fw, glyA_up_rv, glyA_do_fw and
glyA_do_rv. The PCR products of the up- and downstream regions were
used as templates to generate a fusion PCR product by overlap PCR with
the primers glyA_up_fw and glyA_do_rv. The overlap PCR product was
digested with EcoRI and XbaI and ligated into pK18-mob-sacB (Schäfer
et al., 1994), which had been digested with the same enzymes, to
generate pTE210.

2.3. Strain construction

All strains used and created in this study are listed in SI Table 2. M.
extorquens AM1 ΔglyA was made from M. extorquens AM1 WT by
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transforming pTE210 into electrocompetent cells and screening for
kanamycin resistance and sucrose sensitivity. The deletion was con-
firmed by diagnostic PCR and sequencing of the PCR product.

M. extorquens AM1 Δcel ΔftfL::Kan was made from M. extorquens
AM1 Δcel (strain CM2720) (Delaney et al., 2013) by introduction of the
ftfL deletion using pCM216 (Marx et al., 2003). The transformants were
screened for kanamycin resistance and tetracycline sensitivity. The
deletion was confirmed by diagnostic PCR and sequencing of the PCR
product.

2.4. Cell lysis and determination of protein concentration

M. extorquens AM1 cultures were harvested in mid-exponential
phase and aliquoted in 400mg samples in 800 μL 100mM Tris pH 7.8.
Cells were lysed by sonication on ice with a Sonopuls HD 200 sonicator
(Bandelin, Berlin, Germany), using 30% of the maximal amplitude for
15 s, which was repeated 5 times. The samples were centrifuged at
40,000 g and 4 °C for 60min and the supernatant was transferred into
new tubes. The total protein concentration of the supernatant was
quantified by Bradford assay (Bradford, 1976) with bovine serum al-
bumin (BSA) as standard and analyzed on 12.5% SDS PAGE gels
(Laemmli, 1970), applying 20 μg protein per lane.

2.5. Spectrophotometric assays to measure RuBisCO and Prk activities

The activity of RuBisCO in cell-free extracts was measured by a
continuous spectrophotometric assay determining NADH absorption at
340 nm on a Cary 50 UV/Vis spectrophotometer at 30 °C according to
published procedures (Racker, 1957, 1962). The cell-free extract of a
pCM80 transformant was used to correct for the background reaction in
all assays. The activity of Prk in cell-free extracts was measured by
modifying the same assay, using 0.6 mM ribulose 5-phosphate as sub-
strate for Prk and adding purified RuBisCO from R. rubrum S 1 (a kind
gift from Ryan Farmer and Bob Tabita, Ohio State University) in excess,
so that activity of Prk could be measured by coupling it to the down-
stream reaction of RuBisCO.

2.6. Growth assays

2.6.1. Assays in 96-well plates
All strains ofM. extorquens AM1 were pre-grown at 30 °C in minimal

medium containing succinate as sole carbon source until an OD600 of
approximately 1.5. Then, cells were harvested, washed with minimal
medium containing methanol and used to inoculate growth cultures of
180 μL minimal medium containing methanol in 96-well plates
(Nunclon Delta Surface, Thermo Fisher Scientific, Darmstadt, Germany)
sealed with parafilm. Growth at 30 °C was monitored in at least three
technical replicates and at least two biological replicates at 600 nm in a
Tecan Infinite M200Pro reader connected to a Tecan Gas Control
Module (Tecan, Männedorf, Switzerland). Data was analyzed using the
GraphPad Prism 6 software.

2.6.2. Assays in bioreactor
M. extorquens AM1 Δcel ΔftfL::Kan pTE94 was pre-grown at 30 °C in

200mL minimal medium containing succinate as sole carbon source in
an atmosphere with 5% CO2 until an OD600 of approximately 1.5. Then,
cells were harvested, washed with minimal medium containing me-
thanol and used to inoculate a DASGIP SR0700ODLS bioreactor
(Eppendorf, Hamburg, Germany) to an initial OD600 of approximately
0.2. During assembly of the bioreactor, all parts and tubes were rinsed
with methanol and water in order to avoid contamination with ethanol
and other substances. The bioreactor contained an initial volume of
700mL, was stirred at 500 rpm and continuously gassed with 5% CO2

in air at a flow rate of 15 L h−1. pH was kept constant at 7.0 by addition
of 3M NH4OH and 1M H2SO4, and temperature was kept at 30 °C.
Samples were taken via the sampling port of the bioreactor and OD600

was measured manually on a Ultrospec 3000 photospectrometer
(Pharmacia Biotech (now part of GE Healthcare), Uppsala, Sweden).

2.7. Quantification of CFU/mL

Four replicate cultures each of M. extorquens AM1 Δcel ΔftfL::Kan
pTE94 and pTE95 were pre-grown at 30 °C in minimal medium con-
taining succinate as sole carbon source in an atmosphere with 5% CO2

until an OD600 of approximately 1.5. Then, cells were harvested, wa-
shed with minimal medium containing methanol, and used to inoculate
cultures of 25mL minimal medium containing methanol to an OD600 of
0.2, which were incubated in an atmosphere with 5% CO2. Every 50 h
and also 8 h after inoculation, samples were taken. Dilution series of
these samples were spread on plates (1.5% agar) containing minimal
medium with 30.8 mM succinate and tetracycline and incubated for
96 h at 30 °C, after which the resulting colonies were counted manually.

2.8. 13C-tracer analysis-based metabolomics

Cultures of M. extorquens AM1 Δcel ΔftfL::Kan pTE94 and pTE95
were pre-grown at 30 °C in minimal medium containing succinate as
sole carbon source in an atmosphere with 5% CO2 until the late ex-
ponential phase. Then, cells were harvested, washed with minimal
medium containing methanol and used to inoculate cultures of 30mL
minimal medium containing methanol. The cultures were incubated for
4 h in a defined atmosphere with 5% CO2 at natural 13C abundance.
These cultures were then quickly collected by centrifugation (1min,
10,000 g), the supernatant was discarded, and the pellet was washed
with 30mL medium (pre-warmed to 30 °C) containing no carbon
source. The cultures were again pelleted (1min, 10,000 g), the super-
natant was discarded, and cells were re-suspended in 30mL fresh
medium containing either 124mM 13C-methanol or 8mM 13C-bi-
carbonate and 124mM methanol at natural 13C abundance. Cultures
were then transferred into 100mL shake flasks and incubated in an
atmosphere containing 5% CO2 at natural 13C abundance when con-
taining 13C-methanol or incubated in a VLSB18 shaking water bath
(VWR, Darmstadt, Germany) kept at 30 °C when containing 13C-bi-
carbonate. This marked the starting point of the labeling experiment.
To analyze the dynamic labeling process of metabolites, samples were
taken after 0, 1, 5, 10, 15, 30, 45, 60 and 90min. In short, each sample
was transferred onto a polyethersulfone (PESU) 0.2 µm filter (Sartorius
Stedim, Göttingen, Germany) pre-washed with an excess amount of
60 °C hot water. By applying vacuum, the medium was removed and the
cells were washed with 5mL 30 °C warm MilliQ water. The filter with
cells was transferred into 100mL Schott bottles filled with 8mL of
− 20 °C cold quenching solution (60% acetonitrile/20% methanol/20%
0.5M formic acid) and kept on ice for 15min. The bottles were soni-
cated every 5min for 20 s using a Bransonic M2800-E sonication bath
(VWR, Darmstadt, Germany). Afterwards, the filters were removed,
samples were transferred into prepared 50mL falcon tubes, frozen in
liquid nitrogen, and lyophilized overnight. Sampled biomass amount
was approximately 1mg of cell dry weight.

Lyophilized samples were resuspended in MilliQ water to give a
final biomass concentration of 1 μg/μL. The resuspended samples were
centrifuged at 20,000 g for 15min at 4 °C to remove insoluble particles.
Prior to HPLC-MS analysis, 10 μL of each sample was mixed with 90 μL
of solvent A (see below).

Nanoscale ion-pair reversed phase HPLC–MS analysis of the re-
suspended samples was performed as described previously (Müller
et al., 2015), with the following modifications. Solvent A was 233 µM
tributylamine in 234 µM acetic acid adjusted to pH 9.0 with NH4OH;
subsequently, 3% methanol were added to the solution. Solvent B was a
1:1 (V:V) mixture of 2-propanol and methanol. The applied gradient
was as follows: 0 min (A 100%, B 0%); 3min (A 100%, B 0%); 35min
(A 88%, B 12%), 36min (A 10%, B 90%), 48min (A 10%, B 90%),
49min (A 100%, B 0%), 60min (A 100%, B 0%). The flow rate was kept
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constant at 400 μL/min throughout the gradient.
Obtained MS-data were analyzed using eMZed 2.24.6 (Kiefer et al.,

2013; emzed.ethz.ch).

2.9. Whole-cell shotgun proteomics using liquid chromatography-mass
spectrometry (LC-MS/MS)

Four replicate cultures each of M. extorquens AM1 Δcel, Δcel pTE94,
Δcel ΔftfL::Kan pTE94 and Δcel ΔftfL::Kan pTE95 were pre-grown at
30 °C in minimal medium containing succinate as sole carbon source in
an atmosphere with 5% CO2 until the late exponential phase. At this
point, the first samples for proteomic analysis were taken. Then, cells
were harvested, washed with minimal medium containing methanol
and used to inoculate cultures of 200mL minimal medium containing
methanol, to an OD600 of approx. 0.2 and incubated in an atmosphere
with 5% CO2. After a sufficient incubation time (20 h for both of the
Δcel strains, 65 h for both of the Δcel ΔftfL strains) with these carbon
sources, samples for proteomic analysis were taken. Samples were
washed once with ice-cold PBS and cell pellets were flash-frozen in li-
quid nitrogen and stored at − 80 °C until further processing.

Sample preparation was carried out as described previously (Glatter
et al., 2015), with the following modifications: 2% sodium lauroyl
sarcosinate (SLS) was used instead of 2% sodium deoxycholate (SDC),
and quenching with N-acetylcysteine as well as digestion with LysC
were omitted.

LC-MS/MS analysis of digested lysates was performed on a Thermo
QExactive Plus mass spectrometer (Thermo Scientific), which was
connected to an electrospray ionsource (Thermo Scientific). Peptide
separation was carried out using an Ultimate 3000 RSLCnano (Thermo
Scientific) equipped with a RP-HPLC column (75 µm x 35 cm) packed
in-house with C18 resin (1.9 µm; Dr. Maisch). The following separating
gradient was used: 98% solvent A (0.15% formic acid) and 2% solvent B
(80% acetonitrile, 0.15% formic acid) to 32% solvent B over 175min
and to 50% B for additional 20min at a flow rate of 300 nl/min. The
data acquisition mode was set to obtain one high resolution MS scan at
a resolution of 70,000 full width at half maximum (at m/z 200) fol-
lowed by MS/MS scans of the 10 most intense ions. To increase the
efficiency of MS/MS attempts, the charged state screening modus was
enabled to exclude unassigned and singly charged ions. The dynamic
exclusion duration was set to 30 s. The ion accumulation time was set to
50ms (MS) and 50ms at 17,500 resolution (MS/MS). The automatic
gain control (AGC) was set to 3× 106 for MS survey scan and 1×105

for MS/MS scans.
Label-free quantification of raw data and data evaluation was per-

formed as described previously (Ahrné et al., 2013; Glatter et al., 2015).
In short, the raw data was imported into Progenesis (Nonlinear Dy-
namics, version 2.0) and processed data was further evaluated using
SafeQuant. For database search, the protein database for M. extorquens
AM1 was downloaded from Uniprot (www.uniprot.org, download date:
April 2016; RuBisCO from R. rubrum S 1 (Uniprot-ID P04718) was
added manually) and search was performed using the decoy strategy.
The search criteria were set as follows: full tryptic specificity was re-
quired (cleavage after lysine or arginine residues); two missed clea-
vages were allowed; carbamidomethylation (C) was set as fixed mod-
ification; oxidation (M) as variable modification. The mass tolerance

was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. The
heatmap shown in Fig. 5 was made with GProX (Rigbolt et al., 2011).

2.10. In silico modelling

The in silico predictions of the biomass yields were done using flux
balance analysis (FBA). To this end, the previously published genome-
scale metabolic reconstruction of M. extorquens AM1, iRP911, con-
sisting of 1139 reactions and 977 metabolites, was used (Peyraud et al.,
2011). To account for the introduced RuBisCO gene, one reaction, re-
presenting the conversion of D-Ribulose 1,5-bisphosphate and CO2 to
two molecules of 3-Phospho-D-glycerate, was added to the model. The
FBA problem of the form

=

≤ ≤

maximize

subject to

v
S v

v v v

* 0
BiomassSynthesis

ij j

j
lo

j j
up

where Sij is the stoichiometric matrix and vj the flux through the reac-
tion j, was then implemented using GAMS 2.8.2 and solved using Cplex
12.7.0.0. The lower and upper bounds of vj were used as specified in
iRP911 and only the exchange of O2, CO2, H2O, trace elements (NH3, Pi,
SO4

2-, Na+, Fe2+, K+, Mg2+, Cu2+, Mn2+, Zn2+, Cl-) and the uptake of
methanol was allowed.

To realize the knockout mutants, the lower and upper bound of the
respective reactions was set to 0. For ΔglyA, the reaction R0015 was set
to 0, for ΔftfL the reaction R0012 and for Δccr the reaction R0032. In
case of ΔftfL the glycine cleavage complex (R0243/R0244/R0245) and
in case of Δccr the butyryl-CoA carboxylase (R0034) had to be ad-
ditionally blocked to correctly predict the lethal phenotype, which had
been determined in earlier experimental studies (Chistoserdova and
Lidstrom, 1996; Marx et al., 2003).

3. Results

3.1. Engineering strategy to realize a synthetic CO2-fixing M. extorquens
AM1 strain

To convert the heterotroph M. extorquens AM1 into a synthetic au-
totroph, we designed an experimental strategy that is based on the
decoupling of energy acquisition and carbon assimilation in this or-
ganism (Fig. 1). When M. extorquens AM1 grows on methanol, 84% of
this single carbon compound is completely oxidized to CO2 to acquire
energy, while the remaining 16% of methanol are assimilated into
biomass (Fig. 1A) through the serine cycle and a number of inter-
connected pathways (Peyraud et al., 2011). Deletion of genes essential
for methanol assimilation yields mutant strains of M. extorquens AM1
that cannot grow on methanol anymore, because they are not able to
convert it into biomass. Yet, these mutant strains are still able to draw
energy and reducing power from methanol oxidation. When these
mutants are equipped with a functional CO2 fixation pathway, carbon
assimilation inM. extorquens AM1 should be restored, but from CO2 and
not from reduced organic carbon as in the wild-type (WT) strain, re-
sulting in an autotrophic phenotype (Fig. 1B).

First, we identified several potential target genes of the central
carbon metabolism in M. extorquens AM1 (see Supplementary Fig. S1)

Fig. 1. Engineering strategy for the conversion of M. ex-
torquens AM1 into a synthetic autotroph. (A) During WT
growth on methanol, this C1 compound is fully oxidized to
CO2 for energy acquisition (i.e., the generation of ATP and
reducing equivalents), while carbon for biomass formation
is assimilated at the level of formate. (B) In this project,
the assimilation of formate is prevented by gene knock-
outs, so that the cell is forced to utilize CO2 for biomass
formation via the heterologous CBB cycle, while energy
acquisition from methanol oxidation still takes place.
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that would allow us to largely decouple energy acquisition from carbon
assimilation. These included (i) ccr, encoding crotonyl-CoA carbox-
ylase/reductase, the key enzyme of the ethylmalonyl-CoA pathway
(EMCP) for glyoxylate regeneration (Erb et al., 2007); (ii) glyA, en-
coding serine hydroxymethyltransferase, a key enzyme of the serine
cycle (Chistoserdova and Lidstrom, 1994) and (iii) ftfL, encoding for-
mate tetrahydrofolate ligase, the enzyme linking methanol oxidation
and carbon assimilation (Marx et al., 2003). While the three genes are
essential for growth on methanol (Chistoserdova and Lidstrom, 1994,
1996; Marx et al., 2003), the corresponding knock out strains are still
able to grow on succinate as carbon source, allowing for genetic ma-
nipulations and convenient handling of the corresponding mutants.

To equip M. extorquens AM1 with an autotrophic CO2-fixation
module, we decided to implement the CBB cycle in this organism. Of all
naturally evolved autotrophic CO2 fixation pathways (Berg et al., 2010;
Fuchs, 2011), the CBB cycle is the one that is most closely connected to
proteobacterial central carbon metabolism and requires a minimal
number of additional genes to be introduced. Based on genomic ana-
lysis, M. extorquens AM1 encodes all but one gene of the CBB cycle,
namely RuBisCO, so that in principle the heterologous expression of
only one protein should be sufficient to establish synthetic autotrophy
in this organism.

We used a previously published stoichiometric metabolic network
model (Peyraud et al., 2011) and Flux Balance Analysis (FBA) to vali-
date and predict the outcome of this design strategy. Indeed, all three
deletion strains (Δccr, ΔglyA, ΔftfL) were predicted to be unable to grow
on methanol (see Supplementary Table S3), in line with previously
published results for these mutants. Upon implementation of the CBB
cycle, the metabolic model predicted recovery of growth on methanol
for the glyA and ftfL deletion strains, but not for the ccr deletion strain
(see detailed results in Supplementary Table S3). In order to evaluate
the output of these in silico analyses, we decided to test the three
knockout strains as hosts for implementation of the synthetic CBB cycle
in M. extorquens AM1.

3.2. Realization of a heterologous CBB cycle for CO2 fixation in M.
extorquens AM1

To establish a functional CBB cycle, we first evaluated different
RuBisCO candidates for their functionality in M. extorquens AM1. We
tested a type I RuBisCO from Paracoccus denitrificans DSM 413 as well as
a type II RuBisCO from Rhodospirillum rubrum S 1. Both enzymes had
been previously purified and biochemically characterized (Bowien,
1977; Schloss et al., 1979). Moreover, both enzymes are from Alpha-
proteobacteria closely related to M. extorquens AM1, with a similar
codon usage and GC content, which makes their heterologous expres-
sion in M. extorquens AM1 favorable. Plasmid-based expression and
solubility of the two enzymes in M. extorquens AM1 was confirmed by
SDS-PAGE gel analysis (see Supplementary Fig. S2). When assayed in
cell extracts ofM. extorquens AM1, however, only the type II RuBisCO of
R. rubrum S 1 was active with a specific CO2 fixation rate of approxi-
mately 100 mU/mg total protein. Therefore, we decided to use this
enzyme for our heterologous CBB cycle.

Although M. extorquens AM1 has a phosphoribulokinase (Prk)
homolog encoded in its genome (META1p0758), only very low activity
of this enzyme could be measured in extracts of methanol-grown cells
(Kalyuzhnaya and Lidstrom, 2003). To realize a sufficiently active CBB
cycle we decided to overexpress Prk in addition to RuBisCO. We tested
the well-characterized Prk from the cyanobacterium Synechococcus
elongatus PCC 7942 (Kobayashi et al., 2003), as well as the native
homolog from M. extorquens AM1. While the cyanobacterial Prk could
not be functionally expressed inM. extorquens AM1, the native homolog
was highly soluble, as judged by SDS-PAGE gel analysis (see
Supplementary Fig. S2). Activity of M. extorquens AM1 Prk was de-
monstrated by addition of purified R. rubrum S 1 RuBisCO to cell ex-
tracts, which allowed us to successfully reconstitute the reaction

sequence from ribulose 5-phosphate to glycerate 3-phosphate.
Based on these results, we generated a plasmid-borne carbon fixa-

tion module that encoded Prk and RuBisCO in one operon under the
control of the strong mxaF promoter (Anderson et al., 1990). As nega-
tive control for the carbon fixation module, we created a version of the
same plasmid encoding Prk as well as a catalytically inactive RuBisCO
variant. In this RuBisCO mutant, an essential active site lysine, which is
carbamylated in the WT enzyme, was substituted by a methionine,
rendering the enzyme inactive (Cleland et al., 1998; Mueller-Cajar
et al., 2007). While this RuBisCO active site mutant does not allow for
functional CO2 fixation, it still applies the same burden of protein ex-
pression on the host cell, minimizing any epistatic effects. We used this
construct as negative control plasmid for all subsequent experiments.

3.3. Screening of M. extorquens AM1 deletion strains with the CBB cycle
identifies a distinct phenotype

We next tested the effect of the heterologous CBB cycle in the
background of the three mutant strains, Δccr, ΔglyA, and ΔftfL. To this
end, the mutant strains were transformed with the plasmid encoding
the CBB cycle enzymes RuBisCO and Prk. Precultures were grown on
succinate minimal medium, then cells were washed, transferred into
methanol minimal medium and the optical density (OD600) of the cul-
tures was monitored over time in 96-well plates.

Under atmospheric CO2 concentrations, none of the strains tested
exhibited an observable phenotype. It is well known that under ambient
atmosphere RuBisCO shows a strong side reaction with oxygen that
causes accumulation of the toxic compound 2-phosphoglycolate (Bowes
et al., 1971). However, when tested in an atmosphere containing 5%
CO2, that effectively suppresses the oxygenase side reaction of Ru-
BisCO, the ΔftfL strain showed a distinct phenotype (Fig. 2). The OD600

of ΔftfL carrying the carbon fixation module slowly increased by ap-
proximately 50% over the course of about 150 h after transfer into
methanol medium, before it stopped. From the increase in OD600 during
the initial 100 h, we estimated a doubling time of 230 ± 10 h. Notably,
neither the ΔglyA (in contrast to the in silico prediction) nor the Δccr
strains (in agreement with the in silico prediction) expressing the CBB
cycle, or any of the strains transformed with the empty plasmid or the
negative control plasmid with the inactive RuBisCO exhibited this
phenotype under the same conditions.

The observed phenotype of the ΔftfL strain overexpressing RuBisCO
and Prk was reproducible over many biological replicates (n > 10),
measured in separate experiments and with different layouts of the 96-
well plates in order to exclude any artifacts. However, in several cases,
we observed clumping of the cells, which is a well-known problem inM.
extorquens AM1 liquid cultures (Delaney et al., 2013). Therefore, the
ftfL deletion was introduced into the previously described Δcel strain
that shows a reduced clumping (Delaney et al., 2013). The resulting
Δcel ΔftfL double mutant strain was used for all further experiments. In
96-well plate assays, the same phenotype observed for ΔftfL could be
reproduced multiple times (n > 10) when the Δcel ΔftfL strain was
equipped with the carbon fixation module. Again, the observed phe-
notype was highly reproducible (see Supplementary Fig. S3) and did
also not depend on the starting conditions, for example the initial OD600

(see Supplementary Fig. S4). A similar phenotype was observed for the
same strain when incubated in a bioreactor on methanol medium
gassed with 5% CO2 (see Supplementary Fig. S5). Under these condi-
tions, the increase in OD600 ceased after approximately 100 h.

In contrast to the phenotype observed when overexpressing
RuBisCO and Prk in the Δcel ΔftfL background, the Δcel strain carrying
the same plasmid showed strongly impaired growth on methanol and
CO2 (see Supplementary Fig. S6 and Supplementary Note 1). These
experiments demonstrated that a heterologous CBB cycle had a positive
effect only in the M. extorquens AM1 Δcel ΔftfL background.
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3.4. Presence of the CBB cycle increases viability of M. extorquens AM1
Δcel ΔftfL

Although the OD600 of M. extorquens AM1 Δcel ΔftfL expressing the
CBB cycle increased on methanol minimal medium with 5% CO2, the
cultures stagnated reproducibly after about 150 h. Transfer in fresh
methanol medium did not stimulate a further increase in OD600, in-
dependent of whether the transfer took place during the first 150 h or in
the stagnation phase (data not shown). Clearly, the Δcel ΔftfL cells en-
gineered with the CBB cycle were not able to sustain continuous growth
under these conditions, but seemed to survive longer. Thus, we in-
vestigated whether the presence or absence of the heterologous CBB
cycle actually correlated to a difference in the number of viable cells.

Because direct cell counting does not yield information about the
viability of the cells, we quantified the number of colony forming units
(CFU)/mL as a proxy for cell viability. We compared M. extorquens AM1
Δcel ΔftfL overexpressing the functional CBB cycle to the negative
control that expressed the catalytically inactive RuBisCO. Samples were
taken every 50 h, as well as 8 h after inoculation, and plated on agar
plates containing succinate minimal medium to quantify viable cells as
CFU/mL. While both cultures started from the same initial CFU/mL
upon transfer on methanol, the number of viable cells dropped rapidly
in the negative control with the non-functional RuBisCO. After 150 h,
less than 0.07% of the initial number of CFU/mL were recovered on
succinate medium. In contrast, approximately 7% of the initial CFU/mL
could be recovered after 150 h for the cells that overexpressed the
functional CBB cycle (Fig. 3). The result that not all cells were re-
covered is in line with the observation that when switching from me-
thanol to succinate medium, only a fraction of cells actively continues
to grow (Strovas and Lidstrom, 2009; Strovas et al., 2007). In summary,

cells containing a functional carbon fixation module remained more
viable by two orders of magnitude compared to the negative control,
suggesting that the 100-fold increased viability was directly linked to
an actively operating CBB cycle.

3.5. 13C-tracer analysis demonstrates functional CO2 fixation in M.
extorquens AM1 via the CBB cycle

Next, we sought to demonstrate functionality of the heterologous
CBB cycle by 13C-tracer analysis. For these experiments, M. extorquens
AM1 Δcel ΔftfL cultures overexpressing either the functional CBB cycle
or the negative control were pre-grown in minimal medium containing
succinate, washed, and then transferred into minimal medium con-
taining methanol in an atmosphere with 5% CO2. 4 h after the transfer
into methanol medium, aliquots of the cultures were taken and in-
cubated with either 13C-methanol in an atmosphere with 5% non-la-
beled CO2, or non-labeled methanol plus 13C-bicarbonate. Then, sam-
ples were taken and the time course of 13C-tracer incorporation into
metabolites was monitored over 90min by HPLC-MS. No incorporation
of 13C-carbon into metabolites was measured from 13C-methanol in any
of the engineered strains (data not shown), confirming that methanol
cannot enter central carbon metabolism in the ftfL mutant background.
When incubated with 13C-bicarbonate, however, we observed in-
corporation of label into central carbon metabolites in the Δcel ΔftfL
strain carrying a functional RuBisCO.

During methylotrophic growth of M. extorquens AM1 WT, 50% of
carbon is derived from CO2 that is assimilated via phosphoenolpyruvate
(PEP) carboxylase in the serine cycle (Crowther et al., 2008; Large
et al., 1961; Peyraud et al., 2011). Notably, CO2 fixation via PEP car-
boxylase cannot proceed in the same way in the ftfL deletion mutant.
Interruption of formate-tetrahydrofolate synthesis prevents continuous
operation of the serine cycle, which should result in decreased label
incorporation from 13C-bicarbonate via PEP carboxylase. In fact, be-
tween 10% and 20% label incorporation into PEP was observed in the
ftfL mutant background (Fig. 4).

On the other hand, expression of a functional CBB cycle in the
background of the ftfL mutant should result in the incorporation of
bicarbonate-derived 13C-label into CBB cycle metabolites. In agreement
with these expectations, we observed 13C-labeled metabolites in the
strain engineered with the heterologous CBB cycle. These included
phosphoglycerates, pentose mono- and bisphosphates, as well as
hexose- and heptose monophosphates, which are all intermediates of

Fig. 2. Growth curves of engineered M. extorquens AM1 strains on methanol in
a 5% CO2 atmosphere. The deletion strains of glyA (A), ccr (B) and ftfL (C) are
transformed with an empty plasmid backbone (black), a plasmid for the over-
expression of RuBisCO and Prk (blue) or a plasmid for the overexpression of
catalytically inactive RuBisCO and Prk (red). Growth assays with the double
deletion strain Δcel ΔftfL yielded similar results as with ΔftfL (D). Shown are
representative curves of at least three technical and at least two biological re-
plicates; for the strains ΔftfL and Δcel ΔftfL, more than 10 biological replicates
each were carried out.

Fig. 3. Time course of CFU/mL during incubation with methanol medium and
5% CO2. After 150 h, about 100-fold more cells are re-culturable of the strain
Δcel ΔftfL with the CBB cycle (blue circles) compared to the negative control
strain Δcel ΔftfL with the inactive CBB cycle (red circles). The average of four
biological replicates is shown; error bars denote standard deviation.
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the CBB cycle. Label incorporation proceeded rapidly over the course of
the initial 30min to then become slower and stagnate at 20–30% 13C-
labeled carbon for most CBB cycle metabolites (Fig. 4). Notably, fully

labeled fractions of all important metabolites of the CBB cycle (e.g.,
five-fold labeled pentose mono- and bisphosphates, seven-fold labeled
sedoheptulose 7-phosphate, etc.) appeared over the course of the

Fig. 4. 13C-tracer analysis in en-
gineered M. extorquens AM1 strains
with the heterologous CBB cycle from
13C-bicarbonate. 13C-label incorpora-
tion in selected metabolites over the
course of 90min is shown 4 h after
transfer to minimal medium con-
taining methanol and 5% CO2. Blue
circles: Δcel ΔftfL with the CBB cycle;
red circles: Δcel ΔftfL with the in-
active CBB cycle. The average of
three biological replicates is shown;
error bars denote standard deviation.
The adjacent bar graphs show the
mass isotopologue distribution of the
respective metabolite in strain Δcel
ΔftfL with the CBB cycle after 60min
incubation with 13C-bicarbonate. The
average of three biological replicates
is shown; error bars are not shown to
increase clarity. Hexose phosphates
include glucose 6-phosphate, fructose
6-phosphate and glucose 1-phosphate
pools. Pentose phosphates include
xylose 5-phosphate, ribose 5-phos-
phate, xylulose 5-phosphate, and ri-
bulose 5-phosphate pools. Pentose
bisphosphates include ribulose 1,5-
bisphosphate and ribose 1,5-bispho-
sphate pools. Phosphoglycerates in-
clude 2-phosphoglycerate and 3-
phosphoglycerate pools. Triose phos-
phates include dihydroxyacetone
phosphate and glyceraldehyde 3-
phosphate pools.
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labeling experiment, clearly indicating that the CBB cycle turned mul-
tiple times and was active in the strain that carried a functional Ru-
BisCO. The observed labeling patterns and the maximum incorporation
of label (20–30%) is in line with results of other studies that also aimed
at implementing novel central carbon metabolic features into host or-
ganisms, e.g. the engineering of a heterologous ribulose monopho-
sphate cycle in E. coli (Müller et al., 2015).

The 13C-tracer incorporation observed in the strain engineered with
the heterologous CBB cycle was strongly reduced in the negative con-
trol expressing the inactive RuBisCO (Fig. 4). We only observed in-
corporation into PEP, which is well in line with the residual effect of
PEP carboxylase in the interrupted serine cycle. Moreover, we also
detected some increasing incorporation of 13C-label into pentose mono-
and –bisphosphates. Note that ribulose 1,5-bisphosphate (RuBP) can
still be formed in the negative control strain that overexpresses Prk.
However, due to inactive RuBisCO, this compound is a metabolic dead
end in this strain and accumulates over time. Since RuBP cannot be
further metabolized by RuBisCO and is not utilized for biosynthesis,
13C-label in this metabolite can accumulate stronger than in other
metabolites, which are drained for biosynthesis or further converted in
their respective pathways. With increasing amounts of RuBP being
synthesized by Prk, the reaction equilibrium with ribulose 5-phosphate
(Ru5P) shifts towards the latter compound, so that 13C-label also ac-
cumulates in Ru5P, and, consequently, the pentose phosphate pool.
Taken together, the 13C-tracer analysis data strongly suggested that the
CBB cycle was operating in theM. extorquens AM1 ΔftfL strain equipped
with Prk and RuBisCO.

3.6. Comparative proteome analysis reveals specific changes in response to
introduction of the CBB cycle

Finally, to identify further adaptions that allowed to establish the
observed phenotype we aimed at investigating the effect of the syn-
thetic CBB cycle onto the proteome of M. extorquens AM1. To this end,
we analyzed the proteome of four different strains upon a substrate
switch from succinate to methanol. Our analysis included the M. ex-
torquens AM1 Δcel (‘wild-type’) strain with three engineered variants:
Δcel expressing Prk and RuBisCO, Δcel ΔftfL expressing Prk and
RuBisCO and Δcel ΔftfL expressing Prk and inactive RuBisCO.

We first grew all strains on succinate and withdrew samples for
proteome analysis during exponential phase (succinate condition).
Subsequently, we transferred the cells to minimal medium containing
methanol as sole carbon source and incubated them in an atmosphere
containing 5% CO2. After a sufficient incubation time (20 h for both of
the Δcel strains, 65 h for both of the Δcel ΔftfL strains), we withdrew an
additional sample for analysis (methanol condition). We performed
whole-cell shotgun proteomics and quantified the change in the pro-
teome of each individual strain in response to the switch from the
succinate to the methanol condition (Fig. 5, individual columns). Fi-
nally, we compared this data between the four strains. Our analysis
identified striking differences in the expression levels of central carbon
metabolic enzymes between the four different strains.

It is known that upon switching M. extorquens AM1 from succinate
to methanol as carbon source, enzymes of the TCA cycle are down-
regulated, while enzymes of the EMCP become upregulated (Schneider
et al., 2012). This pattern was confirmed for the two Δcel strains. In
contrast, TCA cycle enzyme expression levels, as well as expression
levels of EMCP enzymes did not change in the same way in both Δcel
ΔftfL deletion strains during the substrate switch. These changes in-
dicated that the deletion of ftfL itself had some general effect on the
central carbon metabolism of M. extorquens AM1 and that this effect
was independent of the presence of an active or inactive CBB cycle.

In addition, PQQ-dependent methanol dehydrogenase and its cyto-
chrome electron acceptor (MxaFGI) are known to be upregulated upon
the switch from succinate to methanol (Bosch et al., 2008; Okubo et al.,
2007). This pattern was confirmed for both Δcel strains, but notably

also the Δcel ΔftfL strain equipped with the active CBB cycle. In con-
trast, MxaFGI was not upregulated in the strain Δcel ΔftfL carrying the
inactive CBB cycle during the substrate switch. This suggests that the
ftfL deletion strain is able to generate sufficient levels of ATP through
methanol oxidation only in the presence of an active CBB cycle, which
is in line with the observed phenotype and the increased viability of this
strain compared to the inactive CBB cycle control, as described above.
The expression levels of RuBisCO and Prk barely decreased between the
two sampling time points in both Δcel ΔftfL strains (see Supplementary
File 1 for details), indicating that the CBB cycle was active over the
course of the whole experiment.

Another striking difference between the four strains was the specific
upregulation of a two-subunit transketolase. This enzyme was strongly
upregulated only in Δcel ΔftfL carrying the functional CBB cycle, while
its expression levels were not significantly influenced by the substrate
switch in all other strains. Transketolase is a key enzyme in the CBB
cycle for interconversion of sugar phosphates. The specific upregulation
of this enzyme in the Δcel ΔftfL strain with the active CBB cycle is ex-
pected to increase (or stabilize) flux through the synthetic carbon
fixation pathway.

Along the same lines, several enzymes at the beginning of biosyn-
thetic pathways that branch off from the CBB cycle were downregulated
only in Δcel ΔftfL expressing the active CBB cycle. This holds true for
GlmU, which produces amino sugars from fructose 6-phosphate, PurC
and PurK, which operate in the purine biosynthetic pathway that starts
from ribose 5-phosphate, RibB, which catalyzes the first step in ribo-
flavin biosynthesis starting from ribulose 5-phosphate, as well as AroG,
the enzyme for the first step in the biosynthesis of aromatic amino
acids, which utilizes PEP and erythrose 4-phosphate, another metabo-
lite of the CBB cycle, as substrates. The expression levels of all these
enzymes in the three other strains were either not significantly changed
or barely (0 > Log2 fold change>− 0.5) changed upon the switch
from succinate to methanol (see Supplementary File 1 for details). The
specific downregulation of those five enzymes that drain carbon from
the sugar phosphate pools into biosynthesis probably contribute to a
more stable operation of the synthetic CBB cycle in the Δcel ΔftfL strain
with the functional CBB cycle module. In summary, these experiments
identified a specific reaction of the proteome in the presence of an
active CBB cycle under selective pressure that explains the observed
phenotype and the prolonged viability described above.

4. Discussion

This work aimed at establishing synthetic autotrophy in M. ex-
torquens AM1. To that end, we decoupled energy metabolism and
carbon assimilation in M. extorquens AM1 and equipped the organism
with a heterologous CBB cycle. This strategy allowed the organism to
acquire energy by methanol oxidation, while it became dependent on
CO2 fixation for biomass synthesis.

To establish a transiently functional CBB cycle for CO2 fixation, it
was sufficient to overexpress only two enzymes in M. extorquens AM1 –
RuBisCO and Prk. Although M. extorquens AM1 encodes an endogenous
Prk, this enzyme only performs a regulatory role (Ochsner et al., 2017)
and needs to be overexpressed to operate a heterologous CBB cycle in
M. extorquens AM1. Notably, overexpression of Prk in both the presence
and the absence of active RuBisCO was not toxic to M. extorquens AM1.
This is in stark contrast to E. coli, which is known to be sensitive to
ribulose 1,5-bisphosphate formation when overexpressing spinach Prk
in the absence of RuBisCO (Hudson et al., 1992).

Expression of the CBB cycle in M. extorquens AM1 Δcel ΔftfL resulted
in a distinct phenotype that strongly increased viability of the en-
gineered cells compared to the negative control. 13C-tracer analysis
revealed multiple incorporation of labeled CO2 into intermediates of
the CBB cycle, indicating that the synthetic CO2 fixation module is in-
deed functional and can turn multiple times. Proteomics analysis
showed distinct changes in the proteome of M. extorquens AM1
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expressing the functional CBB cycle, which might stabilize flux through
the heterologous CO2 fixation pathway.

While a disruption between methanol oxidation and serine cycle
(ΔftfL) can be partially rescued by the heterologous CBB cycle, this is
not the case when the metabolic network that is involved in carbon
assimilation of tetrahydrofolate-linked C1 units (H4F-C1) via the serine
cycle (ΔglyA) or the EMCP (Δccr) is disrupted. Most likely in the ΔftfL
strain the H4F-C1 units required for biosynthetic pathways can be
generated by reverse activity of serine hydroxymethyltransferase (en-
coded by glyA) or by operation of the glycine cleavage complex. In
contrast, the glyA deletion strain would require a horse shoe-like op-
eration of the serine cycle together with the glycine cleavage complex
to generate serine, glycine and H4F-C1 units. Although predicted to be
viable with a carbon fixation pathway by in silico analysis, this meta-
bolic mode is apparently not supported by a glyA deletion strain ex-
pressing a heterologous CBB cycle. Similarly, interruption of glyoxylate
regeneration caused by deletion of ccr cannot be compensated by the
heterologous CBB cycle, probably because the heterologous CBB cycle
cannot provide sufficient precursors for synthesis of glyoxylate and
subsequently of glycine and serine.

Despite the promising results obtained in this study, no continuous
growth of strains engineered with the CBB cycle could be observed on
methanol and CO2 thus far. A major challenge in establishing synthetic
metabolic cycles is to delicately balance the continuous operation of a
cycle with the requirement to constantly drain metabolites from the
cycle into biosynthetic pathways (Barenholz et al., 2017). Too little flux
into biosynthesis will slow down growth, while too much flux into
biosynthetic routes will inevitably bring the cycle to a hold. These
problems were also identified in recent efforts that aimed at estab-
lishing artificial methylotrophy in E. coli (Müller et al., 2015), as well as
implementing a heterologous CBB cycle for sugar synthesis from CO2 in
E. coli (Antonovsky et al., 2016). For the latter, it was demonstrated that
a reduced catalytic capacity of enzymes that drain intermediates from
the CBB cycle into biosynthesis was a key factor in establishing a stably
operating heterologous CBB cycle in E. coli (Herz et al., 2017). The same
challenge of balancing metabolic fluxes exists in the case of engineering
a heterologous CBB cycle in M. extorquens AM1. A sufficient pool of
ribulose 1,5-bisphosphate needs to be maintained to ensure continuous
carbon fixation, while at the same time precursors need to be drained
for biomass formation (see Supplementary Fig. S7). Along these lines, it

Fig. 5. Whole-cell shotgun proteomics of engineered M. extorquens AM1 strains. The heatmap shows the Log2 fold changes in the expression levels of selected
proteins upon a substrate switch from succinate to methanol. Proteins that are discussed in the main text are denoted by a black frame. For detailed values and
significance of the data see Supplementary File 1.
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is interesting to note that we observed a specific upregulation of en-
zymes that increase flux and a specific downregulation of enzymes that
drain intermediates from the CBB cycle upon expression of Prk and
RuBisCO in M. extorquens AM1. However, these changes in enzyme
expression levels do not seem to be sufficient to sustain a long-lasting
operation of the heterologous carbon fixation pathway. An obvious next
step towards sustained growth of our engineered organism would be to
improve flux through the synthetic CBB cycle by rational approaches as
well as by directed evolution, in a similar way as described (Antonovsky
et al., 2016), with a special focus on mutations that decrease the cat-
alytic capacity of enzymes that affect the efflux of CBB cycle metabo-
lites from the autocatalytic carbon fixation pathway towards bio-
synthesis (Herz et al., 2017).

In summary, our study represents another step forward in the gen-
eration of synthetic autotrophic organisms by rational metabolic en-
gineering. Using M. extorquens AM1, a platform organism for a future
C1 bioindustry, we could demonstrate that it is in principle possible to
completely separate energy metabolism and carbon assimilation in this
bacterium to create a synthetic organoautotroph that can use the C1
carbon source methanol for energy acquisition, but is dependent on CO2

for the formation of biomass. Our results open the possibility to further
improve synthetic autotrophy in M. extorquens AM1. At the same time,
they lay the foundation for further explorations of the modularity of our
approach. For instance, instead of the CBB cycle a non-natural carbon
fixation pathway (Bar-Even et al., 2010; Schwander et al., 2016) could
be introduced into M. extorquens AM1. Furthermore, replacing me-
thanol as energy source with hydrogen, light or electricity could allow
to create versatile synthetic autotrophs for biotechnology in the future.
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