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 Abstract   Synthetic scaffold has shown to be beneficial in increasing the metabolic flux while reducing metabolic load in engineered 

microbes. In John Dueber’s Nature Biotechnology paper “Synthetic Protein Scaffolds Provide Modular Control Over Metabolic Flux” 1, 

optimize stoichiometry of three mevalonate biosynthetic enzymes recruited to a synthetic scaffolds improved mevalonate production by 

77-fold.  However, understanding how the scaffold can produce higher titer is extremely complex.  For instance, recent discoveries have 

suggested that internal ribosome binding site (iRBS) is problematic since truncated scaffold is being expressed at higher level than full-

length scaffold.  Through reconstructing the scaffold DNA without any internal RBS which produces the full-length scaffold and retesting 

the new scaffold construct would explain how the scaffold function.  Additionally, enzyme tagged with PDZ peptide leads to shorter half-

life.  Enzyme tagged with PDZ peptide can be regulated and thereby reducing activity of off-scaffold enzymes. 

 

Results/Data Analysis 

Truncated Scaffolds and Scaffold Domain (PDZ) Protection 

-Western Blot  

• For further research, due to the refactored 

scaffolds were not being expressed, we will 

optimize the scaffold DNA by adding strong 

RBS. Then, we will test the expression of 

full-length scaffolds and repeat the 

mevalonate essay again. 

Discussion/Conclusion 

Transfer-to-Excellence (TTE) Program 
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Methods 

-PDZ Protection 

1. RFP or RFP-PDZ plasmids were co-transformed with different 

constructions of the even number plasmids (in Table 1).  

2. Eight samples grew in same condition for mevalonate extraction 

and GC-MS analysis. 

 

-Western Bolt for testing full-length scaffolds 

• iRBS in the original scaffolds were removed by using RBS 

calculator.   

• 3x Flag Tags were cloned to each plasmid for later processing 

western blot. 
 

Optimal ratio of domains can be 

found improve production by 77-

fold1. 
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A matrix of scaffolds was made with the architecture (N terminus to 

C terminus) of GBDxSH3yPDZz where x = 1 and y and z were varied 

to be 1, 2 or 4. For separate inducible control, the pathway enzymes 

were placed under transcriptional control of PTET, and the scaffolds 

were under transcriptional control of PBAD (Supplementary Fig. 1). 

In an effort to lower the metabolic load imposed on the production 

host, mevalonate production experiments were conducted with low 

expression levels of the mevalonate pathway enzymes (7 nM aTc) 

and a high scaffold expression level (250 M arabinose) to improve 

pathway efficiency.

Scaffolds improve product titers in a designable manner

Mevalonate titers were measured for the unscaffolded pathway 

(GBD0SH30PDZ0 or G0S0P0), and improvements in production 

were plotted for each scaffold (Fig. 3b). A 77-fold increase in meval-

onate production (titer of ~5 mM) was observed for the optimal 

scaffold (G1S2P2). This scaffolding effect was observed as soon as 

mevalonate production was measureable (~12 h after inoculation) 

and persisted through to our final measurements (80 h after inocula-

tion) (Supplementary Fig. 3). Production improvements depended 

on the number of interaction domain repeats in the scaffolds: varying 

the scaffold composition by a single domain often resulted in greater 

than an order-of-magnitude difference in mevalonate production. For 

example, scaffolds G1S2P2 and G1S1P2 differ by only one SH3 domain, 

yet produced dramatically different mevalonate titers: 77-fold versus 

fourfold, respectively. Further, scaffolds with differing numbers of 

interaction domain repeats varied in their flux-enhancing properties 

as the inducer was titrated to modulate scaffold expression (Fig. 3c). 

Scaffolds with higher numbers of domain repeats exhibited optimal 

mevalonate production at lower scaffold expression levels, whereas 

scaffolds with fewer domain repeats showed optimal mevalonate pro-

duction at higher concentrations of inducer for scaffold expression. 

Scaffolds with intermediate numbers of interaction domains show 

optimal activities at intermediate expression levels. These results are 

consistent with the conclusions of others working with modeled scaf-

folded complexes, who observed an optimal concentration for any 

scaffold26. At high concentrations of scaffold, nonfunctional scaffold:

enzyme stoichiometries can exist where the scaffold sequesters, rather 

than co-localizes, enzymes.

Role of scaffold architecture for improved product titers

We also investigated the role of domain orientation in scaffold archi-

tecture by rearranging the interaction domains of the optimized scaf-

fold G1S2P2 to G1S1P2S1 and G1S1P1S1P1 (Supplementary Fig. 4). 

Compared to the optimal scaffold G1S2P2 (77-fold improvement), 

scaffolds G1S1P2S1 and G1S1P1S1P1 showed marked decreases in 

mevalonate production (tenfold and 22-fold higher titers than the 

unscaffolded pathway, respectively). Similarly, the effect of scaling the 

number of enzymes recruited to the scaffold was investigated by mak-

ing scaffolds that recruited only HMGS and HMGR (Supplementary 

Fig. 5). As expected, enhancement of mevalonate biosynthesis was 

greater with scaffolds built to recruit all three enzymes than for those 

recruiting only HMGS/R (77-fold versus 8.5-fold). Thus, both the 

number of interaction domains targeting the enzymes to the scaf-

fold and their orientation had dramatic impacts on their ability to 

increase pathway flux.

The role of scaffolding in flux enhancement was verified through 

a series of control experiments. First, a competing PDZ ligand was 

incorporated into the mevalonate pathway operon as a GST fusion 

and co-expressed with scaffold G1S2P2 (G1S2P2-competitor1; Fig. 4a). 

As expected, titers were lower using this construct than those resulting 

from the same construct lacking the competitive PDZ ligand (G1S2P2). 

Mevalonate production was further decreased when the expression 

level of the GST-tagged PDZ ligand was increased by driving expres-

sion with PBAD on a high copy plasmid (G1S2P2-competitor2). Thus, 

an anomalous effect due to inducer or changing sequence was elimi-

nated because inducer levels were held constant for all these experi-

ments and the sequence of the plasmid containing the mevalonate 

biosynthetic enzymes was identical for G1S2P2-competitor2 and 

G1S2P2. Similarly, the effect of arabinose inducer for scaffold expres-

sion showed different effects depending on scaffold architecture. 

This is consistent with protein-complex stoichiometry determining 

product titers and not an anomalous effect of arabinose, indepen-

dent of induction of scaffold expression (Supplementary Fig. 8).To 

verify that the scaffolding effect depends upon the peptide ligands 

recombined to each enzyme, we removed them (G1S2P2 ligands) 

and saw a dramatic decrease in mevalonate production compared to 

G1S2P2. Recombining the peptide ligands to the pathway enzymes did 

seem to lower their collective activities somewhat, as G1S2P2 ligands 
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Figure 3 Synthetic scaffolds built from modular protein-protein interaction domains provide modular control over metabolic pathway flux. (a) The 

mevalonate pathway was placed under expression control of PTET, and expression of the synthetic scaffolds was controlled by PBAD. The synthetic 

scaffolds were constructed with three protein-protein interaction domains (GBD, SH3 and PDZ), where x, y and z represents the number of repeats of 

these domains, respectively. (b) A matrix of nine scaffolds exhibited dramatic differences in mevalonate product titers. Optimizing the relative number 

of recruitment domains (GBD1SH32PDZ2 or G1S2P2) for maximum pathway flux resulted in a 77-fold increase in product titer compared to the non-

scaffolded pathway (G0S0P0). Improvements in mevalonate production levels were strongly dependent on scaffold architecture (Supplementary  

Table 8). (c) The scaffold induction level for optimal mevalonate production depends on the number of interaction domains. Scaffolds with higher 

numbers of interaction domain repeats (G1S4P4) showed optimal mevalonate production at lower scaffold inducer concentrations than scaffolds  

with fewer domain repeats (G1S2P2). Scaffolds with intermediate numbers of repeats (G1S4P2 and G1S2P4) showed optimal production at  

intermediate inducer concentrations. The lines connecting the points are not a fit and are meant only to highlight the data points for each scaffold. Raw 

data are plotted in Supplementary Figure 8.
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A matrix of scaffolds was made with the architecture (N terminus to 

C terminus) of GBDxSH3yPDZz where x = 1 and y and z were varied 

to be 1, 2 or 4. For separate inducible control, the pathway enzymes 

were placed under transcriptional control of PTET, and the scaffolds 

were under transcriptional control of PBAD (Supplementary Fig. 1). 

In an effort to lower the metabolic load imposed on the production 

host, mevalonate production experiments were conducted with low 

expression levels of the mevalonate pathway enzymes (7 nM aTc) 

and a high scaffold expression level (250 M arabinose) to improve 

pathway efficiency.

Scaffolds improve product titers in a designable manner

Mevalonate titers were measured for the unscaffolded pathway 

(GBD0SH30PDZ0 or G0S0P0), and improvements in production 

were plotted for each scaffold (Fig. 3b). A 77-fold increase in meval-

onate production (titer of ~5 mM) was observed for the optimal 

scaffold (G1S2P2). This scaffolding effect was observed as soon as 

mevalonate production was measureable (~12 h after inoculation) 

and persisted through to our final measurements (80 h after inocula-

tion) (Supplementary Fig. 3). Production improvements depended 

on the number of interaction domain repeats in the scaffolds: varying 

the scaffold composition by a single domain often resulted in greater 

than an order-of-magnitude difference in mevalonate production. For 

example, scaffolds G1S2P2 and G1S1P2 differ by only one SH3 domain, 

yet produced dramatically different mevalonate titers: 77-fold versus 

fourfold, respectively. Further, scaffolds with differing numbers of 

interaction domain repeats varied in their flux-enhancing properties 

as the inducer was titrated to modulate scaffold expression (Fig. 3c). 

Scaffolds with higher numbers of domain repeats exhibited optimal 

mevalonate production at lower scaffold expression levels, whereas 

scaffolds with fewer domain repeats showed optimal mevalonate pro-

duction at higher concentrations of inducer for scaffold expression. 

Scaffolds with intermediate numbers of interaction domains show 

optimal activities at intermediate expression levels. These results are 

consistent with the conclusions of others working with modeled scaf-

folded complexes, who observed an optimal concentration for any 

scaffold26. At high concentrations of scaffold, nonfunctional scaffold:

enzyme stoichiometries can exist where the scaffold sequesters, rather 

than co-localizes, enzymes.

Role of scaffold architecture for improved product titers

We also investigated the role of domain orientation in scaffold archi-

tecture by rearranging the interaction domains of the optimized scaf-

fold G1S2P2 to G1S1P2S1 and G1S1P1S1P1 (Supplementary Fig. 4). 

Compared to the optimal scaffold G1S2P2 (77-fold improvement), 

scaffolds G1S1P2S1 and G1S1P1S1P1 showed marked decreases in 

mevalonate production (tenfold and 22-fold higher titers than the 

unscaffolded pathway, respectively). Similarly, the effect of scaling the 

number of enzymes recruited to the scaffold was investigated by mak-

ing scaffolds that recruited only HMGS and HMGR (Supplementary 

Fig. 5). As expected, enhancement of mevalonate biosynthesis was 

greater with scaffolds built to recruit all three enzymes than for those 

recruiting only HMGS/R (77-fold versus 8.5-fold). Thus, both the 

number of interaction domains targeting the enzymes to the scaf-

fold and their orientation had dramatic impacts on their ability to 

increase pathway flux.

The role of scaffolding in flux enhancement was verified through 

a series of control experiments. First, a competing PDZ ligand was 

incorporated into the mevalonate pathway operon as a GST fusion 

and co-expressed with scaffold G1S2P2 (G1S2P2-competitor1; Fig. 4a). 

As expected, titers were lower using this construct than those resulting 

from the same construct lacking the competitive PDZ ligand (G1S2P2). 

Mevalonate production was further decreased when the expression 

level of the GST-tagged PDZ ligand was increased by driving expres-

sion with PBAD on a high copy plasmid (G1S2P2-competitor2). Thus, 

an anomalous effect due to inducer or changing sequence was elimi-

nated because inducer levels were held constant for all these experi-

ments and the sequence of the plasmid containing the mevalonate 

biosynthetic enzymes was identical for G1S2P2-competitor2 and 

G1S2P2. Similarly, the effect of arabinose inducer for scaffold expres-

sion showed different effects depending on scaffold architecture. 

This is consistent with protein-complex stoichiometry determining 

product titers and not an anomalous effect of arabinose, indepen-

dent of induction of scaffold expression (Supplementary Fig. 8).To 

verify that the scaffolding effect depends upon the peptide ligands 

recombined to each enzyme, we removed them (G1S2P2 ligands) 

and saw a dramatic decrease in mevalonate production compared to 

G1S2P2. Recombining the peptide ligands to the pathway enzymes did 

seem to lower their collective activities somewhat, as G1S2P2 ligands 
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Figure 3 Synthetic scaffolds built from modular protein-protein interaction domains provide modular control over metabolic pathway flux. (a) The 

mevalonate pathway was placed under expression control of PTET, and expression of the synthetic scaffolds was controlled by PBAD. The synthetic 

scaffolds were constructed with three protein-protein interaction domains (GBD, SH3 and PDZ), where x, y and z represents the number of repeats of 

these domains, respectively. (b) A matrix of nine scaffolds exhibited dramatic differences in mevalonate product titers. Optimizing the relative number 

of recruitment domains (GBD1SH32PDZ2 or G1S2P2) for maximum pathway flux resulted in a 77-fold increase in product titer compared to the non-

scaffolded pathway (G0S0P0). Improvements in mevalonate production levels were strongly dependent on scaffold architecture (Supplementary  

Table 8). (c) The scaffold induction level for optimal mevalonate production depends on the number of interaction domains. Scaffolds with higher 

numbers of interaction domain repeats (G1S4P4) showed optimal mevalonate production at lower scaffold inducer concentrations than scaffolds  

with fewer domain repeats (G1S2P2). Scaffolds with intermediate numbers of repeats (G1S4P2 and G1S2P4) showed optimal production at  

intermediate inducer concentrations. The lines connecting the points are not a fit and are meant only to highlight the data points for each scaffold. Raw 

data are plotted in Supplementary Figure 8.
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The Synthetic scaffolds were 

constructed with varying number 

of repeats domains x, y, and z. 

  
 

• Internal ribosome binding sites (iRBS) are responsible for 

truncated scaffolds, which prevent further research until 

fixed. 

• Whether PDZ domain is protecting enzymes tagged with 

PDZ peptide from degradation. 

Research 

Synthetic protein scaffolds have been proven to be an 

effective strategy for enhancing metabolic titers while 

reducing metabolic load to the production host1. 

A Western Blot image shows that we 

had produced full-length scaffolds but 

they were barely expressed. 

Even numbers 

(2,4,6) of 

mevalonate titers 

are higher indicates  

PDZ domains are 

protecting HMGR 

peptide from 

degradation. 

(Legend as Table 1)   
 

• PDZ domain protection can be useful for regulation.  By adding the 

PDZ peptide to desired enzyme, we can regulate enzymes with PDZ 

domains.   

-PDZ domain protection 

• PDZ domain is protecting enzymes tagged with PDZ 

peptide, which helped the previous 77-fold 

improvement by around 4-fold. 
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