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glucose-6-phosphate (G6P); (iii) a polypeptide the catalyzes the 

conversion/phosphorylation of fructose-6-phosphate (F6P) to 

fructose-1,6-phosphate; (iv) a polypeptide that converts fructose-

1,6-phosphate to two glyceraldehyde-3-phosphates (G3P); (v) a 

molecular rheostat comprising (a) an enzyme that converts 

glyceraldehyde-3-phosphate (G3P) and NADP+ to 3-phosphoglycerate 

(3PG) and NADPH and (b) an enzyme that converts glyceraldehyde-3-

phosphate (G3P), NADP+ and free phosphate (Pi) to 1,3-

bisphosphoglycerate (1,3BPG) and (c) an enzyme that converts 1,3 

bisphosphglycerate (1,3BPG) and ADP to 3-phophoglycerate (3pG) and 

ATP; (vi) a polypeptide that converts 3-phosphoglycerate (3PG) to 

2-phosphoglycerate (2PG); (vii) a polypeptide that converts 2-

phosphoglycerate (2PG) to phosphoenolpyruvate (PEP); (viii) a 

polypeptide that converts phosphoenolpyruvate (PEP) to pyruvate; 

(ix) a polypeptide that converts pyruvate to acetolactate; (x) a 

polypeptide that converts acetolactate and NADPH to 2,3 dihydroxy-

3-methyl butanoate and NADP+; (xi) a polypeptide that converts 2,3 

dihydroxy-3-methyl butanoate to 3-methyl-2-oxobutanoate; (xii) a 

polypeptide that converts 3-methyl-2-oxobutanoate to isobutanal and 

(xiii) a polypeptide that coverts isobutanal and NADPH to 

isobutanol and NADP+.  In still another embodiment of any of the 

foregoing embodiments, wherein the pathway is in a cell-free 

system. In still another embodiment of any of the foregoing 

embodiments, wherein the polypeptides are present in a cell-free 

system. 

[0007a] In one aspect, the present disclosure refers to a cell-free 

recombinant, artificial or engineered metabolic pathway comprising 

a plurality of enzymatic steps that converts a substrate to a 

product, wherein the pathway comprises a non-naturally occurring 

molecular rheostat system in which two distinct co-factor-dependent 

enzymatic pathways convert a first metabolite in the metabolic 

pathway to a downstream second metabolite within the metabolic 

pathway and wherein the distinct cofactor dependent enzymatic 

pathways produce different intermediate metabolites using a first 

distinct cofactor, wherein the first distinct enzymatic pathway 

provides an enzyme that directly converts the first metabolite to 

the downstream second metabolite, and wherein the 
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second distinct enzymatic pathway provides a plurality of enzymes 

that converts the first metabolite to the downstream second 

metabolite, wherein the molecular rheostat alternates between or 

simultaneously uses the two distinct cofactor-dependent enzymatic 

pathway for the production of the downstream second metabolite 

depending upon the availability of a second distinct cofactor. 

[0007b] In another aspect, the present disclosure refers to a 

recombinant, artificial or engineered metabolic pathway of claim 1, 

wherein the pathway comprises: (a) a first enzymatic step that 

converts a first metabolite to a second metabolite using a first 

co-factor; (b) a second enzymatic step that converts the first 

metabolite to the second metabolite using the first distinct co-

factor and the second distinct co-factor; wherein the first 

enzymatic step is active when the second distinct co-factor level 

is low and wherein the second enzymatic step is active when the 

second distinct co-factor level is high. 

[0008] The disclosure also provides a recombinant polypeptide 

comprising a sequence that is at least 95% identical to SEQ ID NO:6 

and comprises D34A/L35R/T36K mutations and has glyceraldehyde-3-

phosphate dehydrogenase activity.  

[0009] In another example, there is provided a recombinant 

polypeptide comprising a sequence that is at least 95% identical to 

SEQ ID NO:6 and comprises D34A/L35R/T36K mutations and has 

glyceraldehyde-3-phosphate dehydrogenase activity. 

[0010] The disclosure provide a molecular rheostat switch that 

allows a metabolic system to preferentially proceed down one of two 

pathways depending upon cofactor balance.  For example, in one 

embodiment, the pathway proceed down an enzyme path that doesn't 

produce ATP or one that does produce ATP depending upon the amount 

of free phosphate (Pi) in the system.  The choice is regulated by 

free phosphate which is needed by the mGAP enzyme.  Free phosphate 
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WHAT IS CLAIMED IS 

1. A cell-free recombinant, artificial or engineered metabolic 

pathway comprising a plurality of enzymatic steps that converts a 

substrate to a product, wherein the pathway comprises  

a non-naturally occurring molecular rheostat system in which two 

distinct co-factor-dependent enzymatic pathways convert a first 

metabolite in the metabolic pathway to a downstream second 

metabolite within the metabolic pathway and wherein the distinct 

cofactor dependent enzymatic pathways produce different 

intermediate metabolites using a first distinct cofactor, 

wherein the first distinct enzymatic pathway provides an enzyme 

that directly converts the first metabolite to the downstream 

second metabolite, and 

wherein the second distinct enzymatic pathway provides a plurality 

of enzymes that converts the first metabolite to the downstream 

second metabolite, 

wherein the molecular rheostat alternates between or simultaneously 

uses the two distinct cofactor-dependent enzymatic pathway for the 

production of the downstream second metabolite depending upon the 

availability of a second distinct cofactor. 

 

2. A recombinant, artificial or engineered metabolic pathway of 

claim 1, wherein the pathway comprises: 

 (a) a first enzymatic step that converts a first metabolite 

to a second metabolite using a first co-factor; 

 (b) a second enzymatic step that converts the first 

metabolite to the second metabolite using the first distinct co-

factor and the second distinct co-factor; 

 wherein the first enzymatic step is active when the second 

distinct co-factor level is low and wherein the second enzymatic 

step is active when the second distinct co-factor level is high. 
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3. The recombinant, artificial or engineered pathway of claim 1 

or 2, wherein the first distinct cofactor is an oxidizing/reducing 

co-factor and the second distinct cofactor is inorganic phosphate 

(Pi). 

 

4. The recombinant, artificial or engineered pathway of claim 3, 

wherein the oxidizing/reducing co-factors are NAD+/NADH, NADP+/NADPH 

or FAD+/FADH. 

 

5. The recombinant, artificial or engineered pathway of any of 

claim 2-4, wherein the first distinct cofactor comprises 

NADP+/NADPH. 

 

6. The recombinant, artificial or engineered metabolic pathway 

of claim 1, wherein the metabolic pathway comprises the conversion 

of glyceraldehyde-3-phosphate to 3-phosphoglycerate. 

 

7. The recombinant, artificial or engineered metabolic pathway 

of claim 6, wherein the metabolic pathway produces a metabolite 

selected from the group consisting of isobutanol, 3-methyl-1-

butanol, leucine, and valine. 

 

8. The recombinant, artificial or engineered metabolic pathway 

of claim 6, wherein the pathway comprises the conversion of 

glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate and 1,3-

bisphosphoglycerate to 3-phosphoglycerate. 

 

9. The recombinant artificial or engineered metabolic pathway of 

any one of claims 6, 7 or 8 comprising (i) an enzyme that converts 

glyceraldehyde-3-phosphate (G3P) and NADP+ to 3-phosphoglycerate 

(3PG) and NADPH; and (ii) an enzyme that converts glyceraldehyde-3-

phosphate (G3P), NADP+ and free phosphate (Pi) to 1,3-

bisphosphoglycerate (1,3BPG) and (iii) an enzyme that converts 1,3 

bisphosphglycerate (1,3BPG) and ADP to 3-phophoglycerate and ATP. 
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10. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the enzyme of (i) comprises a NADP-dependent 

glyceraldehyde-3-phosphate dehydrogenase (GapN).   

 

11. The recombinant artificial or engineered metabolic pathway of 

claim 10, wherein the GapN is obtained from Streptococcus mutans.   

 

12. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the enzyme of (ii) comprises a mutant 

glyceraldehyde-3-phosphate dehydrogenase (mGap) that comprises 

D34A/L35R/T36K mutations relative to SEQ ID NO:6.   

 

13. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the enzyme of (ii) comprises a mutant 

glyceraldehyde-3-phosphate dehydrogenase (mGap) that has a sequence 

that is at least 95% identical to SEQ ID NO:6 and comprises 

D34A/L35R/T36K mutations. 

 

14. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the enzyme of (iii) comprises enzyme commission 

number (EC number) EC 2.7.2.3.   

 

15. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the enzyme of (iii) is a phosphoglycerate kinase.  

 

16. The recombinant artificial or engineered metabolic pathway of 

claim 15, wherein the phosphoglycerate kinase is a Pgk from 

Geobacillus stearothermophilus.   

 

17. The recombinant artificial or engineered metabolic pathway of 

claim 15, wherein the enzyme of (iii) has a sequence that is at 

least 95% identical to SEQ ID NO:7 and has phosphoglycerate kinase 

activity. 

 

18. The recombinant artificial or engineered metabolic pathway of 

claim 9, wherein the molecular rheostat comprise the enzymes of (i) 
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a NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (GapN), 

(ii) a mutant glyceraldenhyde-3-phosphate dehydrogenase that 

utilizes NADP+ and (iii) a phosphoglycerate kinase. 

 

19. The recombinant artificial or engineered metabolic pathway of 

claim 1, wherein the pathway comprises: 

 (i) a polypeptide that catalyzes the production of glucose-6-

phosphate (G6P) from glucose;  

(ii) a polypeptide that catalyzes the production of Fructose-

6-phosphate (F6P) from glucose-6-phosphate (G6P);  

(iii) a polypeptide the catalyzes the 

conversion/phosphorylation of fructose-6-phosphate (F6P) to 

fructose-1,6-phosphate  

(iv) a polypeptide that converts fructose-1,6-phosphate to 

two glyceraldehyde-3-phosphates (G3P);  

(v) a molecular rheostat comprising  

(a) an enzyme that converts glyceraldehyde-3-phosphate 

(G3P) and NADP+ to 3-phosphoglycerate (3PG) and NADPH and  

(b) an enzyme that converts glyceraldehyde-3-phosphate 

(G3P), NADP+ and free phosphate (Pi) to 1,3-

bisphosphoglycerate (1,3BPG) and  

(c) an enzyme that converts 1,3 bisphosphglycerate 

(1,3BPG) and ADP to 3-phophoglycerate (3pG) and ATP;  

(vi) a polypeptide that converts 3-phosphoglycerate (3PG) to 

2-phosphoglycerate (2PG);  

(vii) a polypeptide that converts 2-phosphoglycerate (2PG) to 

phosphoenolpyruvate (PEP);  

(viii) a polypeptide that converts phosphoenolpyruvate (PEP) 

to pyruvate;  

(ix) a polypeptide that converts pyruvate to acetolactate;  

(x) a polypeptide that converts acetolactate and NADPH to 2,3 

dihydroxy-3-methyl butanoate and NADP+;  

(xi) a polypeptide that converts 2,3 dihydroxy-3-methyl 

butanoate to 3-methyl-2-oxobutanoate;  

(xii) a polypeptide that converts 3-methyl-2-oxobutanoate to 

isobutanal and  
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(xiii) a polypeptide that coverts isobutanal and NADPH to 

isobutanol and NADP+. 

 

20. The recombinant, artificial or engineered pathway of any one 

of claims 1, 2, 4, 6, 7, 8, 18 or 19, wherein the pathway is in a 

cell-free system. 
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