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and 23-fold induction of mCherry, respectively. Notably, these two promoters provide
mCherry fluorescence levels that are approximately 1.5-fold higher than those of the Pmxar
promoter, which drives 9% of soluble protein expression in M. extorquens® (Fig. 1C,
dashed line shows Pmxar levels). The dynamic range of the Pijos/a1 promoter is given in Fig.
S1. See Table S4 and S5 for more details on all inducible promoters tested in this study.

In summary, we created and identified a set of IPTG-inducible promoters for M.
extorquens that range between 6 and 36-fold induction (Table S4). Additionally, our Pai-
and P.-derived promoters range in maximum strength between 9% and 166% of the
strong Pmxar promoter, which opens new possibilities for the controlled overexpression of
proteins. Thus far, the highest expression level reported from an inducible promoter in M.
extorquens was 33% of the Pmxsr promoter?3. To facilitate the use of these new promoters
by the scientific community, we created empty vectors featuring the respective promoter
and a multiple cloning site with an optional N-terminal Strep-Il tag compatible with the
Methylobrick system? and pET vectors (Novagen).

Fig. 1 IPTG-inducible promoters for M. extorquens. Map of pIND4-derived plasmid for testing new
promoters expressing mCherry (A). Sequence of hybrid promoters constructed and tested (B), /acO
sequences are shown in red. The point mutation within the lacO4s region is underlined. Fluorescence/ODsoo
before and after addition of 1 mM IPTG (C). The dashed line marks fluorescence/ODsoo signal obtained using
the strong Pmxar promoter.



44 Part Two: Results

Identification of suitable repABC regions for use in M. extorquens AM1.

To establish artificial mini-chromosomal elements in M. extorquens, we tested eleven
repABC regions from six different organisms. We introduced these regions into
pK18mob?2, which is a “suicide” vector unable to replicate in M. extorquens (Fig 2A and
S2). All repABC regions were maintained as independent replicons in M. extorquens. The
repABC-based replicons were recovered for restriction analysis and sequencing of the
repABC region to confirm their integrity. The only exception was Mnod-2 from
Methylobacterium nodulans, for which no colonies were obtained after electroporation,
likely due to incompatibility of the Mnod-2 repABC region with the native genomic system.

Next, we determined the growth behavior of M. extorquens carrying each replicon under
selective conditions, as well as replicon stability after 96 hours under non-selective
conditions (Fig 2B). We observed a general trend that replicon stability and growth
behavior of M. extorquens were correlated. Mnod-1, also from M. nodulans, was very
unstable, showed the lowest doubling time (Fig. 2B) and a long lag phase (data not
shown), suggesting that repABC cassettes from this organism are generally not well
compatible with M. extorquens. Similarly, Nham-2a and Nham-2b from Nitrobacter
hamburgensis are very unstable and affected the growth. Replicons originating from
Oligotropha carboxidovorans were also unstable in the absence of selective pressure, in
particular Ocar-1 and Ocar-2a, discouraging the use of these elements for genetic
manipulations of M. extorquens.

The repABC cassette Mex-CM4 originating from M. extorquens CM4 showed an
interesting behavior. Mex-CM4 allowed fast doubling of M. extorquens AM1 under
selective conditions, while cells quickly lost the replicon in the absence of antibiotic
pressure (Fig. 1B and S4). The repABC cassettes of Mex-CM4 and Mex-DM4 (discussed
below) are 98% identical to each other, except for the fact that Mex-DM4 has a longer
region downstream of repC (Fig. 1B and Fig. S2). It might be the case that Mex-CM4 lacks
some parS sites required for a faithful transmission of the respective replicon to the
daughter cells. This behavior makes Mex-CM4 an interesting system to establish
CRISPR-Cas in M. extorquens where transient expression followed by fast extinction of the
genetic element is a desired feature.

The replicons Mex-DM4 (originating from M. extorquens DM4), Mrad-JCM (from M.
radiotolerans JCM2831), and Nham-3 (from N. hamburgensis X-14 plasmid 3) showed the
highest stability with 97%, 86%, and 77% of cells still harboring the plasmid after 96 hours
without antibiotic selection, respectively. The replicons were isolated from kanamycin
resistant cells after 96 hours without selective pressure and their integrity was verified by
restriction analysis (data not shown). These three replicons allowed fast doubling times
of M. extorquens, reaching almost wildtype-like growth behavior, and were present at a
copy number of 1 (Table 1), indicating that they are good candidates for the construction
of mini-chromosomes.
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Fig. 2 repABC regions tested in M. extorquens. (A) Size and operon organization. (B) Doubling time versus
replicon stability (% of kanamycin resistant colonies) of repABC regions in the suicide vector pK18mob2.
Mean and SD from three biological replicates.

Table 1 Copy number of stable repABC cassettes in M. extorquens. Mean + SD from three biological

replicates.

Replicon Copy number (Mean  SD)
oriV-tra)’ (pTE101) 8+1.21
Mex-DM4 (pAD1) 1+0.17
Mrad-JCM (pAD3) 1+0.13

Nham-3 (pAD6) 1+0.09

Assembly and testing of mini-chromosomes in M. extorquens AM1.

Next, we used the stable repABC regions identified in the pK18mob2 system plus Mex-
CM4 to construct mini-chromosomes that can be shuttled between M. extorquens and E.
coli. The pABC vector concept and assembly strategy is based on four basic modules each
with several standardized parts (see below). Each part is flanked by standardized linker
sequences for ligase chain reaction LCR-based assembly. This enables a fast and
convenient build-up of custom-made replicons for individual purposes. Additional
modules, if necessary, can be implemented with ease. The position and orientation of
each module (Scheme Table 2) was designed to minimize crosstalk from adjacent regions.
The MCS and the promoter of the repABC operon are insulated by flanking transcriptional
terminators. The antibiotic resistance cassette is located downstream and in the same
orientation as the repABC transcriptional unit to avoid reverse transcriptional
read-through.

We decided to assemble several mini-chromosomes from the four basic modules, i.e.: (1)
a repABC-based origin for M. extorquens AM1 (Mex-DM4, Nham-3, Mrad-JCM, Mex-CM4),
(2) an E. coli origin of replication (pMB1, p15A, or pSC101*), (3) a minimal antibiotic
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SUPPLEMENTARY INFORMATION

Contents of the material supplied as Supporting Information:

Table S1 Strains used in this study.

Table S2 Plasmids used in this study.

Table S3 Primers used in this study.

Table S4 Fold induction of IPTG-inducible promoters in M. extorquens AM1.

Fig. S1 Pijoa/a1 promoter in M. extorquens AM1.

Fig. S2 Overview of the individual repABC regions tested in this study.

Fig. S3 Verification of flow cytometry sensitivity.

Fig. S4 Replicon stability measured by flow cytometry of mini-chromosomes.

Table S5 DNA sequences of inducible promoters characterized in this study.

Table S1 Strains used in this study

Strains
CM2720

SmCreAhsdR
Escherichia coli DH5a

E. coliTOP10

E. coli TOP10 AdapA

Description

Methylorubrum extorquens AM1 strain deficient in
cellulose production

Sinorhizobium meliloti Rm1021 cre expression strain
with hsdR deletion, tauX:: cre-tetRA (TcR)

F ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl
hsdR17(r«, mk*) phoA supE44 thi-1 gyrA96 relAl A
F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15
AlacX74 recA1 araD139 A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15
AlacX74 recA1 araD139 A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

dapA::FRT-cat-FRT; DAP deficient

Reference
Delaney et al., 20131

Doéhlemann et al.,
20167

Thermo Fischer
Scientific

Thermo Fischer
Scientific

This study

DAP — diaminopimelic acid
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Table S2 Plasmids used in this study

Plasmids Description Cloning strategy Reference
pRK2013 Mobilization helper plasmid, Km® n. a. Figurski and
Helinski, 1979*
pK18mob2 Suicide vector, KmF® n.a Tauch et al.,
1998°
pKD3 FRT-flanked chloramphenicol resistance cassette, n.a Datsenko et al.,
AmpR CmR 2000°
pACYC184 Carrying p15A replication origin, CmFR, Tc® n.a Chang and
Cohen, 19787
pXG-10 Carrying pSC101* replication origin, Cm~ n.a Urban and
Vogel, 20078
pIND4 pMG160 origin, Pai/oa/o3 promoter, empty vector, n.a Ind et al.,
KmR 2009’
pTE1830 pMG160 origin, Pai/os/03 promoter, empty vector, PCR products of prMC276+MC278 from pIND4, prMC228+MC277 from pIND4, This study
GmR and prMC274+MC275 from pLAR-Gm (aacC1) were assembled via Gibson
assembly.
pTE1841 pMG160 origin, Pai/os/03 promoter, empty vector, Nhel, Notl 5.283 bp fragment from pIND4, PCR products of pr276+295 from This study
TcR pIND4, prMC311+MC277 from pIND4, and prMC296+MC297 from pTE100 (tetA)
were assembled via Gibson assembly.
pTE100 Promoter-less, oriV-tra)’ origin, Tc} n. a. Schada v. B. et
al, 2015%
pTE101 Promoter-less, oriV-tra)’ origin, Km® n.a Schada v. B. et
al, 2015%°
pTE102 Pmxar promoter, oriV-tral’ origin, Tc® n.a Schada v. B. et
al, 2015%°
pTE102- Pmxar promoter, mCherry, oriV-tra)’ origin, Tc? n.a Schada v. B. et
mChe al, 2015%
pTE104- Pcoxs promoter, mCherry, oriV-tral’ origin, Tc? n.a Schada v. B. et
mChe al, 2015%
pLoriVSm Unloaded library vector for repABC regions, n.a Dohlemann et
pK18mob2-derivative, Km® al., 20174
pLsynTer-1 Library plasmid providing synTer1-MCS, KmR n.a Dohlemann et

al., 20174
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pLsynTer-2 Library plasmid providing synTer2-MCS, Km®R n.a Doéhlemann et
al., 20174
pLsynTer-3 Library plasmid providing synTer3-MCS, Km®R n.a Doéhlemann et
al., 20174
pLAR-Km Library plasmid providing a kanamycin resistance n.a Dohlemann et
cassette, KmR al., 20174
pLAR-Gm Library plasmid providing a gentamicin resistance n.a Dohlemann et
cassette Km®, GmR al., 20174
pLAR-Tc Library plasmid providing a tetracyclin resistance n.a Dohlemann et
cassette KmR, TcR al., 20174
pLoriT Unloaded library vector for oriT parts, pK18mob2- n.a Doéhlemann et
derivative, KmR al., 20174
pLoriT-1 Library plasmid providing a mob site n.a Doéhlemann et
al., 20174
pAD1 pLoriVSm with repABC_Mex-DM4, Km® Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study
phosphorylated PCR product of prAD7+8 from Methylorubrum extorquens DM4
gDNA.
pAD2 pLoriVSm with repABC_Ocar-2a, Km® Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study
phosphorylated PCR product of prAD13+14 from Oligotropha carboxidovorans
OMD5 gDNA.
pAD3 pLoriVSm with repABC_Mrad-JCM, KmF Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study
phosphorylated PCR product of prAD9+10 from Methylobacterium radiotolerans
JCM2831 gDNA.
pAD4 pLoriVSm with repABC_Ocar-1, Km®R Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study
phosphorylated PCR product of prAD11+12 from Oligotropha carboxidovorans
OMS5 gDNA.
pAD5 pLoriVSm with repABC_Nham-2a, KmF Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study
phosphorylated PCR product of prAD3+4 from Nitrobacter hamburgensis X14
gDNA.
pAD6 pLoriVSm with repABC_Nham-3, KmF Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK This study

phosphorylated PCR product of prAD5+6 from Nitrobacter hamburgensis X14
gDNA.
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pAD7

pLoriVSm with repABC_Ocar-2b, KmF

Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK
phosphorylated PCR product of prAD13+15 from Oligotropha carboxidovorans
OMD5 gDNA.

This study

pADS

pLoriVSm with repABC_Mex-CM4, KmF

Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK
phosphorylated PCR product of prAD24+25 from Methylorubrum extorquens
CM4 gDNA.

This study

pAD9

pLoriVSm with repABC_Mnod-1, KmF

Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK
phosphorylated PCR product of prAD26+27 from Methylobacterium nodulans
ORS 2060 gDNA.

This study

pAD10

pLoriVSm with repABC_Mnod-2, KmF

Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK
phosphorylated PCR product of prAD28+29 from Methylobacterium nodulans
ORS 2060 gDNA.

This study

pAD11

pLoriVSm with repABC_Nham-2b, Km®

Backbone: Scal linearized and dephosphorylated pLoriVSm; Insert: T4 PNK
phosphorylated PCR product of prAD1+2 from Nitrobacter hamburgensis X14
gDNA.

This study

pMW216

KmR pMB1 origin; repABC_Mex-DM4; MCS 1

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD1 (repABC_Mex-DM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pPMW217

KmR pMB1 origin; repABC_Mrad-JCM; MCS 1

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD3 (repABC_Mrad-JCM), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pPMW218

KmR pMB1 origin; repABC_Nham-3; MCS 1

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD6 (repABC_Nham-3), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pMW219

KmR pMB1 origin; repABC_Mex-CM4; MCS 1

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pADS8 (repABC_Mex-CM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study
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pMW220

GmR p15A origin; repABC_Mex-DM4 ; MCS 2

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-GmM (Pmin2-
aacC1), p15A_for + p15A_rev from pACYC184 (p15A origin), oriVSm_for +
oriVSm_rev from pAD1 (repABC_Mex-DM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-2 (MCS2) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pMW221

GmPR p15A origin; repABC_Nham-3; MCS 1

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-GmM (Pmin2-
aacC1), p15A for + p15A_rev from pACYC184 (p15A origin), oriVSm_for +
oriVSm_rev from pAD6 (repABC_Nham-3), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BOA4.

This study

pMW223

TcR p15A origin; repABC_Mex-DM4; MCS 2

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-TC (Pmin2-
tetR), p15A for + p15A_rev from pACYC184 (p15A origin), oriVSm_for +
oriVSm_rev from pAD1 (repABC_Mex-DM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-2 (MCS2) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pMW224

TcR pSC101* origin; repABC_Nham-3; MCS 3

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-TC (Pmin2-
tetR), pSC101*_for + pSC101*_rev from pXG-10 (pSC101* origin), oriVSm_for +
oriVSm_rev from pAD6 (repABC_Nham-3), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-3 (MCS3) were in vitro assembled via ligase cycling reaction using
bridging oligonucleotides BO1, BO2, BO3 and BO4.

This study

pMW231

Library plasmid providing the gene for the Cre
recombinase under the control of Pios/a1

Backbone: Scal linearized and dephosphorylated pLoriT; Insert: T4 PNK
phosphorylated PCR products of prMW1041+1042 from pTE1887 and
prMW1028+1029 from SmCreAhsdR gDNA. Three- component ligation with T4
DNA ligase.

This study

pMW232

Library plasmid providing the gene for the Cre
recombinase under the control of Pcoxs

Backbone: Scal linearized and dephosphorylated pLoriT; Insert: T4 PNK
phosphorylated PCR products of prMW1043+1044 from pTE104-mChe and
prMW1028+1029 from SmCreAhsdR gDNA. Three- component ligation with T4
DNA ligase.

This study

pMW233

GmPR; pMB1 origin; repABC_Mex-CM4; MCS 1; oriT

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-GmM (Pmin2-
aacC1), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pADS8 (repABC_Mex-CM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1), mob_for +

mob_rev from pLoriT-1 (mob site) were in vitro assembled via ligase cycling
reaction using bridging oligonucleotides BO1, BO2, BO3a, BO3b and BO4.

This study




58

Part Two: Results

pMW234

GmR; pMB1 origin; repABC_Nham-3; MCS 2; oriT

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-GmM (Pmin2-
aacC1), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD6 (repABC_Nham-3), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-2 (MCS2), mob_for +

mob_rev from pLoriT-1 (mob site) were in vitro assembled via ligase cycling
reaction using bridging oligonucleotides BO1, BO2, BO3a, BO3b and BOA4.

This study

pMW235

TcR; pMB1 origin; repABC_Mex-DM4; MCS 3; oriT

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-TC (Pmin2-
tetR), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD1 (repABC_Mex-DM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-3 (MCS3), mob_for + mob_rev from pLoriT-1 (mob site) were in
vitro assembled via ligase cycling reaction using bridging oligonucleotides BO1,
BO2, BO3a, BO3b and BOA4.

This study

pPMW236

GmPR; pMB1 origin; repABC_Mrad-JCM; MCS 1; oriT

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-GmM (Pmin2-
aacC1), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD3 (repABC_Mrad-JCM), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1), mob_for + mob_rev from pLoriT-1 (mob site) were in
vitro assembled via ligase cycling reaction using bridging oligonucleotides BO1,
BO2, BO3a, BO3b and BOA4.

This study

pMW237

KmFR; pMB1 origin; repABC_Mex-CM4; MCS 1; Pcoxs-
cre

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pADS8 (repABC_Mex-CM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1), mob_for + mob_rev from pMW232 (Pcoxe-cre) were in
vitro assembled via ligase cycling reaction using bridging oligonucleotides BO1,
BO2, BO3a, BO3b and BOA4.

This study

pMW238

KmR; pMB1 origin; repABC_Mex-CM4; MCS 1;
Pv/oa/a1-cre

Phosphorylated PCR products of primers AR_for + AR_rev from pLAR-Km (Pmin2-
nptll), pMB1_for + pMB1_rev from pK18mob2 (pMB1 origin), oriVSm_for +
oriVSm_rev from pAD8 (repABC_Mex-CM4), synTer-MCS_for + synTer-MCS_rev
from pLsynTer-1 (MCS1), mob_for + mob_rev from pMW231 (Pvjosa/a1 -cre) were
in vitro assembled via ligase cycling reaction using bridging oligonucleotides
BO1, BO2, BO3a, BO3b and BO4.

This study

pTE1179

pK18mob2 with homologous region of katA
(META1p3421), KmF

Backbone: Xbal, Kpnl linearized pK18mob2; Insert: Xbal, Kpnl digest of PCR
product from M. extorquens AM1 gDNA prMC157+158. Ligation with T4 DNA
ligase.

This study

pTE1870

Pa1/04/03-mCherry_AAV protein degradation tag,
KmF

Backbone: BsrGl, Hindlll digested pTE1853; Insert: primer hybridization product
prMC398+399. Ligation with T4 DNA ligase.

This study
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pTE1875 Pmxar-mCherry_AAV protein degradation tag, Tc? Backbone: Spel, Kpnl lin pTE102; Insert: Xbal, Kpnl 786bp fragment from This study
pTE1870. Ligation with T4 DNA ligase.
pTE1899 pTE1179 with Pmxar-mCherry_AAV tag expression Backbone: Xbal linearized pTE1179; Insert: Xbal, Spel 1.3 kb fragment of This study
cassette, KmF® pTE1875. Ligation with T4 DNA ligase. Product 1.
pTE1825 pIND4-derivative with Pa1/0s4/03-mCherry Backbone: Hindlll, Xbal linearized pIND4; Insert: Hindlll, Xbal 740 bp fragment of  This study
pTE102-mChe. Ligation with T4 DNA ligase.
pTE1852 Kpnl site at bp 1292 removed by SNP mutation, QuikChange mutagenesis of pTE1825 with prMC348+349. This study
KmR
pTE1853 Pa1/0s/03-mCherry; Kpnl sites removed, KmFf QuikChange mutagenesis of pTE1852 with prMC353+354. This study
pTE1855 Proa-mCherry, KmF Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-8. Ligation with T4 DNA ligase.
pTE1856 P/oa/o3-mCherry, KmF Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-367+369+370. Ligation with T4 DNA ligase.
pTE1877 P/oa/ai-mCherry, KmR Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-366+422+421. Ligation with T4 DNA ligase.
pTE1878 Pa1/os/0a-mCherry, KmR Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-363+381+383+378+419+420. Ligation with T4 DNA ligase.
pTE1879 Pa1con/os/oa-mCherry, KmR Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-363+377+381+383+419+423. Ligation with T4 DNA ligase
pTE1880 Pa1/os-mCherry, KmF Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-363+376+380+382+419+420. Ligation with T4 DNA ligase.
pTE1881 Pa1/oas-mCherry, KmR® Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-363+379+380+382+419+424. Ligation with T4 DNA ligase.
pTE1882 Pa1/04s_sa-mCherry, KmFf Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMC361-363+380+419+424+425+426. Ligation with T4 DNA ligase.
pTE1863 Prss/a1urs/o3-mCherry, KmF Backbone: Xbal, Aatll linearized pTE1853; Insert: primer hybridization product This study
prMcC361-363+369+373-375+380. Ligation with T4 DNA ligase.
pTE2714 Pa1/04/03 promoter; empty multiple cloning site with  Backbone: Xbal, Hindlll cut pTE1853; Insert: primer hybridization product This study
Strep-ll tag, KmR prMcC404-408. Ligation with T4 DNA ligase.
pTE1885 PL/oa promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1855; Insert: primer hybridization product This study
Strep-ll tag, Km®R prMC404-408. Ligation with T4 DNA ligase.
pTE1886 Pr/0a/03 promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1856; Insert: primer hybridization product This study

Strep-ll tag, Km®R

prMC404-408. Ligation with T4 DNA ligase.




60

Part Two: Results

pTE1887 Pr/0a/a1 promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1877; Insert: primer hybridization product This study
Strep-ll tag, Km®R prMC404-408. Ligation with T4 DNA ligase.
pTE1888 Pa1/os/04 promoter; empty multiple cloning site with  Backbone: Xbal, Hindlll cut pTE1878; Insert: primer hybridization product This study
Strep-ll tag, Km®R prMC404-408. Ligation with T4 DNA ligase.
pTE1889 Pa1con/os/o4 promoter; empty multiple cloning site Backbone: Xbal, Hindlll cut pTE1879; Insert: primer hybridization product This study
with Strep-Il tag, Km® prMcC404-408. Ligation with T4 DNA ligase.
pTE1890 Pa1/04 promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1880; Insert: primer hybridization product This study
Strep-ll tag, KmR prMcC404-408. Ligation with T4 DNA ligase.
pTE1891 Pa1/04s promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1881; Insert: primer hybridization product This study
Strep-ll tag, Km®R prMC404-408. Ligation with T4 DNA ligase.
pTE1892 Pa1/oss_ca promoter; empty multiple cloning site Backbone: Xbal, Hindlll cut pTE1882; Insert: primer hybridization product This study
with Strep-Il tag, KmF® prMC404-408. Ligation with T4 DNA ligase.
pTE1893 Prss/a1 promoter; empty multiple cloning site with Backbone: Xbal, Hindlll cut pTE1863; Insert: primer hybridization product This study
Strep-ll tag, Km®R prMC404-408. Ligation with T4 DNA ligase.
pTE2704 Pmxar-mCherry_AAV; repABC_Mex-DM4, KmR Backbone: Scal, Pacl linearized pMW?216; Insert: Scal, Pacl digest of PCR product  This study
prMcC437+438 of pTE1875. Ligation with T4 DNA ligase.
pTE2705 Pmxar-mCherry_AAV; repABC_Mrad-JCM, KmF Backbone: Scal, Pacl linearized pMW217; Insert: Scal, Pacl digest of PCR product  This study
prMC437+438 of pTE1875. Ligation with T4 DNA ligase.
pTE2706 Pmxar-mCherry_AAV; repABC_Nham-3, KmF Backbone: Scal, Pacl linearized pMW?218; Insert: Scal, Pacl digest of PCR product  This study
prMC437+438 of pTE1875. Ligation with T4 DNA ligase.
pTE2707 Pmxar-mCherry_AAV; repABC_Mex-CM4, Km®R Backbone: Scal, Pacl linearized pMW?219; Insert: Scal, Pacl digest of PCR product  This study

prMC437+438 of pTE1875. Ligation with T4 DNA ligase.

n. a. — not applicable, gDNA — genomic DNA, AmpR — ampicillin resistance, CmR — chloramphenicol resistance, GmR — gentamicin resistance, KmR — kanamycin resistance, TcR — tetracycline
resistance, pr — primers
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Table S3 Primers used in this study.

Primer # Sequence

MC147 ATTCAACTTCCCGCACGAGT

MC148 GGCACCTTGTTGATCATCGC

MC157 TGATCTAGAGATTCTGACGACCCGTCAGG

MC158 TATGGTACCTCGCGCTGGTTCGAATAGAC

MC228 GAAACGCCTGGTATCTTTATAGTC

MC261 TGCCATACCAAACGTACCATTGAGACACTTGTTTGCACAGAGGATGGCCCTGGGAATTA
GCCATGGTC

MC262 AGACCCAGTTCCTTACATGCCCATTTCACCGGGATTGGATTGGGTTCGACTCAGTCTTG
AGCGATTGTGTAGG

MC274 ACAGTAATACAAGGGGTGTTATGTTACGCAGCAGCAACG

MC275 CAACCAATTAACCAATTCTGTTAGGTGGCGGTACTTGGG

MC276 AACACCCCTTGTATTACTG

Mmc277 CAGAATTGGTTAATTGGTTG

MC278 ATAAAGATACCAGGCGTTTC

MC295 TCGACGCGGGCCGAGCTTTG

MC296 CAACCAATTAACCAATTCTGATCAGCGATCGGCTCGTTGC

MC297 ACAGTAATACAAGGGGTGTTTCATGCTTGACACTTTATCAC

MC311 TTATTGGTGAGAATCCAAGC

MC348 CGCGCGAATTGCAGTTACCATTTATCAGGG

MC349 CCCTGATAAATGGTAACTGCAATTCGCGCG

MC352 CGAGCTCGGTACTGACGTAGCCCAGC

MC353 GCTGGGCTACGTCAGTACCGAGCTCG

MC361 CTAAGAAACCATTATTATCATGAC

MC362 ATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTC

MC363 CCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGT

MC364 TTCACCTCGAGAAAAGATAAATTATCTCTGGCGGTGTTGACATGTG

MC365 ATCTTTTCTCGAGGTGAAGACGAAAGGGCCTCGTGATACG

MC366 AGTATCATTGTTATCCGCTCACATGTCAACACCGCCAGAGATAATTT

MC367 CTAGAGTCAGTGCGTCCTGCTGATGTGCTC

MC368 AGCGGATAACAATGATACTGAGCACATCAGCAGGACGCACTGACT

MC369 CTAGACTGTGTGAAATTGTTATCCGCTCACAATTGAATCTA

MC370 AGCGGATAACAATGATACTTAGATTCAATTGTGAGCGGATAACAATTTCACACAGT

MC373 AGCGCTCACAATTTATAATTAGATTCAATTGTGAGCGGATAACAATTTCACACAGT

MC375 ATTATAAATTGTGAGCGCTCACAAAGCAACACTCTTTTTG

MC376 AGTATCATTGTTATCCGCTCACAAGTCAACACTCTTTTTG

McC377 ATTATAATTGTTATCCGCTCACAAGTCAACTAAATTGTTACCGCTCA

MC378 AGTATCATTGTTATCCGCTCACAAGTCAACTAAATTGTTACCGCTCA

MC379 AGTATCAATTGTGAGCGCTCACAAGTCAACACTCTTTTTG

MC380 ATAAATTTTCTCGAGGTGAAGACGAAAGGGCCTCGTGATACG

MC381 CAATTTTTTCTCGAGGTGAAGACGAAAGGGCCTCGTGATACG

MC382 TTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCG

MC383 TTCACCTCGAGAAAAAATTGTGAGCGGTAACAATTTAGTTGACTTGTGAGCG

MC398 GTACAAGGCCGCGAACGACGAAAACTACGCCGCGGCCGTCTGAACTAGTCCTGCAGGT
ACCTTAAGA

MC399 AGCTTCTTAAGGTACCTGCAGGACTAGTTCAGACGGCCGCGGCGTAGTTTTCGTCGTTC
GCGGCCTT

MC404 CTAGAATTAAAGAGGAGAAATTAACCATGGCGAGCTGGAGCCATCCGCAGTTCGAA

MC405 AGCTCGCCATGGTTAATTTCTCCTCTTTAATT

MC406 AAGATCGAAGGCCGCCATATGTCGGGCGGATCCTGAACTAGTCCTGCAGGTACCGTA

McC407 TCCGCCCGACATATGGCGGCCTTCGATCTTTTCGAACTGCGGATGGCTCC

MC408 AGCTTACGGTACCTGCAGGACTAGTTCAGGA

MC419 CTAGAGTCGCCGTGTCCCTCTCGATGAATCTA

MC420 GATAACAATGATACTTAGATTCATCGAGAGGGACACGGCGACT

Mc421 CTAGAGTCGCCGTGTCCCTCTCGATGTGCTC

MC422 AGCGGATAACAATGATACTGAGCACATCGAGAGGGACACGGCGACT
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McCa23 GATAACAATTATAATTAGATTCATCGAGAGGGACACGGCGACT
McCa24 GATAACAATTATAATTAGATTCATCGAGAGGGACACGGCGACT
MC425 AGTATCAATTGTGAGTGCTCACAAGTCAACACTCTTTTTG
MC426 TTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCA
Mc4a37 CTGACAGTACTCAAGCTAGCTTCCCGCTTGGTC
MC438 CGCTTAATTAACGACGGCCAGTGAATTAGG

AD1 ACCCGATCGCGAAAACTTCC
AD2 CTCGAGGGTTGGGCGAAAG
AD3 ATGGATCCGAAATCGCCCAG
AD4 AACTTCCTTCGTAGCGGTC
AD5S AACGAAGTTCGGCCATGACC
AD6 GGCGAACGCGAGGAGAAATT
AD7 ATGCTGCGGATCGCTAAAAAGA
AD8 TTCGGCTTGGTCTCGATCA
AD9 AGGTCTCGGAAAGACATCCG
AD10 CGGATCCAGGTGTTCAGGAA
AD11 ATCATTTGCGGCTCGCCTAG
AD12 GTCCAGACCATCGGGCTCTA
AD13 GGAAAGCCTGGTGCTGAAAT
AD14 TTTGTCGTCCTTGAAGGGATAGTT
AD15 CGGATCATCGATCGCATTCTG
AD24 ACCATCAAGAACTGCCCGTT
AD25 GTGACGGAATGACGCCGTAA
AD26 ATCTCCATTCACACCGCTGCTT
AD27 TTTGTCCGCGAGGTCTTCGTT
AD28 GTGCTTCGTCATGGCTCCAT
AD29 AATGACCTCTGACCGGCGTTA
MW125 GCGGTCGACGTTATGGAGCAGCAACGATGTT
MW126 GCGCTGCAGAGTACTTTAGGTGGCGGTACTTGGGTCG
MW1028 GCGCATATGTCCAATTTACTGACCGTACACCAAAAT
MW1029 GCTAGCGAATTCTAGTCGCCATC
MWwW1041 CGCCATATGTAATTTCTCCTCTTTAATTCTAGAGTC
MwW1042 TCGCGCTAACTTACATTAATTG
MWwW1043 CGTATCCCCAGAGGCAGCCAAATTGC
MWwW1044 GCGCATATGCCCGCTTGGCTCCCCTGGTG
MW1046 ATAACTTCGTATATGGTATTATATACGAACGGTAG
MW1047 TCGACTACCGTTCGTATATAATACCATATACGAAGTTAT
MW1048 GTACCGTTCGTATAGCATACATTATACGAAGTTAT
MW1049 ATAACTTCGTATAATGTATGCTATACGAACGGTACTGCA
JD253 CTCGCAGAGCAGGATTCCCGTT
JD254 GGCAGGATAGGTGAAGTAGGCCCA
AR_for GACCTTTTCTCCGACGAATAGA
AR_rev GTCTTATCTGAAAGTTGTGCCTG
oriVvSm_for GAAACTGTCACTGGTCCGT
oriVSm_rev TTCAGTTACGATAGAGTTCCACG
synTer-
MCS_for CTATTGAAGGAACACTGTATCTCG
synTer-
MCS_rev GTCAACCCGCTTACACTC
pMB1_for TACTACTGTTTCAGACTGGCGTAATCACTCAGTAGATCAAAGGATCTTCTTGAGATCCTT
TTTTTC
pMB1_rev TGGACAGAATAGTCTTACTCAGTGATTGCCAGTCGCGTTGCTGGCGTTTTTC
p15A_for TACTACTGTTTCAGACTGGCGTAATCACTCAGTCTACATTTGAAGAGATAAATTGCACT
G
p15A_rev TGGACAGAATAGTCTTACTCAGTGATTGCCAGTTAGCGGAGTGTATACTGGC

pSC101*_for
pSC101*_rev

TACTACTGTTTCAGACTGGCGTAATCACTCAGTCCTAGGGTACGGGTTTTGC
TGGACAGAATAGTCTTACTCAGTGATTGCCAGTGACAGTAAGACGGGTAAGCCT
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mob_for TGTGACGATAAGTTCCCTACTG
mob_rev CCTCTATTGATAACGGGTGACA

BO1 AACTTCTCGTGGAACTCTATCGTAACTGAAGTCTATTGAAGGAACACTGTATCTCGGTC
BO2 éTTATCAGAAGAGTGTAAGCGGGTTGACTATACTACTGTTTCAGACTGGCGTAATCACT
BO3 gGCAATCACTGAGTAAGACTATTCTGTCCAGACCTTTTCTCCGACGAATAGAGTAACAG
BO3a éGCAATCACTGAGTAAGACTATTCTGTCCATGTGACGATAAGTTCCCTACTGACAGAAT
BO3b gGTTACAGTGTCACCCGTTATCAATAGAGGGACCTTTTCTCCGACGAATAGAGTAACAG
BO4 éATTGGTCAGGCACAACTTTCAGATAAGACGAAACTGTCACTGGTCCGTTGATACAATC

C
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Table S4 Fold induction of IPTG-inducible promoters in M. extorquens AM1. Mean % SD.

Maximum strength

Promoter Fluorescence/ODggo Fold induction relative to the Pxqr
promoter

0 mM IPTG 1 mM IPTG (%)*

background 339+14 355+13 n. a. n. a.
Pmxar 2152+ 16 n.a. n.a. 100
Pa1/04/03 376 £ 18 1355+11 27 55.6
Pr/oa 526+ 8 3172 + 147 15 156.8
Pr/o4/03 361+4 1132 £ 66 36 43.2
Pi/oa/a1 4711 3332+43 23 165.7
Pa1/0s/04 416 +8 1297 +14 12 52.4
Pa1con/os/04 384 +6 1286 £ 91 21 51.8
Pa1/04 441 +4 2531 +131 21 121.1
Pa1/04s 420+ 14 855+17 6 27.8
Pa1/0as_ca 6785 22351224 6 104.6

Prss/a1 353+6 5104 11 8.6

*Values after induction with 1 mM IPTG. n. a. — not applicable.
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Fig. S1 Pi/04/a1 promoter in M. extorquens AM1. Dynamic range of expression with 0-2 mM IPTG (A). Cultures
expressing £ mCherry before and after induction with 1 mM IPTG; culture of an empty vector is shown as a
reference (B).
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Fig. S2 Overview of the individual repABC regions tested in this study. All repABC regions are shown with
the start codon of repA aligned at the zero mark. The black lines depict the regions amplified outside of the
repABC coding sequences to include necessary parsS sites. A scale bar is given as a reference.
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Fig. S3 Verification of flow cytometry sensitivity. Control strains were created by integrating the suicide
vector pK18mob2 with (katA::pTE1899) and without (katA::pTE1179) a mCherry expression cassette into
the chromosome of M. extorquens. Gates for were adjusted to distinguish between fluorescent (shown in
pink) and non-fluorescent (shown in grey) cells using katA::pTE1179 (A), katA::pTE1899 (B), and mixtures
thereof (C-F). 30,000 events were recorded per sample.
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Fig. S4 Replicon stability measured by flow cytometry of mini-chromosomes with Mex-DM4, Mrad-JCM,
Nham-3, and Mex-CM4 repABC regions (pTE2704-7, respectively) and an mCherry expression cassette.

Control strains were created by integrating the suicide vector pK18mob2 with (katA::pTE1899) and without

(katA::pTE1179) an mCherry expression cassette into the chromosome of M. extorquens AM1. 30,000

events were recorded per sample.

Table S5 DNA sequence of inducible promoters characterized in this study?®.

Promoter

Sequence

Pa1/04/03

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCGGATAACAATGATACT
TAGATTCAATTGTGAGCGGATAACAATTTCACACATCTAGA

Pi/oa

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAAGATAAATTATCTCTGGCGGTGTTGACATGTGAGCGGATAACAATG
ATACTGAGCACATCAGCAGGACGCACTGACTCTAGA

PL/04/03

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAAGATAAATTATCTCTGGCGGTGTTGACATGTGAGCGGATAACAATG
ATACTTAGATTCAATTGTGAGCGGATAACAATTTCACACAGTCTAGA

Pr/oa/a1

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAAGATAAATTATCTCTGGCGGTGTTGACATGTGAGCGGATAACAATG
ATACTGAGCACATCGAGAGGGACACGGCGACTCTAGA

Pa1/05/04

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAAAATTGTGAGCGGTAACAATTTAGTTGACTTGTGAGCGGATAACAA
TGATACTTAGATTCATCGAGAGGGACACGGCGACTCTAGA

Pa1con/05/04

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAAAATTGTGAGCGGTAACAATTTAGTTGACTTGTGAGCGGATAACAA
TTATAATTAGATTCATCGAGAGGGACACGGCGACTCTAGA

Pa1/04

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCGGATAACAATGATACT
TAGATTCATCGAGAGGGACACGGCGACTCTAGA

Pa1/04s

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCGCTCACAATTGATACTT
AGATTCATCGAGAGGGACACGGCGACTCTAGA

Pa1/0as_ca

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGACTTGTGAGCACTCACAATTGATACTT
AGATTCATCGAGAGGGACACGGCGACTCTAGA

Prss/a1

GACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
CGTCTTCACCTCGAGAAAATTTATCAAAAAGAGTGTTGCTTTGTGAGCGCTCACAATTTATAATT
AGATTCAATTGTGAGCGGATAACAATTTCACACAGTCTAGA

aThe promoter region is shown in bold, Aatll and Xbal restriction sites are underlined. The surrounding

sequences were included only to facilitate primer hybridization.
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Abstract

Organisms are either heterotrophic or autotrophic, meaning that they cover their carbon
requirements by assimilating organic compounds or by fixing inorganic carbon dioxide
(CO3). 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 CO.. The
heterotrophic Alphaproteobacterium Methylobacterium extorquens AM1 is a platform
organism for a future Ci-based bioeconomy. Here we show that M. extorquens AM1
provides unique advantages for establishing synthetic autotrophy, 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 C; compound methanol for energy acquisition and forms biomass from CO; 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 3C-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
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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 feature of life is achieved by one of two distinct
metabolic modes: Heterotrophy, i.e., the assimilation of reduced organic carbon
compounds, or autotrophy, i.e., the fixation of inorganic carbon dioxide (CO) 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 CO; as carbon feedstock in biotechnology,
however, has gained considerable interest recently. Metabolic engineering of autotrophs
could create novel routes that allow the direct conversion of CO; 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 chemical 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 CO;, 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
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 autotroph’ 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 CO. fixation were functionally expressed in E. coli.
However, neither autotrophic growth nor a CO,-fixing phenotype of the engineered strain
was achieved (Mattozzi et al., 2013). Other groups have focused on implementing the
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Calvin-Benson-Bassham cycle (CBB cycle) for CO; fixation in this organism. Overexpression
of the CBB cycle's key enzymes, ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) and phosphoribulokinase (Prk) in E. coli resulted in a significant reduction of
CO; emissions (Zhuang and Li, 2013), and even allowed the biosynthesis of sugars from
CO; (Antonovsky et al., 2016). Although these studies represent important steps towards
realizing ‘synthetic autotrophy’, all CO,-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 organism 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 extorquens AM1 (Peel and Quayle, 1961) as chassis organism. This
pink-pigmented, aerobic organism can grow heterotrophically on multicarbon
compounds as well as on the reduced single carbon compound methanol. Methanol is
projected to play a key role in future bioeconomies (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 methanol (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 CO,, 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 CO; fixation in M. extorquens
AM1. We engineered the central carbon metabolism 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 CO; fixation via the
heterologous CBB cycle. We demonstrate operation of the heterologous 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
proteomic changes in the engineered strain. Our work represents a stepping 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 DH5a was used for construction and amplification of all plasmids used in
this work. M. extorquens AM1 was cultured at 30 °C in minimal medium (Peyraud et al.,
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2009) supplemented with either 124 mM methanol or 30.8 mM succinate, or in Nutrient
Broth (NB) without additional NaCl (SigmaAldrich, St. Louis, MO, USA). E. coli DH5a was
cultured in LB medium at 37 °C. When appropriate, media were supplemented with
tetracycline or kanamycin at a concentration of 10 or 50 ug mL, 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 Sl 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
phosphatase 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 manufacturer using the protocol for GC-rich templates.
Correct plasmid sequences were verified by Sanger sequencing (Eurofins, Ebersberg,
Germany). pCM80 (Marx and Lidstrom, 2001) was cut with BamHI and EcoRl, the PCR
product of RuBisCO (amplified from genomic DNA of Rhodospirillum 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 Hindlll and
BamHlI, 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 Synechococcus elongatus
PCC 7942 with the primers S_Prk_fw and S_Prk_rv. The resulting PCR product was
digested with Hindlll and Bglll and ligated into pTE92 that had been digested with Hindlll
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 denitrificans
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 Ndel 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 Xbal and EcoRI and ligated into pTE100 that had been digested with Xbal and Munl
to generate pTE500, pTE502, and pTE504. His-tagged Rbc LSU was excised from pTE500
with Xbal and Kpnl and ligated into pTE102 that had been digested with Spel and Kpnl to
generate pTE519. His-tagged Prk was excised from pTE504 with Xbal and Kpnl and ligated
into pTE519 that had been digested with Spel and Kpnl to generate pTE535. His-tagged
Rbc SSU was excised from pTE502 with Xbal and Kpnl and ligated into pTE535 that had
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been digested with Spel and Kpnl 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 Xbal
and ligated into pK18-mob-sacB (Schafer 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 Sl Table 2. M. extorquens AM1 AglyA
was made from M. extorquens AM1 WT by transforming pTE210 into electrocompetent
cells and screening for kanamycin resistance and sucrose sensitivity. The deletion was
confirmed by diagnostic PCR and sequencing of the PCR product. M. extorquens AM1 Acel
AftfL::Kan was made from M. extorquens AM1 Acel (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
400 mg samples in 800 pL 100 mM 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 60 min 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 albumin (BSA) as standard and analyzed on 12.5% SDS PAGE gels
(Laemmli, 1970), applying 20 ug 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 substrate for Prk and adding purified
RuBisCO from R. rubrum S 1 (a kind gift from Ryan Farmer and Bob Tabita, Ohio State



Chapter llI: Initial engineering of the CBB cycle in M. extorquens AM1 75

University) in excess, so that activity of Prk could be measured by coupling it to the
downstream reaction of RuBisCO.

2.6. Growth assays
2.6.1. Assays in 96-well plates

All strains of M. extorquens AM1 were pre-grown at 30 °C in minimal medium containing
succinate as sole carbon source until an ODego of approximately 1.5. Then, cells were
harvested, washed with minimal medium containing methanol and used to inoculate
growth cultures of 180 pL 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, Mannedorf, Switzerland). Data was analyzed using the
GraphPad Prism 6 software.

2.6.2. Assays in bioreactor

M. extorquens AM1 Acel Aftfl::Kan pTE94 was pre-grown at 30 °C in 200 mL minimal
medium containing succinate as sole carbon source in an atmosphere with 5% CO; until
an ODggo of approximately 1.5. Then, cells were harvested, washed with minimal medium
containing methanol and used to inoculate a DASGIP SRO7000DLS bioreactor (Eppendorf,
Hamburg, Germany) to an initial ODeoo 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 700 mL, was stirred at 500 rpm and continuously gassed with 5% CO; in air at
a flow rate of 15 L h'’. pH was kept constant at 7.0 by addition of 3 M NHsOH and 1 M
H2S04, and temperature was kept at 30 °C. Samples were taken via the sampling port of
the bioreactor and ODggo 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 Acel AftfL::Kan pTE94 and pTE95 were
pre-grown at 30 °C in minimal medium containing succinate as sole carbon source in an
atmosphere with 5% CO; until an ODeoo of approximately 1.5. Then, cells were harvested,
washed with minimal medium containing methanol, and used to inoculate cultures of 25
mL minimal medium containing methanol to an ODeoo of 0.2, which were incubated in an
atmosphere with 5% CO,. 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
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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 Acel AftfL::Kan pTE94 and pTE95 were pre-grown at 30 °C
in minimal medium containing succinate as sole carbon source in an atmosphere with 5%
CO; until the late exponential phase. Then, cells were harvested, washed with minimal
medium containing methanol and used to inoculate cultures of 30 mL
minimal medium containing methanol. The cultures were incubated for 4 h in a defined
atmosphere with 5% CO, at natural 3C abundance. These cultures were then quickly
collected by centrifugation (1 min, 10,000 g), the supernatant was discarded, and the
pellet was washed with 30 mL medium (pre-warmed to 30 °C) containing no carbon
source. The cultures were again pelleted (1 min, 10,000 g), the supernatant was discarded,
and cells were re-suspended in 30 mL fresh medium containing either 124 mM 13C-
methanol or 8 mM 3C-bicarbonate and 124 mM methanol at natural '3C abundance.
Cultures were then transferred into 100 mL shake flasks and incubated in an atmosphere
containing 5% CO; at natural 3C abundance when containing *C-methanol or incubated
in a VLSB18 shaking water bath (VWR, Darmstadt, Germany) kept at 30 °C when
containing '3C-bicarbonate. 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 90 min. In short, each sample was transferred onto a polyethersulfone
(PESU) 0.2 um filter (Sartorius Stedim, Gottingen, 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 5 mL 30 °C warm MilliQ water. The filter with cells was transferred into
100 mL Schott bottles filled with 8 mL of - 20 °C cold quenching solution (60%
acetonitrile/20% methanol/20% 0.5 M formic acid) and kept on ice for 15 min. The bottles
were sonicated every 5 min for 20 s using a Bransonic M2800-E sonication bath (VWR,
Darmstadt, Germany). Afterwards, the filters were removed, samples were transferred
into prepared 50 mL falcon tubes, frozen in liquid nitrogen, and lyophilized overnight.
Sampled biomass amount was approximately 1 mg of cell dry weight. Lyophilized samples
were resuspended in MilliQ water to give a final biomass concentration of 1 pug/uL. The
resuspended samples were centrifuged at 20,000 g for 15 min at 4 °C to remove insoluble
particles. Prior to HPLC-MS analysis, 10 pL of each sample was mixed with 90 pL of solvent
A (see below). Nanoscale ion-pair reversed phase HPLC—MS analysis of the resuspended
samples was performed as described previously (Miiller et al., 2015), with the following
modifications. Solvent A was 233 uM tributylamine in 234 uM acetic acid adjusted to pH
9.0 with NH40H; 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%); 3 min (A 100%, B 0%); 35 min (A 88%, B 12%), 36 min (A 10%, B 90%), 48
min (A 10%, B 90%), 49 min (A 100%, B 0%), 60 min (A 100%, B 0%). The flow rate was
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kept constant at 400 puL/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 Acel, Acel pTE94, Acel AftfL::Kan pTE94
and Acel Aftfl::Kan pTE95 were pre-grown at 30 °C in minimal medium containing
succinate as sole carbon source in an atmosphere with 5% CO; 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 200 mL minimal medium containing methanol, to an ODeoo of approx. 0.2 and
incubated in an atmosphere with 5% CO,. After a sufficient incubation time (20 h for both
of the Acel strains, 65 h for both of the Acel AftfL 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 liquid 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 pm
x 35 cm) packed in-house with C18 resin (1.9 um; 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 175 min and to 50% B for additional 20 min 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) followed 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 50 ms (MS) and 50 ms at 17,500 resolution (MS/MS). The automatic gain control (AGC)
was set to 3 x 106 for MS survey scan and 1 x 105 for MS/MS scans. Label-free
guantification of raw data and data evaluation was performed as described previously
(Ahrné et al., 2013; Glatter et al., 2015). In short, the raw data was imported into
Progenesis (Nonlinear Dynamics, 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
required (cleavage after lysine or arginine residues); two missed cleavages were allowed;
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carbamidomethylation (C) was set as fixed modification; 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, consisting of 1139 reactions and 977 metabolites, was used
(Peyraud et al., 2011). To account for the introduced RuBisCO gene, one reaction,
representing the conversion of D-Ribulose 1,5-bisphosphate and CO; to two molecules of
3-Phospho-D-glycerate, was added to the model. The FBA problem of the form

maximize vBiomassSynthesis
Sij * ’Uj =0
. lo up
subject to v;” < v; < v;

where §j; is the stoichiometric matrix and v; the flux through the reaction j, was then
implemented using GAMS 2.8.2 and solved using Cplex 12.7.0.0. The lower and upper
bounds of v; were used as specified in iRP911 and only the exchange of O,, CO», H20, trace
elements (NHs, Pi, SO4%, Na*, Fe?*, K*, Mg2*, Cu?*, Mn?*, Zn?*, 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 AglyA, the reaction RO015 was set to O, for AftfL
the reaction R0012 and for Accr the reaction R0032. In case of AftfL the glycine cleavage
complex (R0243/R0244/R0245) and in case of Accr the butyryl-CoA carboxylase (R0034)
had to be additionally 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 CO,-fixing M. extorquens AM1 strain

To convert the heterotroph M. extorquens AM1 into a synthetic autotroph, we designed
an experimental strategy that is based on the decoupling of energy acquisition and carbon
assimilation in this organism (Fig. 1). When M. extorquens AM1 grows on methanol, 84%
of this single carbon compound is completely oxidized to CO; to acquire energy, while the
remaining 16% of methanol are assimilated into biomass (Fig. 1A) through the serine cycle
and a number of interconnected 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
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oxidation. When these mutants are equipped with a functional CO; fixation pathway,
carbon assimilation in M. extorquens AM1 should be restored, but from CO; and not from
reduced organic carbon as in the wild-type (WT) strain, resulting in an autotrophic
phenotype (Fig. 1B).

A B
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Fig. 1. Engineering strategy for the conversion of M. extorquens AM1 into a synthetic autotroph. (A) During
WT growth on methanol, this C1 compound is fully oxidized to CO; 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 knockouts, 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.

First, we identified several potential target genes of the central carbon metabolism in M.
extorquens AM1 (see Supplementary Fig. S1) that would allow us to largely decouple
energy acquisition from carbon assimilation. These included (i) ccr, encoding crotonyl-CoA
carboxylase/reductase, the key enzyme of the ethylmalonyl-CoA pathway (EMCP) for
glyoxylate regeneration (Erb et al.,, 2007); (ii) glyA, encoding serine
hydroxymethyltransferase, a key enzyme of the serine cycle (Chistoserdova and Lidstrom,
1994) and (iii) ftfL, encoding formate 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 manipulations and convenient handling of the corresponding
mutants.

To equip M. extorquens AM1 with an autotrophic CO,-fixation module, we decided to
implement the CBB cycle in this organism. Of all naturally evolved autotrophic CO; 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 analysis, 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.
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We used a previously published stoichiometric metabolic network model (Peyraud et al.,
2011) and Flux Balance Analysis (FBA) to validate and predict the outcome of this design
strategy. Indeed, all three deletion strains (Accr, AglyA, AftfL) 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 CO; 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 | RuBisCO from Paracoccus
denitrificans DSM 413 as well as a type Il 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 Alphaproteobacteria closely
related to M. extorquens AM1, with a similar codon usage and GC content, which makes
their heterologous expression 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 of M. extorquens AM1,
however, only the type Il RuBisCO of R. rubrum S 1 was active with a specific CO; fixation
rate of approximately 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 in M. 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 demonstrated by addition
of purified R. rubrum S 1 RuBisCO to cell extracts, 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 fixation module that
encoded Prk and RuBisCO in one operon under the control of the strong mxaF promoter
(Anderson et al., 1990). As negative 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
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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 CO; fixation, it still applies the same burden of protein expression 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, Accr, AglyA, and AftfL. 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 (ODsoo) of the cultures was monitored over time
in 96-well plates.

Under atmospheric CO; 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% CO,, that effectively suppresses the oxygenase side reaction of RuBisCO,
the AftfL strain showed a distinct phenotype (Fig. 2). The ODsoo of AftfL carrying the carbon
fixation module slowly increased by approximately 50% over the course of about 150 h
after transfer into methanol medium, before it stopped. From the increase in ODsoo during
the initial 100 h, we estimated a doubling time of 230 + 10 h. Notably, neither the AglyA
(in contrast to the in silico prediction) nor the Accr 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 AftflL 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 in M.
extorquens AM1 liquid cultures (Delaney et al., 2013). Therefore, the ftfL deletion was
introduced into the previously described Acel strain that shows a reduced clumping
(Delaney et al., 2013). The resulting Acel Aftfl double mutant strain was used for all
further experiments. In 96-well plate assays, the same phenotype observed for Aftfl could
be reproduced multiple times (n > 10) when the Acel AftfL strain was equipped with the
carbon fixation module. Again, the observed phenotype was highly reproducible (see
Supplementary Fig. S3) and did also not depend on the starting conditions, for example
the initial ODeoo (see Supplementary Fig. S4). A similar phenotype was observed for the
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same strain when incubated in a bioreactor on methanol medium gassed with 5% CO;
(see Supplementary Fig. S5). Under these conditions, the increase in ODeoo ceased after
approximately 100 h.
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Fig. 2. Growth curves of engineered M. extorquens AM1 strains on methanol in a 5% CO. atmosphere. The
deletion strains of glyA (A), ccr (B) and ftfL (C) are transformed with an empty plasmid backbone (black), a
plasmid for the overexpression 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 Acel AftfL yielded similar
results as with AftfL (D). Shown are representative curves of at least three technical and at least two
biological replicates; for the strains AftfL and Acel AftfL, more than 10 biological replicates each were carried
out.

In contrast to the phenotype observed when overexpressing RuBisCO and Prk in the Acel
Aftfl background, the Acel strain carrying the same plasmid showed strongly impaired
growth on methanol and CO; (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 Acel AftfL background.

3.4. Presence of the CBB cycle increases viability of M. extorquens AM1 Acel AftfL

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

105 f

105 f
104 f

108 T T T
0 50 100 150
Time [h]

CFU/mL

Fig. 3. Time course of CFU/mL during incubation with methanol medium and 5% CO.. After 150 h, about
100-fold more cells are re-culturable of the strain Acel AftfL with the CBB cycle (blue circles) compared to
the negative control strain Acel AftfL with the inactive CBB cycle (red circles). The average of four biological
replicates is shown; error bars denote standard deviation.

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 Acel AftflL 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 recovered
is in line with the observation that when switching from methanol 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.
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3.5. 13C-tracer analysis demonstrates functional CO; fixation in M. extorquens AM1 via the
CBB cycle

Next, we sought to demonstrate functionality of the heterologous CBB cycle by '3C-tracer
analysis. For these experiments, M. extorquens AM1 Acel AftflL 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
containing methanol in an atmosphere with 5% CO. 4 h after the transfer into methanol
medium, aliquots of the cultures were taken and incubated with either 3C-methanol in
an atmosphere with 5% non-labeled CO,, or non-labeled methanol plus 3C-bicarbonate.
Then, samples were taken and the time course of 3C-tracer incorporation into
metabolites was monitored over 90 min by HPLC-MS. No incorporation of 3C-carbon into
metabolites was measured from 3C-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 3C-bicarbonate, however, we observed
incorporation of label into central carbon metabolites in the Acel Aftfl strain carrying a
functional RuBisCO.

During methylotrophic growth of M. extorquens AM1 WT, 50% of carbon is derived from
CO; that is assimilated via phosphoenolpyruvate (PEP) carboxylase in the serine cycle
(Crowther et al., 2008; Large et al., 1961; Peyraud et al., 2011). Notably, CO; fixation via
PEP carboxylase 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 '3C-bicarbonate via PEP
carboxylase. In fact, between 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 '3C-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 the CBB cycle. Label incorporation
proceeded rapidly over the course of the initial 30 min to then become slower and
stagnate at 20-30% 3C-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 labeling experiment, clearly indicating that the CBB cycle
turned multiple times and was active in the strain that carried a functional RuBisCO. 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 organisms, e.g. the engineering of a heterologous ribulose
monophosphate cycle in E. coli (Muller et al., 2015).
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The 13C-tracer incorporation observed in the strain engineered with the heterologous CBB
cycle was strongly reduced in the negative control expressing the inactive RuBisCO (Fig.
4). We only observed incorporation 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, *3C-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 3C-label also accumulates in Ru5P, and,
consequently, the pentose phosphate pool. Taken together, the '3C-tracer analysis data
strongly suggested that the CBB cycle was operating in the M. extorquens AM1 AftflL strain
equipped with Prk and RuBisCO.
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Fig. 4. 3C-tracer analysis in engineered M. extorquens AM1 strains with the heterologous CBB cycle from
13C-bicarbonate. 3C-label incorporation in selected metabolites over the course of 90 min is shown 4 h after
transfer to minimal medium containing methanol and 5% CO.. Blue circles: Acel AftfL with the CBB cycle;
red circles: Acel AftfL with the inactive 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 Acel AftfL with the CBB cycle after 60 min incubation with 3C-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-phosphate, xylulose 5-phosphate, and ribulose 5-
phosphate pools. Pentose bisphosphates include ribulose 1,5-bisphosphate and ribose 1,5-bisphosphate
pools. Phosphoglycerates include 2-phosphoglycerate and 3-phosphoglycerate pools. Triose phosphates
include dihydroxyacetonephosphate and glyceraldehyde 3-phosphate pools.
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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 synthetic CBB cycle onto the proteome of M.
extorquens AM1. To this end, we analysed the proteome of four different strains upon a
substrate switch from succinate to methanol. Our analysis included the M. extorquens
AM1 Acel (‘wild-type’) strain with three engineered variants: Acel expressing Prk and
RuBisCO, Acel AftfL expressing Prk and RuBisCO and Acel AftfL 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% CO,. After a sufficient incubation time (20 h for both of the
Acel strains, 65 h for both of the Acel Aftfl strains), we withdrew an additional sample for
analysis (methanol condition). We performed whole-cell shotgun proteomics and
quantified the change in the proteome of each individual strain in response to the switch
from the succinate to the methanol condition (Fig. 5, individual columns). Finally, 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 downregulated, while enzymes of the EMCP become
upregulated (Schneider et al., 2012). This pattern was confirmed for the two Acel 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 Acel AftfL deletion strains during the
substrate switch. These changes indicated 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 cytochrome electron
acceptor (MxaFGl) 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
Acel strains, but notably also the Acel AftfL strain equipped with the active CBB cycle. In
contrast, MxaFGI was not upregulated in the strain Acel AftfL 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 Acel AftfL strains (see Supplementary File 1 for details), indicating that the
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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 Acel AftfL
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 Acel AftfL strain with the active CBB cycle is expected to increase (or
stabilize) flux through the synthetic carbon fixation pathway.

Along the same lines, several enzymes at the beginning of biosynthetic pathways that
branch off from the CBB cycle were downregulated only in Acel AftfL expressing the active
CBB cycle. This holds true for GImU, 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 riboflavin 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 metabolite 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 Acel AftfL 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. extorquens 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 CO; fixation for
biomass synthesis.

To establish a transiently functional CBB cycle for CO; 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
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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).
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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.

Expression of the CBB cycle in M. extorquens AM1 Acel AftfL resulted in a distinct
phenotype that strongly increased viability of the engineered cells compared to the



90 Part Two: Results

negative control. 13C-tracer analysis revealed multiple incorporation of labeled CO; into
intermediates of the CBB cycle, indicating that the synthetic CO; fixation module is indeed
functional and can turn multiple times. Proteomics analysis showed distinct changes in
the proteome of M. extorquens AM1 expressing the functional CBB cycle, which might
stabilize flux through the heterologous CO; fixation pathway.

While a disruption between methanol oxidation and serine cycle (AftfL) 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 (AglyA) or the EMCP (Accr) is disrupted. Most likely in the AftfL strain the HaF-
C1 units required for biosynthetic pathways can be generated by reverse activity of serine
hydroxymethyltransferase (encoded by glyA) or by operation of the glycine cleavage
complex. In contrast, the glyA deletion strain would require a horse shoe-like operation
of the serine cycle together with the glycine cleavage complex to generate serine, glycine
and HaF-C1 units. Although predicted to be viable with a carbon fixation pathway by in
silico analysis, this metabolic mode is apparently not supported by a glyA deletion strain
expressing 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 CO; 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
establishing artificial methylotrophy in E. coli (Mdller et al., 2015), as well as implementing
a heterologous CBB cycle for sugar synthesis from CO; 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 Figure S7). Along these lines, it is
interesting to note that we observed a specific upregulation of enzymes 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
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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 catalytic
capacity of enzymes that affect the efflux of CBB cycle metabolites from the autocatalytic
carbon fixation pathway towards biosynthesis (Herz et al., 2017).

In summary, our study represents another step forward in the generation of synthetic
autotrophic organisms by rational metabolic engineering. 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 CO; 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 methanol as energy source with hydrogen, light
or electricity could allow to create versatile synthetic autotrophs for biotechnology in the
future.
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Supplementary Figure S1: Central carbon metabolism of M. extorquens AM1 with a heterologous Calvin-
Benson-Bassham (CBB) cycle. The three reactions that were abolished by deletion of the respective genes
glyA, ccr or ftfL are indicated by red arrows, while the reactions that are catalyzed by the enzymes
phosphoribulokinase (encoded by prk) and RuBisCO (encoded by cbbM) are indicated by blue arrows.
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Supplementary Figure S2: SDS-PAGE gel demonstrating the overexpression and solubility of RuBisCO from
R. rubrum S 1 and Prk from M. extorquens AM1 in M. extorquens AM1. Whole-cell lysate of M. extorquens
AM1 transformed with pCM80, containing 20 ug total protein, was loaded in lane 1 as a negative control.
Whole-cell lysate of M. extorquens AM1 transformed with pTE94, containing 20 ug total protein, was loaded
in lane 2. The soluble fraction of cell lysate of M. extorquens AM1 transformed with pTE94, containing 20
ug total protein, was loaded in lane 3. RuBisCO (52 kDa) is indicated by the upper arrow in lane 2 and 3 and
Prk (34 kDa) is indicated by the lower arrow in lane 2 and 3.
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Supplementary Figure S3: Growth curves of M. extorquens AM1 Acel AftfL overexpressing RuBisCO and Prk
on methanol in a 5% CO2 atmosphere. Shown are three individual experiments inoculated from different
precultures (= biological replicates; A, B, C). Cultures were inoculated to an initial ODeoo of 0.3, and growth
was monitored in 96-well plates over the course of 150 h. Four individual growth curves from different wells
(= technical replicates) are shown per experiment, colored in different shades of blue.
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Supplementary Figure S4: Growth curves of M. extorquens AM1 Acel AftfL overexpressing RuBisCO and Prk
on methanol in a 5% CO2 atmosphere. Cultures were inoculated to different initial ODsoo values, and growth
was monitored in 96-well plates over the course of 150 h. The initial ODeoo values were 0.025 (A), 0.05 (B),
0.075 (C), 0.1 (D), 0.15 (E), 0.2 (F), 0.25 (G), 0.3 (H), 0.4 (l) and 0.5 (J). The average curve of at least six
technical replicates is shown in blue, with the respective 95% confidence interval in light blue.
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Supplementary Figure S5: Growth curve of M. extorquens AM1 Acel Aftfl overexpressing RuBisCO and Prk
in a bioreactor on minimal medium containing 123 mM methanol with constant gassing of 5% CO?2 in air.
Samples were taken at the indicated timepoints and OD600 was measured manually on a

photospectrometer.
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Supplementary Figure S6: Growth behaviour of M. extorquens AM1 Acel with different plasmids for the
overexpression of Prk + RuBisCO (blue), Prk + inactive RuBisCO (red), RuBisCO alone (light blue), Prk alone
(light red) as well as an empty vector control (black) on methanol in a 5% CO2 atmosphere. Shown are
representative growth curves (A) and the average values for specific growth rates (B), calculated from at
least 20 technical replicates. Error bars represent standard deviation.

6.1 Supplementary Note 1

When growing the Acel strain transformed with different plasmids on methanol in an
atmosphere containing 5% CO;, it becomes evident that without the overexpression of
any proteins, the growth rate (u = 0.10 hl) is significantly lower than the growth rate of
M. extorquens AM1 WT on methanol (1 = 0.16 h') (Kiefer et al., 2009). This effect can be
rationalized by the excess amount of carbon dioxide both in the gas and the liquid phase,
which is apparently detrimental to growth of M. extorquens AM1.

When overexpressing RuBisCO alone, the growth rate (u = 0.095 hl) is very close to the
empty plasmid control strain, most likely due to lack of a high amount of ribulose 1,5-
bisphosphate in the cell, meaning that the substrate of RuBisCO is only available in low
concentrations and no effect of the heterologous enzyme activity can be seen. However,
upon overexpression of both RuBisCO and Prk, both growth rate (u = 0.04 h't) and final
ODsoo of the strain are strongly decreased (see Supplementary Figure S6), suggesting that
the possibility to operate the CBB cycle considerably perturbs methylotrophic metabolism
of M. extorquens AM1.

It is further confirmed that both functional RuBisCO and Prk are required for this effect,
since the growth rate of the Acel strain overexpressing inactive RuBisCO and Prk (1 =0.088
h-1) is only slightly lower than the growth rate of the empty plasmid control strain, and
final ODeoo is essentially unchanged. Finally, overexpression of Prk alone has a positive
effect on growth rate (u = 0.125 h'). In this case, accumulation of ribulose 1,5-
bisphosphate, which is a key regulatory metabolite in methylotrophy (Ochsner et al.,
2017), seems to be beneficial for optimal growth of M. extorquens AM1 on methanol and
5% COa.
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enzymes that convert metabolites of the CBB cycle into biomass precursors are denoted next to the arrows.
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Supplementary Table S1: Primers used in this study
target name sequence? restriction
& 9 site
Mext PRK  M_PRK_fw 5-CTCAAGCTTGAAGGGAGAGAAGCCCATGGTC-3* Hindlll
Mext PRK  M_PRK_rv 5-GAGGATCCGAGGCTCACGCCAG-3* BamHI
Pden PRK  P_PRK fw 5-GCGGCCACATATGAGCAAGAAACACCCGATCATTTCC-3* Ndel
Pden PRK  P_PRK rv 5-GCGGACTGAATTCTCAGGCGCGTTTCGATTCGC-3* EcoRlI
SynPRK  S_PRK_fw 5 Hindlll
GAGCGCTAAGCTTGAAGGGAGAGAAGCCCATGAGCAAGCCAG-
3I
Syn PRK S_PRK_rv 5-GGCGGCAAGATCTCTATACGCTCGCGGCGAC-3' Bglll
Rrub R_RBC_fw 5-GACGGATTCATCTAGGGAGAGTCCACCGATGGACCAG-3’ BamHlI
RubisCO
Rrub R_RBC_rv 5-CTGAATTCAGGCGGTTACGCCGGAAGGG-3* EcoRlI
RubisCO
Pden RBC P_RBCL_fw 5-GCGGCCACATATGAACGAGATGAGCAAATCCGAAATCAC-31 Ndel
LSU
Pden RBC P_RBCL_rv 5-GGCGACTGAATTCTTAGCTGACGGACGCGGTCGGAAC-3/ EcoRl
LSU
Pden RBC P_RBCS_fw 5-GCGGCCACATATGCGTATCACTCAGGGCTGCTTTTCC-3/ Ndel
SSU
Pden RBC P_RBCS rv 5-GGCGACTGAATTCTCAGCCGACCAGCTCATGCGTATAG-31 EcoRlI
SSU
Rrub K191IM_QC_ 5‘-GCGGCGACTTCATCATGAACGACGAGCCC-3* -
RubisCO fw
Rrub K191IM_QC_ 5-GGGCTCGTCGTTCATGATGAAGTCGCCGCCCAG-31 -
RubisCO rv
glyA up  glyA_up_fw  5-GTTATGAATTCGCGCCAAGCGCGTGC-3* EcoRl
glyA up  glyA up_rv  5-TCAGGCGAGCGTAGCCTCTTTTCGTTG-3 -
glyA_dow glyA do_fw 5 -
n CGTAAACAACGAAAAGAGGCTACGCTCGCCTGACTAAAAACACC
TCCG-3'
glyA glyA_do_rv  5-GATGGCCTCTAGACCCAGACGCTCTCAAAAG-3* Xbal
_down

2Nucleotides in bold and underlined are recognition sites for endonuclease restriction enzymes.
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Supplementary Table S2: Strains and plasmids used in this study

strain or plasmid

genotype or relevant features?®

source or ref

E. coli DH58

supE44, AlacU169 (®80lacZDM15), hsdR17, recAl,
endAl, gyrA96, thi-1, relAl

Life Technologies

M. extorquens AM1

M. extorquens AM1
61ADH

M. extorquens AM1
CM216K.1

M. extorquens AM1
CM2720

M. extorquens AM1 LS1
M. extorquens AM1 LS2

wild-type
Accr; KmR
AftfL; KmR
Acel

AglyA
Acel AftfL; KmR

Peel and Quayle
(1961)
Chistoserdova and
Lidstrom (1996)
Marx et al. (2003)

Delaney et al.
(2013)

this work
this work

pET28b
pCM80

pTE100

pTE102

pTE9S2
pTE94
pTE95

pTE96
pTE245
pTE246
pTE248
pTE500
pTE502
pTE504
pTE519
pTE535
pTE550

E. coli expression vector, T7 promoter, Km®
M. extorquens AM1 expression vector, pCM62
derivative, mxaF promoter; Tc®

M. extorquens AM1 expression vector, pCM80
derivative, promoterless; Tck

M. extorquens AM1 expression vector, pCM100
derivative, mxaF promoter; Tc®

pCM80-based, Rrub RubisCO, Tc?

pCM80-based, Mext PRK and Rrub RubisCO, Tc®
pCM80-based, Mext PRK and Rrub RubisCO K191M,
TcR

pCM80-based, Syn PRK and Rrub RubisCO, Tc®
pET28b-based, Pden RubisCO LSU, KmF
pET28b-based, Pden RubisCO SSU, KmF
pET28b-based, Pden PRK, Km®

pTE100-based, Pden RubisCO LSU, TcR
pTE100-based, Pden RubisCO SSU, Tc?
pTE100-based, Pden PRK, Tc?

pTE102-based, Pden RubisCO LSU, Tc®R
pTE102-based, Pden RubisCO LSU and Pden PRK, Tc?
pTE102-based, Pden RubisCO LSU+SSU and Pden
PRK, Tc®R

Novagen (Merck)
Marx and Lidstrom
(2001)

Schada von
Borzyskowski et al.
(2015)

Schada von
Borzyskowski et al.
(2015)

this work

this work

this work

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

pK18-mob-sacB
pCM216
pTE210

allelic exchange vector, sacB gene, KmF
pCM184-based, ftfL flanking regions, Km® TcR, AmpF
pK18-mob-sacB-based, glyA flanking regions, Km®

Schafer et al. (1994)
Marx et al. (2003)
this work

aKmR, kanamycin resistance; TcF, tetracycline resistance; AmpR, ampicillin resistance
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Supplementary Table S3: Results of in silico analyses of the biomass yield of engineered strains of M.
extorquens AM1 and their potential recovery due to implementation of the CBB cycle using Flux Balance
Analysis (FBA). iRP911, a stoichiometric metabolic network model of M. extorquens AM1 was used and the
RuBisCO reaction was manually added to close the CBB cycle. To realize the KO mutants the lower and upper
bound of the flux through the corresponding reactions was set to 0.

Parameters:

Objective function: Biomass synthesis

Uptake of organic substances = 0, except for methanol = 15.1 mmol gow* h?
NGAM = 9.5 mmol gow™* h'}; R0002 = 0

Strain Modified bounds for respective Yem/meon % of WT
reactions [gem Yem/MeoH
gMeOH'l]

WT RuBisCO =0 0.444 100%

WT + RuBisCO 0.444 100%

AglyA RO015 = 0; RuBisCO =0 0 0%

AglyA + RuBisCO RO015=0 0.390 88%

AftfL R0O012 = 0; RuBisCO =0 0.320 72%

AftfL, no glycine cleavage system R0O012 = 0; R0243/R0244/R0245 = 0 0%
(BgcvH/P/T) 0; RuBisCO = 0

AftfL, no glycine cleavage system RO012 = 0; R0243/R0244/R0245=0 0.388 87%
(BgcvH/P/T) + RuBisCO

no glycine cleavage system R0243/R0244/R0245 = 0; RuBisCO = 0.444 100%

(BgevH/P/T) 0

no glycine cleavage system R0243/R0244/R0245 =0 0.444 100%

(AgcvH/P/T) + RuBisCO

Accer R0032 = 0; RuBisCO =0 0.437 98%

Accr, no butyryl-CoA carboxylase R0032 = 0; R0O34 =0; RuBisCO =0 0 0%

Accr, no butyryl-CoA carboxylase + R0032 =0; R034=0 0 0%
RuBisCO

no butyryl-CoA carboxylase R034 = 0; RuBisCO =0 0.444 100%

no butyryl-CoA carboxylase + R034=0 0.444 100%

RuBisCO
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Abstract

Methylorubrum extorquens AM1 is a heterotrophic organism capable of utilizing
methanol and formate (C1) and various organic acids (C-Cs), amongst others, as carbon
sources. Yet, it does not grow on Cs sugars. In this study, we sought to expand the
metabolic network of M. extorquens AM1 to include Cs sugars, i.e. ribose, as carbon
source. This goal was achieved first by implementation of a ribose assimilation module in
a rational engineering approach followed by adaptive laboratory evolution to obtain
robust growth on Cs sugars. Finally, our strains were further engineering towards a
carbon-positive ribose metabolism by implementation of the Calvin Benson Bassham
cycle for co-fixation of CO>.
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1. Introduction

Methylorubrum extorquens AM1 (formerly Methylobacterium) is a plant-associated
bacterium with a versatile metabolism and most well-known for its ability to grow on C;
compounds such as formate, methanol, and methylamine as sole carbon and energy
sources (Peel and Quayle, 1961). Several bulk and value-added chemicals have been
produced in M. extorquens including the sesquisterpenoid a-humulene (Sonntag et al.,
2015), 3-hydroxypropionate (Yang et al., 2017), and 1-butanol (Hu and Lidstrom, 2014).
The central carbon metabolism of M. extorquens features unique pathways and
metabolites, such as the ethylmalonyl-CoA pathway (EMCP), which make this organism
an interesting target for the production of carotenoids, mono- and di-carboxylic acids, as
well as the implementation of synthetic CO; fixation cycles (Schwander et al., 2016),
compared to more canonical model organisms, such as E. coli and Pichia pastoris.

To expand the biotechnological potential of M. extorquens AM1, there have been several
efforts to radically engineer the organism’s central carbon metabolism. A functional
glyoxylate cycle has been recently introduced, which allowed to drain intermediates from
the EMCP during growth on acetate as carbon source (Schada von Borzyskowski et al.,
2018b). Introduction of a Calvin Benson Bassham (CBB) module resulted in a positive
growth phenotype on methanol that was linked to an active and fully functional RubisCO
(Schada von Borzyskowski et al., 2018a). Altogether, these efforts are first steps to create
customized microbial platforms for different applications. Here we sought to further
expand on these efforts by converting M. extorquens AM1 into an organism that is able
to use Cs sugars as carbon source.

We conceived a strategy to achieve this goal in several steps by (i) introducing a Cs sugar
assimilation module into M. extorquens AM1, (ii) adaptive laboratory evolution (ALE) to
create a strain with robust growth on Cs sugars, and (iii) further engineering the strain
towards co-fixation of CO> to create a carbon-positive ribose metabolism.

2. Materials and Methods
2.1. Strains and cultivation conditions

M. extorquens AM1 strains (see Table S1) were routinely grown at 30°C in minimal
medium (Peyraud et al., 2009) supplemented with 123 mM methanol, 30.8 mM sodium
succinate, 10 mM sodium acetate, or 0-10 mM D-ribose (Sigma Aldrich R9629), as stated.
Plasmids (see Table S2) were transferred into M. extorquens by electroporation (Toyama
et al., 1998). Antibiotics for selection purposes were used accordingly: kanamycin 35 for
M. extorquens or 50 pg mL* for E. coli, gentamicin 15 pg mL? for E. coli, tetracycline 10
ug mL for both, chloramphenicol 34 ug mL* for E. coli, ampicillin 100 pg mL* for E. coli.
Tetracycline was prepared fresh in water to avoid contamination of ethanol as a carbon
source. When necessary, M. extorquens was grown in a 5% CO2 atmosphere using INFORS
HT Minitron incubators (Bottmingen, Switzerland). E. coli was routinely grown at 37°C in
LB medium (Miller formula), except for those with plasmids containing the sacB gene
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which were grown in Lennox-LB. E. coli TOP10 and DH5a (Thermo Scientific™) cells were
used for construction and amplification of all plasmids in this study. For solid medium
1.5% (w/v) select agar was added.

2.2. DNA manipulation and plasmid construction

Refer to Table S2 for detailed information on the construction of each plasmid in the
Supporting Information. Standard molecular cloning techniques were used for
amplification, purification, cloning and transformation of DNA (Sambrook and Russel,
2001). T4 Polynucleotide Kinase, FastAP, and FastDigest restriction enzymes were
obtained from Thermo Scientific and used according to manufacturer’s instructions. Q5
DNA polymerase was obtained from New England Biolabs (NEB) and used according to
manufacturer’s instructions. DNA oligos were obtained from Eurofins Genomics and
Sigma-Aldrich (see Table S3). Plasmid isolation and PCR product purification was
performed with NucleoSpin® Plasmid and NucleoSpin® Gel and PCR Clean-up kits
(Macherey Nagel), according to manufacturer’s instructions.

2.3. Strain construction

2.3.1.phaA::0 knockout

The phaA (META1p3700) gene was knocked out by allelic exchange with a shortened
peptide where the 17 first amino acids are fused to the last 18 amino acids thus keeping
expression of downstream genes intact using pTE1839. The first recombination event was
selected for on solid medium with succinate and tetracycline thus creating an
intermediate strain confirmed by colony PCR (as described in Section 2.4) using primers
MC315+MC310+0S14. The second recombination event occurred with counter selection
of the intermediate strain on solid medium with succinate and 5% sucrose without
tetracycline. Single colonies were screened for tetracycline sensitivity, inability to grow on
C1/C; carbon sources, and the shortened peptide phaA::0 was confirmed by colony PCR
with primers MC315+MC165 and sequencing.

2.3.2.Truncated TobG_R200* allele

The tobG (META2p0012) gene was replaced by a truncated allele with a stop codon at the
200" codon triplet and a 363 bp deletion using pTE2712 in CM2720. The first
recombination event was selected on solid methanol medium with tetracycline and
confirmed by colony PCR using primers MC485+453. The second recombination event was
counter selected on solid methanol medium with 5% sucrose and without tetracycline.
Single colonies were screened for tetracycline sensitivity and truncated allele was
confirmed by colony PCR with primers MC485+MC486 and sequencing yielding CM2720
TobG_R200*.

2.4. Colony PCR from M. extorquens

Colony PCR was carried out by suspending cells from a single colony in 35uL of a 10% (v/v)
solution of Chelex®100 (Sigma C7901; 50-100 mesh) and boiling cell suspensions at 95°C
for 15 min. Boiled cell lysates were cooled on ice, spun down, and 1.5-2uL was used as
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template DNA. Phusion Green Hot Start Il High-Fidelity PCR Master Mix (Thermo Scientific
F566S) was used for amplification. Each reaction contained 1X Master mix, template DNA
as described above, 1X Q5 GC enhancer (NEB), and primers (0.05 uM each) in a final
volume of 40 plL per reaction. The thermocycling conditions were as follows: initial
denaturation at 98°C for 5 min, then 26 cycles of: 98°C 30 sec, 55°C for 20 sec, and 72°C
for 30 s/kb; and a final extension step at 72°C for 10 min.

2.5. Growth in 96-well plates

Cultures were inoculated from a single colony or from glycerol stocks into Erlenmeyer
flasks with the appropriate medium as a preculture. Cells from late exponential phase
were collected, washed once, and resuspended in fresh medium at an ODeoo of 0.2.
Nunclon Delta Surface 96-well plates (Thermo Fisher Scientific, Darmstadt, Germany)
were filled with 180 pl of cell suspension in each well. ODggo was recorded every 30 min
using a Tecan Infinite M200Pro (Tecan, Mannedorf, Switzerland). The temperature was
kept constant at 30°C and when necessary a 5% CO, atmosphere was maintained using
the Tecan Gas Control Module (Tecan, Mannedorf, Switzerland). Data was analyzed using
GraphPad Prism 7.

2.6. Adaptive laboratory evolution by serial transfers

The parental strain CM2720 + pTE1154 (Pcoxs-rbsK-glf), termed GLO, was grown in 100 mL
of methanol medium as a preculture and was transferred to medium with 7.5 mM ribose
at an ODsgo = 0.2. This main culture was split into six parallel cultures termed GL1-6 each
with 100 mL of medium in 500 mL Erlenmeyer flasks. As previously mentioned,
tetracycline used for plasmid selection was dissolved in water to avoid ethanol as a second
carbon source. At regular intervals, culture was removed for ODggo measurement as well
as supernatant samples for HPLC. Once the cultures reached ODgoo = 0.8-1.0, they were
transferred to fresh ribose medium to an OD = 0.2. After each transfer, the cultures were
renamed to GL1a-6a, GL1a-6b and so on, respectively, and cells from the previous transfer
were stored as glycerol stocks. Eventually, the ribose concentration in the medium was
reduced to 6.25 mM and the cultures were serially transferred until the growth rate on
ribose improved significantly. Cells from glycerol stocks were plated on the appropriate
solid medium and incubated at 30°C until single colonies appeared. Single colonies were
then picked and cultured on methanol or succinate liquid mineral medium, respectively,
with tetracycline as non-selective conditions. Individual clones from different stages of
ALE were stored as glycerol stocks for further study and resequencing.

2.7. Growth and evolution using DASGIP bioreactors

The DASGIP Bioblock system (Eppendorf, Hamburg, Germany) was used with DASGIP
SRO7000DLS vessels. The headplate was assembled as follows (clockwise with
temperature valve as a reference): temperature valve, condenser unit, OD sensor,
septum, DO sensor, sampling port + acid & base inlets, pH sensor, and sparger. Additional
inlets for medium influx and culture removal were connected via bent stainless-steel
flanges (DASIP part no. 78107363) connected to the side arms of the vessel. All
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parameters were controlled using the DAScontrol 5 software. Appropriate M. extorquens
strains were first grown in succinate minimal medium and then transferred to 1 L of
minimal medium with 10 mM acetate and 4.5-7.5 mM ribose with shaking in Erlenmeyer
flasks in an INFORS HT Minitron incubator and a 5% CO, atmosphere. Cells were harvested
to inoculate a DASGIP vessels with 700 mL of fresh medium to an initial ODggo of 0.5-1.0.
The temperature was kept constant at 30°C and cold water flowed through the condenser
unit to prevent evaporation. The pH of the medium was kept at 7.0 by automatic addition
of 0.5 M H,SO4 and 1 M NH4OH. The culture was stirred at 350-400 rpm using two 6-blade
Rushton blades. The GA4 gas mixing module was used to deliver 5% CO; in air to the
culture at a constant flow rate of 8-12 L h'! via an L-shaped sparger. A quasi-chemostat
operation was achieved adjusting the flow rate of pumps controlling fresh medium influx
and cell culture removal. In the early stages of evolution, the cells were placed under
stringent and less stringent conditions by addition of small amounts of succinate to the
vessel. After approx. 50 days, succinate was no longer added, the flow rate was increased,
and the ribose concentration was lowered gradually. Acetate and 5% CO; sparging were
kept constant as energy and carbon sources, respectively. Cell culture was sampled at
regular intervals and stored as glycerol stocks.

2.8. Whole genome (re-)sequencing of evolved clones

2.8.1.Short-read lllumina sequencing and analysis

Genomic DNA of selected strains was isolated using the Nucleo®Spin Microbial DNA kit
(Macherey Nagel). Eppendorf DNA LoBind Tubes were used at all times (VWR 525-0130).
DNA concentrations were measured using the Qubit dsDNA BR Assay Kit (Thermo Fischer
Scientific Q32853). Libraries were prepared using 250 ng of isolated genomic DNA
following the NEBNext® Ultra™ Il FS DNA Library Prep with Sample Purification Beads
(New England Biolabs (NEB) E6177S). NEBNext® Multiplex Oligos for Illumina® (NEB
E7500) were used. An approximate insert size distribution of 200-350 bps was selected
using the provided beads according to manufacturer’s instructions. Adaptor-ligated DNA
was enriched through 4 cycles of PCR. Quality and size distribution of the libraries was
assessed on a Bioanalyzer High Sensitivity DNA Analysis chip. Prepared libraries were
sequenced with the MiniSeq High Output Reagent Kit (300-cycles) (Illumina FC-420-1003)
on a MiniSeq System. Sequence analysis was carried out using CLC Genomic Workbench
11.0 (QIAGEN). Reads were mapped against the M. extorquens AM1 genome (Vuilleumier
et al., 2009) using GenBank Accession files CP001510 (main chromosome), CP001511
(megaplasmid), CP001512 (p1META1), CP001513 (p2META1), CP001514 (p3META1), and
pTE1154 (Ribose assimilation plasmid) as reference replicons. Variants were detected
with the Basic Variant Detection tool (min. coverage = 10; min. count = 8; min.
frequency = 50%) and filtered against parental control reads.

2.8.2.Long-read PacBio sequencing and Hybrid genome assemblies

PacBio sequencing of selected clones was performed by BaseClear (Leiden, The
Netherlands). Raw Illumina reads were quality-filtered using the illumina-utils library
v1.4.1 (Eren et al., 2013). PacBio reads were converted from bam format to fastq format
using BEDTools v2.25 (Quinlan and Hall, 2010). First, the PacBio reads were corrected
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using LORDEC v0.9 (Salmela and Rivals, 2014) and the quality-filtered lllumina reads. Then
the corrected PacBio reads were assembled with Canu v1.8 (Koren et al., 2017). The
Illumina reads were assembled using SPAdes version 3.13.1 (Antipov et al., 2016b) and
the PacBio assembly as trusted contigs. Similarly, plasmids were assembled with the
plasmidSPAdes algorithm (Antipov et al.,, 2016a). Finally, assembled genomes were
polished using Pilon v1.23 (Walker et al., 2014).

2.9. Biochemical characterization of TIM WT and G77D mutant

2.9.1.0verexpression and protein purification

Triose phosphate isomerase (TIM) wild-type and its G77D mutant were overexpressed in
CM2720 using pTE1897 or pTE1898, respectively. Cells from pre cultures were used to
inoculate 2L of methanol medium with kanamycin to a starting ODggo of 0.05. Expression
was induced with 1 mM of IPTG at ODeoo = 0.1. Cells were harvested by centrifugation
(4500 rcf, 10 min, 4°C) once they reached ODsgo 2 4 and the cell pellet was frozen at -20°C.
Cell pellets were resuspended in 20 mL of 50mM HEPES pH 7.5, 150mM NacCl, 10 mM
MgCl,, 10 ug/mL DNAse | (AppliChem A3778). Cells were lysed by sonication, the lysate
was cleared by ultracentrifugation (100,000 rcf, 60 min, 4°C), and filtered through a 0.45
um filter. The cleared lysate was loaded on a 1 mL StrepTrap HP (GE Healthcare). Unbound
protein was removed with 20 mL of 50mM HEPES pH 7.5, 150mM NaCl. The protein was
eluted in 50mM HEPES pH 7.5, 150mM NaCl, 2.5 mM desthiobiotin. Elution fractions were
pooled and concentrated in Amicon® Ultra 4 mL centrifugal filters with a 10K cut-off
(Merck). The buffer was exchanged during concentration to 20mM Triethanolamine-HCI
pH 7.6. Concentration was determined on a NanoDrop 2000 Spectrophotometer (Thermo
Scientific, Waltham, MA, USA) using the extinction coefficient at 280 nm, as calculated by
ProtParam (http://expasy.org). Enzyme purity was confirmed by SDS-PAGE. The purified
proteins were stored in 20% (v/v) glycerol at -80°C.

2.9.2.Enzyme kinetic measurements

TIM activity was measured spectrophotometrically following NADH oxidation (€ =6.22
mM? cm™) through the isomerization of glyceraldehyde 3-phosphate (GA3P) to
dihydroxyacetone 3-phosphate (DHAP) coupled to commercial a-glycerophosphate
dehydrogenase (a-GDH; Sigma G6751). Assays were performed on a Cary-60 UV/Vis
spectrophotometer (Agilent) using 10mm quartz curvettes (Hellma, Millheim, Germany)
at 30°C. The assay (120 pL) contained 100 mM Triethanolamine-HCl pH 7.6, 200 uM NADH,
40 pg of a-GDH, 0.53 uM BSA, and purified M. extorquens TIM (1 ng for WT, 59.5 ng for
G77D mutant). Different concentrations of GA3P (0.17-6 mM) were used to start the
reaction. Kinetic parameters were determined using purified proteins and six different
substrate concentrations measured in triplicates. The data points were fitted using
GraphPad Prism 7 to obtain ket and apparent K values.

2.10. Quantification of ribose by HPLC

Ribose from culture supernatants was quantified by HPLC using the Shimadzu Prominence
LC-20A system. Samples (10pL injection volume) were separated through a Rezex ROA-
Organic Acid (H* 8%) column (Part No. 00G-0138-E0 Phenomenex, Aschaffenburg,
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Germany) at 55°C applying a flow rate of 0.8 mL min! with MiliQ water or 5 mM H,SOa as
the mobile phase. Ribose was detected using RID-20A Refractive Index Detector at 40°C.
Ribose spiked into mineral medium exhibited a linear behavior between 0.5 and 22.5 mM
which were used as standards for quantification. Peak height was calculated using the
LabSolutions software.

3. Results and Discussion
3.1. Rational engineering of ribose consumption

M. extorquens AM1 is able to grow on various carbon sources, including C; compounds
and a number of organic acids. However, growth on sugars and related substrates has
never been reported for this organism (Knief et al., 2010; Peyraud et al., 2011). The first
bottleneck for growth on ribose is its transport across the outer and inner membranes.
While no ribose transporter could be identified in the genome of M. extorquens AM1, 15
putative porins and 13 putative carbohydrate facilitator homologs belonging to the major
facilitator superfamily, are encoded by M. extorquens AM1.

Once inside the cell, the next step is activation of ribose into a corresponding Cs sugar
phosphate, e.g. ribose-5P (R5P), which can be assimilated via the pentose phosphate
pathway (PPP). While M. extorquens AM1 lacks an obvious ribose kinase homolog for the
activation of ribose into R5P, it encodes genes for the carbon rearrangement reactions of
the PPP (Fig. 1A), through which R5P could be further converted into glyceraldehyde
3-phosphate (GA3P) and fructose 6-phosphate (F6P). GA3P can enter central carbon
metabolism, while the fate of F6P is unclear, as M. extorquens AM1 lacks a
phosphofructokinase homolog. F6P can be converted to 6-phosphogluconate (6PGl) via
the oxidative PPP and further assimilated to GA3P and pyruvate via the Entner-Doudoroff
pathway (ED pathway) (Entner and Doudoroff, 1952) or decarboxylated to ribulose
5-phosphate (Ru5P) for a new round of re-shuffling (see Fig. 1A and Table S4.).

To enable the intracellular activation of ribose, we first introduced pTE1145 encoding
ribose kinase (rbsK) from E. coli into M. extorquens. This strain was able to grow on ribose
as the sole carbon source (Fig. 1C), while an empty vector control did not show any growth
over the same time (Fig. 1B). To test the effect of improved ribose uptake on growth, we
introduced the sugar facilitator glf from Zymomonas mobilis in addition to rbsK. GIf is
known to have a broad substrate spectrum including glucose, fructose, xylose and
mannose, therefore we speculated that it would facilitate ribose transport as well (Parker
et al., 1997; Weisser et al., 1995; Weisser et al., 1996). CM2720 + pTE1154 (expressing
rbsK and glf) indeed improved growth on ribose at lower ribose concentrations (see Fig.
1D), suggesting that sugar import was facilitated by GIf. Altogether these experiments
showed that ribose metabolism can be engineered into M. extorquens AM1 by
introduction of a ribose kinase and a sugar facilitator.
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Fig. 1. Engineering ribose utilization in M. extorquens AM1. A) Metabolic map of sugar phosphate
metabolism. Native genes are shown in purple, heterologous genes in orange. In case of multiple copies of
a gene the number of copies is given in parenthesis. Refer to Table S4 for more information on each gene.
Growth curves of CM2720 with pTE100 (empty vector) (B), expressing rbsK from E. coli via pTE1145 (Pcoxs-
rbsK) (C), or rbsK from E. coli and glf from Z. mobilis via pTE1154 (Pcoxa-rbsk-glf), (D) in mineral medium with
0-10 mM ribose. Abbreviations: R5P — ribose 5-phosphate, Ru5P — ribulose 5-phosphate, Xu5P — xylulose
5-phosphate, S7P — sedoheptulose 7-phosphate, GA3P — glyceraldehyde 3-phosphate, F6P — fructose
6-phosphate, E4P — erythrose 4-phosphate, G6P — glucose 6-phosphate, 6PGl — 6-phosphogluconate, KDPG
— 2-keto-3-deoxy-6-phosphogluconate.

3.2. Adaptive laboratory evolution to improve growth on ribose

Having engineered a basic M. extorquens AM1 strain capable of growing on ribose as the
sole carbon source, we further used ALE to improve growth rate. Six parallel cultures of
M. extorquens CM2720 + pTE1145 (only rbsk) and CM2720 + pTE1154 (Pcoxs-rbsk-glf),
referred to as the parent strain GLO henceforth, were transferred to and sub-cultured in
mineral medium with ribose as the sole carbon source to apply selective pressure (Fig. 2).
At regular intervals, samples from the supernatant of each culture were analyzed by HPLC
to verify that increasing cell density (ODeoo) correlated with ribose consumption. While M.
extorquens CM2720 + pTE1145 (only rbsK) strains did not show improved growth over the
duration of the experiment, the growth rate of the M. extorquens CM2720 + pTE1154
strains increased significantly by a factor of 3 to 4, after approx. 30 generations.
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Fig. 2. Adaptive laboratory evolution (ALE) of M. extorquens AM1 towards improved ribose utilization via
serial transfer. ODsoo (left panel) and ribose concentration in supernatants (right panel) of GL1-6 from
transfer “b” (A) and “g” (B).

A 2.0 B 2.0
— CM2720 + pTE100
1.5 — CM2720 + pTE1154
_] fastgrowers ) — 3m2 (evolved clone)
o
: :| intermediate growers doog 1.04 — 3m2a+pTE100
o E — 3m2a+pTE1154
T parent 0.5-
1 empty vector
0.0+ T T T ] 0.0+ T T T 1
0 100 200 300 400 0 100 200 300 400
Time (h) Time (h)

Fig. 3. Clones with improved growth on ribose. A) Growth profile of selected GL evolved clones in mineral
medium with 6.25 mM ribose. The empty vector control (CM2720 + pTE100) is shown in black, the parent
GLO (CM2720 + pTE1154) is shown in red, evolved single clones of GLO with intermediate growth are shown
in dashed lines, best growing evolved clones are shown in solid lines. B) Growth profile of a cured evolved
clone, 3m2a, and retransformed with an empty vector control (pTE100) or the ribose assimilation plasmid
(pTE1154).

We isolated individual clones from these cultures and characterized their growth behavior
on ribose. All clones tested showed improved growth on ribose as the sole carbon source
compared to the parent GLO and could be divided into two sub-populations: intermediate
and fast growers (see Fig. 3A). To test the genetic basis for improved growth on ribose of
these strains, we cured 3m2, one of the fastest growing strains, of its plasmid pTE1154
(encoding rbsK and glf), resulting in strain 3m2a. We then re-transformed 3m2a with
empty vector (pTE100) and the original pTE1154. Strain 3m2a + pTE1154 was able to grow
on ribose nearly as fast as the evolved clone 3m2 (see Fig. 3B), while strain 3m2a + pTE100
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did not show growth on ribose. This strongly indicated that the growth phenotype was
linked to changes in the genetic background of 3m2, which in turn improved growth rate
of the introduced pathway.

Subsequently, we performed whole genome sequencing (WGS) on clones from three
different lineages (1m3, 3m1, 3m2, 3m3, and 6m1) to elucidate the genetic changes
responsible for the improved phenotype in our evolved clones. WGS revealed several
single nucleotide polymorphisms (SNPs) in the evolved clones, which were absent in the
parent (GLO) (Table 1). Interestingly, all clones lost at least part of a recently characterized
polyketide synthase (PKS) cluster located on the megaplasmid encoded by the genes
tobA-L. This cluster was shown to produce toblerol compounds, which are apparently
relevant for interactions between Methylobacterium species (Ueoka et al., 2018). While
most of the clones lost =15 kb within this locus encompassing tob(E)FGHIJKL genes, one
had an SNP resulting in an early stop codon within tobG (see Table 1 and Fig. S1). This
mutation was reverse engineered in the ancestral strain resulting in CM2720 TobG_R200*
transformed with pTE100 (empty vector) or pTE1154 (Pcoxs-rbsK-glf), however there was
no significant growth improvement on ribose between TobG_R200* and the wildtype
CM2720 (see Fig. 4), suggesting that this mutation is not (solely) responsible for the
observed growth phenotype.

Table 1. Single nucleotide polymorphisms (SNPs) of GL evolved clones compared to the parent (GLO).

Evolved clone

Ordered Locus Type of Assigned function or protein
(Gene) SNP? domain im3 3ml 3m2 3m3 6ml
META1p2066 RA03S Outer membrane protein
assembly factor — BamA.
Deletion DNA repair. Hypothetical
METALp291> M137* protein.
META1p4266 V68l Putative CoxB-related protein.
META1p4406 R348H RNA polymerase beta’-subunit.
(rpoC)
META1p5115 (tpiA) G77D Triosephosphate isomerase.
| ti
META2p0010 (tobE) o ®™  Toplerol PKS cluster.
N694*
META2p0012 L306H,
Toblerol PKS cluster.
(tobG) D305G oblero cluster

28SNPs resulting in early stop codons are shown following the numbering of the original amino acid and an
asterisk. Shaded areas denote if SNP mutation found in the corresponding evolved clone.
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Fig. 4. Reverse engineering of TobG_R200* mutation in CM2720. Growth profiles on 4.5 mM ribose of
parental strain CM2720 (A), evolved clone 3m2 (B), and CM2720 TobG_R200* (C). Strains with the empty
vector (pTE100) are shown in black while strains with ribose assimilation plasmid (pTE1154) are shown in
blue.

The remaining SNPs differed across the different lineages. Two of the evolved clones had
missense mutations in rpoC (encoding RNA polymerase B’ subunit), and a gene encoding
a putative CoxB-related protein (META1p4266) (see Table 1). These mutations might
suggest a reorganization of transcription at a global and a specific level given that ribose
assimilation genes (rbsk-glf) are under the control of the coxB promoter. Interestingly,
one of the other evolved clones, 1Im3, had a G77D mutation within the triose phosphate
isomerase (TIM) gene. This amino acid is conserved in all TIM sequences and a G72A
mutation in the corresponding amino acid causes severe defects in humans (Cabrera et
al., 2018; Lolis et al., 1990; Watanabe et al., 1996). This glycine residue is part of a flexible
loop at the dimerization interface which causes dimer instability if mutated and,
therefore, lowers the specific activity of TIM (Cabrera et al., 2018). We overproduced and
purified M. extorquens TIM wildtype and G77D mutant for biochemical characterization.
As expected, the Vmax of the G77D mutant was two orders of magnitude lower than the
wildtype enzyme, while the Kv remained unaffected (Fig. 5). The decreased activity of the
TIM G77D mutant points towards an altered GA3P metabolism in the 1m3 clone. It is
tempting to speculate that by lowering TIM activity, the GA3P produced during the ribose
assimilation will be shuffled faster by GA3P dehydrogenase into lower glycolysis and
therefore biomass formation. Thus, resulting in enhanced assimilation of ribose. Since TIM
is fully reversible in its isomerization of GA3P and DHAP, any changes in flux would depend
on metabolite concentrations and the activity of enzymes surrounding this important
metabolic branching point.
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Fig. 5. Biochemical characterization of M. extorquens triosephosphate isomerase (TIM). Michaelis-Menten
kinetics of TIM WT (A) and G77D mutant (B). The data points were analyzed using nonlinear regression in
GraphPad Prism 7. Mean values * standard deviation are shown.

3.3. Establishing ribose and CO: co-fixation via the CBB cycle

Having evolved M. extorquens AM1 for growth on ribose, we aimed at improving the
carbon efficiency of our strain on ribose by implementing a CBB cycle module that would
allow co-fixation of CO,, and thus additional biomass formation, when extra energy is
provided (see Fig. 6A). To this end, we aimed at separating carbon assimilation and energy
generation in our evolved strain, similar to an earlier study (Schada von Borzyskowski et
al., 2018a). While in the previous study we had disabled carbon assimilation from
methanol (at the level of ftfL), we now decided to block carbon assimilation from acetate.

In the wildtype, a part of the acetate is fully oxidized to CO; providing energy in the form
of reducing equivalents through the TCA cycle, while carbon is assimilated into biomass
via the ethylmalonyl-CoA pathway (EMCP) (Erb et al.,, 2007; Schneider et al.,, 2012;
Smejkalova et al., 2010). Therefore, we deleted phaA, the first step of the EMCP, to disable
carbon assimilation, while still enabling acetate oxidation and thus energy conservation.
The phaA knockout rendered strain 3m2a unable to grow on acetate plus CO,, both with
and without ribose, as expected (Fig. 6B-C). When 3m2a phaA::0 was transformed with
pTE1145 (encoding rbsK), the strain grew in the ribose-amended medium, in line with the
observation that RbskK enables assimilation of ribose in M. extorquens. Next, we
introduced a CBB cycle module to allow co-fixation of CO; on ribose (see Fig. 6A), similar
as previously reported (Schada von Borzyskowski et al., 2018a). We combined native
phosphoribulokinase (encoded by prk) from M. extorquens AM1 and Rhodospirillum
rubrum RubisCO form Il (encoded by cbbM) into one operon under the control of the
strong Pmxar promoter and added the ribose assimilation module (Pcoxs-rbsk) downstream
separated by the transcriptional terminator T.ms, creating plasmid pTE1157. Growth rate
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and vyield were strongly improved, when strain 3m2a phaA::0 was transformed with
pTE1157 (encoding rbsK and a functional CBB module), indicating that the CBB module
was active and allowed for the additional fixation of inorganic carbon into biomass.
Notably, when we tested a CBB module with RubisCO variant K191M that renders the
enzyme catalytically inactive (Cleland et al., 1998; Mueller-Cajar et al., 2007) (pTE1171),
the corresponding strain showed almost no growth. In this strain ribose is converted by
Prk into ribulose-1,5-bisphosphate (RuBP), a toxic dead-end product that cannot be
further converted due to an inactive RubisCO, which independently confirmed that a
functional CBB module is required for efficient growth of the 3m2a phaA::0 mutant on
acetate, ribose and CO,. We further aimed at enhancing activity of the CBB module (and
growth rate) by introducing bifunctional FBP/SBPase from Cupriavidus necator (cbbFc) on
top of the CBB module and rbsK (pTE1821). This resulted in a slight growth improvement
compared to pTE1157. A similar growth rate enhancing effect was observed, when we
included a sugar facilitator gene, glf, downstream of rbsK (data not shown). Altogether,
these experiments demonstrated that introduction of a functional CBB module in our
ribose evolved strain enabled co-fixation of CO; into biomass, when an additional energy
sourcewas provided.

A B
10 mM acetate, 5% CO,
2.0
Energy Carbon
154 — pTE1821
. ) e - — pTEN71
Rugﬁs///; Ru5P igs%’sm :382 1.04 — pTE1157
< o, mJ ok o — pTE1145
R5P /XUSP Toe RUBP\ 0.5 — empty vector
Acetate N _ \( 300,
SR BN, A —_—
l AphaA::0 GAP s | \&& 0.0 . ; ! .
P N 0 50 100 150 200
Acetyl-CoA —— Biomass ( on SBi S?G Time (h)
S [ — sare
i ‘ DHAP  E4P  Xu5P ok \‘ . c 10 mM acetate, 5% CO,, 6.25 mM ribose

€0,, NADH \ / A e 56

\ { PCTORN w .01
a-ketoglutarate \\& //, GA3P F?P 1,3BPG — pTE1821

N chbF, gipX 7 1.54

i/ ~ S r—
t\ €0, NADH \ ( . FoP — ////JGNAW i — pTEN157
Succinyl-CoA \ [;HA(I;—'G\A3P S+ GNADP, 6P, 8‘° :E< 1.0 — pTE171
N 4 GA3P /\ — pTE1145
= 2 0.5 — empty vector
DHAP 0.

0 5‘0 1!’)0 1;0 ZIIJO
Time (h)

Fig. 6. Engineered CBB cycle for synthetic autotrophy in M. extorquens. A) Simplified scheme of the strategy
used for achieving synthetic autotrophy with energy being generated via acetate oxidation in a phaA::0
strain background and carbon assimilation via COz2 fixation of the heterologous CBB cycle. Native genes are
shown in purple, heterologous genes in orange. In case of multiple copies of a gene, the number of copies
is given in parenthesis. The reader should refer to Table S4 for more information on each gene. Growth
curves of 3m2a phaA::0 with different versions of the CBB cycle: empty vector; pTE1145 — Pcoxs-rbsK;
PTE1171 — Puxar-prk-cbbM_K191M-Tms-Peoxa-rbsK; pTE1157 — Pmxar-prk-cbbM-Trmms-Pcoxs-rbsK; pTE1821 —
Pmxaf-prk-cbbM-Trms-Pcoxa-rbsK-cbbFc. All grown on 10 mM acetate (energy), 5% CO2, and either 0 mM ribose
(B) or 6.25 mM ribose (C). Abbreviations: Ru5P — ribulose 5-phosphate, RuBP — ribulose 1,5-bisphosphate,
3PG - 3-phosphoglycerate, 1,3BPG — 1,3 bisphosphoglycerate, GA3P — glyceraldehyde 3-phosphate, DHAP
— dihydroxyacetone phosphate, FBP — fructose 1,6-bisphosphate, F6P — fructose 6-phosphate, Xu5P —
xylulose 5-phosphate, E4P — erythrose 4-phosphate, SBP — sedoheptulose 1,7-bisphosphate, S7P —
sedoheptulose 7-phosphate, R5P —ribose 5-phosphate.
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3.4. Adaptive laboratory evolution (ALE) in bioreactors

We sought to further evolve selected 3m2a phaA::0 +pTE1821 strains with an active CBB
module. The idea was to limit ribose concentration in the medium to evolve the CBB
module from a linear, CO,-cofixing ribose assimilation module into a fully functional CBB
cycle that allows biomass formation from CO; only. To that end, fresh medium with
acetate and ribose was regularly fed to the bioreactors and air with 5% CO; was sparged
through the cultures. The dilution rate was adjusted to keep the cell density constant.
After >50 days, the culture in one of the bioreactors started growing faster (3-4x), which
allowed to lower ribose concentration to 4.5 mM without affecting the growth rate. Single
clones of the population were tested for improved growth on acetate, ribose and CO;
compared to parental and empty vector controls (see Fig. 7A). These clones grew faster
than the parent, 3m2a phaA::0 +pTE1821. Sequencing revealed that all clones lost the CBB
module (prk-cbbM) through an unwanted recombination event between the ribosomal
binding sites (RBS) of prk and rbsK. As a result, prk and cbbM (needed for CO; fixation)
were excised and rbsK (needed for ribose assimilation and previously transcribed from the
Pcoxs promoter) was placed under control of the stronger Pmxar promoter (see Fig. 7B). This
resulted in improved growth on ribose, as a carbon and energy source, and acetate, as an
energy source, while the dependency on CO; was completely lost.
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Fig. 7. Evolved clones after 61 days of ALE in DASGIP bioreactors. A) Growth profile of selected clones (A22,
A24, A69, A70) on 10 mM acetate, 4.5 mM ribose and 5% COz. The empty vector and pTE1821 (parent strain)
are given as a reference. B) Scheme of the pTE1821 plasmid belonging to the (parental) strain at the start
of ALE in DASGIP bioreactors and the recombination event that resulted in improved growth on acetate and
ribose. All evolved clones tested had a mutated RBS which served as the recombination site to excise prk-
cbbM and enhance expression of rbsK via the upstream Pmxwr promoter. C) Proposed improved
transcriptional units for ribose assimilation with engineered CBB cycle on a mini-chromosome and
additional PPP/CBB cycle genes for overexpression on a separate mini-chromosome. Refer to Table S4 for
more information on each gene.
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4. Conclusions and Outlook

Here we successfully engineered M. extorquens AM1 for the assimilation of ribose, a novel
carbon source, by combining rational engineering and ALE. The evolved strains showed
robust growth on ribose and were subjected to further metabolic engineering to create a
strain that allows co-fixation of CO; with ribose as carbon source, when additional energy
is provided (by acetate oxidation). The successful extension of the metabolic capabilities
of M. extorquens AM1 in respect to Cs sugars opens up interesting applications for the
conversion of plant-derived material as feedstock in the future.

At the same time, our results represent a step towards establishing an autotrophic M.
extorquens AM1 strain that grows with CO; as sole carbon source. Recently, a functional
CBB module was introduced into M. extorquens AM1 (Schada von Borzyskowski et al.,
2018a). While this strain was able to incorporate CO; into biomass (using methanol as an
energy source), it was unable to grow continuously on CO, most likely due to an
unbalanced flux through and out of the CBB cycle, which requires fine-tuning and is an
important prerequisite for achieving robust growth based on autocatalytic cycles
(Antonovsky et al., 2016; Barenholz et al., 2017; Gleizer et al., 2019; Herz et al., 2017). We
note that our engineered strain now provides the possibility to constantly feed ribose to
M. extorquens AM1 to keep the CBB module running during ALE, which was key for recent
efforts to evolve a functional CBB cycle in P. pastoris and E. coli, respectively (Gassler et
al., 2019; Gleizer et al., 2019).

The ALE experiment in which we aimed to further convert our strain into a fully
autotrophic strain showcases that designing the right evolutionary pressure is a very
delicate undertaking and prone to create escape mutants. Having learned from this
experience, we now propose a modified genetic approach for a new round of ALE. First,
we will utilize the newly developed mini-chromosomes for M. extorquens with the
advantage of having a stable copy number as well as a faithful segregation system to
daughter cells (Carrillo et al., 2019). All experiments thus far were performed using a
multi-copy plasmid, whose copy number might be up- or downregulated depending on
the metabolic state of the cell leading to artefacts. Secondly, we will create new
transcriptional units where ribose assimilation genes (rbsK * glf) are already under the
control of Pmxar, followed by CBB cycle genes (prk-cbbM) to avoid escape mutants, as
observed in the ALE experiment. Thirdly, we could upregulate related enzymes, which
might be currently limiting flux through the CBB cycle, as inferred from the improvement
in growth rate that we observed, when cbbF. (FBP/SBPase) was overexpressed (see Fig.
6B). Potential target enzymes include: transketolase, R5P isomerase, FBP aldolase,
2-phosphoglycolate phosphatase, carbonic anhydrase, RuSP epimerase, and FBP/SBPase.
Given that these genes are spread out across the genome, we would probably introduce
a second copy under the control of a constitutive promoter using a separate yet
compatible mini-chromosome (see Fig. 7C). Lastly, additional gene deletions in our chassis
M. extorquens strain might be necessary to ensure ribose growth is not just improved by
an active CBB cycle, but completely dependent on it. Potential knockouts include glucose
6-phosphate dehydrogenase (Zwf, 4 putative genes) and/or phosphoglucose isomerase
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(Pgi, 2 putative genes as bifunctional transaldolase-pgi) as observed in previous studies in
E. coli (Antonovsky et al., 2016; Gleizer et al., 2019; Herz et al., 2017). Altogether, these
efforts might help to finally develop an autotrophic M. extorquens AM1 and serve as a
platform for the development of artificial CO; fixation pathways in the future.
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6. Supporting Information

Table S1 Strains used in this study

Strains
E. coli DH5a

E. coliTOP10

M. extorquens CM2720

GLO

GL1m3

3ml

3m2

3m3

6m1l

3m2a

3m2a phaA::0

273_parent (3m2a
phaA:.0 + pTE1821)
273_A22

273_A24

273_A69

273_A70

CM2720 TobG_R200*

Description

F- ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl
hsdR17(r«, mk*) phoA supE4d4 thi-1 gyrA96 relA1 A
F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15
AlacX74 recAl1 araD139 A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

AM1 strain deficient in cellulose production
CM2720 + pTE1154 (parent, unevolved), Tc?
Evolved clone from GLO, (pTE1154); TcR

Evolved clone from GLO, (pTE1154); Tc®

Evolved clone from GLO, (pTE1154); Tck

Evolved clone from GLO, (pTE1154); Tc®

Evolved clone from GLO, (pTE1154); Tc®

Evolved clone from GLO, cured of pTE1154 (Tc®)
AM1], ribose evolved, phaA::0, deficient in C1 and C;
growth

3m2a phaA::0 + pTE1821 (unevolved), Tck

Evolved clone from “273_parent”, Tc®
Evolved clone from “273_parent”, Tc?
Evolved clone from “273_parent”, Tc®
Evolved clone from “273_parent”, Tc?
Truncated tobG allele in CM2720

Reference
Thermo Fischer
Scientific
Thermo Fischer
Scientific

(Delaney et al., 2013)
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study
This study
This study
This study
This study
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Fig. S1. Reads mapped to toblerol (tob) locus from the M. extorquens AM1 megaplasmid (GenBank:
CP001511.1) of GLO (CM2720 + pTE1154; unevolved parent) and ribose evolved clones 1m3, 3m1, 3m2,
3m2, and 6m1. All evolved clones lack part of the tob locus and clone 3m1 only lacks tobG; which was
assumed to be the relevant mutation shared amongst all ribose evolved clones. Genes related to the tob

locus are shown in green, neighboring genes in grey.



126

Part Two: Results

Table S2 Plasmids used in this study

Plasmids Description Cloning strategy Reference
pET28b Pr7-aco expression vector, N-terminal His tag, n. a. Novagen
KmR
pZY507glf- Plasmid containing glf from Zymomonas mobilis  n. a. Sequencing revealed Glfriasa mutation. (Weisser et al., 1995)
glk
pCM80 Pmxar promoter, oriV-tral’ origin, Tc® n. (Marx and Lidstrom, 2001)
pCM433 Allele exchange vector with sacB counter n. (Marx, 2008)
selection, AmpR TcR CmR
pTE680 pET16b-derivative with N-terminal Strep-Il and Backbone: Ncol, Hindlll digested pET16b; Insert: Ncol, Hindlll digested Bastian Vogeli
C-terminal 6xHis tags, AmpF® synthetic multiple cloning site bvlcut. Ligation with T4 DNA ligase. (unpublished results) /
Scheffen et al.
pTE1885 Pr/0a/a1 promoter; empty MCS with N-terminal n.a (Carrillo et al., 2019)
Strep-ll tag, pMG160 origin, KmF®
pTE100 Promoter-less, oriV-tral’ origin, Tck n.a (Schada von Borzyskowski
et al, 2015)
pTE104 Pcoxs promoter, oriV-tral’ origin, Tck n.a (Schada von Borzyskowski
et al, 2015)
pTE94 Pmxar-prk-cbbM, oriV-tral’ origin, TcR n. a. Prk from M. extorquens AM1, CbbM from R. rubrum S1. (Schada von Borzyskowski
et al., 2018a)
pTE95 Pmxar-prk-cbbM_K191M, oriV-tra)’ origin, Tck n. a. Prk from M. extorquens AM1, CbbM from R. rubrum S1. (Schada von Borzyskowski
cbbM_K191Mis a catalytically inactive mutant of chbM. et al., 2018a)
pTE1144 Pr7.1aco-RbsK expression vector, N-terminal His Backbone: Ndel, EcoRl linearized pET28b; Insert: Ndel, EcoRl digest of PCR  This study
tag, KmR product from E. coli K-12 gDNA pr. rbsk_Ndel_fw+ rbsK_EcoRI_fw.
Ligation with T4 DNA ligase.
pTE1145 Pcoxs-rbsK, oriV-tral’ origin, Tc? Backbone: Spel, Kpnl linearized pTE104; Insert: PCR product from This study
pTE1144 prMC86+MC87. By Gibson assembly.
pTE1122 pET16b-derivative expressing AtGLYR1 Backbone: Xbal, EcoRI digested pTE680; Insert: Xbal, EcoRI digested This study / Carrillo et al. /
containing an N-terminal Strep-Il tag, Amp~® AtGR1_opt (synthetic codon optimized gene for M. extorquens from Scheffen et al.
Eurofins). Ligation with T4 DNA ligase. (unpublished results)
pTE1152 pET16b-derivative expressing glf containing an Backbone: 5.3 kb fragment of Ndel, Spel digested pTE1122; Insert: Ndel, This study

N-terminal Strep-Il tag, Amp®R

Spel digest of PCR product from pZY507-glf-glk prMC98+MC99. Ligation
with T4 DNA ligase.
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Plasmids Description Cloning strategy Reference
pTE1154 Peoxs-rbsK-glf, oriv-tral’ origin, Tc® Backbone: Spel, Kpnl linearized pTE1145. Insert: Xbal, Kpnl digest of PCR This study
of pTE1152 prT7 fw+MC99. Ligation with T4 DNA ligase.
pTE1157 Pmxar-prk-cbbM-Trms-Pcoxs-rbsk, oriV-tra)’ origin,  Backbone: EcoRl linearized and dephosphorylated pTE94; Inserts: PCR This study
TcR product of E. coli K-12 gDNA prMC115+MC116, PCR product of pTE1145
prMC117+MC114. By Gibson assembly.
pTE1159 Pmxar-prk-cbbM-Tms-Pcoxs-rbsK-glf, oriV-tra)’ Backbone: EcoRl linearized and dephosphorylated pTE94; Inserts: PCR
origin, Tc® product from E. coli K-12 gDNA prMC115+MC116, PCR product of
pTE1154 prMC+MC. By Gibson assembly.
pTE1171 Pmxar-prk-cbbM_K191M-T ms-Pcoxs-rbsK, oriV- Backbone: EcoRl linearized and dephosphorylated pTE95; Inserts: PCR This study
tra)’ origin, Tc® product of E. coli K-12 gDNA prMC115+MC116, PCR product of pTE1145
prMC117+MC119, PCR product of pTE1145 prMC118 + MC114. By Gibson
assembly.
pTE1821 Pmxar-prk-cbbM-Tmg-Pcoxs-rbskK-cbbFc_opt, Backbone: EcoRl, Spel linearized pTE1157; Insert: Munl, Spel 1.2 kb This study
oriV-traJ’ origin, Tc® fragment of Strep C. necator cbbFc (M. extorquens codon optimized
synthetic gene from Eurofins, see below). Ligation with T4 DNA ligase.
pTE1839 Vector for allelic exchange with phaA::0 Backbone: Bglll, Sacl cut pCM433; Inserts: PCR products of 558 bps This study
(META1p3700), shortened peptide has 17 Nter prMC305+MC306 and 703 bps prMC307+MC308 from M. extorquens
aa fused to 18 Cter aa, sacB, AmpR TcR CmR gDNA. By Gibson assembly.
pTE1897 Pr/oa/a1-TIMwr, N-terminal Strep-Il tag, pMG160  Backbone: Ndel, Spel digested pTE1885; Insert: Ndel, Spel digested PCR This study
origin, Km® product pr430+431 of clone 3m2 gDNA. Ligation with T4 DNA ligase.
pTE1898 Pr/0a/a1-TIMe770, N-terminal Strep-Il tag, Backbone: Ndel, Spel digested pTE1885; Insert: Ndel, Spel digested PCR This study
pMG160 origin, Km® product pr430+431 of clone 1m3 gDNA. Ligation with T4 DNA ligase.
pTE2709 Vector with tobG locus of clone 3m1, AmpR TcR Backbone: Aatll, Xhol digested pCM433; Insert: PCR product of 3m1 gDNA  This study
CmR with prMC446+MC447. By Gibson assembly. Correct sequence via primer
walking showed IS3 family insertion in tobG.
pTE2712 Vector for truncated TobG_R200* allelic Backbone: Aatll, Xhol digested pCM433; Inserts: PCR products from This study
exchange, sacB, Amp® Tc® CmF pTE2709 prMC446+MC458 and MC459+MC447. Gibson assembly
pTE2732 Vector with TIMa77o for allelic exchange, sacB, Backbone: Aatll, Xhol digested pCM433; Insert: PCR product This study

AmpR Tc® CmF

prMC528+MC529 from clone 1m3 gDNA. By Gibson assembly.

n. a. — not applicable, gDNA — genomic DNA, AmpF® — ampicillin resistance, Cm® — chloramphenicol resistance, Km® — kanamycin resistance, Tc® — tetracycline resistance, pr —

primers, aa —amino acids.
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Strep C. necator CbbFc opt— Nter Strep-Il tag codon optimized for M. extorquens AM1. Start and stop codons are underlined and shown in bold.

CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGCGAGCTGGAGCCATCCGCAGTTTGAAAAAATTGAAGGCCGCCATATGCCCGAAGTGCAACGGATGACACTGACCCAGTTT

CTTATCGAGGAGCGACGCCGGTATCCGGATGCGTCGGGAGGTTTTAATGGTCTGATTCTCAACGTCGCGATGGCCTGCAAGGAGATCGCGCGCGCGGTGGCCTTCGGCGCGTTGGGCGGGLTT
CATGGCAAGGCGTCGAATCAGGCCGGTGAGGCCGGCGCCGTGAACGTGCAGGGCGAAATCCAACAGAAGCTCGATGTCCTCAGCAACACCACGTTCCTCCGTGTGAACGAATGGGGCGGTTA

CCTCGCCGGTATGGCCTCGGAAGAAATGGAGGCGCCGTACCAGATTCCGGACCACTATCCCCGGGGCAAGTACCTCCTCGTTTTCGATCCCCTCGATGGGTCCTCCAACATCGACGTCAACGTCT
CGGTGGGGTCGATCTTCAGCGTGCTGCGCGCGCCCGAGGGCGCCAGTGCCGTCACGGAGCAGGACTTCCTCCAGCCGGGCAGCGCGCAGGTCGCCGCCGGCTATGCGCTGTATGGCCCAACG

ACCATGCTGGTCCTGACCGTCGGCAACGGCGTCAACGGCTTTACCCTGGACCCAAATCTGGGCGAGTTCTTCCTGACGCACCCGAACCTGCAGGTGCCGGCCGATACGCAGGAGTTCGCCATCA
ACGCCTCGAACTCGCGATTCTGGGAGGCCCCCGTGCAGCGTTACATCGCCGAATGCATGGCGGGCAAGTCGGGCCCGCGCGGCAAGGACTTCAACATGCGGTGGATCGCTAGCATGGTGGCC

GAGGCACACCGCATCCTGATGCGCGGCGGCGTGTTCATGTACCCCCGCGACTCTAAGGACCCAGCCAAGCCCGGCCGCCTGCGCCTCCTCTACGAGGCCAACCCTATCGCGTTTCTCATGGAGC

AGGCCGGCGGCCGCGCCTCGACCGGCCGCCAGACCCTGATGTCCGTCGCGCCCGGCGCCCTCCATCAGCGCATCGGCGTCATCTTCGGCAGCCGCAACGAGGTCGAGCGAATCGAGGGCTATC
ACACCGATCAGACCGACCCGGACCTCCCGTCCCCGCTCTTCAACGAGCGCAGCCTCTTCCGCGCGTCCGCCTGACTAGTCCTGCAGGTACCTAATTCACTGGCCGTCGTT
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Table S3 Primers used in this study.

Primer #
MC86
Mc87

MC114
MC115
MC116
MC117
MC118
MC119
MC165
MC305
MC306
MC307
MC308
MC310
MC315
MC430
MC431
MC446
MCa47
MC452
MC453
MC454
MC458
MC459
MC485
MC486
MC528
MC529
MC532
MC540
0s14
rbsK_Ndel_fw
rbsK_EcoRI_fw
T7 fw

Sequence
AAGCTTAGATCTTGAAAGAAGGAGATATACCATGGGCAG
GACGGCCAGTGAATTAGGTACCTCTGACTAGTCGACGGAGCTCGAATTC
TTGTAAAACGACGGCCAGTG
AGCGCCCTTCCGGCGTAACCGCCTGGCCAGGCATCAAATAAAACG
GGCTGCCTCTGGGGATACGGTCTAGAGGAAGAGTTTGTAGAAACG
TTTTGCGTTTCTACAAACTCTTCCTCTAGACCGTATCCCCAGAG
ATCGGTACACCGGTTGATATCC
GATATCAACCGGTGTACCGATTGC
CTAGGTACCGCGAGAGCCTTAGATCAGAC
AGTGCCACCTGACGTCTAGAAGCGTGCGTCGTAGACGATG
ATGCAGAGCGTGACGGGCGTACGCGCCGCACC
TACGCCCGTCACGCTCTGCATCGGCGGCGGCATG
CGGCTGGATCCTCTAGTGAGCTGTGCAGGTGAACATCGAGTC
ATGGTCTTGCGGCGGACTTC

CCTGCTCGAAGATGATCTG
TATCATATGGCAAGCGAGGGACG
TGACTAGTAGGGCTCACCCCTCGTAAG
CGAAAAGTGCCACCTGACGTATACAGCGGAAGGGAATGGG
TACGTAGGGCCCGCGGCCGCCGATCAGCGTCTGTTAGTTCC
TTCAACACGCCCACCCAGAC

GCGTTTCCACCACTCCTTC

TTGCCCTGCGTTTGAGGATG
TTAGGGCCGTCCGATGCCGATGC
CGGCATCGGACGGCCCTAAGTTCGGGTTCCTGGATAC
GATGTCCTGACTCGCAACTTC

GAATGCCGAGTTCCTTTGAG
GAAAAGTGCCACCTGACGTCTGGCACTGCGAATGGACTG
TACGTAGGGCCCGCGGCCGCAGGGCTCACCCCTCGTAAG
GTCGACATCGGTTGATACG

AGGTCGCTGGTTCAAATCC

AGCCTGGTCGGCTGGATCCTC
GACGCCTCATATGCAAAACGCAGGCAGCCTCG
GCCACTCGAATTCTCACCTCTGCCTGTCTAAAAATG
TAATACGACTCACTATAGGG
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Table S4 Genes and corresponding gene products involved in the engineered CBB cycle of M. extorquens AM1

Gene name
eda
edd
zZwf
pgl
tal-pgi
gnd
cbbF
glpX
tkt
CbbA
tpiA
gapA
pgk
gpmA
prk
rpiA
rpe
cynT
rbskK
glf
Cbch
cbbM

Annotated gene product
2-keto-3-deoxy-6-phosphogluconate aldolase
6-phosphogluconate dehydratase

Glucose 6-phosphate 1-dehydrogenase
6-phosphogluconolactonase

Bifunctional transaldolase/phosphoglucose isomerase
6-phosphogluconate dehydrogenase
Fructose-1,6-bisphosphatase (sedoheptulose-1,7- bisphosphatase?)
Fructose-1,6-bisphosphatase (sedoheptulose-1,7- bisphosphatase?)
Transketolase

Fructose-1,6-bisphosphate aldolase

Triosephosphate isomerase

Glyceraldehyde-3-phosphate dehydrogenase
Phosphoglycerate kinase

Phosphoglycerate mutase

Phosphoribulokinase

Ribose-5-phosphate isomerase

Ribulose-5-phosphate 3-epimerase

Carbonic anhydrase

Ribose kinase

Sugar facilitator

Bifunctional fructose-1,6-/Sedoheptulose-1,7-bisphosphatase
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO)

Ordered locus (loci)
META1p1985
META1p1986

META1p0364, 1p1408, 1p1864, 1p2490

META1p1866, 1p5284
META1p1862, 1p4950
META1p1863, 1p5283
META1p0757
META1p1940

META1p1861, 1p2078-9, 1p4949

META1p2370
META1p5115
META1p2367
META1p2369
META1p1116, 1p1218, 1p2472
META1p0758
META1p2299
META1p0768

META1p3028, (putative 1p1418 1p4490)

JW3731

ZMO0366

H16_B1390 (chromosomal)
Rru_A2400

Organism of origin

NN NN NN N NN N N N N N

. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)

extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)
extorquens AM1 (native gene)

. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)
. extorquens AM1 (native gene)

E. coli K-12

Zymomonas mobilis CP4
Cupriavidus necator H16
Rhodospirrilum rubrum S1
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Fig. S2. Locus surrounding the celABC (META1p1167-69) operon in the main chromosome of M. extorquens AM1 (GenBank: CP001510). A) Illumina read coverage in CM2720,
CM2720 + pTE1154 (GLO parent) and ribose evolved clones 1m3, 3m1, 3m2, 3m3, 6m1. Lack of coverage suggests an (unexpected) large deletion in this region (= 77 kb)
instead of the celABC operon deletion (= 8.3 kb) reported previously (Delaney et al., 2013). Given that this region is missing in CM2720 ‘wildtype’ (Delaney et al., 2013) as
well as all derivative strains suggests it did not occur during ALE. B) Genomic organization in wildtype M. extorquens AM1 and all CM2720-derivative strains. A 323 bp
repetitive region (shown as a yellow box) was likely the template for recombination with sacB counterselection to yield a = 77 kb deletion instead of the intended = 8.3 kb
deletion yielding CM2720 as performed by (Delaney et al., 2013). The correct sequence at this locus (shown below) was confirmed by colony PCR and Sanger sequencing
using primers MC532 (1p1096 fw) and MC540 (celABC gap rv1) shown in purple for CM2720.
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DNA sequence after = 77 kb deletion near the celABC locus found in CM2720 and derivative strains. Primers MC532 and MC540 used for amplification and sequencing are
shown in purple; the 323 bps repetitive region is shown in yellow; the start codon of META1p1096 is underlined.

GTCGACATCGGTTGATACGCCGCATGCAGCAGCGGCCGCCATGAGACGTTGACGGACGTCCAAGCTCGCCGGAGCAACCACGTATCCCGCCTCACGATCGCCGATCATGATCGAGGCGACGCG
TGGGGCCAAGTGCCAGTGCAGGCCGATCAGCGCACACAGCACGGCATCGAGTCTGTCCTGATCAGCCTTCCGCGGGGCTGCGATGCTGGCGAGGTCGTCAGCCCATGCTGAGAGCCCCGCGAT
CTGGTGCTCCTCGCTCAATCGCCGCATGGTAGCGACCACGTTGTGCCAATGAGCCAGCGCGAAGGTCTTCCGTCAGACTGGGTTTTAGCCCGGCGCGGTGAGCCGCCCGCAGAAGGCCAGATC
GAGTGGCGGAATTGTTAGCGCCAGGTGGTCGAATGTCCTGACCGCCCAAGTGGATGGTAGCGCGGCCCTCCTCAGGCAAAGGTTACACGTTCGAATCGTGTCGGGTGCACCATTCCTGAACTG
ATGTGTGAACGTTTTTCGGGTTGGGTGGATCTACGCGAGCGTGTCGCGGCTGCGGTGGCAGCAGGTGCCTTCTGCCATTGCGCCGCAGCCCACTTCGGGGTCAGCGTTTCGACTGCCAGCCGCT
GGTCGCAACGCTTCCGCCTCGAGGGTCAACTCTTCCCCAAGCCCAGGGGCGGCGATCACACCTCGAAGTGGATCAAGGCGTATGCCGCGCTTGATCCTGGCGATCTCCCAGCAGAAATCGCGTT
GACCTTGCCCCCTGTTTGCCCCCGTTCATAACCAGAGTCCGTTCTGGTTCTGGTCCTGTCGGGACCGGGTTGCAAACGCGTTCGGGGTGAGCCCGCCGAGGCTCGTGTGGGGGCGGCAGGTGTT
ATAGTCGACCCGCCACGCCTCGATGATGGTCCGGGCCGCCGGCAGGCTCCGGAACAGATGCTCGTTCAGGCACTCGTCGCGCAAGCGCCCGTTCAAGCTCTCGACAAAACCGTTCTGCTGCG
GCTTGCCGGGCGCGATGTAATGCCACTCGACCGCACGCTCCTCCTGCCAGCGCAGGATGGCGTGCGAGGTCAGCTCGGTGCCGTTGTCCGAGACGATCATCAGCGGCTTGCCCCGGCCCTTG
ATGATCCGGTCGAGTTCACGCGTGACCCGCCGCCCGGACAGCGACGTGTCGACCACCAGCGCCAGGCACTCCCGCGTGCAGTCATCGACCACGACGAGGATGCGGAAGCGCCGCCCGTCGTC
GAGCGTGTCGGAGACGAAGTCGAGGCTCCAGCGCTGGTTCGGCTCCTGCGGCACCGCGGCGGGCGCTCGCGTGCCAAGTGCTCGCTTGCGACCTCCGCGCTTGCGCACCGACAGCLLGCTCCTC
TCGGTAGAGCCGGAAGAGCTTCTTGTGGTTGAGAGCGAGGCCCTCCCGCCGCAGTAGGATGAGCAGGCGCCGGTAGCCGAACCGGCGGCGLCTCGCCGGCCAGGLCLCGLCGCAGGLGLACCCGL
ACAGCCGCGTCGTCACCACGGGTCGAGGCGTAGCGGTACGTCTTCGGCTCAAGGCCGATCAGCCCGCAGGCACGACGCTGCGAATAACCTTTCTCCTCGATGGCCCAGCTCACGGCCGTTCTCC
GTGCGCCGGGCGTCAGAAGTTTTTTCCCAGCGCCTCACGCAGCGTGGCCACGTCGAGCATCGCCTCGGCCAGGAGCTTCTTGAGCTTGCGGTTCTCCTCATCGAGCGCCTTCAGACGCCGCGCG
TCCGAGACCTCCATGCCGCCGAAGCGCGAGCGCCACGTGTAGAACGTCGCGTCGCTGATGCCGTGGCGGCGACAGATCTCAGCCACCGGCAGCCCAGCCTGCTGCTCCTTCAGGATGCCGATG
ATCTGCTCTTCGCTAAACCGGCTCTTCTTCATCGTCCGTCTCCTGCTCGACGGACCCTAGCTTCAGAATGAGGGCAGGCCAGGGGGCAAGGTCAGGACGACCGCGCTGACCGCGCGGCTCCTCG
CCCAGCCTACTCCGTGTGCAGCGCGAATGACAGAAAGCCCGCGGGCATGGTGGCCAGCGGGCTTGCGGTCGTCTGTGATGATGTCGGTTGGTTGGTGCGTGTGTTCGTGTGCGTTGGTTGCGG

GGGCTGGATTTGAACCAGCGACCT
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List of common abbreviations:

KDPG — 2-keto-3-deoxy-6-phosphogluconate
G6P — glucose 6-phosphate

6PG| — 6-phosphogluconate

F6P — fructose 6-phosphate

E4P — erythrose 4-phosphate

FBP — fructose bisphosphate

GA3P —glyceraldehyde 3-phosphate
SBP — sedoheptulose bisphosphate
S7P — sedoheptulose 7-phosphate
DHAP — dihydroxyacetone phosphate
1,3 BPG — 1,3 bisphosphoglycerate
3PG — 3-phosphoglycerate

2PG - 2-phosphoglycerate

RuBP — ribulose bisphosphate

Ru5P —ribulose 5-phosphate

R5P — ribose 5-phosphate

Xu5P — xylulose 5-phosphate
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Abstract

Our aim was to explore the in vivo implementation of synthetic CO; fixation cycles. We
focus on the CETCH cycle that was recently described in vitro and we used the model
organism Methylorubrum extorquens AM1 because it already utilizes a large number of
the required enzymatic reactions within its native metabolism. In this study, we identify,
characterize, and implement the missing steps of the CETCH cycles in vivo. Carbon
acquisition exclusively via the CETCH cycle remains to be established and improved by
adaptive laboratory evolution.
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Introduction

While CO; is one of the drivers of global warming, it is also an overlooked source of carbon
that could be exploited for a wealth of applications. Chemical CO; capture requires harsh
conditions, yet nature has found mild and efficient solutions for biological CO; fixation
using enzymes called carboxylases. Pathways that can incorporate inorganic carbon into
central carbon metabolites as the sole carbon source enable organisms to grow
autotrophically, i. e., without assimilating organic carbon from their environment. Seven
natural CO; fixation pathways, most of them cycles, have been described to date in
phylogenetically and ecologically diverse organisms?. In this study, we focus on the
implementation of a synthetic carbon fixation cycle.

The synthetic crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle relies
on the carboxylation activity of crotonyl-CoA carboxylase/reductase (Ccr); an enzyme that
uses reducing power to overcome the thermodynamic barrier for CO, fixation of
enoyl-CoA esters?. Ccr was first characterized as part of the ethylmalonyl-CoA pathway
(EMCP), an anaplerotic acetyl-CoA assimilation pathway common in a-proteobacteria
lacking isocitrate lyase activity>. The two carboxylation steps of the EMCP allow the
formation of glyoxylate, which is assimilated into biomass. Although the EMCP does not
drive autotrophic growth in nature, its synthetic derivative CETCH could fulfill this role and
was already successfully realized in vitro?.

M. extorquens AM1 (formerly Methylobacterium extorquens) is a model organism whose
genome has been sequenced?, is genetically tractable> ¢ and for which several genetic
tools are available”12. We utilize this bacterium for in vivo implementation as it relies on
the EMCP for growth on C; and C; carbon sources. When growing on methanol (C1) the
EMCP assimilates acetyl-CoA formed by the serine cycle; the subsequently released
glyoxylate serves as acceptor carbon backbone for C; unit assimilation (see Figure 1). In
the case of acetate (C;), the EMCP is a linear pathway where the fixed glyoxylate is
incorporated into malate for biomass formation (see Figure 2). Knockouts upstream of ccr
in the EMCP will abolish growth on C; and C; carbon sources. In turn, implementation of
a functional CETCH cycle should restore growth of these strains. To achieve this goal we
(i) characterized enzyme homologues to catalyze the reactions of the regeneration
module for crotonyl-CoA (CO; acceptor), (ii) combined all steps in M. extorquens knockout
strains for growth restoration on C1/C, carbon sources, and (iii) explored co-feeding
strategies selecting for a complete functional CETCH cycle for adaptive laboratory
evolution (ALE) approaches in the future.

Results and Discussion

The implementation of the CETCH cycle into the M. extorquens metabolic network is
described in Figures 1 and 2. The first step was to find a succinyl-CoA reductase (Scr) that
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would express well in M. extorquens. While the well-characterized homologue CkSucD of
Clostridium kluyveri (ordered locus: CLK_3015) was used in the in vitro realization of this
cycle? 13, we also investigated two other homologues, CdSucD from Clostridioides difficile
630 (ordered locus: CD630_23420) and PgSucD from Porphymonas gingivalis (ordered
locus: PGN_0723), which, as far as we know, have not been biochemically characterized
before. CkSucD had a lower ket of 2.5 + 0.2 st than previously reported, although it must
be noted that it was purified from Escherichia coli instead of natively’3. The C. difficile
homologue had a kcat of 28.1 + 3.9 st and the P. gingivalis homologue a keat 0f 2.7 £0.2 572
(see Figure 3). Interestingly, both Clostridia homologues use NADPH as a cofactor,
whereas PgSucD uses NADH to form succinic semialdehyde (SSA). All three homolog genes
were expressed in M. extorquens using the inducible Paijos4/03 promoter, with PgSucD
showing the highest activity in cell lysates (see Figure 6a).

The second step of the crotonyl-CoA regeneration module is the formation of
4-hydroxybutyrate (4HB) by a succinic semialdehyde reductase (Ssr). Initially, we used a
codon-optimized version of the human enzyme, AKR7a2, as described previously? 4,
Although AKR7a2 can be produced in E. coli, as no eukaryotic post-translational
modifications are needed, we could never detect Ssr activity in M. extorquens cell lysates
expressing AKR7a2. We tested SSA reductases AtGR1 and Gox1801 from Arabidopsis
thaliana and Gluconobacter oxydans, respectively, which showed good catalytic
efficiencies in previous studies’ 1. Interestingly, AtGR1 uses NADPH as a cofactor while
Gox1801 uses NADH and NADPH at equal rates. We expressed each under the control of
a weak promoter, Pgmc, and detected 47 mU mg?! total protein for AtGR1 and

226 mU mg! total protein for Gox1801 in M. extorquens cell lysates (see Figure 6b).
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Figure 1. Implementation strategy of the CETCH cycle into the M. extorquens AM1 metabolic network during
growth on methanol (C1). A phaA or phaB knockout is proposed to prevent carbon assimilation into biomass.
The regeneration module (shown in blue: SucD homologue, Gox1801, AbfT, Nmar0207) closes the CETCH
cycle and should restore growth on methanol (Ci1). Dashed lines represent metabolic reactions made
redundant upon implementation of the CETCH cycle (genes in green). Abbreviations: CH2-THF: methylene
tetrahydrofolate; THF: tetrahydrofolate; SSA: succinic semialdehyde, 4HB: 4-hydroxybutyrate, 4HB-CoA:
4-hydroxybutyryl-CoA. Genes: phaA: B-ketothiolase; phaB: acetoacetyl-CoA reductase; croR: crotonase; ccr:
crotonyl-CoA carboxylase/reductase; epi: ethylmalonyl-CoA/methylmalonyl-CoA epimerase; ecm:
ethylmalonyl-CoA mutase; msd (ibd2): methylsuccinyl-CoA dehydrogenase; mch: mesaconyl-CoA hydratase,
mclA1/A2:  L-malyl-CoA/B-methylmalyl-CoA lyase; pccAB: propionyl-CoA  carboxylase, mcm:
methylmalonyl-CoA mutase; mtkAB: malate thiokinase; sucCD: succinyl-CoA synthetase; sdhABCD:
succinate dehydrogenase complex; fumC: fumarase. For simplicity, cofactors are not shown.
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Figure 2. Implementation strategy of the CETCH cycle into the M. extorquens AM1 metabolic network during
growth on acetate (Cz2). A phaA knockout is proposed to prevent carbon assimilation into biomass. The
regeneration module (shown in blue: SucD homologue, Gox1801, AbfT, Nmar0207) closes the CETCH cycle
and should restore growth on acetate (Cz). Dashed lines represent metabolic reactions made redundant
upon implementation of the CETCH cycle (genes in green). Abbreviations: SSA — succinic semialdehyde, 4HB
- 4-hydroxybutyrate, 4HB-CoA — 4-hydroxybutyryl-CoA. Genes: acsA: acetyl-CoA synthetase; phaA: B-
ketothiolase; phaB: acetoacetyl-CoA reductase; croR: crotonase; ccr: crotonyl-CoA carboxylase/reductase;
epi: ethylmalonyl-CoA/methylmalonyl-CoA epimerase; ecm: ethylmalonyl-CoA mutase; msd (ibd2):
methylsuccinyl-CoA dehydrogenase; mch: mesaconyl-CoA hydratase, mclA1/A2: L-malyl-CoA/B-
methylmalyl-CoA lyase; pccAB: propionyl-CoA carboxylase, mcm: methylmalonyl-CoA mutase; mtkAB:
malate thiokinase; sucCD: succinyl-CoA synthetase; sdhABCD: succinate dehydrogenase complex; fumcC:
fumarase.
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Figure 3. Michaelis-Menten kinetics of Ssr homologues (SucD) from C. kluyveri, C. difficile, and P. gingivalis.
The data points were analyzed using nonlinear regression in GraphPad Prism 7. ®The C. kluyveri data set was
analyzed for substrate inhibition and showed a Ki of 730 uM for succinyl-CoA. App. Km — apparent Kw.

The activation of 4HB to the corresponding CoA ester can be carried out by a CoA
synthetase or transferase. 4-hydroxybutyryl-CoA synthetases (Hbs) are exclusively found
in the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle of autotrophic archaea.
We first tested Nmar0206, an ADP-forming synthetase from Nitrosopumilus maritimus?’,
but we could not detect activity in M. extorquens cell lysates (data not shown).
Co-expression of M. extorquens and E. coli GroES-GroEL chaperons also did not yield any
activity in cell lysates. We did not attempt to introduce more archaeal Hbs since those
characterized originate from (hyper)thermophilic organisms?é. Instead, we investigated
various mesophilic CoA synthetases for promiscuity towards 4HB. First, we tested
wildtype acyl-CoA synthetases: ScerAcslp from Saccharomyces cerevisiae, EryAcsl and
EryAcs2 from Erythrobacter sp. NAP1, and EcPrpE from E. coli. However, we did not detect
any activity towards 4HB. We also tested RIMatB from Rhizobium lequminosarum?®®,
whose native substrate malonate is relatively bulky, hoping the active site might
accommodate 4HB better. Neither wildtype MatB nor R298Q and R298K mutants showed
any activity towards 4HB. The native malate thiokinase (MtkAB) was also tested for
activity towards 4HB, but to no avail. Interestingly, both Acs isozymes from Erythrobacter
sp. NAP1 had a wide range of substrates, including 3-hydroxybutyrate but not 4HB,
succinate, or malate (see Figure 4a). A V379A mutation, shown to open the active site of
Salmonella enterica Acs?’, was introduced into Erythrobacter sp. NAP1 Acsl, which
allowed activation of 4HB with a ket of 0.243 + 0.005 s (see Figure 4b). EryAcslyszoa has
a catalytic efficiency of 150 M s with 4HB as substrate, which is not ideal for supporting
growth, nevertheless, it was tested in M. extorquens. Under the weak promoter Psumc, Hbs
activity from EryAcslvszeoa was not detectable over the background, while a stronger
promoter caused cellular toxicity.
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Figure 4. Putative acetyl-CoA synthetases of Erythrobacter sp. NAP1. Substrate specificity of Acs1 and Acs2
(a). Michaelis-Menten kinetics of Acslvszea mutant towards 4-hydroxybutyrate (b). The data points were
analyzed using nonlinear regression in GraphPad Prism 7. App. Km — apparent Kw.

Next, we explored 4HB activation via the CoA transferases Pct from Cupriavidus necator
and AbfT from Clostridium aminobutyricum (see Figure 5). Pct showed a kcat of 15.6 £ 0.9
s albeit with an apparent Km for 4HB of 250 + 32 mM while AbfT had very good kinetic
parameters - ket of 700 + 50 st and apparent Ky of 2.2 + 0.4 mM - making it a promising
candidate for in vivo implementation. Both transferases were characterized with excess
acetyl-CoA as co-substrate although propionyl-CoA, amongst other CoA donors, is also
accepted?!. The abfT gene expressed very well in M. extorquens, with 33.3 U mg?! total
protein (with propionyl-CoA as donor) detected in cell lysates using the P.oxs promoter
(see Figure 6c).
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Figure 5. Michaelis-Menten kinetics of CoA transferases towards 4HB from C. necator and C.
aminobutyricum with acetyl-CoA provided as CoA donor. The data points were analyzed using nonlinear
regression in GraphPad Prism 7. App. Km — apparent Kw.

The final step of the regeneration module is the dehydration of 4-hydroxybutyryl-CoA
(4HB-CoA) catalyzed by a 4-hydroxybutyryl-CoA dehydratase (Hbd), which vyields
crotonyl-CoA. Most Hbd homologues characterized thus far were very oxygen sensitive;
however, the Hbd Nmar0207 from N. maritimus (ordered locus: Nmar_0207) was shown
to be oxygen tolerant and originates from a mesophilic organism?’. In M. extorquens, Hbd
activity at 1.3 U mg! total protein was detected when Nmar0207 was expressed under
the control of the Pmxar promoter (see Figure 6¢). This enzyme was therefore selected for
further in vivo implementation attempts.
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Figure 6. Specific activity of CETCH regeneration module enzymes in M. extorquens cell lysates. Genes
encoding Scr homologues were expressed from the Paijos/0s promoter induced with 1 mM IPTG (a). Genes
encoding Ssr homologues AKR7a2, AtGR1, and Gox1801 were expressed from the Psumc promoter (b). Genes
encoding the Hbt AbfT and Hbd Nmar0207 were expressed from the Pcoxs and Pmxar promoters, respectively
(c). n.d. — not detected. Homologues shown in blue were used further.

Having identified genes and biochemically characterized the corresponding enzymes for
each step of the regeneration module with suitable expression in M. extorquens, we
proceeded to combine them in mutant strains deficient in growth on Ci/C, carbon
sources. We first knocked out the celABC operon of previously generated phaA::kan and
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phaB::kan mutants?? to reduce clumping of cells for accurate long-term opticaldensity
measurements, yielding Acel AphaA::kan and Acel AphaB::kan. These two strains were
then equipped with a regeneration module consisting of CkSucD, Gox1801, AbfT, and
Nmar0207 to restore growth on C1/C; carbon sources. We fine-tuned gene expression for
crotonyl-CoA formation via operon organization and by increasing the translation
initiation rate (TIR) of CkSucD- which we believed to be limiting - from 12,000 to 19,000
(henceforth named +CETCH_12k and +CETCH_19k) according to the ribosomal binding
site (RBS) calculator?®>. However, growth on methanol was not restored without the
addition of external glyoxylate to the medium (see Figure 7). Acel AphaA::kan +CETCH_12k
and +CETCH_19k grew to higher cell densities compared to the empty vector control on
methanol and 7.5 or 10 mM glyoxylate (see Figure 7a-c). The adaptation period was also
shorter; however, the doubling time (D:) was still faster for the empty vector strain (see
Table 1). A similar behavior was observed for Acel AphaB::kan, where the +CETCH module
significantly shortened the lag phase but did not improve the D:. Interestingly, in this strain
the lag phase was drastically shortened for +CETCH_12k and +CETCH_19k strains, but not
for the empty vector, after re-inoculation in the same medium (see Figure S1), hinting at
a need for the cells to adjust to the new environment. While these are already promising
conditions for adaptive laboratory evolution (ALE), we wished to obtain a strain with
tighter selection.
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Figure 7. Growth profiles of Acel AphaA::kan (a-c) and Acel AphaB::kan (d-f) on 123 mM methanol and
varying concentrations of glyoxylate. Empty vector (a, d; pTE1841), +CETCH_12k (b, e; pTE1843) and
+CETCH_19k (c, f; pTE1845) cultures were all induced with 100 uM of IPTG. The RBS ahead of the gene
encoding CkSucD was optimized for higher expression (12,000 or 19,000 TIR, respectively) according to the
Salis RBS calculator v1.0.
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Table 1. Comparison of the D: (h) of M. extorquens strains grown on 123 mM methanol and glyoxylate.

. External glyoxylate added
Strain

[2.5 mM] [5 mM] [7.5 mM] [10 mM]
Acel AphaA::kan empty vector  21.15 16.35 12.87 10.79
Acel AphaA::kan +CETCH_12k 24.92 17.97 14.71 13.38
Acel AphaA::kan +CETCH_19k 25.38 17.71 14.00 13.02
Acel AphaB::kan empty vector 13.75 9.75 7.73 7.29
Acel AphaB::kan +CETCH_12k 16.50 12.21 9.58 9.44
Acel AphaB::kan +CETCH_19k 17.4 11.93 9.52 9.14

To that end, we tested compounds connected to the cycle to serve as helper carbon
sources. 4HB and SSA would have been ideal candidates, since they are direct
intermediates; however their supplementation did not support growth restoration via the
CETCH cycle (data not shown). Propionate can be activated to propionyl-CoA and enter
the lower part of the CETCH cycle, where it is interconverted to succinyl-CoA. M.
extorquens CM2720 (D: = 19 h), and to a lesser extent phaA mutants (D: > 40 h), can grow
on 10 mM propionate (see Figure S2 and Table S4). Yet, growth is abolished in phaA
mutants in the presence of acetate as can be seen for empty vector strain (see Figure 8,
black). Acel AphaA::kan +CETCH_12k was able to grow on acetate supplemented with 3
mM propionate after a long adaptation period (see Figure 8a, green). A control strain with
Gox1801, AbfT and Nmar0207, but lacking SucD, the committing step of the crotonyl-CoA
regeneration module, (termed w/o SucD_CETCH), grew faster and with a much shorter
adaptation period (see Figure 8a, pink). This suggests that propionate can be assimilated
independently of a full CETCH module most likely due to AbfT-mediated activation of
propionate. In this scenario, CkSucD represents a burden for the cell leading to the longer
lag phase observed in +CETCH_12k strains. We attempted to keep carbon assimilation of
propionate within the CETCH cycle by deleting the succinyl-CoA synthetase encoded by
sucCD (META1p1540-41) in CM2720 phaA::0. The growth behavior of this strain when
equipped with an empty vector, w/o SucD_CETCH, or +CETCH_12k, showed the same
trend as before with an extended lag phase (see Figure 8b). Given that AbfT does not show
activity towards succinate?!, it is likely that the native malate thiokinase converts
succinyl-CoA to succinate compensating for the loss of sucCD in this strain®® 2°. In the
current set-up, malate thiokinase is essential for assimilation of glyoxylate formed by the
cycle (see Figurel and Figure 2). Its activity could be circumvented by implementation of
malate synthase from the glyoxylate cycle, which was established in various EMCP mutant
strains?®, but not implemented in phaA or phaB deficient strains. As an alternative to
sucCD, we knocked out the succinate dehydrogenase complex (encoded by sdhABCD) in
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CM2720 phaA::0; however, this strain grew very poorly in the preculture on malate, and
no growth was observed on acetate with or without propionate (see Figure S3).

a Acel AphaA:kan b CM2720 phaA::0 sucCD::kan
1.5 1.5
* empty vector
1.04 1.04 * w/o SucD_CETCH
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Figure 8. Growth profile of Acel AphaA::kan (a) and CM2720 phaA::0 sucCD::kan (b) grown on 10 mM
acetate and 3 mM propionate. Empty vector (black, pTE1841), w/o SucD_CETCH (pink, pTE1858) and
+CETCH_12k (green, pTE1843) cultures were induced with 1 mM of IPTG. The strain w/o SucD_CETCH
contains Nmar0207, AbfT, and Gox1801 without any SucD. The RBS ahead of the gene encoding CkSucD in
+CETCH_12k was optimized for 12,000 TIR according to the Salis RBS calculator v1.0.

Outlook

A tight selection strain based on propionate supplementation favoring a full CETCH
module could not be identified so far. Implementation of the glyoxylate cycle or the
B-hydroxyaspartate cycle?” for glyoxylate assimilation in our selection strains could
provide metabolic flexibility for successful implementation of the CETCH cycle. Transfer
of the constructs created in this study to the recently established mini-chromosomes
might also help by stabilizing gene expression without replicative burden??. In this study,
methanol with glyoxylate supplementation in Acel AphaA::kan or Acel AphaB::kan was the
most promising selection scheme since glyoxylate assimilation is independent of AbfT and
the empty vector was not favored after re-inoculation. Overexpression of the native
acetyl-CoA synthetase, which should be expressed at house-keeping levels, might also be
beneficial to reactivate acetyl-CoA used by AbfT. Alternative feeding schemes with
3-hydroxybutyrate were not explored, but could also favor a full CETCH module. Any
helper carbon sources, e.g. glyoxylate, propionate, etc., would be decreased over time
during ALE to increase selective pressure until the CETCH module can provide cellular
carbon from CO; fixation in M. extorquens.
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Materials and Methods
Materials

Succinic semialdehyde was purchased from Santa Cruz Biotechnology Inc. (Dallas, USA).
Q5 DNA polymerase was obtained from NEB (Frankfurt am Main, Germany), FastAP and
FastDigest restriction enzymes were obtained from Thermo Fischer Scientific (St. Leon-
Rot, Germany), and used according to manufacturer’s instructions. DNA oligos were
obtained from Eurofins Genomics (Ebersberg, Germany) and Sigma-Aldrich (Darmstadt,
Germany) (Table $3). Synthesized genes were obtained from Eurofins Genomics and
GeneArt™ (Life Technologies GmbH, Darmstadt, Germany). Sanger sequencing was
performed by Eurofins Genomics and Microsynth AG (Balgach, Switzerland).

Synthesis of CoA esters

Acetyl-CoA, succinyl-CoA and propionyl-CoA were synthesized from their respective
anhydrides as described previously?®. 4-hydroxybutyryl-CoA was synthesized
enzymatically with purified Nmar0206 from 4-hydroxybutyrate, CoA, and ATP as
described previously?’. All CoA-thioesters were purified using a HPLC (1260 Infinity,
Agilent Technologies GmbH) with a Gemini® 10pum NX-C18 110 A Column (Phenomenex,
Aschaffenburg, Germany) as described before?’. The concentration of CoA-esters was
quantified by determining the absorption at 260 nm (g=16.4 mM* cm™). Sodium 4-
hydroxybutyrate was synthesized from y-Butyrolactone?”.

Bacterial strains and cultivation conditions

Bacterial strains used in this study are shown in Table S1. M. extorquens AM1 was
routinely grown at 30°C in minimal medium with 123 mM methanol, 10 mM acetate, 30.8
mM succinate, 1-10 mM glyoxylate, 3-10 mM propionate, or 10 mM L-malate as specified.
The corresponding sodium salts of acids were used. Minimal medium contained: 30.29
mM NHa4Cl, 0.81 mM MgS04, 20 mM K/Na-phosphate buffer pH 6.7 or 7.1, 1X Iron solution
from a 1000-fold stock (final concentrations: 40.30 uM Na;EDTA-2H;0, 10.79 uM
FeS04-7H,0) and 1X trace element solution from a 1000-fold stock (final concentrations:
15.65 puM ZnS04-7H;0, 12.61 uM CoCl,-6H,0, 5.09 uM MnCl;, 16.17 uM H3BOs, 1.65 uM
Na:MoQs - 2H;0, 1.20 uM CuS04-5H;0, and 20.41 puM CaCl,-2H,0) as described
previously®°. When appropriate, gene expression in M. extorquens was induced with 100-
1000 uM IPTG. Antibiotics for selection were used accordingly: kanamycin 35 pg/mL for
M. extorquens or 50 pg/mL for E. coli, gentamicin 7.5 pg/mL for M. extorquens or 30
ug/mL for E. coli, tetracycline 10 pg/mL for both, chloramphenicol 34 pug/mL for E. coli,
ampicillin 100 ug/mL for E. coli, and streptomycin 50 pug/mL for E. coli. E. coli TOP10 and
DH5a (Thermo Scientific) were routinely grown at 37°C in LB-Miller for cloning and
plasmid amplification, except sacB-containing plasmids which were grown on LB-Lennox.
Solid medium contained 1.5% (w/v) select agar.
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DNA cloning and mutagenesis

Standard molecular techniques were used for amplification, cloning and transformation
of DNA3L, Detailed information on the construction of each plasmid is given in Table S2.
Where stated, the TIR of an RBS was designed and/or calculated using the Salis RBS
calculator v1.0 against M. extorquens AM1?3. Point mutations were generated by
QuikChange Site-Directed mutagenesis (Stratagene, La Jolla, USA). Oligos for side-directed
mutagenesis were designed using PrimerX
(https://www.bioinformatics.org/primerx/index.htm). Gibson isothermal reactions were

performed as previously reported®?. DNA isolation and purification were performed using
NucleoSpin Plasmid and NucleoSpin Gel and PCR Clean-up kits (Macherey Nagel)
according to manufacturer’s instructions.

Strain construction

The celABC operon (META1p1167-9) was knocked out by allelic exchange with a synthetic
construct containing the T1T, terminator using pTE1191 in AphaA::kan and AphaB::kan??.
The first recombination event was selected on solid medium with succinate and
tetracycline thus creating an intermediate strain confirmed by colony PCR using primers
MC195+MC196+MC35 and MC166+MC167. The second recombination event occurred
with counter selection of the intermediate strain on solid medium with succinate and 5%
sucrose without tetracycline. Single colonies were screened for tetracycline sensitivity,
lack of clumping in liquid culture, and confirmed by colony PCR with primers
MC195+MC196+MC209 and sequencing. Similarly, phaA (META1p3700) and phaB
(META1p3701) genes were knocked out in CM272033 by allelic exchange with shortened
peptides using pTE1839 and pTE1840, respectively. The first recombination event was
selected on solid medium with succinate and tetracycline and confirmed by colony PCR
using primers MC315+MC310+0S14 for pTE1839 and MC309+MC310+0S14 for pTE1840.
The second recombination event occurred with counter selection of the intermediate
strain on solid medium with succinate and 5% sucrose without tetracycline. Single
colonies were screened for tetracycline sensitivity, inability to grow on Ci/C, carbon
sources, and the shortened peptide was confirmed by colony PCR and sequencing with
primers MC164+MC165. The succinate-CoA ligase encoded by sucCD (META1p1538-9)
was knocked out by replacement with a loxP-flanked kanamycin resistance cassette using
pTE1894. Disruption of the o-ketoglutarate dehydrogenase encoded by sucAB
(META1p1540-41) or sucCDAB (META1p1538-41), using pTE1895 and pTE1896
respectively, was not possible in a phaA::0 strain background even with diaminopimelic
acid (0.3 mM) supplementation. Colonies resistant to kanamycin and sensitive to
tetracycline were screened for correct allelic replacement by colony PCR and sequencing
using primers MC440+MC441+MC442. Succinate dehydrogenase encoded by sdhABCD
(META1p3859-63) was knocked out by replacement with a loxP-flanked kanamycin
resistance cassette using pTE2713. L-malate was used as a carbon source since succinate
dehydrogenase activity is necessary for growth on succinate. Colonies resistant to
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kanamycin and sensitive to tetracycline were screened for correct allelic replacement by
colony PCR and sequencing using primers MC481+MC482+MC484 and
MC481+MC483+MC484.

Colony PCR from M. extorquens

Colony PCR was carried out by suspending cells from a single colony in 20uL of water or
35uL of a 10% (v/v) solution of Chelex®100 (Sigma C7901; 50-100 mesh) and boiling cell
suspensions at 95°C for 15 min. Boiled cell lysates were cooled on ice, spun down, and
1-2ulL used as template DNA. Phusion Green Hot Start Il High-Fidelity PCR Master Mix
(Thermo Scientific F566S) was used for amplification. Each reaction contained 1X Master
mix, template DNA as described above, 1X Q5 GC enhancer (NEB), and primers (0.05 uM
each) in a final volume of 40 uL per reaction. The thermocycling conditions were as
follows: initial denaturation at 98°C for 5 min, 26 cycles of: 98°C 30 sec, 55°C for 20 sec,
and 72°C for 30 s/kb; and a final extension step at 72°C for 10 min. Annealing temperature
was adjusted if necessary.

Expression and purification of recombinant proteins

Unless otherwise stated, proteins were produced in E. coli Rosetta™ 2 (DE3) pLysS
(Novagen #71403) cells. Colonies from a fresh transformation were used to inoculate GLB
medium (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract, 0.4% (v/v) glycerol, 17 mM
KH2PO4, 72 mM K;HPO4) with the appropriate antibiotics. Expression cultures were grown
at 37°C with shaking until an ODesoo of 0.6-1.0, cooled to 25°C or 30°C and induced with
0.25 mM IPTG. Cells were harvested by centrifugation (4500 rcf, 10 min, 4°C) 4 hor 16 h
after induction depending on the temperature after induction, respectively, and
resuspended in the corresponding buffer (see below). If not used immediately, cell pellets
were stored at -20°C. Nmar0206 (pET16b-Nmar0206) and Nmar0207 (pTE393) were
purified as previously reported?. EryACS1 (pTE1007), EryACS2 (pTE1008), and EryAcslyszoa
(pTE1417) were produced in E. coli BL21-Al with addition of 0.02% arabinose and 0.5 mM
IPTG. PgSucD (pTE1851) was produced in E. coli TOP10 + pRARE induced with 1 mM IPTG.

His-tagged proteins: Cell pellets were resuspended in lysis buffer (20 mM Tris-HCI pH 7.5,
500 mM NacCl, 10% (v/v) glycerol). Cells were lysed by sonication, the lysate was cleared
by ultracentrifugation (50,000 rcf, 45 min, 4°C), and filtered through a 0.45 um filter. The
cleared lysate was loaded on a 1 mL HisTrapFF column (GE Healthcare, Freiburg,
Germany). Unbound protein was removed with 20 ml of 20 mM Tris-HCI pH 7.5, 500 mM
NaCl, 75 mM imidazole. The protein was eluted in 20 ml of 20 mM Tris-HCI| pH 7.5, 500
mM NacCl, 500 mM imidazole. The elution fractions were pooled and desalted in 20 mM
Tris-HCl pH 7.5, 150 mM NaCl with a 5mL HiTrap Desalting column (GE Healthcare).

Strepll-tagged proteins: Cell pellets were resuspended in lysis buffer (50 mM Tris-HCI pH

7.5, 150 mM NaCl, 10% glycerol). Cells were lysed by sonication, the lysate was cleared by
ultracentrifugation (50,000 rcf, 45 min, 4°C), and filtered through a 0.45 um filter. The
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cleared lysate was loaded on a 1 mL StrepTrap HP (GE Healthcare). Unbound protein was
removed with 20 mL of 50 mM Tris-HCI pH 7.5, 150 mM NaCl. The protein was eluted in
50 mM Tris-HCl pH 7.5, 150 mM NacCl, 2.5 mM desthiobiotin.

Elution fractions were pooled and concentrated in Amicon® Ultra 4 mL centrifugal filters
with the appropriate cut-off (Merck). Concentration was determined on a NanoDrop 2000
Spectrophotometer (Thermo Scientific, Waltham, MA, USA) using the extinction
coefficient at 280 nm, as calculated by protparam (https://web.expasy.org/protparam/).
Enzyme purity was confirmed by SDS-PAGE. The purified proteins were stored in 50% (v/v)
glycerol at —20°C or -80°C.

Preparation of cell lysates

Appropriate cultures were harvested by centrifugation (3,000 rcf, 15 min, 4°C) and
resuspended in 100 mM MOPS-KOH pH7.5, 10% (v/v) glycerol. If not used immediately,
cell pellets were stored at —20°C. Subsequently, pellets were lysed by sonication. The
crude extract was clarified by two centrifugation steps (17,000 rcf, 4°C, 15 and 30-60 min
respectively). Total protein content clarified cell lysates was determined by the Bradford
method using BSA as a standard®*.

Spectrophotometric assays

Spectrophotometic assays were performed on a Cary-60 UV/Vis spectrophotometer
(Agilent) using 10mm quartz curvettes (Hellma, Millheim, Germany). Kinetic parameters
were determined using purified proteins where typically six different substrate
concentrations were measured in triplicates and the data points were fitted using
GraphPad Prism 7 to obtain apparent ket and Kw values. At least three triplicate values
were measured from M. extorquens cell lysates. A unit is defined as the conversion of 1
umol of substrate per min.

Activity assay of succinyl-CoA reductases (Scr)

For Michaelis-Menten kinetics:

CkSucD (CKL 3015): The activity was determined at 30°C in 120 pl of 100 mM MOPS-KOH
pH 7.5 buffer containing 10 mM MgCl,, 200 uM NADPH, and 1.44 pg purified CkSucD.
Different concentrations of succinyl-CoA (6-600 uM) were used to start the reaction.

NADPH consumption was followed at 340 nm (¢ = 6.22 mM™* cm™). No activity was
observed with NADH.

CdSucD (CD630 23420): The activity was determined at 30°C in 120 pl of 100 mM
MOPS-KOH pH 7.5 buffer containing 10 mM MgCl,, 200 uM NADPH, 0.225 ug BSA and
0.225 pg purified CdSucD. Different concentrations of succinyl-CoA (10-200 uM) were
used to start the reaction. NADPH consumption was followed at 340 nm (g = 6.22 mM*

cm?). No activity was observed with NADH.
PgSucD (PGN 0732): The activity was determined at 30°Cin 120 pl of 100 mM MOPS-KOH
pH 7.5 buffer containing 10 mM MgCl,, 200 uM NADH, and 0.25 pg purified PgSucD.
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Different concentrations of succinyl-CoA (2-283 uM) were used to start the reaction.
NADH consumption was followed at 340 nm (¢ = 6.22 mM™? cm™). No activity was
observed with NADPH.

In M. extorquens cell lysates: Scr activity in lysates was determined at 30°C in 120 pl of
100 mM MOPS-KOH pH 7.5 buffer containing 10 mM MgCl,, 240 uM NADPH or NADH as
needed, and varying amounts of the appropriate cell lysate. Succinyl-CoA (150 uM) was

used to start the reaction. NAD(P)H consumption was followed at 340 nm (€ = 6.22 mM*
cm). Background activity from the cell lysate was subtracted and values were normalized
to total protein content.

Activity assay of SSA reductases (Ssr)

In M. extorquens cell lysates: Ssr activity in lysates was determined at 30°C in 120 ul of
100 mM MOPS-KOH pH 7.5 buffer containing 10 mM MgCl,, 240 uM NADPH or NADH as
needed, and varying amounts of the appropriate cell lysate. Succinic semialdehyde (0.1-

30 mM) was used to start the reaction. NADPH consumption was followed at 340 nm
(€ =6.22 mM* cm?). Background activity from the cell lysate was subtracted and values
were normalized to total protein content.

Activity assay of acyl-CoA synthetases

EryAcsl and EryAcs2: The substrate specificity of EryAcsl and EryAcs2 was determined

using a coupled spectrophotometric assay for AMP formation. The assay was performed
at 30°C in 100 mM MOPS-KOH pH 7.5 buffer containing 5 mM MgCl,, 2.5 mM ATP, 1 mM
CoA, 2.5 mM PEP, 0.4 mM NADH, 3 U pyruvate kinase, 4.6 U lactic dehydrogenase, 40 ug
myokinase, and purified Acs1 or Acs2. The reactions were started with 20 mM of each
carboxylic acid. NADH consumption was followed at 340 nm (e = 6.22 mM* cm™).

4HB:CoA synthetases (Hbs): Activation of 4HB was tested via 4HB-CoA product formation
in a coupled assay using purified Nmar0207 and Candida tropicalis Etrlp3> as coupling

enzymes. Nmar0207 will dehydrate 4HB-CoA to crotonyl-CoA which is reduced using
NADPH by Etrlp to butyryl-CoA. The assay was typically performed at 30°C in 100 mM
MOPS-KOH pH 7.5 buffer containing 10 mM MgCl,, 5 mM ATP, 1 mM CoA, 200 uM NADPH,
and excess purified Nmar0207 and Etrlp. The reactions were started with 4HB. NADPH
consumption was followed at 340 nm (e =6.22 mM™* cm™).

EryAcslyszoa: The Michaelis-Menten kinetic was measured as described for Hbs using
purified Nmar0207 and Etrlp. The assay contained additionally 40.3 pg of purified
EryAcslvs7oa and 4HB (0.1-50 mM) was used to start the reaction.

In M. extorquens cell lysates: Hbs activity in lysates was determined at 30°C in 120 pl of
100 mM MOPS-KOH pH 7.5 buffer containing 10 mM MgCl, 5 mM ATP, 1 mM CoA, 240
UM NADPH, excess purified Nmar0207 and Etrlp, and varying amounts of the appropriate

cell lysate. 4HB (20 mM) was used to start the reaction. NADPH consumption was followed
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at 340 nm (g = 6.22 mM* cm™). Background activity from the cell lysate was subtracted
and values were normalized to total protein content

Activity assay of 4HB:CoA transferases (Hbt)

4HB:CoA transferases (Hbt): Transfer of the CoA moiety to 4HB was tested via 4HB-CoA
product formation in a coupled assay using purified Nmar0207 and Candida tropicalis

Etrlp as coupling enzymes (see above). The assay was typically performed at 30°C in 100
mM MOPS-KOH pH 7.5 buffer containing 200 uM NADPH, 2 mM Acetyl-CoA, and excess
purified Nmar0207 and Etrlp. For Pct 1.5 pg and for AbfT 3.9 ng of purified protein was
added. The reactions were started with 4HB. NADPH consumption was followed at 340
nm (€ =6.22 mM*cm?).

In M. extorquens cell lysates: Hbt activity in lysates was determined at 30°C in 120 pl of
100 mM MOPS-KOH pH 7.5 buffer containing 10 mM MgClz, 3 mM propionyl-CoA, 240 uM
NADPH, excess purified Nmar0207 and Etrlp, and varying amounts of the appropriate cell

lysate. 4HB (20 mM) was used to start the reaction. NADPH consumption was followed at
340 nm (g = 6.22 mM* cm™). Background activity from the cell lysate was subtracted and
values were normalized to total protein content

Activity assay of 4HB-CoA dehydratase (Hbd)

In M. extorquens cell lysates: Hbd activity in lysates was determined at 30°C in 200 pL of
50 mM potassium phosphate buffer pH 7.5 containing 200 uM NADPH, excess purified
Etrlp, and varying amounts of the appropriate cell lysate. 4HB-CoA (200 uM) was used to

start the reaction. NADPH consumption was followed at 340 nm (g = 6.22 mM* cm™).
Background activity from the cell lysate was subtracted and values were normalized to
total protein content.



E. coli Rosetta™ 2
(DE3) pLysS
AphaA::kan
AphaB::kan

Acel AphaA::kan
Acel AphaB::kan
CM2720
CM2720 phaA::0
CM2720 phaB::0
CM2720 phaA::0
sucCD::kan

CM2720 phaA::0
sdhABCD::kan

F ompT hsdSs(s me) gal dem (DE3) pLysSRARE2; CmR

M. extorquens AM1 phaA::kan (META1p3700); KmR. Deficient
in growth on C1/Ca.

M. extorquens AM1 phaB::kan (META1p3701); KmR. Deficient
in growth on C1/Ca.

AphaA::kan with celABC (META1p1167-9) operon exchanged
for T1T2; KmR

AphaB::kan with celABC (META1p1167-9) operon exchanged
for T1T2; KmR

Methylorubrum extorquens AM1 strain deficient in cellulose
production.

phaA (META1p3700) replaced by shortened peptide in
CM2720.

phaB (META1p3701) replaced by shortened peptide in
CM2720.

sucCD (META1p1538-9) replaced by loxP-kan-loxP in CM2720
phaA::0; KmR

sdhABCD (META1p3859-63) replaced by loxP-kan-loxP
CM2720 phaA::0; KmR
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Table S1: Strains used in this study.

Strain Name Description Reference

Escherichia coli F ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(r, Thermo Fischer

DH5a mk*) phoA supE44 thi-1 gyrA96 relA1 X Scientific

E. coliTOP10 F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 AlacX74 recAl Thermo Fischer
araD139 A(ara leu) 7697 galU galK rpsL (Sm®) endA1 nupG Scientific

E. coli BL21-Al FompT hsdSs (rs” me’) gal dcm araB::T7RNAP-tetA Thermo Fischer

Scientific

Merck Millipore
Korotkova &
Lidstrom 20012
Korotkova &
Lidstrom 200122
This study

This study
Delaney et al.,
2013%

This study

This study

This study

This study

SmR — Streptomycin resistant, Spectinomycin sensitive; Cm® — chloramphenicol resistant; Km® — kanamycin

resistant.
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Table S2: Plasmids used in this study.

Plasmid Name

Description

Cloning strategy or comments

Reference

pBB541 E. coli GroEL GroES chaperones, Spec?/Smf  n. a. De Marco et al., 200736
pEMatB-nHis MatB in pET28b, Nter His tag, KmFf n. a. MatB from R. leguminosarum bv. trifolii. Townsend Lab (JHU)
pBBR1p264- Gox1801 from G. oxydans, Km®R n.a Mever et al., 20156
gox1801-ST
pET-19b::pct Pr7.aco-Pct expression vector, Nter His tag, n. a. Lindenkamp et al., 201337
AmpR
pCM184 Allelic exchange vector, Amp® Tcf KmF n. a. loxP-flanked kanamycin resistance cassette. Marx and Lidstrom
(2002)%
pCM433 Allelic exchange vector, Amp® TcR CmF . a. sacB counterselection. Marx (2008)%°
pCA24N(-)- Prs-aco-PrpE expression vector, Nter His tag, . a. ASKA collection minus GFP. Kitagawa et al., 200538
prpE CmR
p2BP1 Pr7-1aco-AKR7a2 expression vector, Nter His n. a. Gift from Udo
tag, Amp® Oppermann
pTE100 Promoter-less, oriV-tra)’ origin, Tc? n. a. Schada v. B. et al., 2015
pTE102 Pmxar promoter, oriV-tral’ origin, Tck n. a. Schada v. B. et al., 2015
pTE103 Psumc promoter, oriV-tra)’ origin, Tc® n. a. Schada v. B. et al., 2015
pTEL104 Pcoxs promoter, oriV-tral’ origin, Tck n. a. Schada v. B. et al., 2015
pTE105 P:.f promoter, oriV-tral’ origin, Tck n. a. Schada v. B. et al., 2015
pIND4 PMG160 origin, Pai/os/03 promoter, empty n. a. Ind et al., 2009%°
vector, KmR
pTE1841 Pa1/04/03 promoter, empty vector, pMG160 n. a. Kpnl sites surrounding lacl are still present. Carrillo et al., 201972
origin, Tck
pTE1890 Pa1/0s promoter; empty multiple cloning n. a. Carrillo et al., 2019™2
site with Strep-Il tag, Km®
pTE2714 Pa1/o4/03 promoter, empty multiple cloning n. a. Carrillo et al., 201972
site with Strep-Il tag, Km®
pET16b- Pr7.1aco-Nmar0206 expression vector, Nter n. a. Nmar0206 was codon-optimized for E. coli. Kénneke et al., 2014%7
Nmar0206 His tag, AmpR
pET16b- Pr7.1aco-Nmar1309 expression vector, Nter n. a. Nmar1309 was codon-optimized for E. coli. Kénneke et al., 2014%7
Nm1309 His tag, AmpR
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Plasmid Name

Description

Cloning strategy or comments

Reference

pTE260 Pr7.aco-Etrlp expression vector, Nter His n.a. Candida tropicalis Etrlp (Gl: 29726216) codon-optimized for M. Rosenthal, Vogeli et al.,
tag, Amp® extorquens. 20154
pTE380 Duet expression vector, Nter His tag n. a. CkSucD (CKL_3015) was codon-optimized for E. coli. Schwander et al., 20162
CkSucD, E. coli YihU (untagged), Spec?/SmR
pTE393 Pr7-1aco -NmMar0207_opt expression vector, n.a. Nmar0207 was codon-optimized for E. coli. Schwander et al., 20167
Nter His tag, AmpR
pTE702 Codon-optimized Nmar0207 in pTE100, Backbone: Asel, Mfel digested pTE100; Insert: Ndel, EcoRI 1.628 insert of This study
promoter-less, Tc® pTE393.
pTE395 Pmxar-NmMar0207_opt, oriV-tra)’ origin, Tck Backbone: Spel, Kpnl digested pTE102; Insert: Xbal, Kpnl 1.688 bps insert of  This study
pTE702. Ligation with T4 DNA ligase.
pTE680 pLEGO (A1); pET16b derivative with Nter Backbone: Ncol, Hindlll digested pET16b; Insert: Ncol, Hindlll digested Bastian Vogeli / Carrillo
Strep-ll and Cter His tags, Amp~ synthetic multiple cloning site bvlcut. Ligation with T4 DNA ligase. et al. / Scheffen et al.
(unpublished results)
pTE1007 Pr7-1aco-EryAcs1 expression vector, Nter His n. a. EryAcsl (Gl: 494288136) was codon-optimized for E. coli and cloned JGI / This study / Scheffen
tag, AmpR into pSEVA141 by the Joint Genome Institute (JGI). et al (unpublished
results)
pTE1008 Pr7-aco-EryAcs2 expression vector, Nter His n. a. EryAcs2 (Gl: 494290475) was codon-optimized for E. coli and cloned JGI / This study / Scheffen
tag, Amp® into pSEVA141 by the JGI. et al (unpublished
results)
pTE1417 Pr7-1aco-EryAcslvazoa expression vector, Nter  QuikChange mutagenesis of pTE1007 with prACS_Ery_V379A. This study / Scheffen et al
His tag, Amp® (unpublished results)
pTE1101 Pcoxe-AKR7a2-CkSucD-Trrmg; Tck Backbone: Hindlll, Kpnl digested pTE104; Insert: Hindlll, Kpnl digested This study
AKR7a2 and CkSucD operon. Ligation with T4 DNA ligase. Both genes codon
optimized for M. extorquens.
pTE1102 Pcoxa-Nmar0206-Trms; Tck Backbone: Hindlll, Kpnl digested pTE100; Insert: Hindlll, Kpnl digested Pcoxs-  This study
Nmar0206. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens.
pTE1108 Pcoxa-AKR7a2-Trms; Tc? Xhol digestion of pTE1101. 8.7 kb fragment self-ligated with T4 DNA This study
ligation.
pTE1109 Pfumc-Nmar0206-Trms; Tck Backbone: Hindlll, Kpnl digested pTE103; Insert: PCR product This study
prMC40+MC35 of pTE1102. By Gibson assembly.
pTE1110 Pfumc-AKR7a2-CkSucD-Trms; Tck Backbone: Hindlll, Kpnl digested pTE103; Insert: PCR product This study

prMC40+MC35 of pTE1101. By Gibson assembly.
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Plasmid Name Description Cloning strategy or comments Reference
pTE1119 Prumc-Nmar0206-groS-groL (META1p3553- Backbone: Spel, Munl digested pTE1109. Insert: Avrll, Ecorl digested PCR This study
META1p3552); TcR product prMC53+MC54 from M. extorquens gDNA. Ligation with T4 DNA
ligase.
pTE1120 Prumc-Nmar0206-groS-groL (META1p5240- Backbone: Spel, Munl digested pTE1109. Insert: Avrll, Ecorl digested PCR This study
META1p5239); TcR product prMC55+MC56 from M. extorquens gDNA. Ligation with T4 DNA
ligase.
pTE1121 Psumc-Nmar0206-groES-groEL (E. coli); Tc} Backbone: Spel, Munl digested pTE1109. Insert: Spel, Ecorl digested PCR This study
product prMC57+MC58 from pBB541. Ligation with T4 DNA ligase.
pTE1122 Pt7-1aco-AtGR1 expression vector, Nter Backbone: Xbal, EcoRlI digested pTE680; Insert: Xbal, EcoRI AtGR1. Ligation This study / Carrillo et al /
Strep-ll tag, AmpR with T4 DNA ligase. Gene codon optimized for M. extorquens. Scheffen et al.
(unpublished results)
pTE1123 Prumc-AtGR1, oriV-tral’ origin, Tc® Backbone: Spel, Pstl digested pTE103; Insert: Xbal, Pstl AtGR1. Ligation with  This study
T4 DNA ligase. Gene codon optimized for M. extorquens.
pTE1125 Pr7-1aco-Gox1801 expression vector, Nter Backbone: Ndel, Kpnl digested pTE680; Insert: Ndel, Kpnl digested PCR This study
Strep-ll tag, AmpR product prMC60+MC61 of pBBR1p264-gox1801-ST. Ligation with T4 DNA
ligase.
pTE1126 Prumc-Gox1801, oriV-tra)’ origin, Tc? Backbone: 7.6 kb Spel, Kpnl digested pTE1123; Insert: Xbal, Kpnl 0.9 kb This study
insert of pTE1125. Ligation with T4 DNA ligase.
pTE1127 Psumc-CkSucD, oriV-traJ’ origin, Tc® Backbone: Hindlll, Kpnl digested pTE103; Insert: PCR product
prMC59+MC35 of pTE1101. By Gibson assembly.
pTE1128 Psumc-Pct, oriV-tral’ origin, Tck Backbone: Spel, Kpnl digested pTE103; Insert: Xbal, Kpnl digested PCR This study
product prMC133+MC62 of pET-19b::pct. Ligation with T4 DNA ligase.
pTE1130 P:rAtGR1, oriV-tral’ origin, Tc® Backbone: Spel, Pstl digested pTE105; Insert: Xbal, Pstl AtGR1. Ligation with  This study
T4 DNA ligase. Gene codon optimized for M. extorquens.
pTE1137 Pr7-1aco-ScAcs1p expression vector, Nter Backbone: Ndel, Spel digested pTE680; Insert: Ndel, Spel digested PCR This study
Strep-ll tag, AmpR product prMC65+MC66 of CEN.PK2 gDNA. Ligation with T4 DNA ligase.
pTE1138 Pr7-1aco-AbfT expression vector, Nter His tag, Backbone: Xbal, Kpnl digested pTE1122; Insert: Xbal, Kpnl 1.4 kb insert of This study
AmpR ADfT. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens.
pTE1140 P:ws-Pct, oriV-tral’ origin, TcR Backbone: Spel, Kpnl digested pTE105; Insert: Xbal, Kpnl digested PCR This study
product prMC133+MC62 of pET-19b::pct. Ligation with T4 DNA ligase.
pTE1147 Pt7-1aco-MatBr29sq expression vector, Nter QuikChange mutagenesis of pEMatB-nHis with prMC74+MC75. This study

His tag, KmR
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Plasmid Name Description Cloning strategy or comments Reference
pTE1148 Pr7-1aco-MatBr2ssk expression vector, Nter QuikChange mutagenesis of pEMatB-nHis with prMC76+MC77. This study
His tag, Km®R
pTE1155 Prumc-EryAcslvazea, oriV-tral’ origin, Tck Backbone: Ncol, Spel digested pTE1123; Insert: Ncol, Spel digested PCR This study
product prMC133+105 of pTE1417. Ligation with T4 DNA ligase.
pTE1156 Psumc-Nmar1309, oriV-tral’ origin, Tc} Backbone: Spel, Kpnl digested pTE103; Inserts: PCR products This study
prMC91+MC107 and prMC106+MC108 of pET16b-Nm1309. By Gibson
assembly.
pTE1163 Pcoxs-AbfT, oriV-tra)’ origin, TcR Backbone: Spel, Kpnl digested pTE104; Insert: Xbal, Kpnl 1.4 kb insert of This study
ADfT. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens.
pTE11l64 PwrEryAcslvazon, oriV-tral’ origin, TcR Backbone: Ncol, Spel digested pTE1130; Insert: Ncol, Spel digested PCR This study
product prMC133+105 of pTE1417. Ligation with T4 DNA ligase.
pTE1191 Vector for allelic exchange of celABC Backbone: Aatll, Sacl digested pCM433; Insert: PCR product prOS13+0S14 This study
operon by TiT, terminator; AmpR, Tc?, Cm®  of AcelT1 T2 synthetic construct. By Gibson assembly.
pTE1814 Pcoxs-CdSucD, oriV-tral’ origin, TcR Backbone: Spel, Kpnl digested pTE104; Insert: Xbal, Kpnl insert of CdSucD. This study
Ligation with T4 DNA ligase. Gene codon optimized for M. extorquens.
pTE1815 Psumc-CdSucD, oriV-tral’ origin, Tc® Backbone: Spel, Kpnl digested pTE103; Insert: Xbal, Kpnl insert of CdSucD. This study
Ligation with T4 DNA ligase. Gene codon optimized for M. extorquens.
pTE1816 Duet expression vector, Nter His tag Backbone: Ncol, Sall 4.5kb pTE380 fragment; Insert: Ncol, Xhol insert of This study
CdSucD, E. coli YihU (untagged), Spec?/SmR®  CdSucD. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens.
pTE1832 Duet expression vector, Nter His tag Backbone: Ncol, Sall 4.5kb pTE380 fragment; Insert: Ncol, Xhol insert of This study
CkSucD, E. coli YihU (untagged), Spec?/SmR  CkSucD. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens shown as CkSucDwex in Table S5.
pTE1839 Vector for allelic exchange of phaA::0 Backbone: Bglll, Sacl cut pCM433; Inserts: PCR products of 558 bps This study / Carrillo et al.
(META1p3700), shortened peptide has 17 prMC305+MC306 and 703 bps prMC307+MC308 from M. extorquens (unpublished results)
Nter aa fused to 18 Cter aa; AmpF, Tc®, CmR  gDNA. By Gibson assembly.
pTE1840 Vector for allelic exchange of phaB::0 Backbone: Bglll, Sacl cut pCM433; Inserts: PCR products of 479 bps This study
(META1p3701), shortened peptide has 6 prMC299+MC300 and 645 bps prMC301+MC302 from M. extorquens
Nter aa fused to 32 Cter aa; AmpF, TcR, CmR  gDNA. By Gibson assembly.
pTE1843 Pa1/04/03-CkSucD12¢_res-Nmar0207-AbfT- Backbone: Xbal, Hindlll digested pTE1841; Insert: Xbal, Hindlll 5.518 bp This study

Gox1801, pMG160 origin, Tc®

fragment of pTE1838. Ligation with T4 DNA ligase.
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Plasmid Name Description Cloning strategy or comments Reference
pTE1845 Pa1/04/03-CkSucDiok_res-Nmar0207-AbfT- Backbone: Xbal, BamHI 12.7 kb fragment of pTE1843; Insert: Xbal, BamHI This study
Gox1801, pMG160 origin, Tc® digested PCR product pr324+325 of pTE1843. Ligation with T4 DNA ligase.
pTE1851 Pa1/0s/03-PgSucD, pMG160 origin, Tc? Backbone: Xbal, Hindlll digested pTE1841; Insert: Xbal, Hindlll 1.4 kb This study
PgSucD insert. Ligation with T4 DNA ligase. Gene codon optimized for M.
extorquens.
pTE1858 Pa1/04/03-Nmar0207-AbfT-Gox1801, Backbone: Xbal, Hindlll digested pTE1843; Insert: Avrlll, Hindlll digested This study
pMG160 origin, Tc? PCR product pr41+291 of pTE1843. Ligation with T4 DNA ligase.
pTE1894 Disruption of sucCD (META1p1538-1539) Backbone: EcoRl, Sacl backbone of pCM184; Inserts: PCR product This study
genes via loxP-flanked kanamycin prd09+410 of M. extorquens gDNA, PCR product pr411+412 of M.
resistance cassette; Km® TcF. extorquens gDNA, PCR product pr413+414 of pCM184. By Gibson assembly.
pTE1895 Disruption of sucAB (META1p1540-1541) Backbone: EcoRl, Sacl backbone of pCM184; Inserts: pcr pr415+416 of M. This study
genes via loxP-flanked kanamycin extorquens gDNA, pcr pr417+418 of M. extorquens gDNA, pcr prd413+414 of
resistance cassette; KmR TcF. pCM184. By Gibson assembly.
pTE1896 Disruption of sucCDAB (META1p1538-) Backbone: EcoRl, Sacl backbone of pCM184; Inserts: PCR product This study
genes via loxP-flanked kanamycin pr409+410 of Mex gDNA, PCR product pr417+418 of Mex gDNA, PCR
resistance cassette; KmR TcF. product pr413+414 of pCM184. By Gibson assembly.
pTE2710 Pa1/04/03-CdSucD, pMG160 origin, Tck Backbone: Ncol, Hindlll digested pTE1841; Insert: Ncol, Hindlll digested PCR  This study
product pr267+403 of CdSucD. Ligation with T4 DNA ligase. Gene codon
optimized for M. extorquens.
pTE2713 Deletion/disruption of sdhABCD Backbone: EcoRl, Sacl backbone of pCM184; Inserts: PCR product This study
(META1p3859-63 genes via loxP-flanked prd69+470 of M. extorquens gDNA, PCR product pr471+472 of M.
kanamycin resistance cassette; KmR® Tc® extorquens gDNA, PCR product pr413+414 of pCM184. By Gibson assembly.
pTE2715 Pa1/04/03 promoter, empty vector, pMG160 . Backbone: 7.2kb EcoRl, Hindlll fragment of pTE1841; Insert: 1.6 kb EcoRl, This study
origin, Tc® Hindlll fragment of pTE2714. Ligation with T4 DNA ligase. Kpnl is a unique
cutter in the MCS
pTE2716 Pa1/04- CkSucD1ook_rss, PMG160 origin, Km®? Backbone: Xbal, Kpnl digested pTE1890; Insert: Xbal, Kpnl digested PCR This study
product prMC473+MC476 of pTE1127. Ligation with T4 DNA ligase.
pTE2717 Pa1/04-CdSucD1ook_res, pPMG160 origin, KmF Backbone: Xbal, Kpnl digested pTE1890; Insert: Xbal, Kpnl dig of pcr This study
prMC474+MC289 of pTE2710. Ligation with T4 DNA ligase.
pTE2718 Pa1/04-PgSucDiook_rss, PMG160 origin, Km® Backbone: Xbal, Kpnl digested pTE1890; Insert: Xbal, Kpnl digested PCR This study
product prMC475+MC289 of pTE1851. Ligation with T4 DNA ligase.
pTE2720 Pa1/04/03-Nmar0207-AbfT-Gox180110k_rss, Backbone: Xbal, Pstl digested pTE2715; Inserts: PCR product pr57+477 of This study

pMG160 origin, Tc?

pTE1858, PCR product prMC478+MC479 of pTE1858. By Gibson assembly.
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Plasmid Name Description Cloning strategy or comments Reference

pTE2721 Pa1/04/03-Nmar0207-AbfT-Gox180110k_rss- Backbone: Avrll, Kpnl digested pTE2720; Inserts: Avrll, Kpnl digested PCR This study
Pa1/04-CkSucDiook_rss, PMG160 origin, Tck product prMC480+MC289 of pTE2716. Ligation with T4 DNA ligase.

pTE2722 Pa1/04/03-Nmar0207-AbfT-Gox180110k_rss- Backbone: Avrll, Kpnl digested pTE2720; Inserts: Avrll, Kpnl digested PCR This study
Pa1/04-CdSucD1ook_res, pPMG160 origin, Tc® product prMC480+MC289 of pTE2717. Ligation with T4 DNA ligase.

pTE2723 Pa1/04/03-Nmar0207-AbfT-Gox180110k_rss- Backbone: Avrll, Kpnl digested pTE2720; Inserts: Avrll, Kpnl digested PCR This study

Pa1/os-PgSucDiook_res, pPMG160 origin, Tc? product prMC480+MC289 of pTE2718. Ligation with T4 DNA ligase.

n. a. — not applicable, gDNA — genomic DNA, Amp® — ampicillin resistance, Cm® — chloramphenicol resistance, Km® — kanamycin resistance, Spec?/SmR — spectinomycin and
streptomycin resistance, Tc® — tetracycline resistance, pr — primers, aa — amino acids, Nter — N terminus, Cter — C terminus.
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Table S3: DNA oligos used in this study®.

Oligo Name Sequence

MC26 CCATGGCAATTGAAGCTTCC

mc27 ATCTTCTTGGCCGCCTTCAC

MC31 ATGAGGAAACGGTCGAGAAG

MC32 CCAACTCGCCAAAGAGATAG

MC35 AACGACGGCCAGTGAATTAG

MC40 AGCCAACGAAGAGGCCACGAGCGTTTAACTTTAAGAAGGAG
MC41 GACAATCTGGTCTGTTTGTACCTAGGAAGAAGGAGATATAATTATGCGG
MC53 TGACGAATTCAGCCCAAACGACGGGAGTTC

MC54 AGCTCCTAGGCTTCAGGCGATCAGAAGTCC

MC55 AGCTGAATTCTGAAGACCAACCGCCATTCC

MC56 ATATCCTAGGTTAGAAGTCCATGCCGCCCATGC

MC57 GAGCGGATAACAATTTCACAC

MC58 TGCTACTAGTTTACATCATGCCGCCCATGC

MC59 AGCCAACGAAGAGGCCACGAGGTGGATACCTCGAGAATAAG
MC60 TGCACCATATGTCGAGTCCAAAGATCGG

Mc61 CTGACGGTACCTGCGACTAGTTCATTTATGGGGAAGATTGGCAACG
MC62 CTGACGGTACCTGACGACTAGTGACAGGATTACAGGTGCAG
MC65 ACTGCATATGTCGCCCTCTGCCGTACAATC

MC66 CTGCCACTAGTCATTACAACTTGACCGAATC

MC74 CACGCCATTCTCGAGCAGTACGGCATGACGGAAAC

MC75 GTTTCCGTCATGCCGTACTGCTCGAGAATGGCGTG

MC76 GTCACGCCATTCTCGAGAAGTACGGCATGACGGAAAC
MC77 GTTTCCGTCATGCCGTACTTCTCGAGAATGGCGTGAC

Mmcs3 GCTAGTTATTGCTCAGCGG

McC84 GCCTCGAGCAAGACGTTTCC

MC85 AACACTGGCAGAGCATTACG

MC90 AAATGGATGCGCGGCTGTTC

MC9al AAGCTTAGATCTTGAAGAAGGAGATATACCATGGG

MC105 TCAGACTAGTAGCCGGATCCTCGAGTTAAG

MC106 CGTCCATAGTGTGGTGATTG

MC107 CAATCACCACACTATGGACG

MC108 GACGGCCAGTGAATTAGGTACCTCTGACTATGTTTGACAGCTTATCATCG
MC133 TAATACGACTCACTATAGGG

MC164 ACGTCTAGAAATATCGCGCCGCCGAATGAG

MC165 CTAGGTACCGCGAGAGCCTTAGATCAGAC

MC166 AATGTGTAAAGGGCAAAGTG

MC167 CTGAACGGTCTGGTTATAGG

MC168 CGACACGGAAATGTTGAATAC

MC174 TCAGGTACCGCCATTGACGTTCACCTTCTC

MC175 GCATCTAGAGCACGCCTAGCGGGTATTTC

MC195 ACCAGCATCACCTCCAATTC

MC196 CGGCGTTGATGATCAGGCTC

MC201 GAGATGCATAGCAATGAAGTCTCTATCAAAGAAC

MC202 ACTCCTTAGGTTCCTAGGTCAGCCCCAGATCTCCTC

MC209 TGGCGAGCTTGAACCATTCC

MC218 AGTTCGTCCCGGTGTTCTTC

MC228 GAAACGCCTGGTATCTTTATAGTC

MC243 ACACCCGGAACCTCATTTCG

MC267 GTATCACGAGGCCCTTTCGTCT

MC289 TCCAAGCTCAGCTAATTAAG

MC291 GTCCAAGCTCAGCTAATTAAGCTTTCATTTATGGGGAAGATTG
MC299 AGTGCCACCTGACGTCTAGAGGACGACGAGAAGGTGAAC
MC300 ATCTCGTCGACGCGTTCCTGAGCCATAG

MC301 TATGGCTCAGGAACGCGTCGACGAGATCGCCCACGCGG
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MC302 CGGCTGGATCCTCTAGTGAGCTGGATCGCGAAGAATTGCTC

MC305 AGTGCCACCTGACGTCTAGAAGCGTGCGTCGTAGACGATG

MC306 ATGCAGAGCGTGACGGGCGTACGCGCCGCACC

MC307 TACGCCCGTCACGCTCTGCATCGGCGGCGGCATG

MC308 CGGCTGGATCCTCTAGTGAGCTGTGCAGGTGAACATCGAGTC

MC309 GCCGTGAACAAGGACATGG

MC310 ATGGTCTTGCGGCGGACTTC

MC315 CCTGCTCGAAGATGATCTG

MC324 ACATCTAGATACGTTCGTTTAATTTAAGGTTTTTTATGGGCCATCACCACCATC

MC325 GACATTGGCCATGGGATCCTTATCG

MC403 AGTAAGCTTCTCGGTACCTGCAGGACTAG

MC409 CACCTGACGTCTAGATCTGAATTCTGGGCGCTGCAGAAGTTCTC

MC410 GAAGTTATGCGGCCGCCATATTTACGCGAGCTTGTCGTTG

McC411 CCCTACGTACGCGTGTTAACGCCGCAAGAAGCCGATGGTC

MC412 TCGGCTGGATCCTCTAGTGAGCTTCGAAGAAGCGCTGCCACTC

MC413 TATGGCGGCCGCATAACTTC

MC414 GTTAACACGCGTACGTAGGG

MC415 CACCTGACGTCTAGATCTGAATTCGCATCATGCCGGCCAACATC

MC416 GAAGTTATGCGGCCGCCATACTCTTCATCACCTGGACTTC

Mc4a17 CCCTACGTACGCGTGTTAACCGCGGCCGATGATGTATCTG

MC418 TCGGCTGGATCCTCTAGTGAGCTTGCCCACGTCGATGCCCAAC

MC440 GGCCTGTTGAACAAGTCTGG

McC441 TCTCCATGCTGGAGCTGTTC

McC442 TCTCCTGGAAGCCGTAATGC

MC469 CACCTGACGTCTAGATCTGAATTCTCCTGTCGTCGGCGAGTTTC

MC470 GAAGTTATGCGGCCGCCATAATCTGTCTCATGCCAGTCTC

McC471 CCCTACGTACGCGTGTTAACGCTCTGCTTCAGGCCTATCG

MC472 TCGGCTGGATCCTCTAGTGAGCTAGGCGGCTTTCGACAGGAAC

MC473 GACTCTAGAACTGTCGCTAAAAGGAGGACATAATGGGCCATCACCACC

MC474 GACTCTAGAACTGTCGCTAAAAGGAGGACATAATGGGCAGCAGCCATC

MC475 GCTTCTAGAACTACGAGTCGTCAACAAACAATAACAAAATTAAAGGAGGTATTTTTATGGCCA
GCTGGTCGCAC

MC476 AGAGGTACCTGCAGGACTAGTCCTTAGGTCAGCCCCAGATCTCCTC

MC478 AATAAACAGTATCAAGGAGGTAACTAATGGCGAGCTGGAGCCATC

MC479 AGCTCAGCTAATTAAGCTTACGGTACCTGCAGCCTAGGTCATTTATGGGGAAGATTG

MC480 GTACCTAGGGAGGCCCTTTCGTCTTCAC

McC481 TCTCAGCTATCTGCCGTATC

MC482 CGCGATGATTACGACGAAAG

MC483 CGACATGGCCCAGTTCAATC

MC484 AGCGAAACCTTGCAGCTTCC

ACS_Ery_V379A CTGCGTCTGCTGGGCTCTGTAGGTGAGCCGATCAAC

0Ss12 ACCATCCATGAGCCGTATCG

0s13 CACATTTCCCCGAAAAGTGC

0s14 AGCCTGGTCGGCTGGATCCTC

*Additional DNA oligos for sequencing purposes only are not shown.
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Supplementary Figure S1. Growth profile of Acel AphaB::kan on 123 mM methanol and 7.5 mM glyoxylate. Empty vector (pTE1841), +CETCH_12k (pTE1843) and +CETCH_19k
(pTE1845) cultures were all induced with 100 uM of IPTG. The cultures were re-inoculated into fresh medium at appropriate time points. The RBS of CkSucD expression was

optimized for 12,000 or 19,000 TIR, respectively, according to the Salis RBS calculator v1.0.
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Supplementary Figure S2. Growth characterization CM2720 (a) and CM2720 phaA (b) on various organic acids. 10 mM of each carbon source was given using sodium salts
when possible. LMP — lactate, L-malate and propionate (10 mM each). Sodium citrate was also tested but no growth was observed for either strain. As expected, phaA::0 is
unable to grow on acetate. Growth of phaA::0 is also abolished on (R)-3-hydroxybutyrate (3HB) and impaired on propionate or LMP which was not expected and might

suggest unknown regulatory effects.

Table S4: Doubling time (h) of CM2720 and its phaA::0 mutant on various carbon sources as shown in Supplementary Figure S2.

Carbon source CM2720 CM2720 phaA::0
acetate 6.7 -
lactate 7.3 7.0
L-malate 4.1 53
propionate 19.8 40.9
succinate 4.1 5.2
pyruvate 4.4 6.7

LMP 5.0 6.4
(R)-3-hydroxyburyrate 8.2 n. d.

LMP: lactate, L-malate, and propionate; 10 mM each. No growth for CM2720 phaA::0 on acetate shown as —. n.d.: not determined.
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Supplementary Figure S3. Growth characterization CM2720 phaA::0 sdhABCD::kan. Empty vector (pTE2715, blue), no SucD +CETCH (pTE2720, red), CkSucD +CETCH (pTE2721.
green), and CdSucD +CETCH (pTE2722, purple). The growth of PgSucD +CETCH (pTE2723) is not shown given that it was severely impaired in the preculture on 10 mM malate
due to higher expression of this homologue.
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Table S5: Synthetic DNA or codon-optimized genes used in this study. Start and stop codons are underlined if applicable.
AcelTiT:

CACATTTCCCCGAAAAGTGCCACCTGACGTGAGCTCATGGTGTTTAAACCTACTCCTATCCCGGACAAGGCGTCGGCGCCCGCGTCACCGGCTACCAGCAGGAGGGCTCGCTGCTCACCGGCTA
CGAGTGGATCTGGCGGGAGGCGGCACTCGCCGGCTATGTCGGCTTCAACGTCCGCAGCAACCAGCTCTCGATCCCCGACCCCGGCAACCCGGTCGTCGGAACGGGAGTGGGCCTGAAGGTCG
CCGGCAACTTCTACGCAACGCCGACCGACCGGACCATGGTCTCGGCCTACGGCTCCTACTCGACCAAGTTCAACGCCTACTATTCCCGTTTCCGCGTCGGCTACATGGTCGCCGACGGCGTCTAT
ATCGGCCCGGAGGCGCTGTTCCTCGGCGACGACTTCTTCCGCCAGTACCGCGTCGGCGCCCATCTCTCGGGTTTGAGCTTCGGCCCCGTCCAGATGTCGCTCGCGGCGGGCTACGTGCGGGACC
GCGTCCAGGGCACGGGCTACTATTCCAGCATCGAGGCGCGCGCGAACTTTTAGAGCGCATTCCGACGGCGAGCAGGCCGCCGCTCGCGGCGGCGGCCGAAGTCAAGCGCTTGGATCAATGCG
GACAAGTTTAAACCCTATGGAAAAACGCCAGCAACGCGGCCTAGGTCCAATTGGTTCAATGCATATGCTCAGCTCGAGCGGCCGCGCCCTACGTACGCGTGTTAACCGGTTGACTAGTCCTGCA
GGTACCTAATTCACTGGCCGTCGTTTTACAAGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAA
ATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTT
GCGTTTCTACAAACTCTTCCTCCCGGGTTAATTAAGCCCGGCATGGTCGATGAGAGCGCGCTACGCTACTACGCCTCGCAGAAGCAGACCGCTCGGATGAAGGCCGAGATCGCGCGGCTGAAG
CGGCTCTATCCCGGCTGGACCGAGCCGGGTGATCTCGACACCCTGCAACCGAGCCCGCCCGAAGAAGCGCCGCTGTGGGATCTGTTCACCGCCGGACGCTTCCAGGATCTGCGTGCAGCCATC
GCCGCGCGCCGCTCGCTCGAACCGAATTGGCAGCCCTCGGACGAACTCGCGCGCAAGCTCCGCCGGGCGGAGTTCCGCGCCAGCATCAAGGCCACCGCGGAGAAGAGCGGACCGGGLCGGA
ATGCCGACGAGGTGGTCGCCCTCTACCGCGCCGATTCCAGCGCCCTCGACACGACGGACCTCGAAAGTCTCTGGATCATCGCCGACGCGCTCGCCACGACGGGGGCGGGCGAGGACGCCTTCG
ATCTCTACAAGTCGGTCCTCGATGGTCCTGCCGATGCGGGCGCGCGGCTCGCCACGATCCAGAAGGCGATGAGCCATCTCAAGATGGATCAGGCCGACTTAATTAAGTAGCTCACTAGAGGATC
CAGCCGACCAGGCT

AbfT — Nter His tag codon optimized for M. extorquens AM1

TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCATGCATGATTGGAAGAAGATCTACGA
AGATCGCACTTGCACGGCTGATGAGGCCGTCAAGTCGATCAAGAGCGGGGATCGGGTTCTCTTCGCCCATTGCGTGGCCGAGCCGCCAGTCCTGGTAGAGGCTATGGTCGCGAATGCCGCGGC
ATATAAAAACGTCACCGTCAGTCACATGGTTACCCTCGGTAAGGGGGAGTATTCGAAGCCGGAATATAAGGAAAACTTCACGTTTGAAGGTTGGTTCACCAGCCCCTCTACCCGCGGTTCCATTG
CTGAAGGACACGGGCAGTTCGTCCCGGTGTTCTTCCACGAGGTGCCGAGCCTGATCCGGAAGGATATCTTCCACGTCGATGTCTTCATGGTGATGGTGTCCCCGCCCGATCACAATGGCTTCTGC
TGCGTCGGGGTCTCCTCCGACTACACCATGCAAGCCATCAAGAGCGCGAAGATCGTCCTCGCCGAAGTCAACGACCAGGTCCCTGTGGTCTACGGCGATACGTTCGTGCATGTCAGCGAGATCG
ATAAGTTCGTTGAGACCAGCCATCCGCTGCCCGAGATCGGCCTGCCCAAGATCGGCGAGGTCGAAGCCGCCATCGGCAAGCACTGTGCCAGCCTGATCGAGGACGGCTCGACCCTGCAATTGG
GCATCGGCGCCATCCCGGACGCCGTGCTTTCGCAGCTCAAAGACAAGAAGCATCTGGGTATCCACTCGGAGATGATCTCCGATGGCGTGGTGGATCTCTATGAAGCCGGCGTGATCGACTGCTC
CCAGAAGTCCATCGACAAGGGCAAGATGGCCATCACGTTCCTGATGGGCACCAAGCGCCTCTACGACTTCGCCGCCAACAACCCGAAAGTGGAGCTGAAGCCGGTGGACTACATCAACCACCC
GTCGGTGGTGGCCCAGTGCTCCAAGATGGTGTGCATCAATGCCTGCCTCCAGGTCGACTTCATGGGCCAGATCGTGAGTGACTCGATCGGCACGAAGCAGTTCTCCGGCGTGGGCGGCCAGGT
GGACTTCGTCCGCGGCGCCAGCATGTCGATTGACGGCAAGGGCAAGGCCATCATCGCGATGCCGTCGGTGGCCAAGAAGAAGGACGGCTCGATGATCAGCAAGATCGTCCCCTTTATCGACCA
CGGCGCGGCGGTCACCACCTCGCGCAACGACGCGGACTATGTCGTCACCGAGTACGGCATTGCGGAAATGAAAGGCAAGTCGCTCCAGGATCGTGCGCGCGCGCTCATTAACATCGCGCACCC
GGACTTCAAGGACGAGTTGAAGGCGGAGTTCGAGAAGCGGTTCAACGCGGCGTTCTGAGAATTCGAGCTCCGTCGACTAGTCCTGCAGGTACCTAATTCACTGGCCGTCGTTTTACAA
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AtGR1 — Nter Strep-Il tag codon optimized for M. extorquens AM1

TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGCGAGCTGGAGCCATCCGCAGTTTGAAAAAATTGAAGGCCGCCATATGGAGGTGGGTTTCCTCGGCCTCGGTATTATGGG
GAAGGCAATGTCGATGAATCTGCTGAAGAACGGATTTAAAGTCACCGTTTGGAACCGCACGCTCAGTAAGTGCGATGAGCTGGTCGAACACGGGGCGAGCGTCTGCGAAAGCCCCGCTGAGG
TCATCAAAAAGTGCAAGTACACGATCGCCATGCTCAGCGACCCGTGCGCGGCGCTCTCGGTGGTCTTCGATAAGGGCGGGGTGCTCGAACAGATCTGCGAGGGGAAGGGCTACATCGACATGT
CTACCGTCGATGCCGAAACCAGCCTCAAGATCAACGAGGCCATCACGGGCAAGGGCGGCCGCTTCGTCGAGGGCCCCGTCAGCGGCTCCAAGAAGCCCGCGGAGGACGGCCAGCTCATCATCC
TGGCGGCCGGCGATAAGGCCCTGTTCGAGGAGTCGATCCCGGCGTTCGACGTGCTTGGCAAGCGGTCCTTCTATCTGGGCCAGGTCGGCAACGGCGCCAAGATGAAGCTGATCGTGAACATGA
TCATGGGCTCGATGATGAACGCCTTCAGCGAGGGCCTGGTCTTGGCCGACAAGTCGGGCCTCTCGTCGGACACCCTGCTCGACATCCTCGACCTGGGCGCCATGACCAACCCCATGTTCAAGGG
CAAGGGCCCGTCCATGACCAAGTCCTCGTACCCGCCGGCGTTCCCGCTGAAGCATCAGCAGAAGGACATGCGCCTCGCGCTCGCGCTGGGCGACGAGAACGCCGTGTCCATGCCGGTGGCCGL
GGCCGCGAACGAGGCCTTCAAGAAGGCCCGCTCCCTCGGCCTGGGCGACCTCGACTTCTCGGCCGTGATCGAGGCCGTGAAGTTCTCGCGGGAGTGAACTAGTCCTGCAGGTACCGAATTC

Akr7a2-CkSucD operon — Nter His tags codon optimized for M. extorquens AM1

TGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCAATTGGTCGACCTCGAGTTAATTAACGTAAAGCTTGTCGACAATAATTTTGTTTAACTTTAAGAAGGAGA
TATACATATGCACCACCACCACCACCATTCGTCGGGCGTGGACCTGGGCACGGAGAACCTCTACTTCCAAAGCATGGAGATGGGTCGTCGAATGGATGCCCCCGCGTCCGCCGCGGCGGTTCGG
GCGTTCCTTGAGCGGGGGCACACCGAACTTGACACCGCTTTTATGTACAGCGACGGACAGTCGGAAACCATCTTGGGCGGTCTGGGCCTCGGGCTGGGCGGGGGGGATTGCCGGGTGAAGAT
CGCCACAAAGGCGAATCCCTGGGACGGCAAAAGCCTCAAGCCGGATTCCGTGCGGTCGCAGCTGGAAACCTCCCTGAAGCGCCTCCAGTGCCCGCAGGTCGATCTCTTCTATCTGCATGCCCCG
GACCACGGCACACCCGTCGAAGAGACCCTGCACGCGTGCCAGCGCCTCCATCAGGAAGGCAAGTTCGTGGAGCTCGGCCTTTCCAACTATGCCTCGTGGGAGGTCGCCGAGATCTGCACGCTG
TGCAAGAGCAACGGCTGGATCTTGCCCACGGTGTATCAAGGCATGTACAACGCCACCACTCGCCAGGTCGAGACGGAGCTGTTCCCCTGCCTCCGCCACTTCGGCCTGCGTTTCTACGCCTACAA
CCCACTGGCGGGCGGGCTGCTCACAGGCAAATACAAGTACGAGGACAAGGATGGCAAGCAGCCGGTGGGCCGCTTCTTCGGTAACAGCTGGGCCGAGACCTACCGCAATCGCTTCTGGAAGG
AGCACCACTTCGAGGCCATCGCCTTGGTCGAAAAGGCCCTCCAGGCCGCGTACGGTGCCAGTGCACCGTCCGTGACCTCGGCGGCCCTCCGCTGGATGTACCATCATTCGCAGCTGCAAGGCGC
GCACGGCGACGCCGTGATCCTCGGCATGTCGTCGCTGGAGCAGCTGGAGCAGAACCTGGCCGCGACCGAGGAGGGCCCGCTGGAGCCGGCCGTCGTCGATGCGTTCAACCAGGCGTGGCACC
TCGTCGCTCACGAGTGCCCCAACTACTTCCGCTGACAGTTAAAGGTGGATACCTCGAGAATAAGGAGATATACCATGGGCCATCACCACCATCATCATCACCACCATCATTCGAGTGGACACATC
GAGGGTCGTCACATGAGCAATGAAGTCTCTATCAAAGAACTCATCGAGAAGGCGAAGGTCGCTCAGAAGAAGCTGGAAGCATATAGCCAAGAGCAGGTAGACGTTCTCGTGAAGGCCCTGGG
CAAGGTGGTGTACGACAACGCTGAGATGTTCGCCAAGGAAGCGGTCGAGGAGACTGAGATGGGCGTCTATGAGGACAAGGTCGCGAAGTGCCATCTGAAATCCGGGGCCATCTGGAACCACA
TTAAGGACAAAAAAACCGTCGGGATCATCAAGGAGGAGCCCGAACGGGCTCTGGTCTACGTGGCCAAGCCGAAGGGCGTGGTAGCCGCGACGACCCCGATCACGAACCCCGTCGTCACCCCG
ATGTGCAACGCTATGGCGGCGATCAAGGGCCGCAATACAATCATCGTGGCGCCCCACCCGAAGGCGAAGAAGGTGTCCGCCCATACCGTCGAGCTCATGAACGCCGAGCTCAAAAAGCTCGGC
GCGCCGGAGAACATCATCCAGATCGTCGAGGCCCCGTCACGGGAGGCCGCCAAGGAACTGATGGAATCGGCCGACGTCGTCATCGCCACCGGLCGGCGCGGGCCGCGTGAAGGCGGCGTACA
GCAGCGGGCGCCCGGCGTACGGCGTCGGCCCGGGCAACTCGCAGGTGATTGTTGACAAGGGCTACGACTATAACAAGGCGGCCCAGGATATCATCACGGGCCGGAAGTATGACAACGGCATT
ATCTGCTCGTCGGAACAGAGTGTCATCGCGCCGGCCGAAGACTACGACAAGGTGATCGCCGCCTTCGTCGAGAACGGTGCCTTCTACGTGGAGGATGAGGAAACGGTCGAGAAGTTCCGCTCC
ACGCTGTTTAAAGACGGGAAGATCAACTCCAAGATCATCGGCAAGTCCGTCCAGATCATTGCCGATCTCGCCGGCGTCAAGGTGCCCGAGGGCACCAAGGTGATCGTGCTCAAGGGAAAGGGC
GCCGGCGAGAAGGACGTGTTGTGCAAGGAGAAAATGTGCCCCGTGCTCGTCGCCCTCAAGTACGATACCTTCGAGGAGGCCGTCGAGATCGCAATGGCAAACTACATGTACGAAGGTGCCGG
CCACACCGCCGGTATCCACTCGGACAACGACGAGAACATCAGGTACGCCGGCACGGTGCTGCCTATCTCGCGCCTTGTCGTGAACCAGCCGGCCACCACCGCCGGGGGCTCGTTCAACAACGG
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CTTCAACCCGACCACCACTCTGGGCTGCGGGTCCTGGGGCCGCAACTCAATCAGCGAGAACCTTACCTACGAACACCTCATCAACGTGTCGCGCATCGGCTACTTCAACAAGGAGGCCAAGGTT
CCCTCGTACGAGGAGATCTGGGGCTGACTCGAGCAATTGATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATC
CGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTGCTAG
CGAATTCTGTACAACTAGTACATGCGGTACCGTGGGCGATCGCTCTAGAGCTAGCGAATTCCTGTGTGAAATTGTTATCCGCTCACAATTCCAC

EryACS1 — Nter His tag codon optimized for E. coli

CATATGACCGGTTTCGTAGAGCGTCCGGAACAGGCTCACACCCCGAACTGCACAGGTGTTCAATACGCAGCAATGTACGAGCGTTCCCTGGCTGATCCGGACGGCTTTTGGCTGGAACAGGCTA
AACGTCTGGACTGGACCCAGCAGCCGCGTAAGGGCGGCGAATGGTCTTACGACCCGGTTGACATAAAATGGTTCGCGGACGGTTCCCTGAACCTGTGTCATAACGCAGTAGACCGTCACCTGG
ATAGCCGCGGTGACACCCCGGCAATCATCTTCGAGCCGGATGACCCGGCTACTCCGTCTCGCACCCTTACCTATCGTCAGCTGCACTCCGAAGTTATTCACATGGCTAATGCTCTGAAAGCAATC
GGCGTAACCAAAGGCGAGCGTGTTACAATCTACATGCCGAACATCGTAGAAGGTGTTACCGCTATGCTGGCTTGCGCACGCCTGGGTGCGATCCACAGTGTAGTGTTCGGTGGTTTCTCTCCTG
AGGCTCTGGCCGGTCGTATCATCGACTGTGAATCTCGCTTCGTTGTGACTGCGGACGAAGGCAAACGCGGTGCAAAATCCGTTCCGCTGAAGGCTAACGTAGACGCTGCTCTGGAAGTTGAAG
GCGTAGACGTTACTGGTGTTCTGGTAGTACAGCATACCGGCCTGGCGGTTCCGATGACCGAGGGTCGCGACCACTGGTTCCATGAGGTTAAATCTGACGCTGACGTGCCGTGCGAAACTATGGC
AGCTGAAGACCCGCTGTTTATTCTGTACACAAGCGGCTCCACCGGTAAACCAAAAGGTGTTCTGCACACTACTGGTGGTTATGGTGTTTGGACTGCTACCACCTTCAGCTACATCTTCGACTACCA
GCCGGGTGAAGTGTTCTGGTGTACAGCAGACATCGGTTGGGTTACCGGTCATTCTTACATCGTATATGGTCCGCTGCAGAACGGTGCAACTCAGGTTCTGTTTGAAGGTGTACCAAACTACCCG
GACTTCGGTCGTTTCTGGGACGTTGTAGCTAAACACAAAGTTTCCATCCTCTACACTGCACCGACCGCTATCCGCGCGCTGATGCGTGAAGGTGATGACTATGTTACTTCACGTGACCGCAGTTCC
CTGCGTCTGCTGGGCTCTGTAGGTGAGCCGATCAACCCGGAGGCCTGGCGTTGGTACTTCGATGTTGTTGGTGAAGGTCGTTGTCCGATCATCGACACTTGGTGGCAGACCGAGACTGGCGGTT
GCATGATTACTACTCTGCCGGGTGCTCACGATATGAAGCCGGGCTCTGCAGGCCTGCCGATGTTCGGTATCCGTCCGCAGCTCGTTGACAACGACGGTGCAGTGCTGGACGGTGCAACAGAAG
GTAACCTGTGTATCACCCACTCTTGGCCGGGCCAGGCTCGCTCTGTTTACGGTGATCACGACCGCTTCGTACAGACTTACTTCTCCACCTACTCCGGCAAGTATTTCACTGGTGACGGTTGCAAAC
GTGACGAGGATGGCTACTATTGGATTACCGGTCGTGTGGACGACGTTATCAACGTTTCTGGCCATCGTATGGGTACTGCTGAGGTGGAAAGCGCACTGGTACTGCACCCGCAGGTAGCAGAAG
CAGCTGTGGTTGGTTACCCGCACGACGTTAAGGGCCAGGGTATCTACTGTTATGTAACCACCAACGCAGGCGTGGAAGGTTCTGACGAACTGTACCAGGAGCTGCGTGCCCACGTGCGCAAAG
AAATCGGCCCGATCGCAACTCCGGATCAGATCCAGTTCACTGACGGTCTGCCGAAGACGCGTTCCGGTAAAATTATGCGCCGTATCCTGCGTAAAGTGGCAGAAAACGACTATGGTTCTCTGGG
TGATACTTCCACCCTGGCGGACCCGTCTCTGGTGGATCGTCTGATTGAGGGCCGTCAGAAAACTTAACTCGAGGATCC

EryACS2 — Nter His tag codon optimized for E. coli

CATATGATCCATGCTGTTCAGCGTCCGCTGAGCTCTAACGCCACCCACTGCGTGACCGAGCAGTACGGCGAGCTGTACCGCCGTTCCGTAGAGACTCCTGATGCATTCTGGCTGGAACAGGCTG
AACGTCTGGACTGGTTCACCAAACCGGCAAAGGGCGGTGAGTGGTCTTATGACCCGGTGGATATCCAGTGGTTTGCTGACGGCACCCTGAACCTGTGTTATAATGCAGTAGACCGCCACCTGGA
AACCCGTGGTGACGACACTGCGATCATCTTCGAACCAGACGACCCGGCTTCCCCGAGTCGTACCCTGACCTACCGCGACCTGCATGGTGAGGTGGTACGCATGGCAAACGCACTGATGGCTATG
GGCGTAAAAAAAGGTGACCGTGTTACACTGTACATGCCGATGGTAGTTGAGGGTGTAACTGCAATGCTGGCGTGCGCACGCATCGGTGCAATCCACTCTGTGGTTTTCGGTGGTTTCAGCCCGG
AAGCTCTGGCAGGCCGCATCGAAGACTGCGGTAGCCGCTTCGTAGTGACCGCGGACCAGGGTCTGCGTGGCTCTAAGCGTGTTCCGCTCAAGGCTAACGTTGACGCAGCTCTGCAGATCGAAG
GCGCAGAGGTGGACGGTGTTCTGGTAGTGGCTCACACTGGCGCAGATGTTGCTATGACCGAAGGTCGCGACCACTGGTTCTCCGACCTGGCAAGCGACACTGACGTGCCTTGTGAAGTTATGC
AGGCAGAAGATCCGCTGTTCATCCTGTACACTTCTGGTTCCACTGGCAAACCAAAAGGTGTACTGCATACCACTGGTGGTTACGGTGTTTGGACTGCGACCACTTTCAACTACGTTTTCGACTATC
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AGCCGGGTGAGGTATACTGGTGCACCGCTGACATCGGTTGGGTTACCGGCCACTCTTATATCGTTTATGGCCCGCTGATGAACGGCGCAACCTCCGTTGTTTTCGAAGGTGTGCCGAACTATCCG
GATCACGGTCGTTTCTGGGATGTAGTTGACAAGCACCAGGTTAACATTCTGTACACCGCTCCGACTGCTATCCGCGCTCTGATGCGCGAAGGTGACGAATTTGTGACCTCTCGCGACCGTAGCAG
CCTGCGTCTGCTCGGTTCTGTTGGTGAACCGATCAACCCGGAAGCATGGCGTTGGTACTTCGACGTAGTTGGTGAAGGCCGTTGCCCGATCGTAGACACCTGGTGGCAGACTGAGACCGGTGG
CGTGATGATTACTACCCTGCCGGCTGCTCACGACATGAAACCAGGCTCTGCAGGTCTGCCGTTTTTCGGTATCCAGCCGCAGCTGGTTGACAACGATGGTGGCGTTCTGGACGGTGCAGTCGAG
GGTAACCTGTGCATCACTGCCTCCTGGCCGGGCCAGGCACGTTCTGTATATGGTGACCATGAACGCTTTGAACAGACCTACTTCAGCACTTACCGTGGCAAGTACTTTACCGGCGACGGTTGCCG
CCGTGATGAGGACGGTTACTACTGGATCACCGGCCGCGTAGATGACGTTATCAACGTTTCTGGTCACCGTATGGGTACCGCGGAGGTTGAATCTGCTCTGGTGCTGCACGACAAAGTGGCAGA
AGCTGCAGTTGTGGGTTATCCACACGACATCAAGGGCCAGGGTATCTACTGCTACGTAACGCTGAACGCTGGCGAAGAAGGTTCTGAGGAGCTGTTCCGCGACCTGCGCATGCACGTTCGTAA
AGAAATCGGTCCGATCGCAACTCCGGACCACATCCAGTTCACTGATGGTCTGCCGAAGACCCGCTCCGGCAAAATTATGCGTCGTATCCTGCGCAAAGTTGCTGAAAACGACTACGGTTCTCTGG
GTGACACCTCCACCCTGGCAGACCCGTCTCTGGTGGACCGTCTGATCGAAGGCCGTCAGAACCGTTAACTCGAGGATCC

Nmar0206 — Nter His tag codon optimized for M. extorquens AM1

AAGCTTCCGTATCCCCAGAGGCAGCCAAATTGCCCGCTGCGCAACCCTGATACCGCGTCCAAGCGACGCTTGGGGGCGCTGTTGTGGTTGCGGTTTTTTGATCAGTATGGTTCTACGTCGCAACC
GCCCATCCGGCAGCGACACGGTCACGCCGGAACCGGCAAGGCCCGCGATACGATCGGGCAGTTCTGGGATTTGCGACGATCGTCGGCAAATTCAAGGGCAAACAAACCATAGGCACCAGGGG
AGCCAAGCGGGGACATGTCGACTAGCGTTTAACTTTAAGAAGGAGATATACCATGGGGCACCACCACCACCACCACCACCACCACCACTCGTCGGGTCACATCGAGGGCCGCCACATGACCGAT
TCTCCTATTCTCTCTCCGAAATCCATCGCGGTCATCGGCGCATCGGACAAACGTGGCTCAGTCGGCGCCACGATCACGTCGAACATCATGAACGGCTTCAAGGGCACGGTCTACCCTATCTCCCCC
ACCCGCGACACCGTTTTCTACAAGAAGGCTTACAAGTCCGTCCTGGACGTCCCGAAGTCCATTGACCTCGCCGTTATCGTGATCAAAAATACGCTTGTGACCCCGGTTCTTGAGGAATGCGGCAA
GAAGAAGATCAAGGGAGTGATTATCATCACAGCCGGCTTCAAGGAGGTCGATGAGGAAGGCGCTAAGCGCGAGCAGCAGGTGATCGACATCGCCAAGAAGTACAATATGCAAGTGGTCGGG
CCCAACTGCCTTGGCGTGATGAACCTCGACTCCAAAACCATGATGAACAGCACATTTCTCAAGGTCACGCCGAAGAGCGGAAAGATCGCCCTGGTCAGTCAAAGCGGCGCAATCTGCGCCGCGT
TGGTAGAAGACGCCTCCGCCCAGGGGATCGGCTTCTCCGCGGTGGTGTCGCTCGGCAACAAAGCGGTGATGTCTGAGGTCGATGTTCTGAAGATCCTCGCAAACCATAAGCAGACCGAGGTAA
TCGTCATGTATTTGGAGGACATGGGTGACGGCCAGGAGTTCCTGAAGGTTTGCAAGAACATCACGAAGAAGCTCAAAAAGCCTGTCCTCGTGTTGAAGTCAGGCCGCAGTCCCGAAGGCGCGA
AGGCCGCCATGTCGCACACGGGCGCCCTCATGGGCAGCGACGAGATCTACGACGCGCTCCTGAAACAATCCGGCGCAATCCGCGTTGACACAATGGAGGAGCTTTTCGACTATGCCACCGCGT
TCTCGAAGCAGCCCCTGCCTAGCAACGGCGATCTGGTCATCGTGTCTAACGCTGGAGGCCCGGCCATCATTTCCACCGACGCATGCTCCAAAGCGAAGATCAAGATGGCGGATATCACGAGCAT
TCGTAAAAAGATCGACGAAGTCATCCCGCCCTGGGGGAGCTCACGAAACCCGGTAGACATCGTCGGTGATGCTGACTTCAACCGCTTTCACAATGTGCTGGACCGTGTGCTCAAACACCCAAAG
GTCGGATCCGTGATCTCGATGTGCACGCCGAGCGGCACGCTGAACTATGACAAGCTCGCGGAAGTCATTGTGGAAATGTCGAAGAAGTACAAAAAGACCATGCTCGCCTCCCTGATGGGACTC
GATGAGGGGGTTACGAATAGGGAGATCCTCGCGGACGGCAACGTACCGTACTATACCTACGCCGAGGGCGCCATCCGCACCCTTGCCGCGATGATCAGGTTCTCCGACTGGGTCAAGAGCAGT
CCCGGCAAAATCACGAAGTTCAAGGTGAACAAGGCGAAAGCCAAAAAGATCTTTGACCAGGTGAAGAAGGAAAAGCGCCCGAACCTCCTTGAAGAGGAAGGGCAGGAGGTCCTCAAGGCGT
ACGGCCTCCCGCTCCCGAAATCCACCCTTGCCAAGAACGAGGCCGAGGCAGTGAAGGCGGCCAAGAAGATCGGTTACCCCGTCGTCATGAAGATCGCGAGCCCTCAGATCATCCATAAGAGCG
ATGCCGGCGGAGTCAAGGTAAACCTCACCAACGATGCCGAGGTCAAAGATGCGTTTAAGACCATCGTGAAGAACGCCAAAAAATATAACAAGAAGGCCGAGATCAAGGGCGTGCTCATTGTC
GAGATGGTGAAGGGGGGCAAGGAGCTCATCATCGGCTCGAAACTGGAACCCGGCTTCGGACCGGTCATCATGCTGGGCATGGGCGGCATCTACGTGGAGGTTCTCAAGGATGTGACGTTCAA
ACTCGCCCCGGTCACAGATAAGGAAGCGGACGACATGATCGCATCCATTAAGACCCAGAAACTTCTGCAAGGCGTGCGCGGCGAGAAACCGTCCGATATCGTAAAGCTCTCCGAATGCATCCA
GCGGCTGTCCCAGTTGGTCAGCGACTTCAAGGAGATCAAAGAGCTGGATATGAATCCTGTGTTGGTCATGGAAAAGGGCAAGGGCTGCCGAATCCTCGACGTGCGGATCGGTCTGTAGCAATT
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GATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCC
GGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTGCTAGCGAATTCTGTACAACTAGTACATGCGGTACC

Nmar0207 — Nter His tag codon optimized for E. coli from Schwander et al., 20162

GGATCCATGGCCAATGTCCTTAAAACCATCCGTAGTGGGGACGACTACATTGAGTCACTGCGTGGTCGTGACCTGAAAGTCTATCTCTTTGGCGAGTTGGTTAAGGAACCGGTTGATCATCCCAT
GATTCGCCCGTCGATTAACGCGGTAGCGGAAACCTACGACTTAGCTCTGCGTGAAGAAGCGCTTGCGTCAGCCGATTCGTCAATCACTGGTCTGAAAGTAAATCGCTTCCTGCATATCGCTGAAT
CCGCCGAGGATCTGGTTCTGCAAAACAAAATGCAGCGTAAACTGGGCCAGAATACCGGCACCTGTTTTCAGCGGTGTGTGGGCATGGATGCAATGAACTCGCTGCATAGTACTACCTTCGAAAT
CGATGAAAAGCACGGTACGGACTATCACAAACGGTTTCTGGAGTTCGTGAAGATGGTGCAGCAAGAGAATCTGGTGATTGGCGGAGCAATGACCGATCCGAAAGGCGATCGCAGCAAAGGTC
CCTCCGAACAAGATGATCCGGATCTGTTTACCCGCATTGTGGATACAGACGAGAAAGGAGTGTACGTGAGTGGCGCGAAAGCACACCAGACGGGCTGTATTAACAGCCATTGGATTATCTTAAT
GCCGACGATTCGTTTGACAGAAAGCGATAAAGATTGGGCGATTGTCGGTGCCATTCCAGCCGATGCGAAAGGCGTGACGTATATCTACGGTCGTCAAAGCTGCGATACTCGCAGCATGGAGGA
AGGGGATATCGATGATGGCAACGCGAAATTTGGTGGGCAGGAAGCGTTGATCATTCTGGATCGCGTTTTCATCCCGTGGGACAAAGTGTTTATGCATGGCGAATACGAATTTGCCAGCATGCTG
GTTGAACGCTTTACGTGCTATCATCGTCGCAGCTATGTGTGCAAAACGGGTCTGGGTGATGTACTGATCGGTGCAGCGGCTACCATTGCCGACTATAATGGCGTCCCTAAAGTTTCGCACATCAA
AGACAAAATTATCGAGATGACCCATCTCAACGAAACCATTTTCGCAGCGGGTATTGCATCCTCTCATCAAGGGCAGAAAATGAAATCAGGAGTATATCTGAACGATGATATGCTCGCCCAGGTCT
GCAAACACAACGTAACACGCTTCCCGTACGAAATCTCTCGCTTAGCACAGGACATTGCTGGCGGCCTGGTCGTGACGTTGCCTTCTGAGAAGGACTTTCGTCACCCAGAAGCCGGTCCTTTGCTT
AAGAAATATCTGGCGGGTCGCAAAGGCGTGGACGTTGAAAACCGCATGCGCATTCTGCGGTTAATCGAAAATATGACACTTGGCCGTAATGCTGTTGGATATCTGACCGAGAGTATGCATGGT
GCTGGGTCGCCACAGGCACAACGCATTCAGATTCAGCGTCAGATGCAAGTTGGGTATAAGAAGAATCTCGCGAAGAATTTAGCCGGCATTACTAACGATGTGGAAGAACCGAAAGAATCCAGC
GAATACTTCAAACGCGTCTTTAAAACCAAAGACTCTGTCCTGTAAGAATTC

CkSucD — Nter His tag codon optimized for M. extorquens AM1

ATTCTAGAAATTAGCTAATCTCGACCGAGGTATTCCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCTCGATGCATTCGAACGAAGTCAGCATCAAAGAGC
TCATCGAGAAGGCGAAAGTGGCCCAGAAGAAGCTCGAAGCGTACAGCCAAGAACAGGTCGACGTGCTGGTCAAGGCGCTCGGGAAGGTGGTCTACGACAATGCGGAAATGTTCGCCAAGGA
AGCCGTGGAGGAAACCGAAATGGGCGTCTACGAGGACAAGGTGGCCAAGTGCCACCTCAAGAGCGGCGCCATCTGGAACCACATCAAGGATAAGAAGACCGTGGGCATCATCAAAGAGGAG
CCGGAACGTGCCCTGGTCTACGTGGCGAAGCCCAAAGGCGTCGTCGCGGCGACCACGCCGATCACGAACCCGGTCGTGACGCCGATGTGCAACGCGATGGCGGCCATCAAGGGCCGTAACAC
CATCATCGTCGCCCCGCACCCGAAGGCCAAGAAAGTCTCGGCCCATACGGTGGAGCTCATGAACGCCGAGCTCAAGAAGCTCGGCGCGCCCGAGAACATCATCCAGATCGTGGAGGCGCCCAG
CCGGGAGGCCGCCAAGGAGCTGATGGAGAGCGCGGATGTCGTCATCGCCACCGGCGGCGCCGGGCGGGTCAAGGCGGCGTACAGCAGCGGCCGGCCGGCGTACGGGGTCGGCCCGGGTAA
CTCGCAGGTCATCGTGGACAAGGGCTACGACTACAACAAAGCCGCGCAGGACATCATCACCGGGCGGAAGTACGATAACGGGATCATCTGCTCGTCGGAGCAGTCGGTGATCGCGCCGGCCG
AGGACTACGATAAGGTGATCGCGGCGTTTGTGGAGAACGGCGCCTTCTATGTGGAGGACGAGGAGACCGTGGAGAAGTTCCGGTCCACGCTGTTCAAGGACGGCAAGATCAACTCCAAGATC
ATCGGTAAGTCGGTCCAGATCATCGCGGATCTGGCCGGCGTCAAGGTGCCGGAGGGCACCAAGGTCATCGTCCTGAAGGGCAAGGGGGCCGGCGAGAAGGACGTGCTCTGCAAAGAGAAGA
TGTGCCCCGTGCTCGTCGCGCTCAAGTACGACACCTTCGAGGAGGCCGTCGAAATCGCGATGGCGAATTATATGTATGAGGGCGCCGGCCACACGGCGGGCATCCATAGCGATAACGACGAGA
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ACATCCGCTACGCCGGCACGGTCCTGCCCATCTCGCGCCTGGTCGTCAACCAGCCCGCGACCACCGCCGGCGGCTCGTTTAACAACGGCTTCAACCCGACCACGACCCTCGGCTGCGGCTCCTGEG
GGCCGCAACTCCATCTCCGAGAATCTGACCTATGAACACCTGATCAACGTGTCCCGCATCGGTTATTTCAATAAAGAGGCGAAGGTCCCGTCCTACGAGGAAATCTGGGGCTGACTCGAGCTAC
CTAAGGTAGTAACTAGTCCTGCAGGTACCTAA

CdSucDwex — Nter His tag codon optimized for M. extorquens AM1

TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCTCGATGCATGAAAAGGCTGTCGAGAATTT
CGAGGACTTGTCTAAGGAGTACATCAATGGGTACATCGAGCGCGCGCGTAAGGCACAACGCGAGTTCGAGTGCTACACGCAAGAGCAGGTGGACAAGATCGTCAAGATCGTCGGAAAGGTAG
TGTATTACAACGCCGAGTACCTTGCCAAGCTCGCCGTCGAAGAGACGGGCATGGGGGTCTATGAGGACAAGGTCGCGAAAAACAAGTCTAAGGCGAAGGTGATCTACAACAACTTGAAGGAC
AAGAAGAGTGTCGGAATCATCGATATCGATCGCGAAACCGGTATCACCAAAGTGGCCAAGCCGGTCGGCGTGGTCGCGGCGATTACCCCGTGCACCAACCCTATCGTGACACCGATGTCCAAC
GCGATGTTTGCGCTTAAGGGGCGGAACGCAATCATCATTACCCCCCACCACAAGGCGATCGGGTGCAGCACCAAGACCGTGGAGATGATCAACGAAGAGCTGGAAAAAATCGGCGCGCCGGA
GAACCTGATCCAGATCCTGGACCAGCAGAGCCGCGAGAACACCCGGAACCTCATTTCGTCCGCGGACGTCGTCATCGCCACCGGCGGTATGGGCATGGTGAAGGCGGCGTACTCCTCCGGCAA
GCCGGCGTTGGGTGTCGGCGCGGGCAACGTCCAGTGCATCATCGATCGGGACGTCGACATCAAGGAGGCGGTGCCGAAAATTATCGCCGGCCGCATCTTCGATAACGGCATCATTTGCTCCGG
CGAGCAGAGCGTCATTGTCGCCGAAGAGATGTTCGACAAGATCATGGACGAGTTCAAGAATAACAAGGGCTTCATCGTGCGGGACAAGGTGCAGAAGGAGGCGTTTCGCAATGCCATGTTCGT
CAATAAGTCGATGAACAAGGACGCTGTTGGGCAGTCGGTCCATACCATCGCCAAGATCGCCGGCGTCGAGATCCCCGAAGACACGAAGATCATCGTGATCGAGGCCGACGGCCCCGGCGAGG
AGGACATCATCGCCAAGGAAAAAATGTGCCCCGTGATTAGCGCCTATAAGTACAAATCCTTTGAGGAGGGCGTGGCCATCGCCAAAGCCAACCTCAACGTGGAGGGCAAGGGCCATTCGGTGT
CAATCCACTCGAACACGGTGAAGAACATCGAGTATGCCGGCGAGAACATCGAGGTGTCGCGCTTCGTGATTAACCAGTGCTGCGCCACCTCGGCGGGCGGCTCGTTCTTCAATGGCCTCGCCCC
GACCAATACCCTGGGCTGCGGCAGCTGGGGTAACAACTCTATTAGCGAGAATCTGGACTACAAACACCTGATCAATATCTCCCGCATCGCCTACTATATGCCGGAGAACGAGGTGCCGACGGAT
GAGGAGCTGTGGGGCTGACTCGAGCTACCTAAGGTAGTAACTAGTCCTGCAGGTACCT

PgSucD — Nter Strep-Il tag codon optimized for M. extorquens AM1

CAATTGTGAGCGGATAACAATTTCACACATCTAGAGATCCGCAGTTAACCGAGTAAAGGAGGTAATATATGGCCAGCTGGTCGCACCCCCAGTTCGAGAAGATCGAAGGGCGGATGCATGAAA
TCAAGGAGATGGTGAGCCTGGCCCGCAAGGCCCAAAAGGAGTATCAGGCGACCCACAACCAGGAGGCCGTCGACAATATCTGCCGGGCCGCGGCGAAGGTCATCTATGAAAATGCGGCCATC
CTCGCGCGGGAAGCCGTGGACGAAACGGGTATGGGTGTGTACGAGCATAAGGTCGCCAAGAATCAGGGTAAGTCGAAGGGCGTGTGGTACAACCTGCATAACAAGAAGTCCGTCGGCATCCT
GAATATCGACGAGCGGACCGGCATGATCGAAATCGCGAAGCCCATCGGGGTGGTGGGGGCCGTCACGCCCACGACGAACCCGATCGTCACGCCCATGTCCAACATCATCTTCGCCCTCAAGAC
CTGCAACGCGATCATCATCGCGCCCCATCCGCGGTCGAAGAAGTGCAGCGCCCACGCGGTCCGCCTCATCAAGGAAGCGATCGCCCCGTTCAACGTGCCGGAGGGCATGGTCCAGATCATCGA
GGAACCCTCGATCGAGAAGACCCAGGAGCTGATGGGCGCGGTGGATGTGGTCGTCGCCACCGGCGGGATGGGCATGGTGAAGTCCGCCTACTCCAGCGGCAAGCCGAGCTTCGGCGTCGGG
GCGGGCAACGTCCAGGTGATCGTGGATAGCAACATCGACTTCGAGGCGGCCGCCGAGAAGATCATCACCGGCCGCGCGTTCGACAACGGCATCATCTGCAGCGGCGAGCAGAGCATCATCTAC
AACGAGGCGGACAAGGAGGCGGTGTTCACCGCGTTCCGCAACCACGGCGCGTACTTCTGCGACGAGGCGGAGGGCGATCGCGCCCGCGCGGCCATCTTCGAGAACGGCGCCATCGCCAAGG
ATGTGGTGGGCCAGTCCGTGGCGTTCATCGCCAAGAAGGCGAACATCAACATCCCGGAGGGCACCCGCATCCTCGTCGTCGAGGCGCGCGGCGTCGGCGCCGAGGACGTCATCTGCAAGGAG
AAGATGTGCCCGGTCATGTGCGCCCTGTCCTACAAGCATTTCGAGGAGGGCGTGGAGATCGCCCGCACCAACCTGGCCAACGAGGGCAACGGCCACACCTGCGCCATCCACTCGAACAACCAG
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GCCCACATCATCCTCGCCGGCTCCGAGCTGACCGTGTCCCGCATCGTCGTCAACGCCCCGTCGGCCACCACCGCCGGCGGCCACATCCAGAACGGCCTCGCCGTCACGAACACCCTCGGLTGCG
GCTCGTGGGGCAACAACTCGATCTCGGAGAACTTCACGTACAAGCACCTGCTCAACATCTCGCGCATCGCCCCGCTGAACTCGTCGATCCACATCCCGGACGACAAGGAGATCTGGGAGCTCTIG
ACCTAAGGACTAGTCCTGCAGGTACCTCTAAGCTTAATTAGCTGAGCTTGGA
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6.1 Beyond natural metabolism

The overarching goal of this thesis was to expand the metabolic potential of M. extorquens
AM1. This organism can utilize many carbon sources heterotrophically, but not Cs or Cs
sugars. This is unexpected, since its genome encodes for a complete pentose phosphate
pathway (PPP), the Entner-Doudoroff (ED) pathway, and glycolytic/gluconeogenic
pathways. Moreover, certain genes in the PPP show redundancy by being present in
multiple copies?. We decided to engineer assimilation of ribose (Cs) in this organism, as it
opens up interesting applications for the utilization of plant-derived material as feedstock
and its conversion into biotechnologically relevant products in the future. To that end,
overexpression of a heterologous ribose kinase gene enabled growth on ribose as the sole
source of energy and carbon. Further rational engineering with a sugar facilitator and,
lastly, adaptive laboratory evolution (ALE) led to robust growth on ribose by M.
extorquens AM1 (CHAPTER IIlI). While the genetic determinants remain to be elucidated,
our evolved strains can still be further used. As M. extorquens wild type requires upper
(sugar phosphate) metabolism solely to provide cellular building blocks, and not for the
assimilation of carbon per se, no genetic studies or deletion strains have been generated,
to the best of our knowledge. One study found that certain homolog genes of the PPP are
differentially expressed on Ci (methanol) versus Cs (succinate) but did not pursue this
further?. It would be very interesting to follow up on the evolved strains by
transcriptomics and/or proteomics, comparing them to the parent to identify which
homologues are active under these conditions. Subsequent biochemical characterization
as done for triosephosphate isomerase (TIM; CHAPTER lll) would also give new insights into
the metabolic network of M. extorquens AM1. Currently, the fate of fructose 6-phosphate
(F6P) in both engineered and evolved strains is unknown, since gene(s) encoding for a
phosphofructokinase cannot be identified by homology searches. We assume that F6P
formed during ribose assimilation enters the oxidative pentose pathway or the ED
pathway. Furthermore, no mutations were found in genes belonging to related pathways
after ALE, except for TIM (CHAPTER Ill). These genes are presumably not essential for
biosynthesis and have been deleted in organisms such as E. coli and Saccharomyces
cerevisiae®#. A more high-throughput method for gene disruption for M. extorquens, as
discussed in the following sections, is necessary due to the number of targets as well as
gene redundancy (two putative tal-pgi genes, two putative zwf genes, two putative gnd
genes, and one copy of edd and eda each). In essence, the strains generated in CHAPTER III
will enable us to probe the upper metabolic network on natural carbon sources (i.e.
biosynthetic requirements) versus Cs sugars (i.e. ribose assimilation specific) with growth
as an easy read-out.
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6.2 Synthetic autotrophy (again)

A very important, yet often overlooked, process during heterotrophic growth is energy
conservation. That is because heterotrophic organisms generally utilize organic molecules
both as energy and carbon sources. In (chemo)organoautotrophic growth, organic
compounds are oxidized to produce reducing equivalents the cell needs and inorganic
carbon is fixed to form biomass. In this thesis, we modified endogenous metabolism so
energy could be conserved by the oxidation of organic compounds, and implemented CO;
fixation by means of the natural, but heterologous, CBB (CHAPTERS Il and Ill) and the
artificial CETCH cycle (CHAPTER IV) in M. extorquens AM1.

To separate energy conservation from carbon assimilation, we took advantage of the
native metabolic network and blocked assimilation at key steps via gene knockouts.
During methylotrophy, only a fraction of C; units are assimilated via the serine cycle at the
level of formate and the rest are fully oxidized for energy> . Thus, the earliest step to
block carbon assimilation from methanol without disrupting energy conservation is at the
level of the formate tetrahydrofolate ligase (encoded by ftfL). Based on a metabolic
network model, single deletions downstream of ftfL, namely the serine
hydroxymethyltransferase (encoded by glyA) and crotonyl-CoA carboxylase/reductase
(encoded by ccr) were also investigated. As expected, all mutant strains were unable to
grow on methanol, yet only the AftfL mutant showed a growth phenotype when the CBB
cycle was introduced for carbon fixation hinting at (chemo)organoautotrophy (CHAPTER II).
It was unexpected that the CBB cycle would fail to complement growth in the AglyA
mutant, since it is at the start of the serine cycle and its gene product incorporates C1 units
onto glycine. One possible explanation is that an additional molecule of ATP and NADPH
are invested, without any benefit since glyA is knocked out, in comparison to a disruption
at the level of ftfL. Unknown regulatory processes or inhibition of enzymes by trapping
tetrahydrofolate might also take place. The gene product encoded by ccris located further
downstream of glyA and therefore, drains more of the cell’s resources without being able
to assimilate carbon; making it a poor target in terms of energy conservation. In
conclusion, we have shown that energy metabolism (i.e. methanol oxidation) can be
separated from methanol assimilation (CHAPTER II).

Similarly, cellular energy can be generated from acetate oxidation as shown in CHAPTERS Il
and IV. If the ethylmalonyl-CoA pathway (EMCP) is disrupted, then C; units from acetate
cannot be assimilated into biomass (as malate) and acetate will simply provide energy for
the cell via the two oxidative decarboxylation steps of the TCA cycle. By combining ribose
assimilation and CO; fixation via the CBB cycle, these engineered strains are dependent
on ribose for energy. Hence, we used an EMCP mutant (disrupting the B-ketothiolase
encoded by phaA) and provided acetate for extra energy (CHAPTER III). Only in this way, can
(chemo)organoautotrophy theoretically be selected for in M. extorquens AM1 equipped
with the CBB cycle. As mentioned in CHAPTER lll, these strains managed to escape CO;
fixation after ALE, exclusively assimilating ribose for carbon, but still consumed acetate
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for energy. Additional gene deletions to tighten selection and constrain ribose
assimilation only in the presence of an active CBB cycle are of interest before the next
round of ALE.

With the aim of implementing the non-natural CETCH cycle into M. extorquens AM1, we
disrupted the EMCP — abolishing growth on C3/C; carbon source as they need glyoxylate
as a carbon backbone — and aimed to complement growth by forming a closed
autocatalytic cycle (CHAPTER IV). We investigated alternative feeding schemes since simply
introducing and expressing the genes encoding for the crotonyl-CoA regeneration module
did not restore growth. It is likely that the accumulation of certain metabolites, low overall
flux through the regeneration module, and too many metabolites drained away by the
endogenous metabolism result in low amounts of glyoxylate being formed from CO;
fixation. This selection scheme was thought to be less stringent (compared to halting
carbon assimilation at ftfL) since glyoxylate enters the endogenous central carbon
metabolism without the need for a “glyoxylate assimilation module” such as the glycerate
pathway as previously proposed’. This pathway is inherently disadvantageous as it
releases one molecule of CO, for every two glyoxylate molecules assimilated® °.
Combining the CETCH cycle with carbon-conserving glyoxylate (or glycolate) assimilation
pathways can be explored in the future to promote carbon assimilation via the CETCH
cycle in M. extorquens AM11% 11, Alternately, the burden placed on CO; fixation by current
selection schemes can be alleviated by selecting for amino acid biosynthesis instead of full
biomass. In this scenario, a carbon and energy source (such as succinate) would be fed to
a glyoxylate-glycine auxotrophic strain of M. extorquens AM1 and glyoxylate fixed through
the CETCH cycle would provide glycine to the cell via a transaminase. Current optimization
and identification of crucial bottlenecks of this cycle in vitro being performed in our
laboratory will certainly help guide in vivo implementation further (C. Diehl, unpublished
results)’. The generation of additional selection schemes by rational means as well as ALE
will consolidate influx and efflux in balance, which has been shown to be crucial for
keeping autocatalytic cycles up-and-running??°,

6.3 Importance of repABC-based mini-chromosomes.

Secondary replicons are widespread in Alphaproteobacteria and up to 10% of all bacterial
genomes have a multipartite genome architecture!® 7. The repABC operons present in
these replicons encode for the replication and segregation machinery. The gene product
of the operon as well as with various regulatory elements give them chromosomal-like
properties: unit copy number relative to the main chromosome, stable replication and
partitioning even in the absence of selection’®2%. Only recently, have natural repABC
cassettes used in heterologous hosts such as S. meliloti** and M. extorquens AM1 (CHAPTER
[) for synthetic biology to create artificial ‘mini-chromosomes’.
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Previous to our work, engineering of M. extorquens AM1 was limited by the fact that only
one BHR origin of replication was suitable. By exploiting repABC regions from closely
related organisms three stable mini-chromosomes (Mrad-JCM, Mex-DM4, and Nham-3)
and one transiently stable mini-chromosome (Mex-CM4) were developed and
characterized for M. extorquens AM1 (CHAPTER I). Mex-CM4 lacks additional parsS site(s)
required for faithful transmission in the absence of antibiotic selection and is thus
perfectly suited to explore transient expression of proteins. In addition, we showed it was
possible to combine multiple repABC mini-chromosomes in a single cell without growth
impairments and all mini-chromosomes are compatible with BHR plasmids. It is important
to highlight that these mini-chromosomes do not interfere with the native replicons of M.
extorquens AM1. Moreover, each replicon behaves independently allowing more complex
genetic engineering in the future. For example, dividing pathways are into modules,
separately optimizing each module, and then seamlessly combining them. Importantly,
the repABC region is relatively small (5-10 kb), thus facilitating their manipulation, yet they
are is normally found in large replicons ranging from 0.3 to 2.6 Mb. Therefore, repABC-
-based mini-chromosomes will be able to withstand implementation of large DNA regions
and metabolic pathways, a feat not possible with ‘regular’ plasmids.

Dynamic control over gene expression was also underdeveloped, mostly relying on the
toxic CymR repressor and resulting in leakiness or weak expression after induction??-?4,
Therefore, we switched to the well-established Lacl-lacO system?”. By dividing promoters
into their core elements, designing multiple parts for each element, and combining them
together, we obtained ten novel promoters with distinct properties in terms of leakiness
before induction and overall strength at full induction (CHAPTER I). The latter was compared
to the Pmxar promoter, which drives expression corresponding to 9% of soluble protein?¢,
and is therefore the strongest native promoter in this organism. Unlike previous studies??,
whose inducible promoters were at best 33% of the Pmxar promoter, we identified
promoters weaker, matching, and exceeding Pmxor, making them the strongest promoters

reported to date for M. extorquens AM1.

With these tools at hand, protein production and purification from M. extorquens AM1
(CHaPTER lll) and E. coli (CHAPTER IV) for biochemical characterization was possible.
Furthermore, they allowed us to express all genes of the CETCH cycle regeneration
module dynamically so that they are only present when needed without representing an
unnecessary burden to the cells (CHAPTER IV). Furthermore, these promoters are also
suitable for related organisms: Rhodobacter sphaeroides 2.4.1 (M. Carrillo, unpublished
results), and M. extorquens PA1l (J. Hemmann, personal communication). Beyond the
Lacl-lacO system, one possibility is to combine the elements we have identified with the
tetracycline regulator-operator system?” 28 (TetR-tetO) to overcome previous limitations;
although, an inherent drawback is that tetracycline can no longer be used as a selectable
marker?4. Alternatively, newly optimized sensors can be used to have independent control
over gene expression using 12 different small-molecule inducers?. Future work will focus
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on using the tools developed here as a platform to test novel promoters and expression
systems.

So far, our work was focused on the model organism M. extorquens AM1: however, the
applicability of repABC mini-chromosomes extends to the hundreds of
Alphaproteobacterial isolates with secondary replicons?®. As we have shown, repABC
cassettes from related organisms can confer chromosomal-like properties to
heterologous hosts (CHAPTER ). Hence, suitable repABC cassettes can be identified for
members of this class with multipartite genomes such as Rhodobacter sphaeroides,
Paracoccus denitrificans, Ruegeria pomeroyi, and the many agriculturally relevant species
of symbiotic nitrogen-fixing bacteria, whose genetic toolboxes would all benefit from
mini-chromosomes. Even more remarkable, M. extorquens PA1%°, near-identical to AM1
but with a unified genome3? 32, was able to replicate the mini-chromosomes from
CHAPTER | (A. Ochsner, personal communication). This suggests that repABC
mini-chromosomes are functional in related organisms lacking secondary replicons and
could become universal DNA vehicles for members of the Alphaproteobacterial class. One
example of particular interest in our laboratory is Erythrobacter sp. NAP1, which is so far
genetically not tractable (l. Bernhardsgrutter, personal communication). In this context, it
would be interesting to explore this possibility further.

6.4 Efficient genome editing tools for M. extorquens AM1

The repABC mini-chromosomes are an elegant solution for (over)expression of native and
heterologous genes; however, gene deletions and other such modifications are not
addressed. The current genome editing methods in M. extorquens AM1 entail using
suicide vectors with homologous regions (> 0.5 kb each) with an antibiotic marker or
sucrose counterselection? 34, Both approaches are laborious and time-consuming as they
rely on the native machinery for recombination and sucrose counterselection can still lead
to wildtype revertants. More efficient genome editing tools have been developed for E.
coli and other organisms with three prominent examples: (i) phage-derived
recombinases3>37, (ii) CRISPR-Cas9 assisted selection344°, and (iii) deaminase-mediated
Target-AlID editing? %2

The RecET and A-Red system from E. coli rac prophage and bacteriophage A, respectively,
employ an exonuclease, a single stranded DNA (ssDNA) binding protein, and a
host-nuclease inhibitor protein to mediate site-specific genome editing using linear DNA
with 36-60 nt homology arms3> 3¢, Both systems have been used extensively to make fast
insertions, deletions and mutations in E. coli and a variety of other bacteria®*#.
Preliminary results suggest that a codon-optimized version of the RecET system,
transiently expressed from Mex-CM4 and under the control of an IPTG inducible promoter
(CHAPTER 1), can mediate recombination of linear PCR products with short homology arms
in M. extorquens AM1 (M. Carrillo, unpublished results). Of course, further optimization
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of the protocol (e.g. length of homology arms, preparation of competent cells, amount of
DNA, induction of phage recombination proteins, etc.) is necessary. Although very
effective, both the RecET and A-Red systems still rely on an antibiotic resistance cassette
for positive selection. In a two-step process, the RecET or A-Red systems can be combined
with sucrose counterselection, already established for M. extorquens AM134, for
markerless modifications.

Clustered regularly interspaced palindromic repeats (CRISPR) and CRISPR-associated (Cas)
proteins, part of bacterial adaptive immune systems# 4°, have been repurposed as a
powerful genome engineering tool using the Cas9 endonuclease from Streptococcus
pyogenes3® 3% %0 A small RNA directs the Cas9 protein to the desired genomic locus
ensuring targeted double-stranded breaks#. A template DNA for recombination is
required as most prokaryotes lack the non-homologous end joining pathway of DNA
repair otherwise resulting in cell death®? 2, Therefore, CRISPR-Cas9 in bacteria is used
mostly for negative selection against unmodified cells in combination with the RecET or A
Red systems for recombination??. Recently, CRISPR interference (CRISPRi) for
downregulation of targeted genes with a nuclease-deficient Cas9 (deactivated or dCas9)
from S. pyogenes was established for M. extorquens AM1°3. The effective downregulation
of multiple targets shown in said study demonstrates that dCas9 is functional in this
organism. Therefore, high-throughput, scarless genome editing with an active Cas9
variant and the RecET system should be straightforward to establish.

Lastly, Target-AID introduces cytosine-to-thymine substitutions instead of double
stranded breaks making it much less toxic** 4. Targeted modification with this method is
achieved fusing the cytidine deaminase to dCas9 as well as an uracil DNA glycosylase
inhibitor protein without the need for template DNA or any additional host-specific
factors required. In conclusion, these genome editing tools should be readily applicable
using the tools developed in CHAPTER | for M. extorquens AM1 and other
Alphaproteobacteria.

6.5 Conclusions and Outlook

The aim of this thesis was to expand and re-engineer the metabolic network of M.
extorquens AM1 to alter its growth capabilities. We were able to engineer growth on
ribose as the sole carbon and energy source and growth was further improved by serial
transfers. The metabolic fate of F6P produced during ribose assimilation, however, is still
unclear. To uncover this, the ED pathway and both 6-phosphogluconate dehydrogenases
should be deleted in ribose-evolved clones in the future.

We also aimed to engineer autotrophic growth in M. extorquens AM1, which is otherwise
an obligate heterotrophic organism. The conversion of a heterotrophic organism into an
autotrophic one is of interest because it ultimately allows for the production of value-
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added compounds from CO,. To that end, we halted carbon assimilation from methanol
into biomass, while still allowing for energy conservation in the form of reducing
equivalents, and equipped this strain with the CBB cycle for CO; fixation mimicking
(chemo)organoautotrophic growth. We demonstrated functional operation of the
heterologous CBB cycle through metabolic 3C-tracer analysis as well as a positive growth
phenotype but not continuous growth. Therefore, we introduced CO; fixation through the
CBB cycle in ribose-evolved clones. We achieved robust continuous growth via CO;
fixation, ribose assimilation, and energy conservation from acetate oxidation. However,
the assimilation of organic and inorganic carbon into biomass was lost in escape mutations
after ALE. Therefore, it is imperative to make ribose assimilation more tightly dependent
on the CBB cycle. Deletion of phosphoglucose isomerase (2 putative bifunctional genes)
and/or glucose 6-phosphate dehydrogenases (4 putative genes) are important targets in
the future.

By making full use of the genetic tools developed in this thesis, a functional RecET system
for efficient recombination of linear DNA, and later on CRISPR-Cas, can be established.
This in turn would greatly speed up the creation of gene knockouts and make the
systematic deletion of every open reading frame in M. extorquens AM1 feasible.
Subsequent transfer of these tools to closely-related Alphaproteobacteria would also be
possible. In summary, future development of genome editing techniques using the tools
developed in this thesis would help uncover unknown gene functions and facilitate
metabolic engineering to harness the biotechnological potential of M. extorquens AM1.

Nature has evolved various CO; fixation pathways but synthetic biology offers the
possibility to circumvent these and create artificial ones such as the CETCH cycle. M.
extorquens AM1 was an ideal organism to probe in vivo transplantation since many steps
of the CETCH cycle are part of its native metabolism. We identified and implemented the
missing steps corresponding to the crotonyl-CoA regeneration module. Selection schemes
based on restoring growth on Ci/C; carbon sources of selected mutants still require
further optimization. Future work could also explore restoring glycine auxotrophy via a
transaminase from glyoxylate, the output of the CETCH cycle, as a less stringent selective
pressure on CO; fixation. This thesis illustrates the complexity and importance of bridging
the gap between in silico design and in vivo realization.
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