Cost-Optimized CFPS Reaction Designs for sfGFP, PETase, and Reteplase
The goal of this project is to reduce the cost per gram of functional protein produced while maintaining compatibility with Ginkgo's CFPS platform. Because each target protein has different folding requirements, I designed three distinct reaction compositions that balance reagent cost against the likelihood of producing active protein. My designs focus on minimizing expensive additives where possible while including specialized components only when they are expected to improve protein yield or folding.
Design 1: sfGFP (Superfolder Green Fluorescent Protein)
sfGFP is the simplest target because it folds efficiently and does not require disulfide bonds. Therefore, I designed a low-cost reducing formulation that emphasizes efficient transcription and translation while avoiding expensive folding additives.
Proposed Variable Components
· Potassium glutamate
· Magnesium glutamate
· Amino acid mixture
· ATP
· Reduced concentrations of CTP, GTP, and UTP
· Phosphoenolpyruvate (PEP)
· Folinic acid
· Spermidine
· Nuclease-free water to complete the remaining volume
Design Rationale
This formulation uses inexpensive salts and energy-regeneration components to support transcription and translation. Because sfGFP folds reliably without assistance, no disulfide-bond reagents or folding chaperones are included. Spermidine and folinic acid are retained because they can enhance translation efficiency at relatively low cost. By eliminating unnecessary additives, the overall reaction cost is minimized while maintaining a high likelihood of producing active fluorescent protein.

Design 2: PETase (TfCut2)
PETase is more difficult to express than sfGFP because it is an enzyme that contains one disulfide bond. However, the assignment states that PETase can still be expressed under standard reducing CFPS conditions. The design therefore focuses on improving enzyme solubility and activity without incurring the added expense of a full oxidizing formulation.
Proposed Variable Components
· Potassium glutamate
· Magnesium glutamate
· Amino acid mixture
· ATP
· Reduced concentrations of CTP, GTP, and UTP
· Phosphoenolpyruvate (PEP)
· Folinic acid
· Spermidine
· Small amount of Brij-35
· Nuclease-free water to complete the remaining volume
Design Rationale
PETase performance depends not only on protein production but also on folding into an active catalytic enzyme. The formulation retains the economical core used for sfGFP while adding a small amount of Brij-35 to improve solubility and reduce aggregation. Because PETase requires only one disulfide bond and can function under reducing conditions, expensive oxidizing reagents such as DsbC, GSSG, and GSH are omitted. This strategy aims to improve active enzyme yield while maintaining a low overall reaction cost.

Design 3: Reteplase
Reteplase is the most challenging target because it contains nine disulfide bonds that must form correctly for biological activity. Unlike sfGFP and PETase, successful production of active Reteplase requires an oxidizing environment and disulfide-bond formation machinery.
Proposed Variable Components
· Potassium glutamate
· Magnesium glutamate
· Amino acid mixture
· ATP
· CTP, GTP, and UTP
· Phosphoenolpyruvate (PEP)
· Folinic acid
· Spermidine
· Oxidized glutathione (GSSG)
· Reduced glutathione (GSH)
· DsbC
· Nuclease-free water to complete the remaining volume
Design Rationale
Although GSSG, GSH, and DsbC increase reaction cost, they are essential for generating active Reteplase. GSSG and GSH establish a controlled oxidizing environment that promotes disulfide-bond formation, while DsbC rearranges incorrectly paired disulfides. Because improperly folded Reteplase has little or no biological activity, investing in these additives is expected to increase the amount of functional protein produced and thus lower the final cost per gram of active product despite the higher reagent cost.

Comparative Design Strategy
	Feature
	sfGFP
	PETase
	Reteplase

	Folding difficulty
	Low
	Moderate
	High

	Disulfide bonds
	0
	1
	9

	Reducing formulation
	Yes
	Yes
	No

	Oxidizing formulation
	No
	No
	Yes

	DsbC included
	No
	No
	Yes

	GSSG/GSH included
	No
	No
	Yes

	Solubility additive
	No
	Brij-35
	No

	Main optimization goal
	Lowest cost
	Active enzyme yield
	Correct folding and activity


Conclusion
To reduce the cost per gram of functional protein, I tailored each CFPS reaction composition to the biological requirements of the target protein. For sfGFP, I prioritized low-cost expression by using only the components necessary for efficient transcription and translation. For PETase, I maintained a cost-conscious reducing formulation while incorporating a small amount of Brij-35 to improve enzyme solubility and activity. For Reteplase, I accepted the higher cost of an oxidizing formulation because proper disulfide-bond formation is essential for producing active protein. Together, these designs balance reagent expenses with expected improvements in functional protein yield, which is the primary determinant of overall production cost.
Sources from the Assignment
Silverman, A. D., Karim, A. S., & Jewett, M. C. (2020). Cell-free gene expression: An expanded repertoire of applications. Nature Reviews Genetics, 21(3), 151-170.
Used for:
· General CFPS background
· Advantages of cell-free systems
· Rapid prototyping and automation
Rasor, B. J., et al. (2021). Cell-free protein synthesis for rapid prototyping of metabolic pathways. Current Opinion in Biotechnology, 69, 177-188.
Used for:
· High-throughput CFPS workflows
· Iterative optimization strategies
· Automated experimental design
Olsen et al. (2026) (as referenced in the assignment)
Used for:
· Relative reagent costs
· Cost-per-gram optimization framework
· Importance of lysate cost in CFPS reactions
Smith et al. (2026) (as referenced in the assignment)
Used for:
· Evidence that formulation changes affect protein yield by orders of magnitude
· Cost-reduction strategies such as improved buffering, nucleotide substitution, and spermidine supplementation
· Performance of optimized formulations across multiple proteins

1. Why does the concentration of potassium glutamate and magnesium glutamate differ between compositions? Which is more sensitive?
Potassium glutamate and magnesium glutamate play different roles in CFPS reactions, so their optimal concentrations often vary between formulations.
Potassium glutamate (K⁺) primarily controls the overall ionic strength of the reaction and helps mimic the natural intracellular environment of E. coli. It supports ribosome stability and protein synthesis, but CFPS systems generally tolerate a relatively broad range of potassium concentrations before performance declines. [pages.htgaa.org], [s3.amazonaws.com]
Magnesium glutamate (Mg²⁺) is much more directly involved in the molecular mechanisms of transcription and translation. Magnesium ions:
· Stabilize ribosome structure
· Coordinate nucleotide triphosphates (NTPs)
· Support tRNA-ribosome interactions
· Influence enzyme activity and nucleic acid stability
Because magnesium participates directly in these processes, even small concentration changes can significantly affect protein yield. The University of Cambridge CFPS protocol notes that magnesium concentration often must be optimized for each lysate batch and is commonly adjusted because the optimal concentration varies between extracts. [s3.amazonaws.com]
Which is more sensitive?
Magnesium glutamate is the more sensitive variable. Small changes in Mg²⁺ concentration can dramatically alter protein production, whereas potassium glutamate typically has a wider acceptable operating range. [s3.amazonaws.com], [pages.htgaa.org]

2. Explain how a PEP+NTP reaction formulation is different from a Ribose+NMP reaction formulation.
The primary difference is how energy and nucleotides are supplied to the CFPS reaction.
PEP + NTP Formulation
A PEP+NTP system supplies:
· Phosphoenolpyruvate (PEP) as the energy source
· ATP, GTP, CTP, and UTP directly as nucleotide triphosphates
In this system, the reaction starts with all transcription substrates already in their active triphosphate form. PEP regenerates ATP through the pyruvate kinase pathway, providing rapid energy production and supporting high initial protein expression. [pdf.benchchem.com]
Advantages
· High expression rates
· Simple reaction design
· Well-established protocol
Disadvantages
· Expensive because NTPs are costly reagents
· PEP can be degraded by endogenous enzymes
· Phosphate accumulation may inhibit protein synthesis by tying up magnesium ions [pdf.benchchem.com]

Ribose + NMP Formulation
A Ribose+NMP system supplies:
· Ribose (or another sugar source)
· Nucleotide monophosphates (AMP, CMP, GMP, UMP)
Instead of adding expensive triphosphates directly, the lysate's endogenous metabolic pathways convert the cheaper monophosphates into diphosphates and triphosphates. Ribose helps feed nucleotide regeneration and energy metabolism. [pages.htgaa.org], [pubs.acs.org]
Advantages
· Lower reagent cost
· Uses metabolic recycling pathways
· Better suited for long-duration reactions
Disadvantages
· More metabolically complex
· May produce slower initial protein synthesis
· Depends heavily on lysate metabolic activity
Summary
	Feature
	PEP + NTP
	Ribose + NMP

	Energy source
	PEP
	Ribose-based metabolism

	Nucleotide source
	ATP, GTP, CTP, UTP directly
	AMP, CMP, GMP, UMP

	Cost
	Higher
	Lower

	Complexity
	Simpler
	More complex

	Typical goal
	Maximum expression
	Cost reduction and sustainability



3. Choose two cell-free reaction compositions from the literature, compare and contrast the choice of reagents and the concentration of reagents.
Composition 1: Traditional PEP-Based CFPS (Yang et al. protocol)
This widely used formulation contains:
· PEP as the ATP regeneration system
· Nucleotide triphosphates (ATP, GTP, CTP, UTP)
· Potassium glutamate
· Magnesium glutamate
· Amino acids
· Folinic acid
Reported magnesium glutamate concentrations are typically optimized around 10-20 mM, while potassium glutamate is present at substantially higher concentrations to provide the ionic environment needed for translation. [s3.amazonaws.com]
Strengths
· High protein productivity
· Fast expression
· Reliable and well characterized
Weaknesses
· Uses expensive NTPs
· Uses expensive PEP
· Phosphate accumulation can reduce performance over time [pdf.benchchem.com]

Composition 2: Maltodextrin-Based Low-Cost CFPS
Wang and Zhang (2009) developed a formulation that replaces PEP with maltodextrin, which is slowly metabolized to regenerate ATP. The system still contains essential salts, amino acids, and cofactors but relies on carbon metabolism rather than a high-energy phosphate donor. The authors reported that maltodextrin produced higher protein levels than PEP, glucose, or glucose-6-phosphate in their experiments. [pmc.ncbi.nlm.nih.gov], [vtechworks...lib.vt.edu]
Strengths
· Lower-cost energy source
· Better phosphate control
· Longer-lasting reaction environment
· Improved protein yields in the reported study [pmc.ncbi.nlm.nih.gov], [vtechworks...lib.vt.edu]
Weaknesses
· More dependent on endogenous metabolic pathways
· More complex energy regeneration mechanism

Comparison
	Feature
	Traditional PEP-Based CFPS
	Maltodextrin-Based CFPS

	Energy source
	PEP
	Maltodextrin

	Nucleotide strategy
	Usually NTPs
	Can utilize endogenous recycling

	Cost
	Higher
	Lower

	ATP generation
	Direct substrate phosphorylation
	Glycolytic metabolism

	Reaction duration
	Shorter
	Longer

	Protein production
	High
	High to higher in reported study


Conclusion: The traditional PEP-based system prioritizes maximum protein expression and simplicity, whereas the maltodextrin-based system was specifically developed to reduce cost and maintain a more stable reaction environment. For Ginkgo's goal of minimizing cost per gram of functional protein, the maltodextrin/NMP-style approach is particularly attractive because it replaces expensive reagents with cheaper metabolic substrates while maintaining strong protein production. [pmc.ncbi.nlm.nih.gov], [vtechworks...lib.vt.edu], [pubs.acs.org]
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