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Supplementary Table 1. Concentrations of enzymes used in the assays. Setups for modules 4a-d additionally 
contained all required enzymes from modules 1, 2 and 3. CA – carbonic anhydrase; Ppk – polyphosphate kinase, Cpk 
– creatinphosphate kinase. *Wilbur-Anderson unit. **Cell extract. All commercially available enzymes were 
purchased from Sigma-Aldrich. 

 Module 1 Module 4a Module 4b Module 4c Module 4d    

Enzyme U/ml µM U/ml µM U/ml µM U/ml µM U/ml µM  U/mg Source 

              

Pco 1 3.00 1 3.00 1 3.00 1 3.00 1 3.00  12 1 
Ccr 1 0.58 1 0.58 1 0.58 1 0.58 1 0.58  110 1 
Epi 2.5 0.60 2.5 0.60 2.5 0.60 2.5 0.60 2.5 0.60  440 12 

Mcm 0.2 0.36 0.2 0.36 0.2 0.36 0.2 0.36 0.2 0.36  20 13 
Scr 4 2.68 4 2.68 4 2.68 4 2.68 4 2.68  29 14 
Ssr 0.1 0.76 0.1 0.76 0.1 0.76 0.1 0.76 0.1 0.76  4 1 
Hbs 0.2 5.12 0.2 5.12 0.2 5.12 0.2 5.12 0.2 5.12  2 15 
Gbd 0.2 0.56 0.2 0.56 0.2 0.56 0.2 0.56 0.2 0.56  26 15 
Ecm 0.2 0.55 0.2 0.55 0.2 0.55 0.2 0.55 0.2 0.55  7 12 
Mco 0.1 21.4 0.1 21.4 0.1 21.4 0.1 21.4 0.1 21.4  0.1 1 
Mch 5 1.26 5 1.26 5 1.26 5 1.26 5 1.26  1500 16 
Mcl 0.5 13.6 0.5 13.6 0.5 13.6 0.5 13.6 0.5 13.6  5 17 
Cat 1.5 1.37 1.5 1.37 1.5 1.37 1.5 1.37 1.5 1.37  11740 18 
Fdh 0.5 14.4 0.5 14.4 0.5 14.4 0.5 14.4 0.5 14.4  1 19 
Cpk 4 0.39 4 0.39 4 0.39 4 0.39 4 0.39  150 commercial 

Ppk 0.5 2          12 20 
CA * 0.02 * 0.02 * 0.02 * 0.02 * 0.02  *2000 commercial 

              

Gor 0.1 1.10          - 21 
              

Bha   0.5 2.26 0.5 2.26 0.5 2.26 0.5 2.26  116 22 
Bhd   0.5 1.37 0.5 1.37 0.5 1.37 0.5 1.37  92 22 
Isr   5 14.8 5 14.8 5 14.8 5 14.8  358 22 
Agt   1.2 1.93 1.2 1.93 1.2 1.93 1.2 1.93  77 22 
Mdh   7.91 1.33 0.79 0.13 7.91 1.33 7.91 1.33  1611 23 
Mtk     0.5  0.5  0.5   1.5 This Work 

              

Fum   0.5 0.66        340 24 
Frd   0.01 1.05        0.007 5 
Scs   0.5 1.00 0.5 1.00      19 25 

              

Cit     0.5 8.98      4 26 
Acn     0.5 15.88      6 27 
Icl     5 12.54      38 28 

              

Pcc*       0.1 7.69    1 29 
Mcr       0.5 0.28    10 7 
Pcs       0.1 3.09    1 30 
Adk       15 0.18    1247 31 

              
Aat         0.5 17.74  5 32 
Aar         0.5 28.27  **0.6 33 
Bbd         0.5 52.47  965 This work 

DEBS  
(2)  
each 

protein 
 

(2)  
each 

protein 
 

(2)  
each 

protein 
 

(2)  
each 

protein 
 

(2)  
each 

protein 
  - 
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Supplementary Table 2. Yield comparison of the different modules. mm-CoA: methylmalonyl-CoA. 
Carbons/mm-CoA and Total carbons in product are calculated for the methylmalonyl backbone (C4). Note that all 
setups include modules 1-3. * calculations include the carbon lost through decarboxylative condensation. 

 
Substrate 

(glyoxylate) 
[µM] 

Initial carbon 
concentration 

[µM] 
 

Product mm-CoA 
[µM] 

Carbon per 
mm-CoA 

Total carbon 
concentration from 

product [µM] 
Yield [%] 

4a 250 500  130 4 520 104 
4b 250 500  110 4 441 88 
4c 250 500  498 4 1992 398 
4d 250 500  69 4 276 55 

    
Product 6-dEB 

[µM] 
Carbons per 

6-dEB* 
  

4a+5 250 500  6 27 163 42 
4b+5 250 500  2.8 27 76 15 
4c+5 250 500  31.9 27 863 173 
4d+5 250 500  0 27 0 0 

 

Supplementary Table 3. List of all pathway enzymes used in this work. Note that auxiliary enzymes are listed in 
Table S1. 

# Name Full name Catalyzed reaction Origin Comment Source 

1 Ccr 
crotonyl-CoA 

carboxylase/reductase 
Crotonyl-CoA + NADPH + CO2 ⇌ Ethylmalonyl-

CoA + NADP+ 
M. extorquens  1 

2 
Epi 

methylmalonyl-
/ethylmalonyl-CoA 

epimerase 
(2S)-Ethylmalonyl-CoA ⇌ (2R)-Ethylmalonyl-CoA R. sphaeroides  1 

Ecm ethylmalonyl-CoA mutase (2R)-Ethylmalonyl-CoA ⇌ Methylsuccinyl-CoA R. sphaeroides  1 
3 Mco 

methylsuccinyl-CoA 
oxidase 

Methylsuccinyl-CoA + O2 ⇌ Mesaconyl-
CoA + H2O2 

R. sphaeroides  1 

4 Mch mesacony-CoA hydratase 
Mesaconyl-CoA + H2O(l) ⇌ beta-Methylmalyl-

CoA 
R. sphaeroides  1 

5 Mcl β-methylmalyl-CoA lyase 
beta-Methylmalyl-CoA ⇌ Glyoxylate + Propionyl-

CoA 
R. sphaeroides  1 

6 Pco propionyl-CoA oxidase Propionyl-CoA + O2 ⇌ Acrylyl-CoA + H2O2 A. thaliana 
A. thaliana short 
chain acyl-CoA 
oxidase 4 T134L 

1 

7 Ccr 
Crotonyl-CoA 

carboxylase/reductase 
Acrylyl-CoA + NADPH + CO2 ⇌ Methylmalonyl-

CoA + NADP+ 
M. extorquens  1 

8 
Epi 

methylmalonyl-
/ethylmalonyl-CoA 

epimerase 
(2S)-Ethylmalonyl-CoA ⇌ (2R)-Ethylmalonyl-CoA R. sphaeroides  1 

Mcm 
methylmalonyl-CoA 

mutase 
Methylmalonyl-CoA ⇌ Succinyl-CoA R. sphaeroides  1 

9 Scr succinyl-CoA reductase 
Succinyl-CoA + NADPH ⇌ Succinic 

semialdehyde + NADP+ + CoA 
C. kluyveri  1 

10 Ssr 
succinic semialdehyde 

reductase 
Succinic semialdehyde + NADPH ⇌ 4-

Hydroxybutyric acid + NADP+ 
H. sapiens  1 

11 Hbs 
4-hydroxybutyryl-CoA 

synthetase 
4-Hydroxybutyric acid + ATP + CoA ⇌ 4-

Hydroxybutyryl-CoA + ADP + Pi 
N. maritimus  1 

12 Hbd 
4-hydroxybutyryl-CoA 

dehydratase 
4-Hydroxybutyryl-CoA ⇌ Crotonyl-CoA + H2O(l) N. maritimus  1 

13 Bha 
β-hydroxyaspartate 

aldolase 
3-hydroxyaspartate ⇌ Iminosuccinate + H2O P. denitrificans bhcC 2 

14 Bhd 
β-hydroxyaspartate 

dehydratase 
Glyoxylate + Glycine ⇌ 3-hydroxyaspartate P. denitrificans bhcB 2 

15 Isr 
imminosuccinate 

reductase 
Iminosuccinate + NADPH ⇌ Aspartate + NADP+ P. denitrificans bhcD 2 

16 Agt 
aspartate-glyoxylate 

aminotransferase 
Aspartate + Glyoxylate ⇌ Oxaloacetate + Glycine P. denitrificans bhcA 2 

17 Mdh malate dehydrogenase Oxaloacetate + NADH ⇌ Malate + NAD+ E. coli  3 

18 Mtk malyl-CoA synthetase Malate + ATP + CoA ⇌ Malyl-CoA + ADP + Pi M. extorquens 
mtkAB; subunit 
beta A, subunit 

alpha B 

3 

19 Mcl β-methylmalyl-CoA lyase Malyl-CoA ⇌ Glyoxylate + Acetyl-CoA R. sphaeroides  1 
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Supplementary Table 3 continued 

20 Fum fumarate hydratase Malate ⇌ Fumarate + H2O E. coli  4 

21 Frd fumarate reductase Fumarate + NADH ⇌ Succinate + NAD+ T. brucei  5 

22 Scs succinyl-CoA synthetase 
Succinate + ATP + CoA ⇌ Succinyl-

CoA + ADP + Pi 
E. coli 

sucC subunit beta, 
sucD subunit 

alpha 

4 

23 Cit citrate synthase 
Acetyl-

CoA + Oxaloacetate + H2O(l) ⇌ Citrate + CoA 
Synechocystis sp.6803  

This 
work 

24 Acn aconitate hydratase A Citrate ⇌ Isocitrate E. coli  4 

25 Icl isocitrate lyase Isocitrate ⇌ Glyoxylate + Succinate E. coli  4 

26 Pcc* 
propionyl-CoA 

carboxylase 
Acetyl-CoA + HCO3- + ATP ⇌ Malonyl-

CoA + AMP + PPi 
M. extorquens 

M. extorquens 
propionyl-CoA 

carboxylase 
D407I 

6 

27 Mcr malonyl-CoA reductase 
Malonyl-CoA + NADPH ⇌ Malonate 

semialdehyde + NADP+ + CoA 
C.aurantiacus  7 

28 Mcr malonyl-CoA reductase 
Malonate semialdehyde + NADPH ⇌ 3-

Hydroxypropionate + NADP+ 
C.aurantiacus  7 

29 Pcs propionyl-CoA synthase 
3-Hydroxypropionate + ATP + CoA ⇌ 3-

Hydroxypropionyl-CoA + AMP + PPi 
Erythrobacter NAP1  8 

30 Pcs propionyl-CoA synthase 
3-Hydroxypropionyl-CoA ⇌ Acrylyl-

CoA + H2O(l) 
Erythrobacter NAP1  8 

31 Pcs propionyl-CoA synthase 
Acrylyl-CoA + NADPH ⇌ Propionyl-

CoA + NADP+ 
Erythrobacter NAP1  8 

32 pha acetoacetyl-CoA thiolase 2 Acetyl-CoA ⇌ Acetoacetyl-CoA + CoA C.necator  9 
33 phb acetoacetyl-CoA reductase 

Acetoacetyl-CoA + NADPH ⇌ (S)-3-
Hydroxybutyryl-CoA + NADP+ 

C.necator  9 

34 phj enoyl-CoA hydratase 
(S)-3-Hydroxybutyryl-CoA ⇌ Crotonyl-

CoA + H2O(l) 
P.aeruginosa  10 

35 DEBS 
6-deoxyerythronolide B 

synthase 

Propionyl-CoA + 6 NADPH + 6 Methylmalonyl-
CoA ⇌ 6-Deoxyerythronolide B + 6 CO2 + 

7 CoA + 6 NADP+ + H2O 
S. erythrea 

summarized 
reaction sequence 

11 
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Supplementary Table 1. LC-MS gradient for the separation of CoA thioesters. 

Time [min] A [%] B [%] 

0 100 0 

2 100 0 

5 94 6 

8 77 23 

10 20 80 

11 20 80 

12 100 0 

12.5 100 0 

 

Supplementary Table 2. MRM transitions for the quantification of CoA thioesters. 

Compound 
Precursor 

Ion 
Product Ion Dwell Fragmentor 

Collision 
Energy 

Cell 
Accelerator 

Volt. 
Polarity 

Malyl-CoA 
(Quantifier) 

884.1 377.1 25 380 37 5 Positive 

Malyl-CoA 
(Qualifier) 

884.1 428 25 380 29 5 Positive 

Acetyl-CoA 
(Quantifier) 

810.1 302.2 25 380 35 5 Positive 

Acetyl-CoA 
(Qualifier) 

810.1 428 25 380 35 5 Positive 

Ethylmalonyl-CoA 
(Quantifier) 

882.1 331.2 25 380 41 5 Positive 

Ethylmalonyl-CoA 
(Qualifier) 

882.1 428 25 380 29 5 Positive 

Methylsuccinyl-
CoA (Quantifier) 

882 375.1 25 380 33 5 Positive 

Methylsuccinyl-
CoA (Qualifier) 

882 428 25 380 29 5 Positive 

Mesaconyl-CoA 
(Quantifier) 

880.1 375.1 25 380 25 5 Positive 

Mesaconyl-CoA 
(Qualifier) 

880.1 428 25 380 35 5 Positive 

Succinyl-CoA 
(Quantifier) 

868.1 361.1 25 380 35 5 Positive 

Succinyl-CoA 
(Qualifier) 

868.1 428.1 25 380 35 5 Positive 

Methylmalonyl-
CoA (Quantifier) 

868.1 317.1 25 380 41 5 Positive 

Methylmalonyl-
CoA (Qualifier) 

868.1 428 25 380 31 5 Positive 

Malonyl-CoA 
(Quantifier) 

854.1 245 25 380 32 5 Positive 

Malonyl-CoA 
(Qualifier) 

854.1 428 25 380 28 5 Positive 

γ-hydroxybutyryl-
CoA (Quantifier) 

854.1 347.1 25 380 37 5 Positive 

γ-hydroxybutyryl-
CoA (Qualifier) 

854.1 428 25 380 30 5 Positive 

Crotonyl-CoA 
(Quantifier) 

836.1 329 25 380 33 5 Positive 

Crotonyl-CoA 
(Qualifier) 

836.1 428 25 380 26 5 Positive 

Propionyl-CoA 
(Quantifier) 

824.1 317.1 25 380 31 5 Positive 

Propionyl-CoA 
(Qualifier) 

824.1 428 25 380 28 5 Positive 
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Supplementary Table 5 continued. 

Methylsuccinyl-
CoA (Quantifier) 

824.1 317.1 25 380 31 5 Positive 

Methylsuccinyl-
CoA (Qualifier) 

824.1 428 25 380 28 5 Positive 

Β-methylmalyl-
CoA (Quantifier) 

898.1 391.1 25 380 39 5 Positive 

Β-methylmalyl-
CoA (Qualifier) 

898.1 428.1 25 380 33 5 Positive 

 

Supplementary Table 3. LC-MS gradient for the analysis of glycolate. 

Time [min] A [%] B [%] 

0 100 0 

4 100 0 

6 0 100 

7 0 100 

7.1 100 0 

12 100 0 

 

Supplementary Table 4. MRM transitions for the quantification of glycolate. 

Compound 
Precursor 

Ion 
Product Ion Dwell Fragmentor 

Collision 
Energy 

Cell 
Accelerator 

Volt. 
Polarity 

12C-Glycolate 
(Quantifier) 

75 47 150 380 9 5 Negative 

12C-Glycolate 
(Qualifier) 

75 75 150 380 0 5 Negative 

13C-Glycolate 
(Quantifier) 

77 48 150 380 9 5 Negative 

13C-Glycolate 
(Qualifier) 

77 77 150 380 0 5 Negative 

 

Supplementary Table 5. LC-MS gradient for the analysis of malate. 

Time [min] A [%] B [%] 

0.0 85 15 

7.0 0 100 

9.0 0 100 

9.1 85 15 

15.0 85 15 

 

Supplementary Table 6. MRM transitions for the quantification of malate. 

Compound 
Precursor 

Ion 
Product Ion Dwell Fragmentor 

Collision 
Energy 

Cell 
Accelerator 

Volt. 
Polarity 

12C-Malate 
(Quantifier) 

133 115 150 80 11 5 Negative 

12C-Malate 
(Qualifier) 

133 133 150 80 0 5 Negative 

13C-Malate 
(Quantifier) 

137 119 150 80 11 5 Negative 
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Supplementary Table 7. Analyzed 6-dEB adducts. 

Adduct [M+H]+ [M+Na]+ [M-H2O+H]+ 
m/z 387.274116 409.256058 369.263551 
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Supplementary Fig. 1. Analysis of the thermodynamic changes of all reaction modules as Gibbs free energy 
profile. Shown are the free energy profiles of modules and module combinations to the respective feedback 
intermediate. a Overview of consecutive reactions, starting with the carboxylation of crotonyl-CoA to ethylmalonyl-
CoA (#1). Arrows indicate intermediates that mark branching points into other modules (labeled by color). b Modules 
2-3-4a, starting from glyoxylate and yielding succinyl-CoA. c Modules 2-3-4b, starting from glyoxylate and yielding 
succinyl-CoA, d Modules 2-3-4c, starting from glyoxylate and yielding propionyl-CoA, e Module 2-3-4d, starting 
from glyoxylate and yielding crotonyl-CoA. Grey dashed lines indicate transitions between modules. ΔrG’ (custom 
reactant concentrations, see below) and ΔrG’m (default concentration of 1 mM for all reactants) values were estimated 
using the eQuilibrator v3.0 tool34 at pH 7.5, I = 0.25 and pMg = 3. All substrate and product (CoA, acids, aldehydes) 
concentrations were set to 250 µM, with the following exceptions: #23 200 µM acetyl-CoA and 50 µM oxaloacetate, 
#24-25 all reactants 50 µM (and 250 µM glyoxylate), #32-34 125 mM acetoacetyl-CoA and every following reactant. 
Concentrations of other metabolites were set as follows: NAD(P)H = 4.5 mM; NAD(P)+ = 0.5 mM; ATP = 3 mM; 
ADP = 1.4 mM; AMP = 0.5 mM; CoA = 1 mM; CO2(g) = 3.31 mM; CO2(total) = 50 mM. 
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Supplementary Fig. 2. Michaelis-Menten Plots and kinetic parameters for Bbd (a) and Mtk (b). All displayed 
data points were measured in technical triplicates and are displayed as mean ± SD.  

 

 

Supplementary Fig. 3. 6-deoxyerythronolide B synthase (DEBS). Displayed are the genetic architecture (DEBS 1-
3), as well as the in vitro assembly line used in this assay. DEBS 1 was dissected into lone standing loading domain 
(LD), module 1 and module 2 which were connected through linker domains, as described before11. Each molecule 6-
dEB is derived from one molecule propionyl-CoA and six molecules (2S)-methylmalonyl-CoA, under the 
consumption of six reducing equivalents NADPH. 
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Supplementary Fig. 4. Extracted Ion Counts (EIC) peak areas of CoA intermediates of module 1. All shown 
values are the peak areas of the EICs of the quantifiers (see Table S5). The vertical lines separate the different assays 
as labelled on the x-axis. The bars represent the timepoints 0, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12 and 24 h (from left to right) 
in each assay. a Propionyl-CoA), b Methylmalonyl-CoA, c Succinyl-CoA, d γ-hydroxybutyryl-CoA, e Crotonyl-CoA, 
f Ethylmalonyl-CoA, g Methylsuccinyl-CoA, h Mesaconyl-CoA, i β-methylmalyl-CoA. The data was collected from 
two different experiments. The EICs of module 1, module 1.1, module 1+5 and module 1.1+5 were normalized by re-
measuring samples from the initial dataset. 
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