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Abstract

Cell-free metabolic engineering (CFME) is advancing a powerful paradigm for accelerating the 

design and synthesis of biosynthetic pathways. However, as most cell-free biomolecule synthesis 

systems to date use purified enzymes, energy and cofactor supply can be limiting. To address this 

challenge, we report a new CFME framework for building biosynthetic pathways by mixing 

multiple crude lysates, or extracts. In our modular approach, cell-free lysates, each selectively 

enriched with an overexpressed enzyme, are generated in parallel and then combinatorically mixed 

to construct a full biosynthetic pathway. Endogenous enzymes in the cell-free extract fuel high-

level energy and cofactor regeneration. As a model, we apply our framework to synthesize 

mevalonate, an intermediate in isoprenoid synthesis. We use our approach to rapidly screen 

enzyme variants, optimize enzyme ratios, and explore cofactor landscapes for improving pathway 

performance. Further, we show that genomic deletions in the source strain redirect metabolic flux 

in resultant lysates. In an optimized system, mevalonate was synthesized at 17.6 g·L−1 (119 mM) 

over 20 hours, resulting in a volumetric productivity of 0.88 g·L−1·hr−1. We also demonstrate that 

this system can be lyophilized and retain biosynthesis capability. Our system catalyzes ~1250 

turnover events for the cofactor NAD+ and demonstrates the ability to rapidly prototype and debug 

enzymatic pathways in vitro for compelling metabolic engineering and synthetic biology 

applications.
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Isoprenoids are a promising class of metabolic engineering targets with over 40,000 known 

structures and potential uses as pharmaceuticals, flavors, fragrances, pesticides, 
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disinfectants, and chemical feedstocks.1, 2 Already, the field has demonstrated heterologous 

production of the anti-malarial drug artemisinin,3 the anti-cancer compound intermediate 

taxadiene,4 the rubber-precursor isoprene,5 the ginkgolide-precursor levopimaradiene,6 the 

commodity chemical limonene,7 the biofuel 3-methyl-3-buten-1-ol,8 and many other plant 

secondary metabolites.9, 10

While the number11 and impact12–14 of industrial-scale metabolic engineering processes is 

increasing, engineering biosynthetic pathways within cells remains subject to several 

constraints. First, delicate flux balancing and promoter tuning can be time-consuming.
4, 15–17 In one example, the semi-synthetic artemisinin endeavor required over 150 person-

years of work, mostly for “pathway balancing”.12 Second, cell viability is often limited by 

the high concentrations of intermediate metabolites or final products.18 A specific challenge 

for isoprenoid production using the mevalonate pathway (Figure 1A) is the build-up of the 

toxic intermediate hydroxymethylglutaryl (HMG)-CoA.19, 20 Finally, competition between 

the cell’s physiological and evolutionary objectives (growth) and the engineer’s process 

objectives (target production) can result in low volumetric productivities (g·L−1·hr−1) and 

byproduct loses through competing pathways.21 Due to these constraints, new prototyping 

tools and biomanufacturing strategies are needed to alleviate long development times and 

facilitate faster pathway optimization.22

In recent years, cell-free metabolic engineering (CFME) has emerged as a new approach to 

prototype pathway performance and expand the paradigm of traditional biomanufacturing.
21–26 CFME employs in vitro ensembles of catalytic proteins for the production of target 

products.22 Cell-free systems permit easy manipulation of reaction conditions, avoid 

possible toxicity constraints, and theoretically allow all carbon/energy resources to be 

directed to product formation. While purified enzyme systems offer exquisite control of 

reaction components,27–30 crude lysates contain highly active and complex metabolic 

networks without the need for purification. The ability of crude extracts to recycle energy 

and cofactors highlights a key advantage of lysate-based CFME. For example, previous 

demonstrations of crude lysate CFME for production of dihydroxyacetone phosphate 

(DHAP) derivatives,31 ethanol,32 and 2,3-butanediol33 highlight long (>8 enzyme) pathways 

with high cofactor turnover. However these examples all used lysates created from a single 

source strain containing the entire metabolic pathway.

Here we propose a new approach for crude extract-based CFME. Specifically, we sought to 

re-conceptualize the “build” step of design-build-test loops by advancing a modular 

approach to making molecules using cell-free cocktails containing multiple lysates (or 

extracts). The key idea is that each enzyme in the candidate pathway is overexpressed in its 

own source strain, from which an extract is prepared. Then, the extracts are mixed in 

multiple, different ratios to assemble the pathway and provide initial insights into beneficial 

enzyme ratios, promiscuity to different starting substrates, and possible side reactions. This 

work builds on efforts by Liu et al. to prototype fatty acid biosynthesis using purified 

enzymes plus a single lysate,34 however, in our approach the enzymes are not purified. We 

validated this concept by prototyping a system for conversion of glucose to mevalonate, an 

intermediate in isoprenoid synthesis (Figure 1B).
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We show that our method provides flexibility for rapidly testing enzyme variants, 

manipulating physicochemical conditions, and assessing genomic modifications on pathway 

performance. We expect the methods reported here to provide a discovery-centered strategy 

for assessing biosynthetic pathway in a system that (i) mimics the cytoplasmic environment, 

(ii) permits design-build-test (DBT) iterations without the need to reengineer organisms, and 

(iii) explores combinatorial and modular assembly of pathways through the use of well-

defined experimental conditions. As previous publications have shown that enzymes selected 

for in vitro activity subsequently perform well in the cell,34–39 our approach may aid in the 

development of enzyme pathways and perhaps circuits40–42 for metabolic engineering and 

synthetic biology applications. Our work may also advance interest in using CFME systems 

for biomanufacturing22.

Results and Discussion

Construction of a cell-free platform for mevalonate production

To demonstrate our new framework for CFME, we selected the mevalonate synthesis 

pathway.43 The goal was to reconstruct mevalonate biosynthesis in vitro by mixing and 

matching selectively enriched lysates in cell-free cocktails. Endogenous enzymes for central 

metabolism in the lysate would catalyze the native glycolytic cascade from glucose to 

acetyl-CoA, which was coupled with three overexpressed enzymes to convert acetyl-CoA to 

mevalonate (Figure 1A). Previous efforts have shown that E. coli crude extracts have highly 

active central metabolism44 and are able to rapidly metabolize glucose to pyruvate, acetyl-

CoA, and other glycolytic intermediates.31, 33

To enable cell-free biosynthesis of mevalonate, we first introduced individual genes into the 

source strain BL21(DE3). These genes encode one of three enzymes needed to convert 

acetyl-CoA to mevalonate (See Table 1 for Strains and Plasmids and Appendix S1 for gene 

sequences). The three enzymes and their functions are described here. First, acetyl-CoA 

acetyltransferase (ACAT) catalyzes a Claisen condensation of two acetyl-CoA molecules to 

acetoacetyl-CoA. Second, hydroxymethylglutaryl-CoA synthase (HMGS) mediates the 

condensation of acetyl-CoA with acetoacetyl-CoA to generate 3-hydroxy-3-methyglutaryl-

CoA (HMG-CoA). Third, hydroxymethylglutaryl-CoA reductase (HMGR) facilitates a four-

electron oxidoreduction of HMG-CoA to mevalonate requiring two NADPH or two NADH.
45 Separate crude lysates of E. coli BL21(DE3), each overexpressing a single pathway 

enzyme (ACAT, HMGS, or HMGR), were prepared. Based on our previous work,33 we used 

strong, tightly controlled promoters and strong ribosome binding sites for plasmids 

harboring the enzymes. In contrast to other metabolic engineering efforts, our approach does 

not require the focus on flux balancing and delicate promoter tuning to maintain viability as 

for in vivo systems.4, 15–17 Our goal is to maximally express proteins in vivo, then mix-and-

match corresponding lysates to optimize cell-free production (without viability19, 20 and 

growth constraints of cells). As expected, we observed that the heterologous proteins were 

overexpressed as the dominant bands on an SDS-PAGE gel of the extracts (Figure S1).

After lysis and extract preparation, we reconstituted the pathway from glucose to mevalonate 

by mixing three separate extracts containing an overexpressed enzyme (ACAT, HMGS, or 

HMGR) with salts and substrates to initiate the cell-free biosynthesis reaction. The CFME 
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reaction contains extract, substrate (glucose), catalytic amounts of cofactors (1 mM NAD+ 

and 1 mM CoA), 1 mM ATP, and acetate salts to mimic the cytoplasmic environment. In 

addition, free phosphate was supplemented (10 mM) in a manner consistent with previous 

work where cell-free protein synthesis was energized from glucose and G6P.46 Cation 

concentrations (Mg2+, NH4
+, and K+) were based on our previous work33 and are consistent 

with principles of cytoplasmic mimicry.44, 47 Initially, glutamate was used as the counter-ion 

for magnesium, potassium, and ammonium salts.47 However, acetate salts were found to 

achieve higher mevalonate titers (Figure S2) and were subsequently used for the remainder 

of the study.

Our initial analysis used heterologous HMGS and HMGR sequences from Saccharomyces 

cerevisiae, as described by Dueber and coworkers.43 Upon incubation with essential 

substrates, we assessed mevalonate synthesis in 25 μl CFME batch reactions carried out for 

24 hours at 37 °C via gas chromatography mass spectroscopy (GC-MS). After 9 hours, 12.8 

± 1.3 mM of mevalonate (~1.6 g·L−1) was generated at a linear productivity of 1.43 ± 0.15 

g·L−1·hr−1. NAD(P)H and ATP are not limiting in this cell-free reaction since the extract 

contains enzymes that convert glucose to NAD(P)H and microsome vesicles that produce 

ATP from proton motive force.44

Evaluation of enzyme variants for mevalonate production

Following demonstration of active mevalonate synthesis with our CFME approach, we 

leveraged extract mixing to modularly identify best performing enzyme homologs (Table 1) 

as well as evaluate differences in cofactor specificity (NADH vs. NADPH). We first tested 

NADPH-preferring HMGRs from three different organisms: S. cerevisiae, Enterococcus 

faecalis, and Staphylococcus aureus. In 24-hour CFME reactions with 200 mM glucose 

(with or without 1mM NADP+ supplementation), we observed mevalonate titers ranging 

from 3.7 to 70.9 mM (Figure 2A). The Type I HMGR from eukaryotic S. cerevisiae 

exclusively uses NADPH and produces the lowest mevalonate titer. However, it is a 

truncated enzyme containing only the catalytic domain, which may affect its stability and/or 

catalytic activity. Unique for a Type ll HMGR, the E. faecalis version is also NADPH-

dependent51 and is a bifunctional enzyme fused to ACAT. The E. faecalis HMGR increased 

mevalonate titer 3-fold over the yeast HMGR. Finally, we found the Type II HMGR from S. 

aureus to be the most active homolog, perhaps because it is able to utilize both NADH and 

NADPH despite NADPH being its preferred cofactor.52 Validating our method for 

identifying active sets of enzymes through our mix-and-match approach, the HMGR from S. 

aureus has been previously identified as outperforming the variant from S. cerevisiae.48

In contrast to the abbreviated metabolic pathway depicted in Figure 1A, the activity of 

NADPH-dependent HMGRs (Figure 2A) demonstrates generation of NADPH by the cell-

free system. Two sources of NADPH are most likely: First, oxidation of glucose through the 

pentose phosphate pathway generates NADPH catalyzed by glucose-6-phosphate 

dehydrogenase (zwf) and 6-phosphogluconate dehydrogenase (gnd). Alternatively, soluble 

(sthA) or membrane-bound (PntBA) transhydrogenase enzymes present in the extract may 

be generating NADPH and NAD+ from substrates NADH and NADP+. In effort to provide 
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additional NADPH to the system, we added transhydrogenase (sthA)-enriched extract to the 

reaction, but did not observe an increase mevalonate titer (Figure S3).

To extend our analysis, we considered NADH-dependent Type II HMGRs. In our 

experiments, these enzymes generated the highest mevalonate titers (Figure 2B), particularly 

those from Pseudomonas mevalonii and Bordetella petrii. This is consistent with the 

expectation that Embden-Meyerhof-Parnas glycolysis described in Figure 1A generates 

NADH reducing equivalents which are directly available for reducing HMG-CoA to 

mevalonate. Compared to our base case (S. cerevisiae HMGR: 12.8 ± 1.3 mM over 9 hours), 

titers are ~6-fold higher for the P. mevalonii HMGR (84.2 ± 8.1 mM over 15 hours). 

Variation of the second enzyme (HMGS) increased the rate of synthesis slightly; however, 

the S. cerevisiae homolog gives the highest final titer (Figure 2B). The mixing-and-matching 

of lysates informed the selection of ACAT from E. coli, HMGS from S. cerevisiae, and 

HMGR from P. mevalonii for further characterization.

Testing of enzyme ratios and guided construction of an all-in-one source strain

A key conceptual shift of our approach is that the design element is a lysate rather than a 

gene. Once in hand, selectively enriched lysates can be mixed in different ratios to assemble 

new pathways, estimate beneficial enzyme proportions, and determine which enzymes might 

be rate-limiting (Figure 3A). In this work, extract ratios were calculated as a fraction of total 

protein mass (mg·mL−1) in the CFME reaction (each reaction contained 10 mg·mL−1 total 

protein). Notably, each enzyme was overexpressed to similar levels in the lysate (Figure 3B). 

We observed that overall mevalonate yields from glucose were relatively insensitive to 

different extract ratios.

We next set out to construct an all-in-one extract from a source strain overexpressing all 

three pathway enzymes, as we had previously reported on for the production of 2,3-

butanediol.33 To do this, we needed to clone the entire pathway for mevalonate onto a single 

plasmid using design rules for enzyme sets and pathway ratios above. It is well known that 

genes positioned earlier in an operon have a higher relative expression level.53 Since higher 

ratios of HMGR and HMGS may be better (Figure 3A), HMGR and HMGS were placed 

first on the plasmid, followed by ACAT (Table 1). After lysate preparation, SDS-PAGE 

confirmed that the single strain expresses all three proteins at similar levels to the 

individually mixed condition (Figure 3B).

We next compared mevalonate production between our all-in-one and mix-and-match 

systems in a 28 hour CFME reaction. The all-in-one extract system performs similarly to 

three extracts mixed at equal ratios (Figure 3C). We observed that pH decreases over the 

course of reaction in both systems, possibly due to an increased in dissolved carbon dioxide 

from pyruvate decarboxylation.54 Upon testing a number of buffers, we found 100 mM and 

200 mM Bis-Tris to successfully stabilize reaction pH closer to 7.0 and produce the same 

titer of mevalonate.

One important consideration in CFME is the desire to have the same amount of soluble 

heterologously expressed protein in the extract when comparing enzyme homologs. While 

most overexpressed enzymes have some portion that is insoluble (Figure S4A), extract 
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preparation removes insoluble proteins and cellular debris. Thus, solubility of a homolog 

does not obscure its apparent activity. However, apparent activity could be impacted by the 

percentage of soluble overexpressed enzyme in each extract (in our experiments this varied 

from ~ 4–24% of the total protein content of the extract; Figure S4A). Since altering the 

ratio of each extract has a small effect on overall mevalonate titer (Figure 3A), we suspect 

that overexpressed enzyme concentration is not limiting in our experiments. This conclusion 

is supported by our recent work in using lysates to synthesize 2,3-butanediol where 

heterologous pathway flux is limited by glycolysis.33 While we find little to no correlation 

between mevalonate titer and recombinant protein expression level (Figure S4B), we 

acknowledge that enzyme overexpression is a potential source of variation that could be 

controlled for using a normalization step.55 Another consideration for CFME is that proteins 

which express poorly may not be good candidates for this prototyping approach. Finally, we 

highlight that the toxicity pressure of some intermediates, such as HMG CoA,19, 20 may not 

be accurately captured in the CFME prototyping strategy, representing a potential 

shortcoming.

Optimization of cofactors

An important consideration in cell-free systems is the concentrations of salts and cofactors. 

Indeed, it has been shown that ionic compositions and reaction conditions that closely reflect 

the cytoplasm are beneficial for activating multiple metabolic and energy regeneration 

pathways.44, 47, 56, 57 To provide an example of CFME’s prototyping capabilities, we studied 

the impact of initial cofactor ratios on mevalonate synthesis. CFME reactions were carried 

out for 24 hours in which the supplemental cofactors NAD+, ATP, and CoA were removed 

one-by-one, in pairs, and altogether (Figure 4A). This revealed NAD+ to be critical to high 

mevalonate titer; its absence reduced mevalonate concentration by over half. Relatively high 

mevalonate titers were maintained without supplementation of ATP (required for the pay-in 

phase of glycolysis) and CoA (a cofactor for the pyruvate dehydrogenase complex 

converting pyruvate to acetyl-CoA).

Surprisingly, glucose, acetate salts, phosphate, and extract can support ~80% of yield 

without any supplementary cofactors (Figure 4A: red bar). These results suggest that 

intracellular cofactors (such as NAD+, ATP, and CoA) are carried over from the cytoplasm 

into the extract during extract preparation and are at sufficient concentration to drive 

mevalonate synthesis. To verify this hypothesis, we directly measured the NAD+ 

concentration in the cell-free reaction without supplementation. We found the NAD+ 

concentration to be 0.09 ± 0.035 mM (Figure S5). Each conversion of HMG-CoA to 

mevalonate requires two reducing equivalents, thus, the system with 1mM NAD+ 

supplementation has ~200 turnover events while the system without supplementation has 

~1250. These values are two orders of magnitude higher than typical turnover values of 

purified CFME systems (5–20 turnover events),22 and are similar to those of state-of-the-art 

crude extract systems.32, 33 While the main goal of our study was to develop a new CFME 

framework for modularly prototyping enzyme homologs and reaction conditions, the 

possibility of achieving high titers without costly cofactor supplementation is important if 

one envisions using CFME for industrial applications.
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Direct access to the cell-free reaction increases the resolution at which biochemical 

conditions can be manipulated compared to living systems. We therefore sought to further 

explore concentration-dependent effects of NAD+, ATP, and CoA in the CFME reaction. 

Specifically, we modulated concentrations from 0 to 1 to 10 mM for NAD+ and ATP at two 

different CoA concentrations (0 and 1 mM) (Figure 4B and 4C). The two landscapes offer 

different trends with no obvious shared pattern, indicating a complex interplay between 

cofactor concentrations, extract components and resulting metabolic fluxes. Interestingly, 

our initial choice of concentrations (1 mM each) proved to generate a nearly equivalent 

mevalonate titer compared to the best condition (Figure 4C).

Source strain genome engineering to redirect metabolic flux: knockout of ldhA, acs, and 
ackA-pta

Knockout of competing metabolic pathways is a common strategy in metabolic engineering 

to increase product titer.13 As crude lysates contain many other endogenous enzymes in 

addition to our desired pathway enzymes (Figure 5A), it is possible that competing pathways 

siphon carbon flux from mevalonate biosynthesis (Figure 5B). We therefore next studied our 

CFME reactions by monitoring small molecule organic acid concentrations at selected time 

points in batch reactions using high performance liquid chromatography (HPLC). 

Quantification revealed that lactate (Figure 5C), and pyruvate (Figure 5D) accumulate while 

glucose (Figure 5E) and acetate (Figure 5F) concentrations decrease over the course of the 

reaction. Phosphate, ethanol, oxaloacetate concentrations remained constant (Figure S6).

To elucidate the role of lactate and acetate metabolism, knockout mutations were made in 

the source strain prior to extract preparation using the Datsenko-Wanner technique58 (Figure 

5A). The idea of modifying extract source strains is not new in cell-free synthetic biology 

and has been used for enhancing cell-free protein synthesis systems,59, 60 however, source 

strain gene knockouts have been underutilized in the cell-free metabolic engineering context 

with only one other known example to date.31

To prevent lactate accumulation, we deleted the ldhA gene (encoding lactate dehydrogenase) 

in the extract source strain. The knockout was confirmed by PCR (Figure S7) and by 

sequencing (see Appendix S2). After generating extract with mevalonate pathway genes, we 

carried out a 24 hour CFME reaction. Mevalonate synthesis rates and titers were halved as 

compared to the control (extract containing ldhA). Glucose and acetate consumption rates 

are consistent with wild type for the first 6 hours; after this, however, the consumption rates 

slow. We hypothesize that the decrease in mevalonate titer is because lactate dehydrogenase 

is no longer available to recycle excess NADH to NAD+. This cofactor recycle is necessary 

because the enzymatic pathway is not cofactor balanced (Figure 1C). Without lactate 

dehydrogenase, a low amount of succinate accumulates as the TCA cycle fixes acetyl-CoA 

and consumes NADH to make succinate (Figure S6). Although lactate accumulation diverts 

carbon flow from mevalonate, it appears that non-lactate sinks for excess NADH are 

saturated after six hours, ultimately limiting mevalonate titer.

To understand the impact of acetate metabolism on mevalonate synthesis, we made a series 

of mutant extract source strains. Acetate catabolism in E. coli occurs via the acs enzyme or 

the ackA-pta pathway, both of which require ATP (Figure 5A). Unlike the wild type system, 
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the concentration of acetate in ΔackA-pta and ΔacsΔackA-pta extracts remained constant at 

200 mM (Figure 5F); this indicates that acetate kinase (ackA) and phosphate 

acetyltransferase (pta) were active in the wild type scenario. Without these enzymes, 

mevalonate synthesis was reduced to ~5 mM and much less glucose was consumed (70 mM) 

compared to the wild type system (180 mM). In contrast, the acetyl-CoA synthase knockout 

(Δacs) performed identical to wild type. These results suggest that ackA and pta are 

converting acetate to acetyl-CoA, which is subsequently available as a substrate for 

incorporation into mevalonate (Figure 5A). This may explain the improvement in 

mevalonate titers when using acetate salts compared to glutamate or chloride salts (Figure 

S2). Since knockout of ackA and pta are deleterious to mevalonate titers, we hypothesize 

that these enzymes may be important in converting excess ATP from glycolysis to ADP; 

however, further experimentation would be needed to assess this.

Evaluation of freeze-dried extracts for distributed biomanufacturing

High-level cofactor regeneration is an important first step for prospective cell-free 

biomanufacturing applications using crude extracts.22 With this result at hand, we evaluated 

the potential to freeze-dry the complete CFME system and maintain high biosynthesis 

activity for distributed manufacturing applications. Recently, Bundy and colleagues used 

lyophilized extracts to make the therapeutic protein onconase61 as well as other proteins.
62, 63 Additionally, Collins and coworkers have pioneered paper-based, colorimetric 

diagnostics using toehold switches and freeze dried lysates to detect Ebola64 and Zika65 

viral RNA. These studies indicate that the components required for cell-free biosynthesis are 

active after lyophilization and point to freeze drying as a useful means of storing lysates for 

therapeutic and diagnostic applications. Here, we freeze-dried the complete CFME system 

containing the lysate with selectively enriched pathway enzymes, substrates and salts. By 

rehydrating the system, we observed similar mevalonate synthesis rates and titers when 

compared to the non-freeze dried system (Figure 6). This supports a possible vision of on-

demand, “just-add-water cell-free systems”.61

Summary

To our knowledge, this work is the first demonstration of mixing multiple selectively 

enriched crude extracts to reconstitute a metabolic pathway. Specifically, we showed the 

ability to reconstitute the pathway from glucose to mevalonate by mixing three enzyme-

enriched lysates. We improved mevalonate titer at 15 hours from our initial case of 1.6 g·L−1 

(12.8 mM) to 12.5 g·L−1 (84.2 mM) by prototyping enzyme homologs (Figure 2B/C). After 

developing an all-in-one source strain with optimization of small molecule cofactors, the 

titer increased to 17.6 g·L−1 (119 mM) over 20 hours; this titer correlates to a productivity of 

0.88 g·L−1·hr−1 (Figure 4C). Using the ackA-pta pathway to metabolize acetate as a carbon 

source in addition to glucose (Figure 5), the overall carbon yield is 0.35 mol carbon 

product / mol carbon substrate (when accounting for CO2 lost, the stoichiometric maximum 

is 0.75 mol product / mol substrate) (Appendix S3). This is 46.9% of theoretical yield. 

Turnover of the cofactor NAD+ was ~1250 when not supplemented. This value is higher 

than most purified enzyme systems22 and similar to two other recent publications.32, 33 The 

ability of crude extract native metabolism to recycle excess ATP and NADH highlights a 

potential advantage of lysate-based CFME. Of note, our work complements efforts by 
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several groups to prototype isoprenoid synthesis using purified enzymes,37, 66–68 as well as 

in vivo metabolic engineering efforts (Table S1),43, 69–71

Within cell-free synthetic systems, there is growing interest to prototype pathway 

performance,34–42 such as a recent report that demonstrates mixing of purified enzymes with 

a crude extract in a glucose-to-hydrogen enzyme pathway72 and another exploring fatty acid 

biosynthesis.34 As a prototyping platform, testing of new enzyme variants by CFME 

requires only purchasing the gene, one-step cloning into an expression vector, preparing 

extract, and running a cell-free reaction. In a parallel effort, we extended the concept here to 

include cell-free protein synthesis, where lysates are selectively enriched, not by 

heterologous expression, but by producing the pathway enzymes directly from linear PCR 

templates in cell-free protein synthesis reactions.73 This approach accelerates the timeline of 

prototyping and could be leveraged to express and evaluate membrane proteins.74

In summary, our work demonstrates the high activity of CFME extracts and outlines an 

extract mixing approach allows easy screening of enzyme variants. Looking forward, we 

expect that our approach will complement existing strategies for gene discovery and 

pathway prototyping by changing the focus of the biosynthesis “unit operation” from the cell 

to the lysate, enabling the use of multiple organisms with or without additional genetic 

engineering.

Materials and methods

Strains and plasmids

All strains and plasmids for this study are listed in Table 1. Mevalonate pathway genes from 

E. coli (ACAT) and S. cerevisiae (HMGS/HMGR) were obtained from pGW322,43 kindly 

provided by Jay Keasling. Sequences were PCR-amplified using Phusion polymerase and 

primers which contained appropriate EcoRI, BglII, BamHI, and XhoI restriction sites used 

by the Berkeley Cloning Standard (BCS).75 The remaining HMGS and HMGR amino acid 

sequences were obtained from the Universal Protein Resource (UniProt), codon optimized 

for expression in E. coli, and synthesized (with flanking BCS restriction sites) by Gen9 

(Cambridge, MA) or Integrated DNA Technologies (Coralville, IA). Ribosome binding site 

(RBS) sequences were designed and optimized to be greater than 30,000 arbitrary units 

using the Salis RBS calculator (v1.1).76 Sequences are available in the supplement 

(Appendix S1).

Gene sequences were digested and ligated into pETBCS, a modified pET-22b vector 

(Novagen/EMD Millipore, Darmstadt, Germany) with signal sequence removed and 

modified restriction sites.33 Routine cloning was performed using the E. coli strain NEB 

Turbo™ and all DNA-modifying enzymes were purchased from NEB (New England 

BioLabs, Ipswich, MA).

BL21(DE3) (purchased from Invitrogen / Thermo Fisher Scientific, Waltham, MA) was used 

as the source strain for extract production. Knockout strains were generated using the 

Datsenko-Wanner technique,58 where the complete gene coding sequence (from start to stop 
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codon) was replaced by a non-coding “scar” sequence containing the FRT recognition 

sequence. Sequences are available in the supplement (Appendix S2).

Cell growth and extract preparation

E. coli containing the appropriate pETBCS-based plasmid (harboring one or more pathway 

genes) were grown in 1-liter Tunair™ shake flasks at 37 °C (250 rpm) in rich media (18 g·L
−1 glucose, 16 g·L−1 yeast extract, 10 g·L−1 tryptone, 5 g·L−1 NaCl, 7 g·L−1 potassium 

phosphate dibasic (K2HPO4), 3 g·L−1 potassium phosphate monobasic (KH2PO4)) 

containing 100 μg·mL−1 carbenicillin (IBI Scientific, Peosta, IA). BD Bacto™ brand media 

components tryptone and yeast extract were obtained from BD Biosciences (San Jose, CA). 

Cultures were induced with 0.1mM IPTG (Santa Cruz Biotech, Dallas, TX) at 0.6 OD600nm 

and growth continued at 30 °C until harvest. Four hours post-induction, cultures were 

harvested following previously established protocols.33, 44 Cells were pelleted by 

centrifugation (8000 × g for 15 minutes) and the resulting pellet was rinsed twice in S30 

buffer (10 mM tris acetate pH 8.2, 14 mM magnesium acetate, and 60 mM potassium 

acetate), and flash-frozen for storage at −80 °C.

To generate crude extracts, cell pellets were thawed on ice and suspended in S30 buffer (0.8 

mL per gram cell pellet), and lysed at 20,000 psi (homogenizing pressure) using an 

EmulsiFlex-B15 homogenizer (Avestin, Ottawa, ON). While all results reported here use 

high pressure homogenization, cells grown at small scale (50 mL) and lysed by sonication 

following established protocols77 performed similarly (data not shown). Total protein was 

quantified by Bradford assay with bovine serum albumin (BSA) as the standard using a 

microplate protocol (Bio-Rad, Hercules, CA). Overexpression of enzymes was confirmed by 

NuPAGE® SDS-PAGE protein gels using Coomassie stain (Life Technologies / Thermo 

Fisher Scientific, Waltham, MA).

Cell free biosynthesis of mevalonate

Cell free reactions were performed at a volume of 25 μL in 1.5 mL Eppendorf tubes and 

incubated at 37 °C. The standard reaction contained the following components: 200 mM 

glucose, acetate salts (8mM magnesium acetate, 10mM ammonium acetate, 134 mM 

potassium acetate), and 10mM potassium phosphate (K2HPO4, pH 7.2).46 Unless specified, 

reactions also included 1mM NAD+, 1mM ATP, and 1mM CoA.33 All reagents and 

chemicals were purchased from Sigma Aldrich (St. Louis, MO).

Extract concentration for all CFME reactions was 10 mg·mL−1 total protein. When mixing 

lysates, the relative levels of each were adjusted to maintain a total protein concentration of 

10 mg·mL−1. Reactions were quenched by precipitating proteins using 25 μL of 5% 

trichloroacetic acid (TCA) and then centrifuging at 15,000 × g for 10 minutes at 4 °C. The 

supernatant was collected and stored at −80 °C until analysis by GC-MS or HPLC.

Lyophilization of CFME reactions

Cell-free reactions were assembled as described above. Upon mixing, reactions were 

immediately flash frozen in liquid nitrogen. Lyophilization took place in 25 μL volumes 

using a VirTis BenchTop Pro lyophilizer (SP Scientific, Warminster, PA) set to −86 °C and 
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<500 mTorr for 16.5 hours. To reinitiate the CFME reaction, 25 μL of water was added to 

rehydrate the pellet.

Quantification of mevalonate, NAD+, and organic acids.

Mevalonate was quantified using an Agilent 7890A Gas Chromatograph with 5977A MSD 

(Agilent, Santa Clara, CA) based on a method adapted from Dueber et al.43, 78 10 μL of 

precipitated reaction supernatant was additionally acidified by 5 μL of 0.5M HCl to convert 

mevalonate to mevalonolactone via acid-catalyzed esterification. Samples were then 

extracted via mixing with 210 μL ethyl acetate spiked with 50 μg/mL trans-caryophyllene 

(Sigma), vortexed for 3 min, then centrifuged for at 2000 × g for 3 min using 4445.x 

microcentrifuge tubes (Neptune Scientific, San Diego, CA). The ethyl acetate fraction was 

then run on an Agilent HP-5MS (30 m length × 0.25mm i.d. × 0.25 μm film) column with 

helium carrier gas at constant flow of 1 mL·min−1. The inlet temperature was 150 °C and 

column temperature started at 150 °C, increased at 30 °C/min to 240 °C, and was held at 

240 °C for 0.5 minutes. Injection volume is 1 μL with a split ratio of 75:1. Extract ion 

chromatograms (EIC) for 71.0 m/z and 133.1 m/z were integrated using Agilent MassHunter 

Quantitation Analysis software. Concentration was determined by comparison to standards 

prepared by mixing dilutions of (±)-mevalonolactone (Sigma) with 152 mM acetate salts, 10 

mM K2HPO4, and 10 mg·mL−1 of BL21 extract (which contains no expressed proteins with 

catalytic activity to mevalonate). Standards were quenched with 5% TCA and prepared as 

described above.

NAD+ and NADH were quantified using a fluorescent kit (Sigma). Cell free reactions were 

quenched by diluting 1:200 in the kit extraction buffer and immediately freezing in liquid 

nitrogen. Samples were then thawed and prepared following the kit protocol.

Glucose, acetate, lactate, pyruvate, succinate, oxaloacetate, phosphate, and ethanol were 

measured via refractive index (RI) using an Agilent 1260 HPLC system (Agilent, Santa 

Clara, CA). Precipitated sample supernatant was separated isocratically on an Aminex 

HPX-87H column (Bio-Rad, Hercules, CA) heated to 55 °C with a mobile phase of 5 mM 

H2SO4 and flow rate of 0.6 mL·min−1. Concentration was determined by comparison to 

standards of known concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A cell-free metabolic engineering (CFME) framework for pathway prototyping 
demonstrated with the mevalonate pathway.
(A) Enzymatic route for isoprenoid synthesis via the mevalonate pathway. Acetyl-CoA 

acetyltransferase (ACAT, green square), hydroxymethylglutaryl-CoA synthase (HMGS, blue 

star), and hydroxymethylglutaryl-CoA reductase (HMGR, yellow circle) are selectively 

overexpressed in E. coli prior to cell lysis and extract preparation. (B) Cell-free metabolic 

engineering approach. E. coli containing overexpressed enzymes of the mevalonate pathway 

are lysed and centrifuged to make multiple distinct crude extracts. Mixing of extracts allows 

testing of enzyme variants and optimization of enzyme ratios; subsequently, cofactors such 

as ATP, NAD+, and CoA can be optimized and genomic modifications made to the source 

strain. (C) Pathway balancing. Three glucose can be converted to two mevalonate assuming 

non-pathway enzymes in the lysate convert 6 excess ATP and 8 excess NADH to ADP and 

NAD+, respectively.
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Figure 2. Synthesis of mevalonate from glucose via mixing of three BL21(DE3) extracts each 
containing a single overexpressed pathway enzyme (ACAT, HMGS, or HMGR), plus native 
glycolysis enzymes
(A). Enzyme variant prototyping identified active NADPH-preferring HMG-CoA reductases 

(B), but demonstrated that NADH-dependent reductases (C) produced a higher mevalonate 

titer. Each extract contributed 3.3 mg·mL−1 of total protein to the reaction. The system 

containing ACAT from E. coli, HMGS from S. cerevisiae, and HMGR from P. mevalonii 

was selected for future characterization. Values represent averages (n=3) and error bars 

represent 1 s.d.
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Figure 3. Modulating extract ratios informs construction of an all-in-one extract.
(A) Varying the mass ratio of the three extracts demonstrates expression of pathway 

enzymes is not rate-limiting to the system. (B) SDS-PAGE gel (Coomassie stain) shows: 

overexpression of three pathway enzymes in a single extract, individual enzyme-enriched 

extracts mixed together in a CFME reaction, and individual enzyme-enriched extracts. (C) 

The single BL21(DE3) extract with all three pathway enzymes overexpressed performs 

similarly to three extracts mixed at equal ratios (Insert) Enzymes are active though pH 

decreases over the course of reaction. Addition of buffers stabilizes the pH but does not 

affect mevalonate yield. Values represent averages (n=2 for A, n=3 for C) and error bars 

represent 1 s.d.
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Figure 4. The presence of and concentration of cofactors modulates mevalonate yield.
(A) Cofactors NAD+, ATP, and CoA were supplemented to the reaction two-at-a-time, one-

at-a-time, and not supplemented at all. Glucose, acetate salts, phosphate, and extract can 

support ~80% of yield with no supplementary cofactors (red bar). Variation of initial ATP 

and NAD+ concentration with no CoA (B) and 1mM CoA (C) modulates final mevalonate 

concentration at 20 hours. The black bar in (A) and (C) represents the cofactor concentration 

(1 mM ATP, 1 mM NAD+, 1 mM CoA) used in all other figures. Values represent averages 

(n=3) and error bars represent 1 s.d.
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Figure 5. Source strain genome engineering can redirect metabolic flux in the cell free reaction.
(A) Simplified metabolic pathway with target enzymes for knockout in color. (B-G) 

Concentrations of metabolites over time within a cell free reaction: (B) Mevalonate (C) 

Lactate (D) Pyruvate (E) Glucose (F) Acetate (G) pH. Knockout of ldhA eliminates lactate 

accumulation and knockout of ackA-pta eliminates acetate consumption. Values represent 

averages (n=3) and error bars represent 1 s.d.
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Figure 6. Lyophilization of cell-free reactions for mevalonate production.
Complete CFME reactions containing the enzyme-enriched lysate, substrates, cofactors and 

salts were assembled, immediately flash-frozen, and lyophilized. The rehydrated reactions 

generated similar mevalonate synthesis rates and titers compared to the control non-freeze 

dried system. Values represent averages (n=3) and error bars represent 1 s.d.
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Table 1.

Strains and plasmids used in this study.

E. coli Strains Description Source

BL21(DE3)
fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS
λ DE3 = λ sBamHIo ΔEcoRI-B int::
(lacI::PlacUV5::T7 gene1) i21 Δnin5

NEB

BL21(DE3)ΔldhA BL21(DE3) with ldhA replaced by FRT-containing sequence This study

BL21(DE3)Δacs BL21(DE3) with acs replaced by FRT-containing sequence This study

BL21(DE3)ΔackA-pta BL21(DE3) with ackA-pta replaced by FRT-containing seq. This study

BL21(DE3)ΔacsΔackA-pta
BL21(DE3) with acs and ackA-pta replaced by FRT-
containing seq. This study

Plasmids Description / Enzyme name Source Organism Reference

pET-22b ColE1(pBR322) ori, lacI, T7lac, AmpR -
Novagen/

EMD Millipore

pETBCS
pET-22b (signal sequence removed + modified restriction 
sites)

- 33

pETBCS-ACAT (Eco) acetyl-CoA acetyltransferase Escherichia coli 43

pETBCS-HMGS (Sce) hydroxymethylglutaryl-CoA synthase Saccharomyces cerevisiae 43

pETBCS-HMGS (Efa) hydroxymethylglutaryl-CoA synthase Enterococcus faecalis 5

pETBCS-HMGS (Sau) hydroxymethylglutaryl-CoA synthase Staphylococcus aureus 48

pETBCS-HMGR (Sce) hydroxymethylglutaryl-CoA synthase (NADPH-dependent) Saccharomyces cerevisiae 43

pETBCS-HMGR (Sau) hydroxymethylglutaryl-CoA reductase (NADPH-preferring) Staphylococcus aureus 48

pETBCS-HMGR (Pme) hydroxymethylglutaryl-CoA reductase (NADH-dependent) Pseudomonas mevalonii 49

pETBCS-HMGR (Bpe) hydroxymethylglutaryl-CoA reductase (NADH-dependent) Bordetella petrii 49

pETBCS-HMGR (Spn) hydroxymethylglutaryl-CoA reductase (NADH-dependent)
Streptococcus 
pneumoniae

50

pETBCS-ACAT_HMGR (Efa) ACAT and HMGR (NADPH-dep) - bifunctional enzyme Enterococcus faecalis 5

pETBCS-HMGR(Pme)- HMGR(Pme), HMGS(Sce), & ACAT(Eco) (in sequence on a P. mevalonii, S.

This study

 HMGS(Sce)-ACAT(Eco)
 single mRNA transcript with unique ribosome binding 
sites  cerevisiae, E. coli
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