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Supplementary Figure 1. The natural diversity of metabolic pathways for carbon-neutral
assimilation of acetyl-CoA into the central C; intermediate pyruvate. The carbon coloring describes
the origin of carbon atoms in the final product, indicating only the net stoichiometry regarding
carboxylation/decarboxylation steps (not the specific position of these atoms such as e.g. observable
via *C-tracing experiments). For clarity, co-factors such as ATP and reducing equivalents are omitted.
Max-Min driving force (MDF) analysis of thermodynamic feasibility was performed using equilibrator

! (see Methods).
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Supplementary Figure 2. Reductive acetyl-CoA assimilation routes. This scheme shows selected natural and synthetic carbon-negative (CO,-assimilating)
pathways for conversion of acetyl-CoA intothe Cs-compound pyruvate. The carbon coloring describes the origin of carbon atoms in the final product, indicating only
the net stoichiometry regarding carboxylation/decarboxylation steps (not the specific position of these atoms such as e.g. observable via '*C-tracing experiments).
For clarity, co-factors such as ATP and reducing equivalents are omitted. The rPS shunt (reductive pyruvate synthesis) has been proposed and analyzed
computationally * and demonstrated in vitro . The “acrylyl-CoA pathway” and “aminomutase pathway” have been proposed in variants of the malonyl-CoA-
oxaloacetate-glyoxylate (MOG) cycles *. (Co-)Assimilation of acetyl-CoA via part of the 3HP-bicycle has been described in °. Max-Min driving force (MDF) analysis
of thermodynamic feasibility was performed using equilibrator ' (see Methods).
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Supplementary Figure 3. A lactyl-CoA mutase dependent malonyl-CoA-oxaloacetate-glyoxylate
(MOG) cycle. The conversion of 3-hydroxypropionate to lactate via the novel lactyl-CoA mutase reaction
and a CoA transferase could allow pyruvate regeneration from acetyl-CoA. After phosphoenolpyruvate is
carboxylated, malate activation to malyl-CoA and a subsequent lyase reaction can generate the cycle
product glyoxylate and acetyl-CoA, the substrate for carboxylation by acetyl-CoA carboxylase. Reactions
underlayed with light green are native E. coli reactions, light pink underlays indicate successful
implementation in E. coli in previous works. The Lcm module, including the novel CoA-transferase
(turquoise) and mutase (teal) reaction sequence is highlighted by the blue box.
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Supplementary Figure 4. Identification of scaffold enzymes with lactyl-CoA mutase (Lcm) activity.
A) Phylogenetic tree of chosen candidate enzymes using MUSCLE ° and FastTree2 ’. Large subunits were
used to construct the tree. Four hydroxybutyryl-CoA mutases (Hecm), two ethylmalonyl-CoA mutases
(Ecm) or methylmalonyl-CoA mutases (Mcm) and four uncharacterized B12-dependent mutases were
chosen for in vitro testing. The large subunits (A subunit) of the following putative mutases could not be
purified (red exclamation mark): NCBI accessions HBB18459.1 (SsHecmA), HBB18460.1 (SsHemB)),
H1J39843.1 (DpHcmA), H1J39844.1 (DpHemB), MAF34037.1 (DsHemA) and MAF34038.1 (DsHemB).
Mutase variants marked with a red star were tested and had no activity with lactyl-CoA, variants with a
yellow star had promiscuous activity with lactyl-CoA. B) Photometric assay to test Lcm and Hem activity
in vitro. The enoyl-CoA hydratase Phal and the enoyl thioester reductase Etrlp were used as coupling
enzymes to follow NADPH consumption as readout for Lcm / Hem activity. C) Activity confirmation for
the Aquincola tertiaricarbonis mutase using the coupled assay shown in panel B. NADPH consumption
occurs only once 2-hydroxyisobutyryl-CoA is added, for which a turnover of ~ 1.5 min™ is observed. D)
Lactyl-CoA formation from 3-HP-CoA by the B. massiliosenegalensis mutase (wild type). L-lactyl-CoA
formation over time was quantified by LC-MS. Mean values of n=3 are shown with standard deviation. E)
Chromatographic separation of lactyl-CoA and 3-HP-CoA. 10 uM standards were used as indicated by the
legend. F) Chromatographic detection of lactyl-CoA formation from 3-HP-CoA via the LCM over time
(see panel D). Source data are provided as Source Data file.



A 100 B 1007 o AbfT Pet
3
Frc -+ YfdE
3 3
g 50+ E 50 3
= -o- AbfT Pct = _—
3 =9 _—
Frc ¥ YfdE -
04‘--'——.—**'—7"—' — = 04 —_—r—
0 50 100 0 50 100
time [min | time [min ]
Al M AbfT
acety-CoA ————"—3 malonyl-CoA T > 3Hp > 3HP-CoA
1000 , ApfT-noLom-A 1000 2000 5
800 < 800 1500 4
s 3 &
S 600 <600 > 3
g § = 1000 § ,
« 4 g
§400 ! El400 %.
500 2
2004 200 21
0 T T 0+ T T 0+ T T 0+ T
0 50 100 0 50 100 0 50 100 0 50 100
time [min] time [min] time [min] time [min]
D Acc Mo LCM
acetyl-CoA » malonyl-CoA J » 3HP 3-HP-CoOA ———————» lactyl-CoA
10007, pel 1000 2000 80 20
Pcl - no Lem-A
8001 <0 1500 60 15
3 3 & 3
S 600 <600 > ]
g s Z 1000 T40 g1
S 4004 E 400 s Z
= = =1 8
= > 500 20 25
2004 200 §_
0 0 T 0 0 T - 0
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
time [min] time [min] time [min] time [min] time [min]
E
Al M Pcs LCM
acelyl-CoA = > i > E > 3HP-CoA My JactyHCon
g 60
12004 * Pes 500
Pcs - no Lem-A 50
10004 400
< < < 40
§ 8004 8 3001 §
2 600+ E+ %
s 2 200 2
= 4004 3 520
200 1004 10
04 0 04—
0 500 1000 0 500 1000 500 1000
time [min] time [min] time [min]

Supplementary Figure 5. Assembly and optimization of the Lcm module. A) Testing of CoA transferase
candidates for the formation of lactyl-CoA from lactate with acetyl-CoA as CoA source. Tested were AbfT
(teal), Pct (turquoise), Frc (yellow) or Y{dE (green). Mean values of n=3 are shown with standard deviation
in all panels. B) Lactyl-CoA formation from lactate with 3-hydroxypropionyl-CoA as CoA source,
catalyzed by the CoA transferases AbfT (teal), Pct (turquoise), Frc (yellow) or YdE (green). C) 3-HP-CoA
formation from 1 mM acetyl-CoA and 2 mM acetate via the partial Lcm module with AbfT as CoA
transferase. 3-HP concentrations with dotted lines are outside of the linear measurement range, but were
included as confirmation for 3-HP synthesis. D) Lactyl-CoA formation from 1 mM acetyl-CoA via the Lcm
module with Pcl for 3-hydroxypropionyl-CoA synthesis from 3-HP. 3-HP concentrations with dotted lines
are outside of the linear measurement range, but were included as confirmation for 3-HP synthesis. E)
Lactyl-CoA formation from 1 mM acetyl-CoA with Pcs for 3-HP-CoA synthesis. Due to the similarity of
the results for AbfT and Pcl, malonyl-CoA and 3-HP formation was not quantified again. Note that the
measurement period was extended to 22.5 hours (1350 minutes) this time. Source data are provided as
Source Data file.
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Supplementary Figure 6: Rational engineering of the mutase reduced Lcm activity. A) Single amino
acid mutations were introduced with the intent of narrowing the active site to improve the activity with
lactyl-CoA. We chose residues that we expected to surround the acyl-function of the CoA thioester with
about 5 A distance according to the AlphaFold2 prediction of the Lem structure (colored in blue, the
respective distance of chosen residues to 2-HIB-CoA is indicated next to each residue). With this, we aimed
to restrict the space available so lactyl-CoA could bind better. We determined CoA thioester binding sites
by using the published crystal structure of the A. fertiaricarbonis homologue as template (PDB: 4r3u). The
Bi» cofactor is colored magenta. B) All rationally designed mutant variants had much lower Lcm activity
compared to the wild-type variant (k.. of 1.8 min™). Shown is the relative activity in percent (variant
turnover compared to wild type turnover) in the 3-hydroxypropionyl-CoA forming reaction direction. 1.5
mM L-lactyl-CoA was used with 5 pM of each subunit with 12.5 pM of coenzyme B, at 30°C (n=2).
Source data are provided as Source Data file.
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Supplementary Figure 7. CoA transferase performance evaluation in vivo. A) Maximum optical
density achieved by the B-alanine auxotrophic 3-HP sensor strain in M9 + 20 mM glycerol with different
3-HP concentrations. The experiment was performed in tubes (n=1). B) Growth of the the B-alanine
auxotrophic strain with various 3-HP concentrations. C) The CoA transferase AbfT (left graph) allows
growth of the B-alanine auxotrophic strain with L-lactate instead of 3-hydroxypropionate. In contrast, Pct
expression results in much lower biomass yields with L-lactate instead of 3-HP than the expression of AbfT
(right graph). D) The B-alanine auxotroph without additional plasmids (left) or with only the Lem (right
graph) can only grow once 3-HP is provided (yellow curves). Source data are provided as Source Data file.



o  "Cjl-actate
OH,
OH >P¢°
o oH N/\N
Lem pathway C,-CoA 0 \
o a Y HoN
OH oH | N, iy
SH [} 0 0
\/\u Y \l/ \L/ W o \;N
[
OH o] o]
analyzed fragment
neutral loss
B
= M0 100 100 1 — 100
= | .
= M+2
[ERR VI <%0 = 57
8 5 s
m M+4 g = s
B M+5 £ 60— % g 60
= ome 8 3607 =
- vy 2 ] =
- M 5 s, | 8 .
=wme 5© éAO 5 4
= M0 8 g £
£ M1 204 204 20
0 M#12
= M+13
= M+14 0 0 0
B M+15
= MG . M+18 B M20 B9 M0 03 Me2 3 M+30 3 M+32
. M+17 O M+19 B M+21 0 Mt 0 M3 CIM+31 1 M+33
C
= w10 oy — 1 -
1 M+ i
0 M+2
= M3 80 80 . 80
g g g
m M+4 g < c
B M+5 2 £ £
= e 5 0 S 60| 8 60
-7 2 H =
= oawes B 8 s
= 5 Y 54 5 40
= M0 B g 1 =
=1 M1 204 20 20
O M+12
=1 M+13 ]
= M4 0 0 0
m M+15
= N6 mm M+18 B M+20 00 M0 3O M+2 3 M+30 3 M+32
m M+17 0 M+19 o M+21 3 M+1 O M+3 CJ M+31 [ M+33

Supplementary Figure 8. Isotopic labelling patterns for the untargeted analyses of free CoA. A AlldD
strain was used as control, and the B-alanine auxotroph with pBBR1-Lcm and chromosomal-rbsA-abfT
expression was used. A) Expected isotopic labelling distribution in free CoA from B-alanine auxotroph
growing via the Lcm pathway. °C atoms should only be present in the neutral loss moiety of CoA during
targeted MS/MS analysis. B) Labelling patterns in free CoA from a -alanine auxotrophic strain expressing
the Lecm pathway that was grown in minimal medium with 20 mM glycerol + 1 mM IPTG + 1 uM B12 +
20 mM "Cs-L-lactate. Left graph: presentation of all masses until M+21 (equivalent to the number of
carbons in CoA) determined by untargeted mass analysis. Middle graph: presentation of the masses m+0 to
m+3, determined by untargeted mass analysis. Right graph: Mass distribution in the analyzed fragment of
three-fold labelled CoA, determined by fragmentation and targeted mass analysis. See methods section for
parameters used for CoA fragmentation. The annotation for the right graph in panel C denotes three labelled
carbons in the entire molecule (3.X) and the number of labelled carbons in the analyzed fragment (e.g., one
labelled carbon in the analyzed fragment represented as 3.1). Mean values of technical triplicates were used
to determine fractions. C) Labelling patterns in free CoA from the AlldD control strain grown with 20 mM
glycerol + 1 mM IPTG + 1 uM B12 + 20 mM "*C;-L-lactate. Graph distribution from left to right is coherent
to (B). Mean values of technical triplicates were used to determine fractions. Source data are provided as
Source Data file.
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Supplementary Figure 9. Workflow for the generation of improved Lcm variants by mutagenesis
employing the eMutaT?7 system. A) Schematic representation of the MutaT7 system for hypermutagenesis
of the operon containing the chaperone MeaB and both Lcm subunits. B) The genes encoding Lem (light
grey) and the chaperone MeaB (dark grey) are expressed from an IPTG-inducible target plasmid where they
are flanked by T7 promoters (pMutaT7). From the mutator plasmid, two individual fusion proteins are
expressed, consisting of T7 polymerase and either cytidine deaminase (facilitating C (— U) — T
exchanges) or adenine deaminase (facilitating A — G mutations), respectively. Induction of the deaminase
fusions should result in an increased mutagenesis rate on the T7-promoter-flanked genes®. Both constructs
were introduced to the B-alanine aux. strain (chromosomal rbsA-abfT). Since the strain was only able to
grow in selective medium without the mutator, mutagenesis was performed in LB with ampicillin (for target
plasmid maintenance) and chloramphenicol (for mutator maintenance) by mutator expression induction
overnight (10 mM L-arabinose). The cells were then washed and propagated several times in selective
medium, before isolating single colonies on LB with ampicillin. Single colonies were restreaked to check
for mutator presence (none carried the mutator plasmid). After confirming their growth in selective medium
in tubes, they were compared to the ancestral strains in a plate reader experiment. This figure was created
using Biorender.com (Created in BioRender. Schulz-Mirbach, H. (2023) BioRender.com/i89k495).
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Supplementary Figure 10. The evolved pMutaT7-Lem populations grow faster than previously
characterized strains. Growth was tested in M9 medium with 20 mM glycerol + 1 mM IPTG + 1 uM B12
+ 5 mM L-lactate. Tested strains are indicated by the legend. Source data are provided as Source Data file.
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Supplementary Figure 11. Growth of all mutase dependent strains requires lactate. Shown are
negative controls (no L-lactate) of the [-alanine auxotrophic strains with chromosomal-rbsA-abfT
expressing the Lcm either from the original plasmid (pBBR1, teal curve), or mutated single copy MutaT7
target plasmids (dark blue and green lines) in Fig. 4C. Source data are provided as Source Data file.
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A Wild type

Supplementary Figure 12. AlphaFold2 predictions of all Lem variants. None of the obtained mutations
(highlighted blue, indicated by blue arrows) directly points towards the substrate or changes the predicted
enzyme structure. The large subunit is shown in green, the small subunit in yellow. Mutations are
highlighted in blue. Coenzyme B12 (dark orange) as well as 2-hydroxyisobutyryl-CoA (pink) were modeled
into the structure based on the A. tertiaricarbonis Hem structure (PDB: 4r3u). A) Predicted structure of the
wild-type Lcm. B) Predicted structure of the Lem variant P163L. C) Predicted structure of the Lecm variant
V921 E137K. D) Predicted structure of the Lem variant E102K.
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Supplementary Figure 13: AlphaFold Multimer predictions (based on AlphaFold2) of the Lem
tetramer and the chaperone MeaB based on the A. tertiaricarbonis Hem structure (PDB: 4r3u). A)
Predicted structure of the Lcm tetramer (two large subunits shown in green, with the four mutations
obtained in this study highlighted in blue, and two small subunits in yellow) together with the chaperone
MeaB (orange). None of the obtained mutations are located at interaction interfaces. B) The structure shown
in panel (A) colored according to modelling confidence (pLDDT value), with obtained mutations displayed
in yellow. C) Model confidence for the Lem (large subunit in green, small subunit in yellow) and MeaB
(orange). Vertical dotted lines indicate the positions of mutated/evolved residues identified in this study.
None of the mutations are in low-confidence regions. Source data are provided as Source Data file.
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Supplementary Figure 14: Bi>-dependence of Lem and Pcs activity. A) Activity of the Lem (wild-type
variant) in presence of 12.5 or 500 pM Bj;. 1 mM 3-HP-CoA was added to the reaction, the assay was
performed as described in the main text (Methods), but with 100 mM HEPES (instead of sodium phosphate
buffer). Due to interference of high B, concentrations with the photometric assay readout, the 500 uM B,
assay was performed with 100 uM NADPH instead of 0.25 mM to decrease the overall absorbance. B) Lem
module intermediate formation from 1 mM acetyl-CoA in the Lcm module with Pcs over time with 12.5
uM Bi» (turquoise), 100 uM By (light blue) or 500 uM B, (dark blue). The Lem variant used is indicated
on the left of each panel. The metabolite is indicated above each column. Acetyl-CoA, 3-HP-CoA and
lactyl-CoA absolute concentrations are shown, for 3-HP the extracted ion chromatogram is shown.
Measurements were conducted in triplicates, the mean and standard deviation are shown. C) 3-HP-CoA
formation from 1 mM 3-HP by the Pcs in presence of the wild-type mutase and different B, concentrations
(indicated by the legend to the right). A maximum of 34.8 pM lactyl-CoA formed by the wild-type mutase
could be detected in the assay. Note that lactyl-CoA formation does not make up for the severe decrease in
formed 3-HP-CoA, which indicates inhibition of the Pcs by high amounts of Bj,. Mean values of n=3 are
shown with standard deviation in all panels. Source data are provided as Source Data file.
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Supplementary Table 1. Discovered natural carbon fixation pathways and their metabolic products

Cyeclic / .. Initial Central
Pathway Name Linear O:-tolerance | Carbon Input | Initial product Metabolic Product Reference
reductive acetyl-CoA pathway . iy CO, (2x)/ . . 9
(Wood-Ljungdahl Pathway) Linear Os-sensitive reduced C1 acetyl-CoA acetyl-CoA reviewed in
reductive glycine pathway . . CO, (2x)/ . 10
(glycine reductase variant) Linear Oz-sensitive reduced C1 glycine acetyl-CoA
reductive TCA Cycle Cyclic O;-sensitive CO (2x) acetyl-CoA acetyl-CoA reviewed in ;!
reverse oxidative TCA Cycle Cyclic O»-tolerant CO» (2x) acetyl-CoA acetyl-CoA 1213
Dicarboxylate/ . .. . . . 9
4-hydroxybutyrate Cycle Cyclic O;-sensitive CO,, HCO3 acetyl-CoA acetyl-CoA reviewed in
3-hydroxypropionate/ . ; . . 9
4-hydroxybutyrate Cycle Cyclic Os-tolerant HCO;™ (2x) acetyl-CoA acetyl-CoA reviewed in
reductive pentose phosphate pathway . O, side- 3-phospho- autocatalytic (sugar . . 9
(Calvin-Benson-Bassham Cycle) Cyclic activity €Oz (3%) glycerate phosphates) reviewed in
3-hydroxypropionate Bicycle Cyclic O;-tolerant HCOs™ (3x) glyoxylate pyruvate reviewed in ’
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Supplementary Table 2. Parameter settings for the LC-MS based quantification of CoA esters.

Name Precurser | Product Collision Fragmentor Cell Dwell time | Polarity
Ion Ion energy [V] | Voltage [V] Accelorator [msec]
Voltage [V]

Malonyl-CoA 854.1 428.1 30 380 5 160 positive
Malonyl-CoA 854.1 347.1 37 380 5 160 Positive
Lactyl-CoA 840.3 428.1 30 380 5 160 Positive
Lactyl-CoA 840.3 3334 33 380 5 160 Positive
3-Hydroxypropionyl- 840.3 428.1 30 380 5 160 Positive
CoA

3-Hydroxypropionyl- 840.3 3334 33 380 5 160 Positive
CoA

Acetyl-CoA 810.1 428.1 35 380 5 160 Positive
Acetyl-CoA 810.1 302.2 35 380 5 160 positive
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Supplementary Table 3. Parameter settings for the LC-MS based quantification of lactate and 3-HP

Name Precurser Product Collision | Fragmentor Cell Accelorator | Dwell Polarity
Ion Ion energy [V] | Voltage [V] Voltage [V] time
[msec]
Lactate 89.2 89.2 0 380 5 180 Negative
Lactate 89.2 71.3 10 380 5 180 Negative
3-Hydroxypropionate 89.2 89.2 0 380 5 180 Negative
3-Hydroxypropionate 89.2 59 7 380 5 180 Negative
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Supplementary Table 4. m/z values used for the untargeted '>C isotopic labelling analysis of CoA by

liquid chromatography mass spectrometry (LC-MS).

Name Formula Formula [M+H]+ m/z [M+H]+
CoA [M+00] [13C]0C21H36N7016P3S [13C]JOC21H37N7016P3S+ 768.1225
CoA [M+01] [13C]1C20H36N7016P3S [13C]1C20H37N7016P3S+ 769.1258
CoA [M+02] [13C]2C19H36N7016P3S [13C]2C19H37N7016P3S+ 770.1292
CoA [M+03] [13C]3C18H36N7016P3S [13CJ]3C18H37N7016P3S+ 771.1326
CoA [M+04] [13C]4C17H36N7016P3S [13C]4C17TH37N7016P3S+ 772.1359
CoA [M+05] [13C]5C16H36N7016P3S [13C]5C16H37N7016P3S+ 773.1393
CoA [M+06] [13C]6C15H36N7016P3S [13C]6C15H37N7016P3S+ 774.1426
CoA [M+07] [13C]7C14H36N7016P3S [13C]7C14H37N7016P3S+ 775.146
CoA [M+08] [13CI8C13H36N7016P3S [13C]8C13H37N7016P3S+ 776.1493
CoA [M+09] [13C]9C12H36N7016P3S [13C]9C12H37N7016P3S+ 777.1527
CoA [M+10] [13C]10C11H36N7016P3S [13C]10C11H37N7016P3S+ 778.156
CoA [M+11] [13C]11C10H36N7016P3S [13C]11C10H37N7016P3S+ 779.1594
CoA [M+12] [13C]12C9H36N7016P3S [13C]12C9H37N7016P3S+ 780.1627
CoA [M+13] [13C]13C8H36N7016P3S [13C]13C8H37N7016P3S+ 781.1661
CoA [M+14] [13C]14C7TH36N7016P3S [13C]14C7TH37N7016P3S+ 782.1695
CoA [M+15] [13C]15C6H36N7016P3S [13C]15C6H37N7016P3S+ 783.1728
CoA [M+16] [13C]16C5H36N7016P3S [13C]16C5H37N7016P3S+ 784.1762
CoA [M+17] [13C]17C4H36N7016P3S [13C]17C4H37N7016P3S+ 785.1795
CoA [M+18] [13C]18C3H36N7016P3S [13C]18C3H37N7016P3S+ 786.1829
CoA [M+19] [13C]19C2H36N7016P3S [13C]19C2H37N7016P3S+ 787.1862
CoA [M+20] [13C]20C1H36N7016P3S [13C]20C1H37N7016P3S+ 788.1896
CoA [M+21] [13C]21COH36N7016P3S [13C]21COH37N7016P3S+ 789.1929
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Supplementary Table 5. m/z values used for the targeted '3C isotopic labelling analysis of CoA
by liquid chromatography mass spectrometry (LC-MS).

Name Precurser Product Collision Fragmentor Cell Accelorator | Dwell time | Polarity
Ton Ton energy [V] Voltage [V] Voltage [V] [msec]
CoA [M+0.0] 768.12 428 31 380 5 100 Positive
CoA [M+1.0] 769.12 428 31 380 5 100 Positive
CoA [M+1.1} 769.12 429 31 380 5 100 Positive
CoA [M+2.0] 770.12 428 31 380 5 100 Positive
CoA [M+2.1] 770.12 429 31 380 5 100 Positive
CoA [M+2.2] 770.12 430 31 380 5 100 Positive
CoA [M+3.0] 771.12 428 31 380 5 100 Positive
CoA [M+3.1] 771.12 429 31 380 5 100 Positive
CoA [M+3.2] 771.12 430 31 380 5 100 Positive
CoA [M+3.3] 771.12 431 31 380 5 100 Positive
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